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Abstract
Earlier studies documented the loss of wood preservatives from new wood. The objective of this
study was to evaluate losses from weathered treated wood under field conditions by collecting rainfall
leachate from 5 different wood types, all with a surface area of 0.21 m2. Wood samples included
weathered chromate copper arsenate (CCA) treated wood at low (2.7 kg/m3), medium (4.8 kg/m3)
and high (35.4 kg/m3) retention levels, new alkaline copper quat (ACQ) treated wood (1.1 kg/m3 as
CuO) and new untreated wood. Arsenic was found to leach at a higher rate (100 mg in 1 year for low
retention) than chromium and copper (<40 mg) in all CCA treated wood samples. Copper leached
at the highest rate from the ACQ sample (670 mg). Overall results suggest that metals’ leaching is a
continuous process driven by rainfall, and that the mechanism of release from the wood matrix
changes as wood weathers.
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Chromated copper arsenate (CCA) treated wood has been phased out from most residential
applications in the U.S. as of 2004. However, large amounts of treated wood products are still
in service due to continued use for non-residential applications and their prolonged service life
that extends from 10 years to 40 years depending on its intended use and the retention level of
treatment (Alderman et al., 2003; Cooper, 1993;; McQueen and Stevens, 1998). As a result,
leaching of metals from CCA treated wood continues to be a concern through the slow release
of the metals during the weathering process. The alternatives to CCA in the U.S. (e.g. alkaline
copper quat, ACQ), are wood preservative formulations that contain Cu, and in the case of
ACQ, contain another active ingredient of quaternary ammonium compounds such as DDAC
(didecyldimethyl ammonium chloride or carbonate compounds).
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Both CCA and ACQ treated wood are produced in set ratios of As, Cr and Cu for CCA and
Cu and quat for ACQ. Three types of CCA have been produced over time with type C (47.5%
as CrO3, 18.5% as CuO, and 34% as As2O5) as the most common formulation used for products
manufactured today. The most common formulation of ACQ contains 66.7% CuO and 33.3%
quat (AWPA, 2008). The amount of chemical added, or retention level for both CCA and ACQ
treated wood, is dependent upon the intended use of the wood. The lowest retention level of
CCA treated wood (4 kg/m3; kilograms of CCA chemical on an oxide basis per cubic meter
of wood) is intended for wood used in above ground applications; the highest retention level
of 40 kg/m3 is intended for wood submerged in marine environments (AWPA, 2008). At the
lowest retention level of CCA, the amount of As, Cr and Cu within the wood (in g of metal
per kg of wood) are 1.7, 1.9, and 1.2, respectively, with concentrations increasing by a factor
of 10 at the highest retention level (Jacobi et al., 2007; Khan et al., 2006a). Copper
concentrations (in g of Cu per kg of wood) in ACQ correspond to 3.28 at the lowest retention
level (4 kg/m3) and 13.3 g/kg at the highest retention level (16 kg/m3).
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Concerns about the safety and environmental impact of wood preservatives have increased in
recent years. Arsenic and chromium are considered human carcinogens and Cu can be toxic
to aquatic organisms (Flemming and Trevors, 1989; Weis and Weis 1999; Dubey et al.,
2007). Metals release from treated wood has been reported by many researchers during the
wood service life (Khan et al., 2006a; Shibata et al., 2007), during disposal (Khan et al.,
2006b; Jambeck et al., 2006; Moghaddam and Mulligan, 2007) and from recycled forms such
as mulch (Jacobi et al., 2007; Shibata et al., 2006). Shibata et al. 2007 summarized other
researchers’ results of bulk metal loss rates ranging from an average 25% lost after 20 to 43
years of exposure in temperate Sweden (Evans and Edlund, 1993) and 22% after 44 months in
tropical Hawaii (Jin et al., 1992) and 5% in 1 year in southern Florida (Khan et al., 2006a).
Few studies document loss rates on a year to year basis and all of these studies evaluated new
wood. For these studies, roughly 5% of As was shown to leach from the wood in 1 year
(Kennedy and Collins, 2001; Khan et al., 2006a). No studies exist on yearly leaching rates for
weathered wood. The contribution of weathering to release of CCA-components from treated
wood is largely unknown, but there is substantial information available on the mechanisms of
surface degradation (Lebow et al., 2003, Williams et al., 2001) to suggest that leaching rates
may change as a function of weathering. Leaching rates are important in assessing the potential
impacts of existing wood structures constructed prior to the phase-out of CCA-treated wood
for residential purposes. Townsend et al. (2005) studied the leaching of naturally weathered
treated wood using laboratory batch tests such as the Toxicity Characteristic Leaching
Procedure (TCLP), Synthetic Precipitation Leaching Procedure (SPLP) and Waste Extraction
Test (WET). These studies showed that the toxicity characteristic threshold of As (5 mg/l) was
exceeded in most of their experiments. Khan et al. (2004) also used the TCLP and SPLP to
compare As leaching from new and weathered wood and found that weathered wood leached
more As and they attributed the greater leaching to natural chemical and biological
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transformations during the weathering process. Thus batch leaching tests conducted in the
laboratory suggest that the weathering process increases leaching rates, but this is yet to be
shown under natural field conditions.
The objectives of the current study were to evaluate leaching rates from weathered CCA-treated
wood. Experiments were designed to evaluate the impacts of different retention levels of CCA
and to compare leaching rates of weathered CCA-treated wood to leaching of new ACQ-treated
and untreated wood. In an effort to evaluate the potential impacts of aging on leaching rates,
results from the current study using weathered wood samples were compared to results from
earlier studies, which utilized new CCA-treated wood.

2. Experimental Methods
2.1 Rainfall leachate collection system
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Six separate leaching systems were constructed and set up outdoors within an open area located
at the University of Miami, Coral Gables, FL, USA (Fig. 1). Each system was composed of an
uncovered tank (Heavy Duty Polyethylene, US Plastic type Tamco® 6325, Lima, OH, USA)
with interior dimensions of 91.4 cm × 61.0 cm open area and 76.2 cm high. Each tank was
supported on an aluminum frame base with an average height of 0.6 m from the ground and
horizontal inclination of 5°. Rainfall leachate was captured in the tank and flowed by gravity
via tubing (12.5 mm in diameter) to a 70 L covered reservoir. The reservoir was scaled in units
of 1 L and was covered in dark plastic to minimize the impacts of evaporation and UV light.
Each wood sample placed within the tank was supported by a frame made of PVC. A plastic
screen of 2 mm mesh size was placed below the wood samples to prevent vegetative debris
from accumulating in the bottom of the tank. Rainfall depth and rainfall samples were collected
from a standard rain gauge made from Plexiglas. A correlation relation was established between
rainfall depth (cm) and volume collected in tanks in order to calculate the volume in the tanks
whenever they overflowed due to large rainfall events.
2.2 Wood samples’ characteristics
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Six different types of Southern Yellow Pine wood samples were used for the study (Table 1);
the surface area exposed to rainfall (about 2100 cm2 ) was consistent between samples and
corresponded to a ratio of 5:2 (total rainfall capture area relative to the wood surface area).
One sample consisted of two new untreated boards (UW) and a second sample consisted of
three new ACQ treated boards (ACQ). Both of these samples were purchased from a retail
store in Miami, FL, USA. The remaining four samples were weathered CCA-treated wood
samples and included replicates of low CCA-concentration treated wood boards (La-CCA and
Lb-CCA) consisting of three boards each, medium concentration treated wood posts (M-CCA)
consisting of four boards, and a high retention level (H-CCA) marine piling. Low and medium
weathered wood pieces were obtained from the above ground portion of a residential fence
that was 14 years of age at the time of this study. This fence was never painted but sealed twice
with a clear water sealant. The weathered marine piling was manufactured in 1982 according
to the date stamp on the piling and was thus 25 years old at the time of the initiation of this
experiment; during its service life this piece was installed vertically, and was never submerged
in marine water as it corresponded to the upper portion of the marine piling located above a
deck. All wood samples in this study were sealed along the cut-edges to minimize end-effects
on leaching rates.
Initial concentrations of As, Cr and Cu in wood, and consequently retention levels, Rx, (Table
2), were determined by analyzing the sawdust produced during cutting wood pieces, through
its entire cross-section, to the specified dimensions, except for the marine piling, where sawdust
was collected from 40 holes drilled to 1.5 cm distributed equally on the outer surface of the
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piling. Drill holes were filled with wood sealant to minimize the effects of these holes on
leaching. Sawdust samples were digested according to the U.S. EPA method 3050B (U.S. EPA,
1996), and the concentration of As, Cr, and Cu were measured by graphite furnace atomic
absorption spectrometry (GFAAS, Model AAnalyst-600, Perkin Elmir, Shelton, CT, USA).
Total amounts of each of the three elements within each sample were calculated for each wood
type as a product of each elemental concentration in wood sample times the mass of the wood,
except for the mass of H-CCA, where the mass used corresponded to the volume of wood
providing a CCA-depth of penetration equal half the piling diameter, as visual inspection
showed that the CCA chemical did not penetrate the entire cross section.
2.3 Water sampling and analyses
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Water samples were collected from each of the six leaching systems and the rain gauge on a
weekly basis for one year starting on April 11, 2007. The first week of sampling (April 18)
was carried out before the installation of wood pieces to obtain background concentrations of
the systems without the wood and data showed no measurable contribution of As, Cr and Cu
prior to wood installation. Immediately upon collection, water samples were analyzed for pH
(Model 525A, Orion Research Inc., Beverly, MA, USA). Samples for As, Cr and Cu were
collected in high density polyethylene bottles pre-washed with acid. Those samples were
filtered through 0.45 µm pore-size membranes before analysis, and metal concentrations for
each metal within the water samples were determined either by inductively coupled plasma
mass spectrometry (ICP-MS, Elan DRCe, Perkin Elmer, Shelton, CT, USA) or by GFAAS
using the same instrument listed earlier in the current paper. Detection limits by ICP-MS were
0.12, 0.1 and 0.1 µg/l for As, Cr and Cu, respectively, and by GFAAS were 3.3, 3.3 and 3.8
µg/l for As, Cr and Cu, respectively. For computation purposes, samples below the detection
limit were set at the detection limit.
2.4 Analysis of data
Mass losses of metals were computed as the product of the measured concentration and the
volume of water within the reservoir at time of collection. Mass of CCA leached was computed
by converting metal mass to its corresponding oxide as given in the CCA solution (e.g. As to
As2O5, Cr to CrO3, and Cu to CuO). Percentage of mass leached was computed for each metal
as the percentage ratio of total leached metal over the experimental period to the initial mass
retention of the metal in the wood samples. The percentage of CCA leached was evaluated in
the same way, as the sum of leached metal oxides to the initial retention of CCA.
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To compare with results from other studies, percentage leached and total mass leached were
normalized. Percentage leached was divided by an equivalent depth equal to the volume divided
by the surface area. This normalization was conducted as chemicals are believed to migrate by
unidirectional diffusion in wood upon leaching from the surface. The total mass that leached
during the one year study was normalized by dividing by the surface area. Units of normalized
quantities were reported as %/(cm•yr) and mg/(d•m2). Although normalization helps to
facilitate comparisons with other studies, there is inherent variability within normalized data
sets that can be attributed to wood species, type of treatment process, shape of wood, and so
on. As such, the normalization provided here provides an initial assessment of potential
differences or similarities between weathered utilized in the current study and new treated
wood used in prior studies; however it does not provide a global assessment of whether this
difference is due solely to the weathering process.
Correlation p and R2 values were evaluated by Pearson method. Significant differences
between available data sets were evaluated by one way ANOVA on ranks using the Tukey test
at p values less than 0.05.
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3. Results and Discussion
3.1 Rainfall and pH
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A cumulative amount of 176 cm of rainfall was measured during the sampling period; 136 cm
was captured during the wet summer season (end of April up to end of October) and 40 cm
captured during the following six months (dry season). In general rainfall leachate samples
were mostly in the acidic range (pH<7) with the pH of the leached water higher than that of
the background levels of rain and inversely proportional to the volume of leachated water
(R2 of 0.42–0.5), supporting that wood buffers the pH of the rainwater (Shibata et al., 2007).
3.2 Concentrations of leached metals
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Metal concentrations in the rainfall and in the leachate from the UW and ACQ samples were
mostly below or around the detection limits (except for Cu from the ACQ). The average As,
Cr, and Cu concentrations measured in the rainfall and in the leachate from the UW and ACQ
samples were on the order of a few micrograms per liter with the exception of Cu for ACQ
which measured at 640 µg/l, on average. Leachate concentrations of As, Cr and Cu from the
four CCA-treated wood samples oscillated over time between minimum and maximum values
(Fig. SI-1) which were significantly different (p<0.001) between retention levels and from
levels observed in rainfall, and in leachate from UW. Also, CCA-leachate concentrations had
averages that were proportional with their retention level in the wood samples (Table 3). The
average measured concentration in the leachate collected from the La-CCA and Lb-CCA were
approximately 100 µg/l for As and approximately 30 µg/l for Cr and Cu, while for M-CCA,
As measured at approx. 900 µg/l, with Cr and Cu measuring at about an order of magnitude
less (90 and 65 µg/l, on average, respectively). The metal concentrations in the leachates from
the H-CCA sample were the highest (As - 2000 µg/l, Cr - 400 µg/l and Cu - 400 µg/l, on
average). In all cases As leached the most with the average concentration of As 3 – 4 times
higher than that of Cr and Cu from the L-CCA samples, 5 – 6 times higher for the H-CCA
sample, and 11 – 14 times higher for the M-CCA sample. The replicates, La- and Lb-CCA,
had similar leaching trends and bounds (Fig. SI-1) with no significant differences between
these replicates whose coefficients of variation (calculated for each metal as the ratio of the
standard deviation of the difference between La and Lb-CCA to the mean of both La and LbCCA weekly concentrations) measured at 21, 15, and 18% for As, Cr and Cu, respectively,
which support the similar behavior of metals leaching among wood pieces of same original
retention, age, and use.
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The Cu concentrations in the leachates from the ACQ sample averaged 640 µg/l and were high
in comparison to the leachates from the CCA samples (65 µg/l for the M-CCA sample and 410
µg/l for the H-CCA sample). This is significant especially considering that the M-CCA sample
contained twice, and H-CCA contained 23 times the Cu mass of the ACQ sample. An apparent
wash off effect was observed from the ACQ sample, with higher leaching levels observed
during the first three months (900 µg/l) relative to those observed later (530 µg/l). This trend
is consistent with studies that focused on leaching from new treated wood (Khan et al., 2004;
Dubey et al., 2005).
Results also showed no strong relationship between rainfall depth and metal concentration in
the leachates when considering the data on a week-by-week basis (Fig. 2 for M-CCA and
ACQ). However, when data were combined into seasonal categories (wet versus dry seasons)
distinct differences were observed. In general, higher average concentration of leached Cr
observed in the wet season relative to the dry season; this difference was more pronounced at
higher retention levels from the CCA treated samples (Fig. 3). Arsenic and Cu behaved
differently. For the low retention level samples, average concentrations of As and Cu were
higher during the dry season. As retention levels increase, average concentrations of arsenic
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were then higher during the wet season followed by the same shift of Cu just at the highest
retention level. For example, the average metal concentrations for the H-CCA samples were
consistently higher during the wet season in comparison to the dry season (23, 43 and 31%
greater for As, Cr and Cu, respectively). M-CCA followed the same trend as H-CCA for As
and Cr with 17% and 36% increases in concentration from the wet to dry season; the average
Cu concentration from M-CCA decreased from the wet to dry season by 13%. In contrast, Cr
concentration from L-CCA showed an increasing trend from wet to dry seasons (29% increase),
while the As and Cu concentrations from L-CCA showed a decreasing trend from wet to dry
season (13% and 37% , respectively) (Fig. 3). The ACQ sample was observed to exhibit higher
average Cu concentration during the wet season relative to the dry season (Fig. 3). Apparently,
the manner in which As and Cu leach changes as the retention level of metals in the wood
decreases. When metals are in abundance, high rainfall promotes the transport of metals to the
surface of the wood allowing for a large loss of metals during subsequent rainfall events. When
metal retention levels are lower such as in L-CCA, metal transport to the wood’s surface by
high rainfall may be limited, resulting in a dilution effect within the collected rainfall leachate.
Chromium leaching from treated wood is believed to be more responsive to prevailing moisture
conditions relative to As and Cu at the different retention levels of chemicals.
3.3 Masses of leached metals
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For a given sample, the mass of metals leached (the product of rainfall volume and
concentration of metal in the leachate) was primarily dependent on rainfall volume with
increases in metal mass leached as rainfall volume increased (pπ.001). Concentration of metals
in the leachate played a secondary role in influencing the mass of metals leached (p<0.0014
for H-CCA, p<0.033 for ACQ, and not significant for other wood samples). The correlation
between metals’ mass leached and rainfall was higher with higher CCA-retention (R2: 0.7–0.8
for L-CCA, 0.80–0.82 for M-CCA and 0.88–0.92 for H-CCA). The higher leaching of metal
masses from wood associated with larger collected volumes of leachate may have also been
facilitated by a slight shift of the leachate pH towards the acidic range with larger rainfall
volumes, in a fashion similar to that reported by Taylor and Cooper (2005). Although leached
metals were reduced with increasing pH value, the correlation between these factors was not
significant.
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The masses of leached metals were significantly dependent on the original retention levels of
wood (p<0.001). The H-CCA leached As, Cr and Cu (2386, 548 and 418 mg, respectively over
the experimental period) more than 20 times higher than L-CCA (99.3 ± 8.10, 27.4 ± 0.64 and
19.9 ± 1.6 mg, respectively), while M-CCA leached As, Cr and Cu (880, 87.8 and 44.2 mg,
respectively) 8 times more As and 2 – 3 times more Cr and Cu relative to L-CCA (Table 3).
Masses of metals leached during the wet season were higher than during the dry season (Fig.
4). Roughly 70 to 80% more metals were leached during the wet season from the CCA wood
samples in comparison to the dry season. For the ACQ sample, 84% more Cu leached during
the wet season in comparison to the dry season.
Leaching of As and Cu was significantly correlated with the amount of Cr leached for all CCAtreated wood samples (p<0.001; R2: 0.8–0.95). Chromium compounds act as fixing agents for
both As and Cu in CCA treated wood. Loss of Cr from the wood may have led to higher loss
of As and moderate loss of Cu. According to manufacturer requirements, the As/Cr and the
Cu/Cr ratios in new wood should have been at 0.89 and 0.63, respectively. This manufacturer
ratio is in contrast to the ratios observed in the leachate for all CCA samples. For all CCA
samples, the As to Cr mass ratios was always higher than 5, while the Cu to Cr mass ratios
oscillated around 1.
The mass ratios of Cu to Cr in the wood fiber were 0.67, 0.59 and 0.50 for the L-CCA, M-CCA
and H-CCA, respectively, which was near the expected ratio of 0.63; however, the mass ratios
Environ Pollut. Author manuscript; available in PMC 2011 May 1.
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of As to Cr in the wood fiber for L-CCA, M-CCA and H-CCA was measured at 0.28, 0.54 and
1.43, suggesting a preferential depletion of As relative to Cr at the different retention levels.
The difference in metals ratios between these samples may be due to the different retention
levels of the original samples. The L-CCA and M-CCA samples were of lower retention level
and their As/Cr ratios were generally lower whereas the H-CCA sample was characterized by
an exceptionally high retention level. In order to see changes in As/Cr ratios in the H-CCA
samples, a large amount of metals need to leach and perhaps the fraction leached to date (25
years) was not a significant fraction of the amount originally contained in the wood, whereas
the amount leached from the L-CCA and M-CCA samples was significant relative to the
original retention level allowing for a significant reduction of the As level in the wood fiber
relative to Cr. After one year of experimentation, the As to Cr ratios in the CCA-wood samples
were reduced due to the higher loss of As relative to Cr, and evaluated as 0.25, 0.50 and 1.42,
for L-CCA, M-CCA and H-CCA, respectively.
The new ACQ wood sample had very low As and Cr contents as expected and the amount of
Cu leached was 672 mg over the experimental period. Cu leached from the ACQ wood sample
1.6 times and 15 times more relative to the Cu leached from the H-CCA and M-CCA samples.).
3.4 Cumulative masses of metals leached
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Cumulative leaching data (Fig. 5 for the M-CCA) showed that As leached the highest when
compared to Cr and Cu. The cumulative mass of leached metals from all samples evaluated is
highly correlated (p<0.001) to the cumulative rainfall (R2: 0.94–0.99). In general, initial
leaching was low for the first month of the experiments (except for ACQ, Fig. 5) and followed
by several sudden increases. These sudden increases did not occur during major rainfall events
but rather occurred during weeks of low to moderate rainfall depths that follow major rainfall
peaks. According to Taylor and Cooper (2005) large rainfall events (in terms of duration or
intensity) lead to a deeper water-penetration level of wood where solubilisation of metals
occurs. After the rainfall period, metals diffusively migrate to the surface of the wood,
precipitate as water evaporates from the wood, and become available for the next rainfall period
to achieve a jump in the cumulative mass leaching curve. The sudden increases observed in
mass leached are consistent with the explanation provided by Taylor and Cooper (2005) and
suggest that leaching of metals from preservative treated wood is a dynamic process, which
involves continual solubilisation of metals. This process provides an over-abundance of metals
at the wood’s surface, especially when the wood is new and contains high metal retention
levels.
3.5 Metals’ leaching percentages and rates
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Annual CCA leaching percentages measured in this study ran ged from 1.5%/cm for the LCCA samples to 0.02%/cm for the H-CCA sample. On a total mass basis, these corresponding
rates resulted in 3 mg/d of CCA leached per square meter of the L-CCA sample relative to 57
mg/d of CCA leached per square meter of H-CCA (Table 4). Consistencies were observed
when comparing these levels with the yearly values published in the literature for new CCAtreated wood. In this study, the percentage of metals’ masses leached was inversely
proportional to the retention level of the CCA-treated wood samples, which was consistent
with the results of Taylor and Cooper (2005). The lowest retention of weathered wood (L-CCA
characterized by a retention level, Rx of 2.69 kg/m3) leached 6.3%/cm of the As during one
year, which was more than two times the amount reported by Khan et al. (2006a) for leaching
of new wood, and similarly almost two to four times of the As loss from new wood as reported
by Shibata et al. (2007), who reported 3.5%/cm after 1 year, 1.5%/cm during year 2 and 1.5%/
cm during year 3 (Rx of samples used in these studies were 3.5 kg/m3). All three of these studies
were conducted at the same location at the campus of the University of Miami, with no
significant difference in rainfall. Thus, the results from this study suggest that the As leaching
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percentages for weathered wood evaluated in the current study were roughly double that of
new wood at the lower retention levels. For the medium retention, As leached at a rate of 0.8%/
cm from M-CCA (Rx of 4.79 kg/m3), which was similar to the rate observed for the new wood
evaluated by Taylor and Cooper (2005) (0.7%/cm for Rx of 5.52 kg/m3). Of note the rainfall
depth in the Taylor and Cooper (2005) study was about 1/3 of the amount measured in the
current study and so differences were not observable due to the differences in weather
conditions in the comparative studies.
Chromium percentage leaching as measured by Kennedy and Collins (2001) was at 0.5%/cm
for one year whereas Shibata et al. (2007) also measured 0.5%/cm during the first year and
then 0.1%/cm during the second and third years of their study. The percentage leached during
these other studies was comparable to the Cr leaching rate measured in the low retention level
wood in the current study (0.48%/cm). Copper percentage leaching in the current study also
measured at near 0.5%/cm for the lower retention (similar to Kennedy and Collins, 2001) and
decreased with higher retention levels. The decrease in percentage leached with increasing
retention level was consistent with observations of Taylor and Cooper (2005).
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In the current study, the annual amount of As mass leached for L-CCA, M-CCA, and H-CCA
was 99, 880, and 2386 mg, respectively. The total masses leached when averaged on a daily
basis show an As loss rate of 1.3, 11.5 and 31 mg/d per square meter of horizontal surface area
for the low, medium and the high retention levels (Table 4), showing an increasing trend for
the mass leached with increasing retention levels. The As mass leached from the L-CCA
samples were comparable with those measured by Shibata et al. (2007),Khan et al. (2006a)
and Kennedy and Collins (2001). Despite, the increase in percentage leaching as wood
weathers, As mass leached was slightly higher for the studies which evaluated new wood. The
explanation for these trends is twofold. First, new wood has higher metals’ retention, and a
significant wash-off effect is observed for new wood when it is first put into service. Thus new
wood releases a larger mass when first put into service because of the greater amount of metals
in the wood and the release of metals that have accumulated. Second, new wood has a larger
retention of metals in the wood. The larger retention results in a greater amount of metal mass
in the wood fiber (divisor), which contributes to the lower percent leaching for new wood
relative to weathered wood. Mass leaching of Cr appears to be similar between the weathered
wood in the current study and new wood from prior studies. . Shibata et al. (2007) documents
that chromium leached at a rated of 0.45 mg/(d·m2) from new wood in their study whereas 0.36
mg/(d·m2) was observed from the weathered (low retention) in the current study. Chromium
leaching rates were not as easily comparable to the results from Taylor and Cooper (2005), due
to the difference in the field environment and rainfall depths of both experimental locations.
Copper mass leached from weathered wood in the current study was comparable to that
observed by Kennedy and Collins (2001) for new wood and the yearly mass loss observed in
the current study were lower than those observed by Taylor and Cooper (2005).
The total amount of Cu lost from the ACQ-treated wood sample was the highest (2.5%/cm)
among all wood pieces in the experiment. This was observed regardless of the fact that the
ACQ sample was characterized by half the wood volume and contained half the amount of Cu
of the M-CCA sample. The mass loss of Cu from the ACQ was very high (8.77 mg/(d·m2)).
Dubey (2005) also observed that Cu leached from new ACQ wood at a rate seven times higher
than the rate from new CCA. Similar results have been reported by Stook et al. (2004; 2005)
for batch leaching experiments. This result suggests that Cu is not as strongly fixed in ACQtreated wood in comparison to CCA-treated wood, thus potentially resulting in shorter service
lives of wood products treated with this Cu-based alternative.
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The results from this study support that leaching of metals from treated wood is driven by
rainfall. The concentration and masses of leached metals is dependent on the retention level of
the treated wood with higher retention levels resulting in higher concentrations in leachates
and a greater mass of metals lost. The results from this study support that the mechanism of
leaching is associated with the transport of metals from the interior portions of the wood
towards the surface where sudden increases of metals lost were observed at a one week delay
from maximum rainfall amounts. Furthermore, we observed that at low retention levels of
CCA, the As and Cu concentrations were diluted presumably due to a limitation in the amount
of metal transported to the surface whereas for high retention levels increases in metal
concentrations were observed during the wet season. On the contrary to As and Cu in CCA,
leaching of Cr from CCA wood and Cu from ACQ was not subject to dilution effects.
Comparing leaching rates observed in the current study with earlier work, which evaluated
leaching of new CCA-treated wood under field conditions suggests that weathering can
increase leaching rates of As on a percent leached basis (mass leached per mass in wood);
however, because the retention of metals in the wood decreases over time, the mass of metals
leached would decrease. In spite of the decrease in total mass leached, metals leaching from
treated wood are expected to continue over the service life of wood, and the leaching
mechanism is expected to change as wood weathers due to loss of Cr fixation, cracking of
wood, and deterioration of the wood fiber.

5. Recommendations
Additional experimentation should be conducted to confirm that the observed differences in
leaching rates observed between weathered wood used in the current study and new wood used
in prior studies is due to the actual weathering process. Such a study should include many
different samples of weathered wood along with many samples of new wood evaluated
concurrently to quantify the variability due to the weathering process as opposed to variability
due to other factors. Since the initiation of the field work associated with this experiment, the
wood treatment industry has developed a new micronized formulation for a Cu-based
preservative (MCQ), which is believed to leach Cu at a slower rate relative to the early ACQ
formulations as indicated by wood efficacy tests (Freeman and McIntyre, 2008). Of interest
would be to evaluate new and weathered micronized Cu treated wood under natural field
conditions to evaluate Cu leaching rates and to provide a comparison with values published in
the literature for other wood preservative formulations.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

The experimental leachate-collection systems.
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Fig. 2.

Time series plots of rainfall and metals’ concentrations in leachates for M-CCA and ACQ
treated wood samples.
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Fig. 3.
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Percentage change of average measured concentration of As, Cr and Cu from wet season
relative to dry season over the experimental period. Percent change is defined as the average
concentration during the wet season minus the average concentration during the dry season
divided by the highest seasonal concentration. The ACQ wood sample was low in As and Cr
level, so the high percentage change of Cr reflects losses of only minute values. The same can
be said for As and Cu in rain.
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Fig. 4.

Total mass of As, Cr and Cu leached during the wet and dry seasons.
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Fig. 5.

Cumulative leaching of metals from wood over the experimental period for M-CCA and ACQ.

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Environ Pollut. Author manuscript; available in PMC 2011 May 1.

Hasan et al.

Page 17

Table 1

Characteristics of wood samples including number of pieces, dimensions, surface area, and wood volume.
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Label

No. of
Pieces/shape

Dimension of
each piece (cm)

Total area
impacted by
rainfall (cm2)

Total wood
volume (cm3)

UW

2, rectangular

57 × 17.8 × 3.8

2029

7711

ACQ

3, rectangular

49.5 × 13.8 × 3.8

2049

7787

La-CCA

3, rectangular

49.5 × 14.1 × 1.8

2094

3769

Lb-CCA

3, rectangular

49.5 × 14.1 × 1.8

2094

3769

M-CCA

4, rectangular

8.8 × 58.5 × 8.8

2059

18121

H-CCA

1, cylindrical

L = 74, D = 28.5

2109

47227
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1.44
20.7

H-CCA

7.30

375

13.3

0.88

N.A.

0.16

As

262

24.8

3.18

N.A.

0.16

Cr

132

14.5

2.12

7.64

0.12

Cu

35.4

4.79

2.69

1.14

NA

Meas.a Rx
(kg/
m3 wood)

40

9.6

4.0

4.0

NA

Ratedb Rx
(kg/
m3 wood)

Based on lab analysis. For the samples characterized by low (L-CCA), medium (M-CCA), and high (H-CCA) retentions of CCA, the Rx value corresponds to kg of CCA – oxide basis per cubic meter of wood.

14.5

1.57

1.10

1.78

0.03

Cu

Mass contained in
wood sample
(g)

From manufacturer-intended use.

b

For the ACQ sample the Rx value corresponds to kg as CuO per cubic meter of wood. The density of wood used for computations was 511 kg/m3.

a

NA = Not applicable

1.65

0.455

L-CCA

M-CCA

2.68

N.A.

0.04
N.A.

0.04

Cr

UW

As

ACQ

Label

Concentration of metal
in wood sample (g/kg)

Initial concentrations and quantities of As, Cr and Cu in the wood samples prior to installation in the leaching experiments. Rx corresponds to retention level
of the chemical in the wood.
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Cu

Cr

As

Mass
(mg)

Conc.
(μg/l)

Mass
(mg)

Conc.
(μg/l)

Mass
(mg)

Conc.
(μg/l)

0.001

0.02

Sum

Std. dev.

21.0

Std. dev.

0.0004

7.62

Average

Average

0.001

0.01

Sum
0.0002

1.20

Std. dev.

Std. dev.

0.70

Average

Average

0.0001

Std. dev.

0.003

Sum
0.00007

0.72

Std. dev.

Average

0.47

Average

Rain

0.05

0.04

1.64

5.28

4.48

0.04

0.01

0.57

0.54

0.43

0.07

0.02

0.77

0.94

0.57

UW

0.49

0.47

21.0

24.4

32.1

0.81

0.62

27.8

11.61

25.5

2.99

2.33

105

63.0

108

La-CCA

0.38

0.42

18.8

30.5

35.7

0.69

0.60

26.9

14.6

29.6

2.42

2.08

93.6

70.6

127

Lb-CCA

1.11

0.98

44.2

39.0

65.5

2.64

1.95

87.8

52.4

86.1

26.1

19.6

880

396

934

M-CCA

15

9.28

418

175

362

19.9

12.2

548

321

424

79.3

53.0

2386

1103

2101

H-CCA

Concentrations and masses of As, Cr and Cu from rainfall and leachate samples evaluated in this study based on weekly collected data.
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25.6

14.9

672

317

637

0.10

0.04

1.71

1.81

1.00

0.10

0.03

1.39

1.83

1.03

ACQ
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2.0

2.0
1.8

new, CCA
new, CCA
new, CCA
new, CCA
weathered, CCA
weathered, CCA
weathered, CCA
new, ACQ

Khan et al. (2006a)

Shibata et al. (2007) (1st yr)

Shibata et al. (2007) (2nd yr)

Shibata et al. (2007) (3rd yr)

This study, L-CCA

This study, M-CCA

This study, H-CCA

This study, ACQ

3.8

17.0

8.8

2.0

2.0

1.14

35.4

4.79

2.69

3.50

3.50

3.50

3.50

13.94

5.52

3.16

3.00

176

176

176

176

137

112

167

159

68.5

68.5

60

60

NA

0.04

0.75

6.3

1.51

1.52

3.48

2.56

0.16

0.66

2.00

1.82

%/cm·yr

NA

31.1

11.5

1.29

1.36

1.41

3.47

2.06

1.65

3.93

2.10

1.40

mg/d·m2

As leached

NA

0.01

0.04

0.48

0.10

0.10

0.50

NA

0.03

0.08

0.41

0.55

%/cm·yr

NA

7.15

1.14

0.36

0.09

0.09

0.45

NA

0.35

0.51

0.50

0.58

mg/d·m2

Cr leached

2.50

0.01

0.03

0.49

NA

NA

NA

NA

0.26

0.50

0.55

0.59

%/cm·yr

NA

0.02

0.18

1.48

NA

NA

NA

NA

0.11

0.37

0.99

0.89

%/cm·yr

NA

56.8

19.0

2.98

NA

NA

NA

NA

6.04

8.37

4.60

3.92

mg/d·m2

CCA leached
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Data are for samples of Southern Yellow Pine treated with CCA-wood and with no water repellent or wash treatment.

d

c
Data are for 300 days in 2000–2001, Rx was calculated as a match for the H3 Australian standards (AS 1604.1, 2005) and after personal communication with the authors.

[28.5–14.25] cm) to the projected rectangular area (74 × 28. 5 cm2), as shown in the schematic below:

Volume to Area ratio of wood samples that equals to the samples depth, a Depth of the H-CCA sample was calculated as the ratio between the volume (corresponding to the chemical penetration depth (1/2

b

8.77

5.45

0.58

0.25

NA

NA

NA

NA

2.24

1.95

0.34

0.52

mg/d·m2

Cu leached

All data presented in this table correspond to Southern Yellow Pine except for Kennedy and Collins (2001) where wood samples were Radiata Pine.

a

3.8

new, CCA

Taylor and Cooper (2005)d

3.8

new, CCA

Taylor and Cooper (2005)d

2.2

2.2

depth cm

kg/m3

cm

new, CCA

new, CCA

Kennedy and Collins (2001)c

Rainfall

Rx

V/Ab

Kennedy and Collins (2001)c

Type of wooda

Reference

Comparison of leaching data between new treated wood as reported in the literature and weathered wood from this study. Normalized leaching percentage
(%/(cm•yr)) corresponds to the fraction of chemical leached during a period of one year per cm chemical penetration depth. Normalized mass loss corresponds
to the mass lost per unit time per unit surface area (mg/(d•m2)).
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