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``Capsule'': A review of the existing literature about the wood preservative chromated copper arsenate (CCA) indicates
not enough is known about leaching of CCA from treated wood.
Abstract
Recent studies have generated con¯icting data regarding the bioaccumulation and toxicity of leachates from preservative-treated
wood. Due to the scale of the wood preserving industry, timber treated with the most common preservative, chromated copper
arsenate (CCA), may form a signi®cant source of metals in the aquatic environment. The existing literature on leaching of CCA is
reviewed, and the numerous factors aecting leaching rates, including pH, salinity, treatment and leaching test protocols are discussed. It is concluded from the literature that insucient data exists regarding these eects to allow accurate quanti®cation of
leaching rates, and also highlights the need for standardised leaching protocols. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction
During the development of freshwater, estuarine and
marine coastlines, considerable quantities of wood are
used in the construction of docks, pilings and bulkheads. Environmental pressures are increasingly inhibiting the continued use of naturally durable hardwood
timbers in these structures (Eaton and Hale, 1993).
However, many features of wood make it a particularly
attractive building material; wood is a renewable
resource, has excellent strength-to-weight properties,
has a relatively low price and is easily produced (Desch
and Dinwoodie, 1996). Timbers that are not naturally
durable are treated with preservatives to prevent decay
by wood-boring crustaceans, molluscs and fungi.
Currently, the most widely used wood preservative for
timbers exposed in aquatic environments is chromated
copper arsenate (CCA). CCA belongs to a group of
inorganic, waterborne preservatives including chromated copper boron, ammoniacal copper arsenate, acid
copper chromate, ammoniacal copper zinc arsenate and
ammoniacal copper quaternary. This group has largely
replaced alternative organic preservative types such as
creosote, coal tars and pentachlorophenol for aquatic
use, due to the environmental and human health concerns of these chemical types, as well as rising costs and
declining availability of those treatments.
The metal elements in CCA are usually present in the
form of oxides, and wood is industrially treated using
a vacuum-pressure impregnation process according to
British Standard guidelines (BSI, 1987a, b, 1989). The
treatment and use of preservative-treated timber is also
subject to industry and international guidelines (Environment Canada, 1988; UNEP, 1994; BWPDA, 1995;
WWPA, 1996). Three CCA formulations, referred to as
types A, B and C, have been developed, although type C
is now the most commercially popular (Table 1). Minimum lifespans in fresh and marine water are considered
to be 30 and 15 years, respectively (BSI, 1989).
Out of the 591 million cubic feet (16.7 million m3) of
wood preserved in the USA in 1996, 467 million cubic
feet (13.2 million m3) (79.1%) were treated with waterborne preservative types. Approximately 144 million lbs
(65.3 million kg) of CCA solution was used, while other
waterborne preservatives amounted to 4.3 million lbs

Table 1
Chromated copper arsenate (CCA) formulations (oxides basis)
(Cooper, 1994)
Type

CuO

CrO3 (%)

As2O5

CCA-A
CCA-B
CCA-C

18.1
19.6
18.5

65.5
35.3
47.5

16.4
45.1
34.0

(1.9 million kg). Nearly 19 million board feet (5.8 million
board m) of preserved timber were prepared for marine
construction, of which 95% was treated with CCA
(AWPI, 1997).
CCA-treated wood has been used extensively for over
60 years and its success as a building material suggests
that leaching may not be a problem in terms of longterm ecacy. Wood preservation is an important
industry in Europe and North America, with annual
gross sales in the USA of around $3.91109 (3.61109
Euros) in 1996 (AWPI, 1997). However, recent toxicity
testing studies have suggested that leaching of preservative components from wood used in aquatic situations may be harmful to the environment, particularly
with the proliferation of residential docks around North
American coastal waterways.
The toxicity of copper (Cu), chromium (Cr) and
arsenic (As) to aquatic organisms is well recorded
(Bodek et al., 1988a, b; Fleming and Trevors, 1989;
Wong and Chang, 1991; Havens, 1994; Nriagu, 1994a,
b; Walley et al., 1996a, b), and all are listed as priority
pollutants by the United States Environmental Protection Agency (Weis et al., 1992; Weis and Weis, 1995).
The reactions that take place in the wood during the
®xation of CCA have a great in¯uence on the metal
species that are emitted from the wood, and the subsequent toxicity of these leachates. The toxicity of Cu,
Cr and As is highly dependent on the speci®c form present. Cr in the +6 oxidation state is known to be carcinogenic and mutagenic, but if reduced to Cr (III), as
during the CCA ®xation process, it may be signi®cantly
less harmful (Sanders and Reidel, 1987). As may also be
carcinogenic and mutagenic as well as teratogenic and,
of the predominant oxidation states, As (V) is thought
to be the more prevalent and less toxic form than As
(III). Due to its chemical similarity to phosphate,
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arsenate may have an elevated rate of uptake by phytoplankton (Sanders and Windom, 1980), and it has been
suggested that in low phosphate marine environments,
arsenate may actually be more toxic than arsenite (W.S.
Atkins Environment, 1998). Although Cu is an important micronutrient, it is toxic in the free ionic state
above trace levels, though it may be largely partitioned
to organic material in the aquatic environment, particularly humic acids (Newell and Sanders, 1986; Fleming and Trevors, 1989; Livens, 1991; Hung et al., 1993).
Studies have been conducted exposing marine
organisms to CCA-treated wood or leachate waters and
deleterious eects have been shown against a range of
aquatic organisms (Weis et al., 1991, 1992). Criticism
of this work focused on the unrealistically high ratio
between wood and water volume, which allowed the
metal concentrations to build up to toxic levels (Albuquerque and Cragg, 1995a; Breslin and AdlerIvanbrook, 1998). Further work has suggested a decrease
in biodiversity close to CCA-treated marine structures,
and elevated levels of metal elements in benthic organisms (Weis and Weis, 1994a, b, 1995, 1996; Albuquerque
and Cragg, 1995a; Wendt et al., 1996; Cragg and Eaton,
1997; Weis et al., 1998). Although Cu concentrations
were found to be signi®cantly elevated in algae growing
on CCA-treated wood panels, no increase was found
in ®sh species associated with the same panels (Weis
and Weis, 1999). This suggests that trophic transfer to
consumers did not occur, although it was possible that
the duration of the studies was insucient to allow
accumulation in higher consumers. Similarly, AdlerIvanbrook and Breslin (1999) found little metal accumulation in blue mussels exposed to treated wood panels
in laboratory and ®eld exposures. Again, experimental
design may have in¯uenced results, where continuous
¯ushing of the laboratory system may have prevented
bioaccumulation.
In contrast, leachates from untreated wood were
shown to have a greater toxicity towards ®sh and invertebrates than leachates from CCA-treated wood. The
adverse eects noted were thought to be due to naturally
occurring extractives including aldehydes, phenols, terpinene, camphene and pinene (Baldwin et al., 1996;
Taylor et al., 1996). These naturally occurring extractives
may be leached out somewhat during the treatment process, or may be more strongly bound to wood as a result
of complex formation during treatment.
One of the major problems is that due to inadequate
understanding of long-term leaching rates, recommended preservative loading is presently set at very high
levels. For example, common treated timbers such as
Scots pine and Douglas ®r have densities between 500
and 550 kg mÿ3 (Desch and Dinwoodie, 1996). Therefore, with a salt loading of up to 50 kg mÿ3 recommended
(BSI, 1989; Eaton and Hale, 1993), the preservative may
represent around 10% of the ®nal timber weight. It is
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unclear from the current literature if these levels are
based on toxicity thresholds of common decay organisms, or are merely intended to account for losses expected throughout the service period. Preservatives must be
persistent enough to allow protection throughout the
predicted lifespan of the structure, which may be up to 30
years in fresh water conditions. The active components
must be of low solubility to resist leaching, yet soluble
enough to continue to be eective against organisms
responsible for decay (Hegarty and Curran, 1986).
In addition to the possible environmental problems
of losses of preservative components during the life of
timber, disposal of timbers still retaining high levels of
preservative is also of concern. In Germany and France,
around 2.1±2.4 million tons of wood waste is considered
dangerous (according to the European Council directive
91/689/EEC on hazardous waste). In France alone, out
of 25 million CCA-treated poles, 500,000 (or 50,000
tons) are removed from service annually and must be
disposed of (Helsen and Van den Bulck, 1998). Better
understanding of losses in service may facilitate a
reduction in initial loading, and thus alleviate the problems of disposal.
The wood preserving industry is also engaged in a
considerable research and development programme to
generate improved biocides. A number of these are
based on Cu, with the Cr and As replaced by a triazole
biocide in copper azole, or a quaternary ammonium biocide in ammoniacal copper quaternary. The novel
biocides, in addition to containing Cu, will bind to
wood along the same ion exchange mechanisms, so better understanding of the factors that aect CCA leaching will be of bene®t in their further development.
Wood preservatives are also subject to increasingly
stringent environmental legislation, particularly within
the European Union where they will fall under the
control of the new Biocidal Products Directive, which
will come into force in the year 2000. As-containing
wood preservatives have also recently been scrutinised
under the Marketing and Use Directive (W.S. Atkins
Environment, 1998).
Wood preservatives must be considered as part of a
much wider suite of biocides. Of these, the adverse
environmental eects of antifouling paint biocides containing organotins have been widely reported (Gibbs et
al., 1987, 1988; Clark et al., 1988). Cu remains an
important active ingredient in the antifouling paint
industry following legislation against the use of organotin compounds, and is also likely to remain a mainstay of the wood preserving industry in the future.
Closer examination of the wood preservatives as an
additional source of Cu to the aquatic environment is
therefore relevant.
To enable a more realistic assessment of the possible
environmental eects of CCA-treated timber accurate
quanti®cation of component leaching rates is required.
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Leaching involves a number of dierent processes,
including initial loss of surface deposits and un®xed
components, penetration of water into wood and hydrolysis or dissolution of the ®xed or complexed components
and migration of preservative to the surface of the wood
(Cooper, 1994). Aspects of the preservative treatment of
wood may aect its leachability, in addition to the
environment the wood is exposed to in its period of
service.
A comprehensive literature review conducted for the
United States Department of Agriculture provides a
summary of pertinent data available up to 1995 on
leaching of a number of preservative types in terrestrial
and aquatic environments (Lebow, 1996). This earlier
review concluded that despite the numerous laboratory
studies that had been conducted, the data generated
often had little applicability to in-service leaching rates.
It also highlighted the need for further research to
address the eects of dierent environmental exposures,
such as fresh water, seawater and highly organic environments, and the need to monitor the overall environmental fate of leached wood preservative components.
The aims of this review are to evaluate the existing
data on leaching of CCA, and the principal factors that
aect leaching rates in order that releases to dierent
aquatic environments can be predicted and risks assessed. While much of the literature reviewed concerns
research conducted with CCA applications in terrestrial
as well as aquatic environments, the authors have made
every eort to rely upon work which has a speci®c
aquatic focus.
2. Wood preservative treatment
2.1. Fixation
Although the ®xation of CCA is still not completely
understood, the process is generally de®ned by the
reduction of hexavalent chromium. The reduction of the
reactive and mobile Cr (VI) to Cr (III) is crucial in the
formation of insoluble complexes in CCA-treated wood.
As can be seen in Table 2, there is a direct correlation

Table 2
Eect of chromium (Cr) ®xation on chromated copper arsenate (CCA)
leaching losses from red pine pole sections following 2 h simulated
rainfall (Cooper et al., 1995)
% Cr ®xation

68.2
84.1
92.6
98.2

Cr (VI)

799
200
53
0.1

Leaching (mg cmÿ2)
total Cr

Cu

As

1499
376
7l
2

755
162
34
4

120
96
4
3

between the level of unreacted Cr (VI) in treated wood
and the leaching concentration of CCA components and
complete ®xation is essential to minimise leaching (Cooper
et al. 1995; Walley et al., 1996b). Fixation of wood at
15 C takes around 14 days (Eaton and Hale, 1993).
The ®xation of multi-component preservative types
such as CCA is a complex and active process, and the
components are not simply taken up through the conducting tracheid cells and deposited in the lumens of
these cells (Hayes et al., 1994). Chou et al. (1973)
used analytical electron microscopy techniques to
demonstrate component penetration of the primary and
secondary cell wall and the presence of coarse deposits
of mainly Cu on cellulose micro®brils. Merkle et al.
(1993) demonstrated that the highest metal concentrations were found in the porous ring tissues, and granular precipitates were observed in the tracheids. Hager
(1969) demonstrated that Cu could ®x to wood in the
absence of a ®xing agent, such as Cr.
Pizzi worked extensively on the chemistry and kinetic
behaviour of CCA wood preservatives. Studies of the
reactions of mixtures of metal salts with the various
constituents of wood, lignin and cellulose and simple
model components such as guaiacol and D (+)-glucose
were conducted (Pizzi, 1981, 1982a, b, c). The reaction
of Cr (VI) was considered to take place in a series of
consecutive reactions, involving an initial adsorption by
carbohydrates, `in-situ' reduction and the formation of
various complexation reactions such as CrAsO4 with
lignin, Cu2+ precipitation and complexation with lignin
and cellulose and CrO2ÿ
4 complexation with lignin. CCA
type C was considered to have only 10% of the total
Cr remaining in the hexavalent form, which was totally
and irreversibly bound to wood and unable to leach. Cr
(III) was considered to be leachable, slowly, along with
As. Later work highlighted the presence of chrome
arsenates that may be weakly adsorbed or simply precipitated on wood carbohydrates or lignin (Pizzi, 1990a,
b). Wood extractives have also been suggested as a
potential site for CCA ®xation (Pizzi et al., 1986;
Ryan and Plackett, 1987; Forsyth and Morrell, 1990;
Kennedy and Palmer, 1994).
Developments in the use of techniques such as electron paramagnetic resonance spectroscopy (EPR) and
X-ray photoelectron spectroscopy (XPS) have allowed
further identi®cation of chemical species and complexes
bound to speci®c sites in the wood anatomy. XPS analysis, for example, has indicated increased carbon±
hydrogen bonding and decreased carbon±oxygen bonding, suggesting oxidation of hydroxyl groups on cellulose or lignin and decarboxylation of carbonyl and
carboxyl groups during ®xation (Ruddick et al., 1993;
Kaldas et al., 1998). Evolution of CO2 resulting from
this oxidation and decarboxylation as Cr is reduced has
also been monitored as ®xation proceeds (Porandowski
et al., 1998). EPR techniques have suggested the
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presence of CuN2O2 complexes in amine copper-treated
wood, and Cu bound to four oxygen atoms in nitrogenfree formulations, such as CCA (Hughes et al., 1994).
Although these initial reaction steps are generally well
characterised, the continuing longer-term reactions, and
the eects these have on the distribution of metal species
is not so well understood. A general scheme for the different stages of ®xation has been proposed (Table 3).
The available literature pertaining to CCA ®xation suggests that many wood constituents may play a role in
the overall reactions. This is to be expected considering
the number of potential reactive sites in wood, the
tendency of Cu to adsorb strongly to organic matter in
general, and the strong reducing capacity of hexavalent
Cr (Lebow, 1996).
2.2. Formulation
The ratio of preservative components in CCA formulations is crucial to allow rapid and `complete' ®xation. Fahlstrom et al. (1967) found a clear relationship
between the Cr:As ratio and total metal leachability,
and proposed a ratio of Cr:As of 1±1.30 as optimum.
Smith and Williams (1973a, b) studied a range of CCA
formulations and suggested a Cr:As ratio of 1.9 or
greater for maximum As ®xation. As a consequence of
this variation in ®xation of dierent formulations, early
leaching studies generated variable results, with As
often proving to be the most leached element, presumably due to insucient Cr available for complexation (Fahlstrom et al., 1967; Henshaw, 1979).
2.3. Wood anatomy
Since lignin is thought to be a primary site for binding of
Cr complexes, an increased lignin content may result in
improved treatment. Softwood species, high in lignin, are
therefore often found to perform better than hardwoods
Table 3
General scheme for chromated copper arsenate (CCA) ®xation reactions (Murphy, 1998)
Reaction

Description
2+

CrO2ÿ
4

Products

Initial (minutes)

Cu ,
adsorption to
wood

Cu2+/wood
Cr6+/wood

Main (hours/days)

Cr6+ reduction

CrAsO4
Cu(OH)CrAsO4
CuCrO4
Cr(OH)3
Cr6+/wood complexes
Cr3+/wood complexes
Cu2+/wood complexes

Long term (weeks/months)

Fluctuating pH

?
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in terms of preservative treatment, and the anatomy of
softwoods, with a high proportion of xylem tracheids also
results in improved performance (Hayes et al., 1994).
Earlywood tracheid cells of softwood species function
primarily as a means of conduction, and consequently
have a higher proportion of bordered pits in the cell
walls (Desch and Dinwoodie, 1996), and larger volume
of lumen (Nicholas et al., 1991). Hayes et al. (1994)
suggest that although earlywood is thought to be higher
in lignin than latewood, which allows improved ®xation,
the anatomy of cells may be more important in determining ®xation, and allow more rapid preservative
movement and increase subsequent losses due to leaching. The distance that solutes such as CCA must diuse
will in¯uence preservative treatment. Hardwoods are
penetrated mainly via vessels, and estimated diusion
paths in these species is much longer than softwoods
(Cooper and Churma, 1990). It is suspected that long
diusion times may prevent the saturation of the cell
wall before the ®xation reactions are completed, leading
to an altered microdistribution of elements.
Variation in the preservative penetration and retention in sapwood and heartwood of identical species
grown in separate areas has been observed, despite the
lack of dierences in size and number of growth rings,
or a consistent relationship between speci®c gravity and
retention (Taylor, 1991).
2.4. Preservative treatment
Physical parameters of the preservative process such
as magnitude and duration of vacuum and pressure
cycles may in¯uence penetration and retention of preservatives. Increasing the pressure treatment period may
reduce the proportion of elements on the surface of the
wood, and may thus reduce leaching. Conversely,
increasing the length of the vacuum stage may aect the
proportion of more readily leached surface components
(Cooper, 1994).
The temperature at which the treatment cycle is conducted, and post-treatment drying conditions have been
shown to exert a considerable in¯uence on ®xation and
leaching. Early work in the ®eld of accelerated ®xation
was pioneered by Peek and Willeitner (1981, 1988).
Fixation times are known to be greatly reduced when
timbers are exposed to increased temperatures both during and following treatment, with ®xation complete
within 1 h at temperatures in excess of 85 C (Cooper and
Ung, 1992; Eaton and Hale, 1993). However, Dahlgren
(1975b) ®rst observed increased leaching of Cu at elevated drying temperatures. Post-treatment drying of
wood in kilns at temperatures of 60±80 C resulted in
increased leaching of CCA elements compared with
wood left to dry at ambient temperature (Dahlgren,
1975a; Lee et al., 1993). Initial leaching rates of Cu were
approximately double from steam-®xed wood compared
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with naturally ®xed pine, while Cr losses were substantially reduced by steam ®xation (Van Eetvelde et al.,
l995a, b). Rapid drying may cause redistribution of
chemicals between lignin and cellulose, leading to higher
proportions of leach-susceptible components, or deposition of CCA products in the cell lumens, where again
they may be more accessible to leaching (Lee et al., 1993;
Cooper et al., 1997). Pizzi (1983a) observed that the ratio
of CCA components reacting between carbohydrates
and lignin increased at increasing temperatures of the
preservative solution. Hardwoods subject to accelerated
®xation have been shown to be more susceptible to
biological decay and the possible causes were postulated
to be due to altered Cu complexation that made it less
available as a toxicant. Alternatively the diusion of
components to the susceptible cell wall areas may not be
able to occur when reaction rates are increased by accelerated ®xation, and therefore the microdistribution of
CCA may be aected (Preston and McKaig, 1983).
2.5. Loading
Increasing the concentration of the treatment solution
has been suggested to increase the rate of ®xation and to
aect the binding of Cr complexes in favour of lignin,
possibly due to the lower pH (Pizzi, 1983b). Conversely,
increasing treatment concentrations was observed to
lengthen the time period for initial ®xation reactions
to occur (Dahlgren, 1975a, b). However, in the conditions typically used commercially, solution concentration and retention does not seem to have a major
in¯uence on ®xation rate (Pizzi, l983b; Cooper and
Ung, 1992).
Preservative loading will aect the absolute concentration of elements leached and the percentage of
total leached, although the exact relationship between
preservative loading or retention and leaching is not
clear (Cooper, 1994; Albuquerque and Cragg, 1995a, b;
Albuquerque et al., 1996). Fahlstrom et al. (1967) suggested the eect of retention on leaching was dependent
on preservative composition, with percentage leaching
decreasing with increasing retention in As-rich formulations. In Cr-rich formulations, leaching increased
with retention. Proportional losses have been found to
decrease at increased loadings (Archer and Preston,
1994; Hayes et al., 1994). Following 85 months exposure in the marine environment, percentage losses were
52 and 44% from pine-treated to retentions of 24 and 48
mg kgÿ3, respectively. The reduced leaching was suggested to be due to increased total Cr concentrations in
the system available to ®x the remaining metal elements
(Archer and Preston, 1994). However, other workers
have shown increased leaching with increasing retentions (Hager, 1969; Irvine et al., 1972; Albuquerque et
al., 1996). Breslin and Adler-Ivanbrook (1998) observed
that long-term Cu and Cr leaching rates were highest in

CCA-treated wood with retention levels >35 kg mÿ3,
whereas long-term As leaching rates were increased in
wood with retention levels <35 kg mÿ3. These observations may possibly be explained due to competition
for binding sites between Cu and Cr, and the role of Cr
in the ®xation of As.
3. Leaching
There has been a considerable amount of literature published concerning leaching of CCA wood
preservatives in aquatic environments. However, the
focus of much of the early work has been on monitoring
leaching in terms of the durability of wood and the
ability of treated timbers to withstand biological decay,
rather than quantify releases to, and eects on, the
marine environment (Fahlstrom et al., 1967; Hager,
1969; Cherian et al., 1979; Johnson, 1982; Eaton, 1989;
Green et al., 1989). Although it is clear that large
amounts of preservative do remain in properly ®xed
wood after prolonged exposure, due to the high loading
even small percentage losses may be environmentally
signi®cant due to the high toxicity of the components.
3.1. Standard leaching protocols
A number of standard protocols exist for conducting
laboratory leaching studies (AWPA, 1983; ANS, 1986;
BSI, 1994, 1997). For example, ENV. 1250:2 (BSI, 1994)
recommends immersing ®ve end-sealed test blocks
(502515 mm) in 500 ml of water or synthetic seawater, and stirring at 20 C, for six leaching periods of
increasing duration up to 48 h. Researchers have either
followed one of these standard protocols or designed
original leaching trials using a range of dierent
parameters, but few studies have been conducted using
identical parameters and protocols, making direct comparison of results dicult. Willeitner and Peek (1998)
brie¯y reviewed standard test methods for measuring
environmental inputs of waste and other material by
leaching and propose general requirements necessary
for leaching studies with wood preservatives. Recommendations for the harmonisation toward a single protocol have been made, with modi®cation of the
biological ecacy testing protocol B.S. EN. 84 (BSI,
1997) suggested as being the most appropriate (Van
Eetvelde et al., 1998; Wegen et al., 1998). The principal
advantage of B.S. EN. 84 appears to be the incorporation of a water impregnation stage, where test blocks
are immersed in water and maintained in a vaccuum
desiccator for 2 h prior to leaching. This may therefore
represent the most severe leaching test of all available
protocols. Potential drawbacks of this approach are the
inability to end-seal test blocks, the use of static water
conditions, and the lack of a rigid sampling regime.

J.A. Hingston et al. / Environmental Pollution 111 (2001) 53±66

ENV. 1250:2 (BSI, 1994) recommends an intermediate drying period of 16 h during the test to simulate
natural drying of wood exposed to tidal regimes.
Although these protocols may be regarded to be relatively simple, and therefore easily repeatable, results do
not necessarily give an accurate estimation of losses
from commercial size timber. This is due to dierences
in size, physical stresses and environmental conditions.
A number of researchers highlight the important point
that laboratory results should not be used to interpret
losses from commercial size timber, but should only
be used as a comparison between preservative types
(Cooper, 1994; Albuquerque et al., 1996). However,
there is continued reliance on laboratory-based data to
make judgements on the acceptability of wood preservatives. Agreement to adopt a single recognised protocol for all leaching studies would certainly aid
comparison of laboratory-based data in the future. For
the purposes of reducing inter-laboratory variation the
methodology of such a single protocol should be kept as
simple as possible. One important facet of any leaching
protocol is that sampling should be conducted at suciently regular intervals to allow quanti®cation of the
decline in leaching rates during the early period of
exposure. It is also important that the tests are of sucient duration in order that the longer-term leaching
rates be accurately quanti®ed. End-sealing of test blocks
will help minimise the eects of high leaching rates from
timber end-grains, which may form a signi®cant proportion of standard test blocks. Simulation of water
motion and tidal movements, by incorporation of stirring devices and daily drying periods may also be
important parameters in any leaching protocol.
Despite a considerable amount of literature available,
the leaching rates of common preservative types, such
as CCA, from commercial size timber remain poorly
de®ned. The existing literature has indicated that a
number of factors may in¯uence the leaching rate of
wood preservatives, including pH, salinity, block size
and wood surface exposed. These are reviewed below.
3.2. Block size
The size of wooden block used during laboratory
leaching trials appears to have a major in¯uence on
the leaching rates obtained. The relatively large surface
area-to-volume ratio of the typical small sample blocks
used in most laboratory studies allows proportionately
more wood available for leaching, and distances components must diuse decreases (Cooper, 1994).
Signi®cant reductions in leaching rates of all CCA
elements were observed with a decrease in surface areato-volume ratio (Hayes et al., 1994), although the exact
relationship has not been fully characterised. Attempts
have been made to model the three-dimensional transport of organic wood preservatives, taking into account
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the dierential diusivities of the wood surfaces (Haloui
and Vergnaud, 1995, 1997). One trial has attempted to
conduct a laboratory study with more realistic timber
dimensions, with a pile 250 mm in diameter and 1200
mm long, although sampling did not allow full characterisation of leaching rates (Baldwin et al., 1996).
The proportion of the three wood surfaces exposed
may also aect leaching rates. Losses within 24 h have
been shown to be greatest from the radial and tangential
surface, although long-term leaching was greatest from
the end-grain (Orsler and Holland, 1993). End-grain
penetration has been shown to be 40 times greater than
lateral penetration and may greatly in¯uence leaching
rate (Morgan and Purslow, 1973). In commodity size
timber, end-grain may represent only a small percentage
of exposed surfaces, but may form a signi®cant proportion of standard test blocks. This may lead to laboratory studies grossly overestimating leaching rates
(Archer and Preston, 1994; Cooper, 1994; Albuquerque
and Cragg, 1995a). However, the advantage of using
relatively small blocks, apart from ease of manipulation
and relatively high percentage losses, includes the
homogeneity of the sample and consistent preservative
loading throughout the sample. With increasing size
of timber, the heterogeneity of the sample increases,
increasing variation in preservative loading. Variations
in heartwood and sapwood can signi®cantly alter loading. For example, in wood treated to a speci®ed level of
40.7 kg mÿ3, outer 1.3 cm sample retention levels
ranged from 4.5 to 64 kg mÿ3 (Breslin and AdlerIvanbrook, 1998). Clearly this magnitude of variation
may obscure losses due to leaching. The use of endmatched sections in leaching trials has been recommended to reduce such variability (Rak and Clarke,
1974; Albuquerque et al., 1996).
3.3. Leaching media
A number of features of the leaching media are
important in determining leaching rates, particularly
salinity and pH. Attention has also been drawn to the
importance of the volume of leaching water used, particularly in toxicity studies, where a high wood:water
volume ratio allowed toxic concentrations of metals to
build up (Weis et al., 1991; Albuquerque and Cragg,
1995a). It is possible that a high wood:water volume
ratio, or insucient replacement of leaching waters may
inhibit diusion of elements into water (Brooks, 1997;
Breslin and Adler-Ivanbrook, 1998). Van Eetvelde et al.
(1995a, b) quote a wood:water volume ratio of 1±5, as
recommended in a Dutch government standard for
simulating releases from building materials.
3.3.1. Salinity
Scots pine and beech sapwood blocks treated with
CCA were exposed in cooling towers receiving water
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from fresh water, sewage euent and marine sources
with results indicating increased loss of Cu and Cr with
increasing conductivity of the surrounding waters (Irvine
et al., 1972). Solutions of higher ionic strength have been
shown to leach greater concentrations of CCA,
although in the salinity range from 0 to 24% no increase
in Cu loss was observed. It has been suggested that at
low salinities, NaCl has a coagulating eect on the crytallite Cu ®xation complexes increasing surface area and
decreasing solubility, whilst at salinities above 24% the
increased formation of complexes between chloride and
Cu may explain the increased leaching (Irvine and
Dahlgren, 1976). Pine sapwood treated with CCA and
leached with varying strengths of salt solutions (CaCl2,
Ca(NO3)2, Mg(NO3)2 or K2HPO4/KH2PO4 at 0.03±1.00
M) resulted in increased Cu leaching compared with
deionised water controls, and leaching rates increased
with salt solution concentration (Plackett, 1984).

Table 4
Eects of pH on leaching of copper from chromated copper arsenate
(CCA)-treated wood

3.3.2. pH
Studies investigating the eects of solution pH on
preservative loss were conducted using water buered
with sodium hydroxide and citric acid. This study indicated very high leaching rates at low pHs, with losses of
Cu of up to 100% at pH 4.5 (Warner and Solomon,
1990). Leaching in dilute sulphuric acid solutions was
reduced by up to a factor of 5, and Cooper (1991) later
demonstrated that the high losses were due to the use of
the citric acid buer. The carboxylate group of the citric
acid acted as a bidentate ligand that bonded with metal
ions, forming water-soluble complexes. When pH of
solutions was adjusted using a mineral acid with no
such chelating properties, no consistent eect on leaching was observed at pH 3.5±5.5. Publication of the
initial work resulted in considerable media interest,
amid raised concerns over the environmental eects of
wood preservative leachates (Cooper, 1990). Van Eetvelde et al. (1995a, b) observed maximum leaching of
Cr and As under neutral conditions, with initial losses
of Cu increasing with higher acidity. The in¯uence of
increased acidity is explained due to the role of the
additional hydrogen ions acting in the acid-ionexchange reactions at the acid adsorption points on
wood cell walls (Van Eetvelde et al., 1998). Results of
typical leaching trials investigating eects of pH are
shown in Table 4.

3.4. Field trials

3.3.3. Temperature
Eects of temperature have also been investigated.
Leaching of Cu, Cr and As has been shown to be
reduced at lower temperatures, with leaching of Cr at
20 C reported to be 0.119 mg mÿ2 sÿ1 compared with
0.079 mg mÿ2 sÿ1 at 8 C (Van Eetvelde et al., 1995a),
although one study has indicated decreased ¯ux of As at
20 C compared with leaching at 4 C (Breslin and AdlerIvanbrook, 1998).

pH

Percentage leached

Duration

3.5
4.5
5.5

3.4
2.8
2.6

13 days

4.0
5.5
7.0
8.5

4.1
3.4
2.3
1.9

2.5
3.5
4.5

145a
75
21

79 hours

40 days

Reference
Cooper (l99l)

Van Eetvelde et al. (l995b)

Warner and Solomon (1990)

a
Values represent a single replicate, and the percentage loss reported is thought to be an artefact of block-to-block variation and
underestimation of initial loading.

A number of ®eld trials have been instigated to better
quantify the losses of wood preservatives under more
realistic environmental conditions. In long-term marine
®eld trials, CCA-treated pine leached as much as 25%
of total active ingredients within 6 months, with total
losses only rising to 52% after 85 months (Archer and
Preston, 1994). Hayes et al. (1994) also observed losses
of Cu from pine submerged in coastal waters occurred
most within the ®rst 12 weeks of a 72-week leaching
trial. Work on toxicity of leachates indicated a reduction in toxicity of wood used in subsequent trials, suggesting reduced leaching with time (Weis et al., 1991,
1992). Field trials testing the durability of dierent
CCA-treated timbers indicated that the average leaching
rates of CCA were 1.8±17.3%, and that those with the
highest leaching rates had the minimum lifespan (Cherian et al., 1979).
One of the problems with ®eld trials is that monitoring of leaching is conducted by measuring preservative
concentrations remaining in wood after a set period of
submergence rather than measuring element concentrations in leaching solutions. Even small variations in the
high loading concentrations can obscure trends in losses
of preservatives and this has led to apparent negative
leaching rates in some studies (Hayes et al., 1994;
Albuquerque et al., 1996). Calculation of variation in
the As:Cr and Cu:Cr ratio has been used to assess
changes in wood recovered from a bulkhead after 13
years exposure (Breslin and Adler-Ivanbrook, 1998).
This is based on the assumption that Cr is leached the
least. A 53% decrease in both ratios was observed in
sections of timber removed from an area that was constantly submerged. Only a 5±7% decrease was seen in
samples from wood submerged in sediment. This suggests that even though the sediment may be saturated,
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the wood was not subject to the constant ¯ushing
required to elicit leaching.
Test blocks in the ®eld may be exposed to a more
severe leaching environment than in the laboratory due
to increased physical stresses leading to abrasion and
cracking, and borer attack may increase the surface area
available for leaching (Merkle et al., 1993). Due to the
eect of pH on leaching rates, it has been postulated
that high concentrations of humic acids in surface
waters may increase leaching (Cooper, 1994). The
growth of fouling organisms on the surface of wood in
the ®eld has been considered a possible cause of reduced
leaching rates (Hayes et al., 1994). Periodic wetting and
drying of CCA-treated wood in seawater, as in tidal
¯ux, has been shown to result in surface separation of
tracheids, possibly due to the formation of salt crystals
as water evaporates (Johnson et al., 1992) and may
result in increased losses of preservative.
3.5. Results of laboratory and ®eld trials
Although direct comparison of results from laboratory and ®eldwork is dicult, due to the varying eects
of numerous parameters, particularly wood species,
loading and environmental conditions, two clear points
emerge from the available literature.
Firstly, it is clear that leaching of individual metal
elements is not proportional to concentrations in the
original formulation. Although Cr losses with some
formulations exceed losses of Cu and As (Fahlstrom et
al., 1967; Irvine et al., 1972; Hegarty and Curran, 1986),
studies with more modern formulations, such as CCA
type C, tend to show that Cu and As are lost to the
greatest degree, despite being present in the smallest
proportions. Total losses released following 28 days
exposure in seawater were 530 mg mÿ2 for Cu, 56.2 mg
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mÿ2 for As, and total Cr loss was equivalent to background concentrations (Baldwin et al., 1996). Following
21 days exposure in seawater, leaching rates for Cu and
As were approximately 1 mg cmÿ2 dayÿ1 and only 0.01
mg cmÿ2 dayÿ1 for Cr (Merkle et al., 1993). In tests with
0.5 g of wood shavings, the increased surface area led to
losses of 2060 mg lÿ1 Cu, 720 mg lÿ1 As and 870 mg lÿ1
Cr following submergence for 8 weeks in 50 ml of arti®cial seawater (Weis et al., 1991).
Studies have also indicated that leaching rates of all
metal components are highest initially, and decrease
signi®cantly over time. Leaching rates of a variety of
CCA formulations were observed to decrease to around
one-®fth to one-tenth of initial values within 18 h, and
down to one-hundredth within 48 h (Fahlstrom et al.,
1967). Breslin and Adler-Ivanbrook (1998) calculated
90-day ¯uxes for a number of previous studies, and
Table 5 shows that though these were consistent for Cu,
more variability was seen with As and Cr.
Rates of Cu loss were similarly seen to decrease from
3.6 mg cmÿ2 dayÿ1 down to 1.4 mg cmÿ2 dayÿ1 after 6
months, with As rates lower, and Cr leaching to the
smallest degree (Albuquerque et al., 1996). Of potentially environmental signi®cance was the reported
slower decline in ¯ux of As compared to Cu and Cr
(Hayes et al., 1994; Breslin and Adler-Ivanbrook, 1998).
In a spreadsheet-based computer model developed to
predict Cu concentrations leached from CCA-treated
marine structures, based on the results of Putt (1993),
non-linear regression techniques were used to produce an
equation to describe the decrease in Cu leaching with time:
Cu loss mg cmÿ2 dayÿ1   3:566eÿ0:048time day ;

1

under Eq. (1), Cu leaching rates are reduced to 24% of
initial rates within 30 days, and to 1% after 90 days

Table 5
Leaching ¯ux of copper, chromium and arsenic (after Breslin and Adler-Ivanbrook, 1998)
Calculated 12-h ¯ux (mg cmÿ2 dayÿ1)

Calculated 90-day ¯ux (mg cmÿ2 dayÿ1)

Copper
(Breslin and Adler-lvanbrook, 1998)
(Putt, 1993)
(Weis et al., 1991)
(Merkle et al., 1993)

5.7±17.8
7.6
41.3
4.3±5.6

0.08±1.4
0.8
0.3
0.5±0.6

Chromium
(Breslin and Adler-Ivanbrook, 1998)
(Putt, 1993)
(Weis et al., 1991)
(Merkle et al., 1993)

0.2±1.0
1.5
0.08
0.03±0.1

0.004±0.04
0.01
0.0003
0.003±0.006

Arsenic
(Breslin and Adler-Ivanbrook, 1998)
(Putt, 1993)
(Weis et al., 1991)
(Merkle et al., 1993)

0.1±3.9
6.9
0.4
3.3±8.2

0.04±0.2
0.2
0.001
0.4±0.5

Element
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(Brooks, 1996, 1997). It is interesting to note that even
though this work takes a relatively conservative
approach, Cu concentrations are predicted to exceed
marine water quality standards only in very poorly ¯ushed aquatic environments, or where the surface area of
the surrounding water body is less than 259 times the
surface area of exposed wood.
4. Component redistribution
Work has also been done to try to quantify movement
of individual components within the wood during
leaching trials. Cu concentrations were observed to
increase signi®cantly in the peripheral zones, with largescale depletion from the inner sections, in long-term
trials with marine piles in New Zealand (McQuire,
1976). Similarly, although loss of Cu was greater from
the outer zone after just 6 months marine exposure,
between 12 and 85 months exposure losses were much
greater from the inner zone compared with peripheral
zones (outer 8 mm) (Archer and Preston, 1994). Further
evidence of redistribution of Cu at the surfaces of CCAtreated wood has been observed, and it has been proposed that treated stakes in seawater may behave as
chemical cells and that redistribution be caused electrolytically (Shelver et al., 1992). The phenomenon of
transverse movement of Cu ions through wood cell
walls has implications for leaching mechanisms, as well
as ecacy of treated timber, where redistribution may
leave sections of wood vulnerable to decay.
5. Speciation
Although considerable information exists on speciation of the individual elements in CCA, there is little

research speci®c to CCA leachates (Albuquerque and
Cragg, 1995a). It is not clear if metals are leached as
individual elements, as Cu or Cr arsenates, as inorganic
complexes or possibly even as organometallic complexes
bound to water-soluble wood extractives (Lebow, 1996).
Baldwin et al. (1996) studied partitioning of metals to
sediment during laboratory leaching trials with marine
piles, and found that Cu bound to both low and high
organic carbon sediment to the same degree, and did
not desorb to the overlying waters. Cr exhibited minimal adsorption to a high organic carbon sediment only,
and As was found in all cases in the interstitial or overlying waters. Speciation into oxidation states was not
possible due to low concentrations.
Some workers have speculated as to the possible
mobile species that may be subject to leaching from
treated wood. These may include soluble Cu hydroxide
ions, CrO3, HCrOÿ
4 or CrAsO4, although little data was
provided to support this (Hayes et al., 1994). Pizzi
(l982c) suggested that of the forms of Cu present in
CCA-treated wood, CuSO4 physically adsorbed by the
various wood constituents was the likely leachable
component.
Analysis of the valence state of As on treated wood
has been more widely conducted due to human health
concerns. Water-soluble arsenite on the surface of wood
was measured and found to be relatively constant at 3±4
mg 100 cmÿ2, or about 3% of total As in treated wood.
Arsenite is inversely proportional to Cr (VI) concentration, indicating that Cr (VI) may oxidise any arsenite in
the CCA mixture (Woolson and Gjovik, 1981). Further
speciation analysis of preserved wood from commercial
supplies indicated no trivalent As to be present, but that
up to 20% of the Cr was present in the hexavalent form,
suggesting that ®xation may not be complete in
impregnated timber available on the market (Nygren
and Nilsson, 1993).

Table 6
General scheme for leaching of chromated copper arsenate (CCA) from treated timber in aquatic environments
Reaction

Description

Reference

Principal factors aecting rate

Initial (hours)

Loss of surface deposits

Cooper (1994)

Surface area

Mid term (days/weeks)

Capillary absorption and diusion of H2O
into wood and loss of un®xed components
Solvation of crytallite CCA ®xation products
(particularly copper)
Formation of soluble complexes of copper
and chromium with chloride and hydroxide ions
Disassociation of complexes merely precipitated
in lumen of tracheid cells rather than chemically
bound to wood carbohydrate or lignin

Cooper (1994)
Chou et al. (1973)

Timber type
Degree of ®xation
Post-treatment handling

Merkle et al. (1993)

Volume of wood

Hegarty and Curran (1986)

Salinity
pH

Long term (months/years) Reversible disassociation of ion-exchanged
metals, redistribution to surface and loss
Physical or biological decay of timber

Irvine and Dahlgren (1976)

Timber type
Volume of wood
Breslin and Adler-lvanbrook (1998) pH
Hazard category
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6. Leaching mechanism
Just as a general scheme for the ®xation of CCA has
been developed (Table 3) it is possible to propose a
similar scheme to describe the possible leaching
mechanism, based on the published literature (Table 6).
The principal factors likely to aect each reaction stage
are also included.
The mid-term solvation of crytallite forms of Cu may
explain the relatively high leaching rate for this element
compared with the other metals. The longer-term reactions and redistribution of elements may take place
according to the electrolytic cell hypothesis proposed by
Shelver et al. (1992).
7. Conclusions
Aspects of both the preservative treatment of wood
and the environmental conditions the wood is exposed
to may aect its leachability. Factors such as preservative formulation, ®xation temperature, post-treatment
handling, timber dimensions and leaching media pH,
salinity and temperature have been shown to aect
leaching rates. However, more rigorous examination of
these factors is required if accurate prediction of inservice leaching rates is to be made based solely on
results of laboratory studies. Although the ®xation
reactions greatly reduce leaching, measurable quantities
of Cu, As and Cr can be found in leaching solutions
from properly treated wood. The toxicity of these leachates will be largely dependent on the speciation of the
individual metal elements. In addition, removal of
metals from the aqueous phase through partitioning to
sediments and dilution by water movements may moderate toxicity.
Examination of the existing information suggests that
a number of other areas are worthy of further research
in order to gain a more realistic assessment of the risks
posed by the use of preservative-treated timber in
aquatic environments:
1. establishment of a single laboratory leaching
protocol to enable meaningful comparison of
all laboratory work conducted in the future; the
need for standardisation is increasingly pertinent
in light of the forthcoming Biocidal Products
Directive;
2. better quanti®cation of eects of surface area:
volume ratio and total sample size on leaching
rates in order that models may be developed to
allow extrapolation of leaching rate data generated
from standard laboratory protocols to wood with
commercial use dimensions;
3. ®eld trials in both saline and freshwater environments to evaluate losses in-service to allow further
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re®nement of laboratory-based data to losses
expected from real environmental exposures;
4. speciation analysis of leached components to
determine if metals are lost as individual elements,
metal complexes, or bound to inorganic or organic
ligands; this will allow further re®nement of
risk assessments since the toxicities of CCA
components, particularly Cr and As, are greatly
in¯uenced by valence state;
5. examination of other environmental factors likely
to in¯uence leaching rates, including Redox conditions, presence of organic acids in natural waters
and growth of fouling communities on timber
surfaces; and
6. examination of the long-term ®xation reactions,
particularly the equilibrium dynamics between Cr
(VI) and Cr (III) which may strongly in¯uence
leaching over the lifetime of preserved timbers.
In addition, equally rigorous examination of the potential alternative biocides should be made before any
further regulatory action against CCA can be
recommended.
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