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Less leachate is generated by rain with small lumber and ACQ-treated lumber.
Leachate volume is correlated to rainfall depth and temperature before rainfall.
Leachate quality was similar between two sizes of lumber.
ACQ treatment increased copper, arsenic, and total dissolved solids in wood leachate.
Leachate copper content is correlated to weather conditions and rain properties
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a b s t r a c t
Alkaline copper quaternary (ACQ) is a widely used wood preservative. This study evaluated leachate
volume generation and contaminant leaching from ACQ-treated lumber during rainfall events in comparison to untreated lumber. The inﬂuences of wood preservation with ACQ, lumber size, and weather on
leachate generation ratio and contaminant concentrations in wood leachate were investigated with four
red pine lumber piles exposed to natural weather conditions. The average volumetric ratio of leachate
to rainfall was signiﬁcantly higher for the large-lumber piles (0.62) compared with the small-lumber
piles (0.35). Less leachate was generated in the ACQ-treated lumber piles (0.42) than the untreated lumber piles (0.55). Leachate volume could be predicted with rainfall depth, air temperature, and wetted
lumber surface area. Lumber size did not make a statistically signiﬁcant difference in leachate quality
except for zinc concentration. The average copper concentrations were 4034 g/L in the leachate from
the ACQ-treated lumber piles and 87 g/L in the leachate from the untreated lumber piles. Moreover, ACQ
treatment signiﬁcantly increased leaching of arsenic and total dissolved solids. Copper concentration in
leachate from ACQ-treated lumber can be predicted with rainfall intensity, the time interval between
two consecutive leachate-generating events, rain copper concentration, and rain pH
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Except for naturally durable species such as redwood and cedar,
wood in outdoor applications is usually pressure treated with
preservatives. Preservatives are forced into the cellular structure
of wood to deter wood decay. Alkaline copper quaternary (ACQ) is
one of the wood preservatives used worldwide for both commercial and residential wood products. The most common formula of
ACQ (type D) contains 66.7% copper oxide and 33.3% quat as didecyldimethylammonium chloride [1]. Its primary biocide, copper
(Cu), can leach out of wood in outdoor storages and uses by rainfall
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[2]. Wood leachate generated intermittently by rainfall at various
storage sites of freshly treated lumber and decommissioned wood
may percolate to groundwater, be discharged to surface waters,
or inﬁltrate through soil. The leached Cu can be toxic to aquatic
organisms and pose human health risks at trace levels [1,3].
Environmental authorities are increasingly concerned with
environmental impacts of wood preservation [1]. In New York State,
for example, Multi-Sector General Permit for Stormwater Discharges Associated with Industrial Activity covers log storage and
handling facilities, general sawmills and planing mills, and wood
preserving facilities [4]. This general permit sets the benchmark
monitoring cutoff of wood leachate and contaminated stormwater
at 0.012 mg/L total recoverable Cu for the timber products sector.
Metal leaching from pressure treated wood has been investigated with laboratory tests, such as continuous leaching with
synthetic precipitation or an extraction solution [5–9]. However,
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Fig. 1. Sketch of leaching piles with ACQ-treated and untreated red pine at two lumber sizes.

laboratory tests with wood subjected to continuous leaching ignore
the inﬂuence of weather conditions, water absorption by wood,
and weathering on leachate volume generation and metal leaching
under ﬁeld conditions [2,10,11]. Leachate is generated when the
volume of rain that falls on a pile of wood is in excess of the volume that the wood can absorb. Laboratory test results do not reﬂect
metal leaching dynamics and intensity in the ﬁeld and provide no
information about the amount of leachate that could actually be
generated. Field studies [10,11] have reported inﬂuences of rainfall intensity and duration on metal leaching from wood treated
with chromated copper arsenate preservatives. Nevertheless, only
one recent study [2] investigated metal leaching from ACQ-treated
wood under ﬁeld conditions. Moreover, Hasan et al. [2] only monitored wood leachate weekly, rather than tracking metal leaching
across rainfall events. Leachate volume generation and metal leaching from treated wood could vary with weather conditions, wood
species, lumber size, and preservative type. No study has yet quantiﬁed leachate volume generation and Cu leaching from ACQ-treated
wood on a rainfall event basis under ﬁeld conditions. Investigation
into event-based Cu leaching will provide a more realistic evaluation of environmental impacts of Cu leached from ACQ-treated
wood.
Trees assimilate various metals, many of which are macro- and
micro-nutrients. The inorganic content of wood can be up to 1%
of wood dry mass, varying with wood species, soil chemistry and
climatic conditions [12]. Metals could leach out of untreated wood
as well [13–17]. Moreover, leachate from untreated wood has high
concentrations of organic substances [12,18]. Some of the organic
substances such as tannins and phenols are toxic to aquatic organisms, though the greatest concern is oxygen demand of the organic
substances [12,18]. Pressure treatment deters wood decay, but erosion of wood ﬁber from lumber surfaces still occurs [7]. The effects
of pressure treatment with ACQ on leaching of oxygen-demanding
substances and non-biocide metals are unknown. Furthermore,
different sizes of lumber have different surface areas exposed to
precipitation when stored outdoors, which affects initial water
retention and could result in different leachate characteristics
[6,11]. To the authors’ knowledge, there are no side-by-side comparisons of organic matter and non-biocide metals leaching from
untreated and treated wood in the literature.
The objectives of this study were 1) to evaluate the intensity and
dynamics of leachate volume generation and contaminant leaching from newly ACQ-treated red pine lumber in comparison to

those from untreated lumber during rainfall events; 2) to examine the effects of lumber size on wood leaching; and 3) to develop
regression models to predict leachate volume generation and contaminant leaching with meteorological parameters.

2. Materials and methods
2.1. Wood leaching piles
Four wood leaching piles were set up on March 6, 2010 in an
open area located in Syracuse, New York, USA. The dimensions and
conﬁguration of the piles were selected to simulate wood leaching by rainfall in outdoor storage situations. Each pile was stacked
with new red pine lumber (51 cm long) to 92 cm tall in a rectangular polypropylene tank with interior ﬂoor dimensions of 32 cm
by 53 cm. The lumber pieces in each tank were tied with a plastic string to keep the piles straight and stable. The four piles were
differentiated by lumber size (15 cm × 15 cm vs. 7.6 cm × 7.6 cm)
and ACQ treatment as shown in Fig. 1. The ACQ-treated red pine
lumber was produced for above ground use, which had a preservative retention level of 2.4 kg Cu/m3 as speciﬁed by AWPA [19].
Each pile had a total lumber volume of 0.14 m3 and a top surface
area of 0.16 m2 . Each tank holding a lumber pile had top dimensions of 34 cm by 54 cm. The slightly larger top dimensions relative
to the ﬂoor dimensions were chosen to minimize direct rainfall to
the open space of the tanks and prevent rainfall on the piles from
signiﬁcant loss due to splashes. When leachate was generated during rainfall events it was drained freely by gravity into acid-washed
polypropylene bottles. A sheet of 1-cm polystyrene foam was laid
on the bottom of each tank to avoid submersion of wood in leachate.
A Taylor 1 analog rain gauge was set up beside the wood piles to
record rainfall depth and collect rain samples for individual rainfall
events.
Syracuse has a humid continental climate, with cold, snowy
winters and relatively cool summers. Mean annual precipitation
is 1017 mm. Precipitation is well distributed throughout the year,
while snow falls mostly in the period from December to March.
Daily average temperatures recorded at the nearby SUNY ESF
Weather Station [20] were collected for the study period. The average daily temperature during the study period from March 6 to
November 18, 2010 was 15.8 ◦ C, with a maximum temperature of
31.2 ◦ C and a minimum temperature of −7.2 ◦ C.
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2.2. Water sampling and laboratory analysis

2.3. Data analysis
Leachate generation ratio was calculated as leachate volume
divided by rainfall volume for individual leachate-generating
events. Two-factor analysis of variance (ANOVA) was performed
to examine the effects of lumber size and wood treatment with
ACQ on leachate quality and generation ratio. One-factor ANOVA
was used to test the differences between dissolved and total metal
concentrations in wood leachate. One-factor ANOVA was also used
to test the differences between rain and wood leachate. Least
signiﬁcant difference (LSD) was calculated to identify the signiﬁcant differences in one-factor ANOVA [22]. Spearman rank trend
test was performed to identify the trends of contaminant leaching over time [22]. Multiple linear regression was performed with
a backward elimination approach to analyze how weather conditions affected leachate volume and contaminant concentrations.
Histograms were plotted to examine normality of frequency distribution. When normal distribution and homoscedasticity were not
met for ANOVA and regression, data transformation (log or square
root) was applied to increase normality of frequency distribution.
The signiﬁcance level (p value) was set at 0.05 for all statistical analyses. Coefﬁcient of determination (R2 ) was calculated to evaluate
the similarity in leached Cu mass between the observations and
predictions.

Leachate generation ratio

There were 25 rainfall events that generated leachate between
March 6 and November 18, 2010. Rainfall depth and leachate
volume were recorded at the end of each rainfall event. Rainfall and leachate samples were collected in 17 of the 25 events
for laboratory analysis. No samples were collected in the other 8
events over the study period because of logistical reasons. Samples
were collected at the end of individual leachate-generating events
except for two additional times of sampling during the second
event.
Chemical oxygen demand (COD) was determined colorimetrically with a DR 2800 spectrophotometer (Hach Company, Loveland,
CO, USA), following Standard Method 5220-D [21]. Total dissolved
solids (TDS) and pH were measured using a HQ40d meter with a
CDC401 conductivity probe (Hach Company, Loveland, CO, USA)
and a portable pH meter (pH 6 model, Oakton Instruments, Vernon
Hills, IL, USA), respectively. Metal concentrations were determined
with an Inductively Coupled Plasma-Mass Spectrometer (ICP-MS,
ElanDRC-e, Perkin Elmer, USA), following Standard Method 3125
[21]. The subsamples for dissolved metal analysis were ﬁltered
through acid-washed membrane ﬁlters (pore size 0.45 m), following Standard Method 3030-B [21]. The subsamples for total metal
analysis were acid digested using Standard Method 3030-E [21].
Before digestion and ICP-MS analysis, subsamples were preserved
immediately with nitric acid at pH < 2 and stored at 4 ◦ C. The detection limits of the ICP-MS were ≤0.1 g/L for the metals. Quality
control measures for ICP-MS included instrument blanks (deionized water), method blanks (deionized water through digestion),
sample spikes, and duplicates.
Concentrations of dissolved Cu, COD and TDS plus pH values
in rain and leachate were determined for all the samples. Concentrations of dissolved Al, Ca, Cd, Fe, K, Mg, Mn, Mo, Na, Ni, Pb,
and Si were determined only for the second, third, and fourth
leachate-generating events to examine potential effects of pressure
treatment on leaching of these non-biocide metals. Concentrations
of total As, Cr, Cu, and Zn in the unﬁltered subsamples were determined only for the ﬁrst ﬁve leachate-generating events to examine
the differences between total metal concentrations and dissolved
metal concentrations.
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Fig. 2. Variation of average leachate generation ratio (leachate volume: rainfall
volume) with lumber size and ACQ treatment. n = 25; error bar = standard deviation.

3. Results and Discussion
3.1. Factors inﬂuencing leachate volume generation
There were 25 rainfall events that produced leachate during the
study period, covering a wide variety of weather conditions. The
remaining rainfall events did not produce leachate because the rain
water was all absorbed into the lumber. The leachate-generating
events had rainfall in the range of 8.5–140.4 mm. The durations
of these events ranged from 40 to 2130 min. Rainfall intensity
was 0.01–0.46 mm/min. There were 1.1–24.2 dry days between
two consecutive leachate-generating events. The average temperature between two consecutive events varied between 3.6 and
24.4 ◦ C.
Two-factor ANOVA showed that both ACQ treatment and lumber size made signiﬁcant differences in leachate generation ratio
(p = 0.02 and <0.01, respectively), and lumber size and ACQtreatment had independent effects on leachate generation ratio
(p = 0.85). The average leachate generation ratio was higher in
the piles with large lumber and untreated lumber (Fig. 2). ACQtreatment might have increased the equilibrium moisture content
of treated wood [23], resulting in a lower leachate generation
ratio because a higher equilibrium moisture content of a wood
product means a greater capacity to absorb rain water until equilibrium with its surroundings. The difference in leachate generation
ratio between the large-lumber and small-lumber piles could be
attributed to the different surface areas available to absorb rain.
Fig. 3 shows the rainfall depths and leachate volumes across
the leachate-generating events during the study period. A portion
of the initial rainfall could be absorbed by wood through the wetted surfaces. Equilibrium moisture content or hygroscopic capacity
of lumber is affected by air temperature between two consecutive
rainfall events [23,24]. Therefore, leachate volume from each leaching pile was signiﬁcantly correlated with rainfall depth (total depth
of rainfall during an event), air temperature between two consecutive leachate-generating events, and wetted surface area (Table 1).
Wetted surface area is related to lumber size and pile stacking pattern. It was observed that the wetted surface areas were 2.61 m2
for each large-lumber pile and 4.48 m2 for each small-lumber pile,
including the top surface and all vertical surfaces. Eqs. (1) and (2)
are the regression models that can be used to predict leachate volume. Regression analysis showed that the time interval between
two consecutive leachate-generating events, rainfall intensity, and

299

25

0

20

100
Large untreated

15

Small untreated

200

Large ACQ-treated
10

Small ACQ-treated

300

Rainfall depth

5

400

0

500

Rainfall of leaching event , mm

Leachate volume, L/event

W. Tao et al. / Journal of Hazardous Materials 260 (2013) 296–304

Month/Day of leachate-generating events
Fig. 3. Rainfall depth and leachate volume generated in red pine lumber piles during individual rainfall events.

event duration had insigniﬁcant roles in leachate volume generation.
√
V = 0.030D − 0.026T − 0.205A + 1.75 for untreated lumber (1)
√
V = 0.027D − 0.025T − 0.231A + 1.71 for ACQ-treated lumber
(2)
where V is the leachate volume generated during a rainfall event
(L); A is wetted surface area of a lumber pile (m2 ); D is rainfall
depth in a leachate-generating event (mm); and T is the average air
temperature between two consecutive leachate-generating events
(◦ C).
3.2. Effects of ACQ treatment and lumber size on leachate quality
Leachate quality is summarized in Table 2. Two-factor ANOVA
analysis showed that there were insigniﬁcant differences between
the two sizes of lumber in leachate pH and concentrations of COD,
TDS, dissolved As, dissolved Cr, and dissolved Cu (p = 0.24–0.99).
The only exception was that Zn concentration was signiﬁcantly
higher (p = 0.02) in the leachate from the small-lumber piles than
leachate from the large-lumber piles. The insigniﬁcant differences
in leachate quality between the two sizes of lumber were possibly
because the difference in the wetted surface areas was not large
enough. The signiﬁcant effect of lumber size on leachate Zn concentration could be attributed to the higher mobility of Zn in wood
compared with Cu and Cr [25], which resulted in more Zn leached
from the larger wetted surface area of the small-lumber piles.

Table 1
Properties of multiple linear regression for wood leachate volume generated in
untreated and ACQ-treated lumber piles during individual rainfall events. n = 50.
Eq. (1) for untreated
lumber
Adjusted R2
p-value
Overall
Coefﬁcient of rainfall depth
(D)
Coefﬁcient of temperature
(T)
Coefﬁcient of wetted surface
(A)
Intercept

0.92

Eq. (2) for ACQ-treated
lumber
0.88

<0.001
<0.001

<0.001
<0.001

<0.001

0.002

<0.001

<0.001

<0.001

<0.001

Total metal concentrations were found to be statistically similar to dissolved metal concentrations for As, Cu, Cr, and Zn in both
wood leachate and rain (one-factor ANOVA, p = 0.09–0.95), indicating that these four metals were mainly in dissolved forms. Dissolved
Cu concentration in the leachate from the ACQ-treated lumber piles
was 41–51 times those in the leachate from the untreated lumber piles (Fig. 4). Leachate from untreated lumber had average Cu
concentrations slightly higher than rain (Table 2), although the
New York State benchmark monitoring cutoff concentration for
stormwater discharges associated with timber products sector is
even lower, 12 g/L acid recoverable Cu [4]. Hasan et al. [2] found
lower Cu concentrations for rain and untreated wood leachate (7.6
and 4.5 g/L), but moderate Cu concentration in leachate from
ACQ-treated southern yellow pine (637 g/L). The lower Cu concentration in the leachate of southern yellow pine boards was
possibly because of a lower ACQ retention level in its boards (0.88 kg
Cu/m3 ) and more frequent rainfall events in Miami, Florida than in
this study.
Dissolved As concentrations in leachate were signiﬁcantly
affected by ACQ treatment (two-factor ANOVA, p < 0.01). Rain had
signiﬁcantly lower As concentration than the leachate from the
ACQ-treated lumber (Table 3). This raises a question whether ACQ
treatment increases the leachability of As that was originally assimilated in red pine wood. Similarly, Hasan et al. [2] reported that As
concentration in leachate from ACQ-treated southern yellow pine
was nearly two times that from untreated pine.
ACQ treatment did not result in a signiﬁcant difference
in leachate concentration for dissolved Cr (two-factor ANOVA,
p = 0.39) and Zn (p = 0.10). There were no signiﬁcant differences
in the Cr concentrations between rain and leachate (one-factor
ANOVA, p = 0.13). Rain had signiﬁcantly lower Zn concentration
than leachate (one-factor ANOVA, p < 0.01; LSD = 129 g/L), indicating Zn leached from both untreated and ACQ-treated red pine. This
conﬁrms that Zn has a higher mobility than Cr and Cu in wood [25].
The concentrations of the other metals were similar in the leachate
from the two sizes of red pine lumber. As shown in Table 3, the
concentrations of the other metals in ACQ-treated lumber leachate
were similar to or slightly higher than those in untreated lumber
leachate, indicating little effect of ACQ treatment on the leaching
of other metals.
Although leachate TDS concentration decreased signiﬁcantly
over time with both the ACQ-treated and untreated lumber piles
(Spearman rank, p = 0.008–0.010) as shown in Fig. 5a, the TDS
concentrations in the leachate from ACQ-treated lumber was
signiﬁcantly higher than those in the leachate from untreated
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Table 2
Characteristics of rain and leachate generated by rainfall from red pine lumber pilesa .
Rain

Untreated lumber

Large
pH
COD (mg/L)
TDS (mg/L)
Cu (g/L)
As (g/L)
Cr (g/L)
Zn (g/L)

5.2
131
18.3
48
0.2
1.1
34

±
±
±
±
±
±
±

1.0
112
17.1
52
0.1
0.8
26

5.8
237
33.5
90
2.0
2.3
79

ACQ-treated lumber

Small

±
±
±
±
±
±
±

0.4
117
11.5
67
0.4
1.1
47

5.6
277
35.9
85
3.1
3.3
229

±
±
±
±
±
±
±

Large
0.4
110
11.6
51
0.9
2.0
202

5.9
291
51.6
3704
11.2
3.3
188

±
±
±
±
±
±
±

Benchmark monitoring
cutoff [4]
Small

0.8
143
27.6
1927
3.9
2.9
128

5.9
328
55.9
4363
10.1
3.9
290

±
±
±
±
±
±
±

0.4
161
19.4
1542
3.2
2.9
98

6–9
120
n/a
12
150
1800
110

a
Mean ± standard deviation. n = 7 for dissolved arsenic (As), dissolved chromium (Cr), and dissolved zinc (Zn); n = 17 for pH, dissolved copper (Cu), chemical oxygen
demand (COD), and total dissolved solids (TDS).

lumber (two-factor ANOVA, p < 0.01). The TDS concentrations
in rain were signiﬁcantly lower than those in leachate (onefactor ANOVA, p < 0.01; LSD = 13.0 mg/L). The TDS increase with
ACQ treatment indicated that ACQ treatment not only increased
Cu leaching, but leaching of other unidentiﬁed constituents as
well.
Leachate pH was not signiﬁcantly affected by ACQ treatment
(two-factor ANOVA, p = 0.16). Leachate had signiﬁcantly higher pH
values than rain (one-factor ANOVA, p = 0.01; LSD = 0.4), indicating
that both untreated and treated wood buffered rain pH (Table 2).
This was consistent with results reported by Hasan et al. [2] for
ACQ-treated southern yellow pine boards.

Leachate COD concentration was not signiﬁcantly affected by
ACQ treatment (two-factor ANOVA, p = 0.11). The leachate COD
could be partially attributed to the high COD concentration in the
rain, although the average rain COD concentration was signiﬁcantly
lower than the leachate COD concentrations (one-factor ANOVA,
p < 0.01; LSD = 94 mg/L).
The average concentrations of dissolved Cr and As in rain and
leachate from the lumber piles (Table 2) were lower than the
New York State benchmark monitoring cutoff concentrations [4].
Nevertheless, leachate Zn and COD concentrations were typically
higher than the benchmark monitoring cutoff concentrations [4].
The leachate pH values were out of the general permit limits for
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Fig. 4. Dynamics of Cu concentration in leachate from ACQ-treated and untreated red pine lumber piles.
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Table 3
Concentrations of dissolved metals in leachate of red pine lumber and runoff from wood handling sites.
Raina

Red pine lumbera

Untreated
Ca (mg/L)
K (mg/L)
Mg (mg/L)
Mn (mg/L)
Na (mg/L)
Si (mg/L)
Al (g/L)
As (g/L)
Cd (g/L)
Cr (g/L)
Cu (g/L)
Fe (g/L)
Mo (g/L)
Ni (g/L)
Pb (g/L)
Zn (g/L)
a

0.52–3.56
0.25–2.03
0.10–0.67
0.01–0.05
0.76–0.78
0.11–0.17
26–48
0.1–0.3
<0.1–0.3
0.2–2.7
3–223
101–106
0.2–3.2
0.6–8.5
0.6–21.0
13–74

5.57–9.82
7.21–10.71
1.48–2.82
0.52–0.99
3.00–5.24
0.10–0.27
43–163
1.4–4.9
0.4–0.6
0.9–7.1
11–219
64–144
0.4–9.2
1.1–21.1
0.3–3.6
39–678

Log yards

Cedar wood
waste [17]

ACQ-treated

Reference [14]

Reference [16]

8.33–16.35
6.54–9.88
2.64–5.54
0.34–0.73
4.29–10.76
0.15–0.30
41–74
6.5–16.0
0.4–1.0
0.5–9.2
1353–7912
69–116
0.5–4.5
1.6–3.1
0.9–2.3
79–479

4.44–26.0
8–26
4.9–41.6
0.24–1.45
72–385
1.28–10.10
500–6000
ND
ND
ND
ND-30
640–8790
ND
ND
ND
23–186

85.4
178
167
15.4
1424
7.6
9

79
9.2

1180

Reference [15]
83
44
0.8–8.9
<0.1–1.5
1.2–34.5
13–132

2.6–44.7
0.5–27.1
25.7–537

19 000

41
<100
75 000
<100
<400
156–400

This study: n = 17 for Cu; n = 7 for As, Cr and Zn; and n = 3 for the other metals.

stormwater discharges associated with the timber products sector
in New York State [4]. Therefore, leachate either from ACQ-treated
lumber or untreated lumber should be treated for discharge permit
compliance.

3.3. Other factors inﬂuencing leachate quality
There are considerable variations in non-biocide metal concentrations of leachate from treated and untreated wood (Table 3).
Similar to organic substances in leachate of untreated wood and
runoff from wood handling sites [12,18], the variations in metal
concentrations across studies could be attributed to differences in
wood species, climate, site pavement, wood products, and storage
or service duration. Logyard runoff tends to have higher concentrations of Ca, K, Mg, Mn, Na, Si, Al, and Fe (Table 3), which may result
from dissolution of soil metals. Concentrations of the other metals
in the leachate of red pine lumber in the present study were of a
magnitude similar to those in logyard runoff as shown in Table 3.
Compared with leachate from wood waste, leachate in the present
study had lower metal concentrations except for Cu from ACQtreated red pine lumber. The difference could be attributed to the
larger surface area of wood waste (wood chips, shredded bark, and
sawdust) subjected to rainfall percolation [24]. Due to the same reason, red pine lumber leachate in the present study also had lower
concentrations of TDS and COD (Table 2) than those in wood waste
leachate, 6508 mg/L and 3908–12626 mg/L, respectively [24].
Al, Ca, K, Mg, Mn, and Si are major inorganic components of
wood, while heavy metals and other trace elements such as Ba, Ni,
and Zn are minor components [12]. Dissolved metal concentrations
in the red pine leachate were higher than those in rain for most of
the metals, especially some nutrient metals such as Ca, K, Mg, Mn,
Na, and Zn (Table 3). It seems there were no considerable differences in nutrient metal concentrations between the ACQ-treated
lumber and untreated lumber.

relatively higher in the ﬁrst leachate-generating event, likely due
to wash-out of original surface residues.
There were no signiﬁcant trends of dissolved Cu concentration in
rain and leachate from the untreated lumber over the study period
(Spearman rank, p = 0.12 and 0.18, respectively) as shown in Fig 4b.
Metals bound on the surface of the treated wood leach rapidly in
the early stages [26]. Dissolved Cu concentration in the leachate
from the ACQ-treated lumber decreased signiﬁcantly over time
(Spearman rank, p = 0.003). Similarly, laboratory tests indicated
decreasing Cu leaching rates in initial stages of leaching [27,28].
Nevertheless, treated lumber is rarely stored outdoors for longer
than a year.
No signiﬁcant correlations were found with multiple linear
regression between dissolved Cu concentration in the leachate
from the untreated lumber and meteorological parameters. However, Cu concentration in the leachate from the ACQ-treated lumber
was strongly correlated with weather and rain quality as shown
by Eq. (3) (Table 4). Leaching of metals from pressure-treated
wood involves metal dissolution and transport [10,11,26]: rain
water penetrates into wood where ﬁxed and complexed metals are
hydrolyzed and/or dissolved into water; the dissolved metals then
diffuse to the surface of the wood, precipitate as water evaporates,
and become available for wash-out during the next rainfall event.
Copper tends to bind weakly to labile wood cellulose [11]. Longer
dry days allow more dissolved Cu to diffuse to and precipitate at the
lumber surface, where the subsequent leachate-generating events
could wash the precipitates out and leach more Cu. A lower pH
can increase solubility and mobility of metals [5,8,10], causing a
relatively higher metal concentration in wood leachate. A higher
Cu concentration in rain could indicate higher concentrations of
organic and inorganic ligands in the rain, which lower the labile
fraction of Cu and result in lower Cu concentrations in leachate [5].
Metals may also be washed out wood surfaces with ﬁber and due
to UV breakdown of lignin [7,11], which is enhanced by a greater
rainfall intensity.
√
√
C = 29.7 I + 1.742N − 0.138RCu − 3.00 RpH + 61.52

3.4. Correlation of copper leaching with meteorological
parameters
Fig. 5a,c show the dynamics of leachate TDS and COD concentrations across the leachate-generating events. There were no
signiﬁcant relationships of leachate concentration with meteorological parameters and rain concentration for COD or TDS. TDS
concentration in the leachate from the ACQ-treated lumber was

(3)

where C is the dissolved Cu concentration in leachate from
ACQ-treated red pine lumber (mg/L); I is rainfall intensity of a
leachate-generating event (mm/min); N is the number of days
between two consecutive leachate-generating events; RCu is rain
Cu concentration (mg/L); and RpH is rain pH value.
The concentrations of Cu in rain varied greatly compared with
those in the leachate in the present study (Tables 2 and 3). Both rain
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Table 4
Properties of multiple linear regression for concentration of copper in leachate from ACQ-treated lumber. n = 17.
Regression with different independent variables
I, N, RCu , & RpH
R2
Adjusted R2
p-value
Overall
Coefﬁcient of rainfall intensity (I)
Coefﬁcient of dry days (N)
Coefﬁcient of rain Cu (RCu )
Coefﬁcient of rain pH (RpH )
Intercept

0.80
0.74
<0.001
0.062
<0.001
0.005
0.099
<0.001

Leachate TDS, mg/L

150
120

Rain
Untreated lumber
ACQ-treated lumber

90
60
30
0

a)

I, N, & RpH

I, N, & RCu

0.61
0.52
0.006
0.895
0.002
0.181
<0.001

I, & N

0.75
0.69

0.55
0.48

<0.001
0.074
<0.001
0.006

0.004
0.900
0.002

<0.001

<0.001

and leachate pH values increased signiﬁcantly over time as well
(Spearman rank, p = 0.002–0.010). If rain Cu concentration and pH
were excluded to simplify the regression equation, then R2 would
decrease and p-values could increase (Table 4).
Simulating both leachate volume and Cu concentration with the
regression models provides basic information for design of leachate
treatment processes and preparation of management measures,
especially for new timber facilities. Eqs. (2) and (3) together provide
a convenient tool to estimate mass of Cu leached from ACQtreated red pine lumber in individual leachate-generating events.
As shown in Fig. 6, the predictions of Cu mass for individual
leachate-generating events match closely the mass calculated with
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Fig. 5. Dynamics of total dissolved solids (TDS) concentration, pH, and chemical
oxygen demand (COD) concentration in leachate from ACQ-treated and untreated
red pine lumber piles.
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Fig. 6. Observed and predicted Cu mass in leachate from the large and small ACQtreated lumber piles during individual rainfall events.
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benchmark monitoring cutoff concentration for stormwater discharges associated with the timber products sector. Proper
treatment is needed for stormwater from ACQ-treated lumber
storage sites.
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measurements of leachate volume and Cu concentration. The mass
of dissolved Cu leached from the large ACQ-treated lumber pile was
often higher than that from the small ACQ-treated lumber pile during individual events because of similar leachate Cu concentrations
and higher leachate volume generated from the large-lumber pile.
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pose greater cumulative effects of Cu on the receiving waters when
the wood leachate is discharged without treatment in relative to
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Cu/m3 rain for the small ACQ-treated lumber pile on average in this
study. Based on weekly sampling, Hasan et al. [2] reported a similar
Cu leaching rate (1.82 g Cu/m3 rain) for new ACQ-treated southern
yellow pine boards in Miami, Florida.
4. Conclusions
This study investigated leachate volume generation from
pressure-treated wood during rainfall events. It evaluated the inﬂuences of red pine treatment with ACQ, lumber size, and weather
conditions on ﬁeld leaching of metals, chemical oxygen demand,
and total dissolved solids during rainfall events. The following are
conclusions from this study:
• The volumetric ratio of wood leachate to rainfall is signiﬁcantly
affected by ACQ treatment and lumber size. Leachate volume
was signiﬁcantly higher with large lumber and lower with ACQtreated lumber. Leachate volume could be predicted based on
rainfall depth from individual leachate-generating events, air
temperature between two consecutive events, and wetted lumber surface area.
• Arsenic, copper, chromium, and zinc in the leachate were mostly
in dissolved forms. Lumber size did not make a statistically significant difference in leachate concentrations of copper, chromium,
arsenic, chemical oxygen demand, and total dissolved solids.
ACQ treatment signiﬁcantly increased leachate arsenic and total
dissolved solids concentrations in addition to signiﬁcant Cu
leaching.
• Copper leaching from ACQ-treated lumber is a dynamic process, which can be simulated with rainfall intensity, time interval
between two consecutive leachate-generating events, rain copper concentration, and rain pH.
• The average Cu concentration in the leachate of the ACQtreated lumber was 4034 g/L, 336 times the New York State

[1] A.R. Hasan, L. Hu, H.M. Solo-Gabriele, L. Fieber, Y. Cai, T.G. Townsend, Fieldscale leaching of arsenic, chromium and copper from weathered treated wood,
Environ. Pollut. 158 (2010) 1479–1486.
[2] Part 703: Surface Water and Groundwater Quality Standards and Groundwater
Efﬂuent Limitations, New York State Department of Environmental Conservation, Albany, NY, 2008.
[3] Wood Preservatives, http://www.epa.gov/pesticides/factsheets/health fs.
htm#wood, last updated on 1 November 2012, U.S. Environmental Protection
Agency, Washington, DC, 2012.
[4] SPDES Multi-Sector General Permit for Stormwater Discharges Associated with
Industrial Activity, Permit No. GP-0-12-001, New York State Department of
Environmental Conservation, Albany, NY, 2012.
[5] B. Dubey, T. Townsend, H. Solo-Gabriele, G. Bitton, Impact of surface water
conditions on preservative leaching and aquatic toxicity from treated wood
products, Environ. Sci. Technol. 41 (2007) 3781–3786.
[6] T.G. Townsend, H. Solo-Gabriele, T. Tolaymat, K. Stook, Impact of chromated copper arsenate (CCA) in wood mulch, Sci. Total Environ. 309 (2003)
173–185.
[7] S. Lebow, R.S. Williams, P. Lebow, Effect of simulated rainfall and weathering on
release of preservative elements from CCA treated wood, Environ. Sci. Technol.
37 (2003) 4077–4082.
[8] K. Stook, T. Tolaymat, M. Ward, B. Dubey, T. Townsend, H. Solo-Gabriele,
G. Bitton, Relative leaching and aquatic toxicity of pressure-treated wood
products using batch leaching tests, Environ. Sci. Technol. 39 (2005)
155–163.
[9] T. Townsend, B. Dubey, T. Tolaymat, H. Solo-Gabriele, Preservative leaching from weathered CCA-treated wood, J. Environ. Manage. 75 (2005)
105–113.
[10] J.L. Taylor, P.A. Cooper, Effect of climatic variables on chromated copper arsenate (CCA) leaching during above-ground exposure, Holzforschung 59 (2005)
467–472.
[11] T.G. Mercer, L.E. Frostick, Leaching characteristics of CCA-treated wood waste:
a UK study, Sci. Total Environ. 427–428 (427) (2012) 165–170.
[12] Characterization, Toxicology, and Management and Treatment Options for
Wood Pile Leachates and Runoff: Part I - Literature Review, Technical Bulletin
No. 911, National Council for Air and Stream Improvement, Research Triangle
Park, NC, 2005.
[13] P. Borga, T. Elowson, K. Liukko, Environmental loads from water-sprinkled softwood timber. 1. Characteristics of an open and a recycling watering system,
Environ. Toxicol. Chem. 15 (1996) 856–867.
[14] A. Fikart, A Comparative Assessment of Stormwater Runoff from a Coastal and
Interior Log Yard, Master’s thesis, The University of British Columbia, Vancouver, BC, 2002.
[15] S. Golding, Stormwater Quality Survey of Western Washington Log Yards, Publication No. 04-03-041, Washington Department of Ecology, Olympia, WA,
2004.
[16] P. Doig, P. van Poppelen, S.A. Baldwin, Characterization of particles in fresh
and primary-treated log sort yard runoff, Water Qual. Res. J. Can 41 (2006)
37–46.
[17] W. Tao, Mechanisms and Factors Regulating Organic Carbon Removal in Surface
Flow Constructed Wetlands Receiving Woodwaste Leachate, Ph.D. dissertation,
The University of British Columbia, Vancouver, BC, 2006.
[18] Å. Hedmark, M. Scholz, Review of environmental effects and treatment of
runoff from storage and handling of wood, Bioresour. Technol. 99 (2008)
5997–6009.
[19] Book of Standards, American Wood Protection Association (APWA), Birmingham, AL, 2008.
[20] SUNY ESF Weather Station, Urban Watershed Weather Station,
http://weather.esf.edu/ESFweather.htm, last accessed on December 1,
2010.
[21] Standard Methods for the Examination of Water and Wastewater, 20th ed.,
American Public Health Association/American Water Works Association/Water
Environment Federation, Washington, DC, 1998.
[22] J. Townend, Practical Statistics for Environmental and Biological Scientists, John
Wiley & Sons, West Sussex, England, 2002.
[23] I. Aydin, G. Colakoglu, Variation in surface roughness, wettability and some
plywood properties after preservative treatment with boron compounds, Build.
Environ. 42 (2007) 3837–3840.

304

W. Tao et al. / Journal of Hazardous Materials 260 (2013) 296–304

[24] W. Tao, K.J. Hall, A. Masbough, K. Frankowski, S.J.B. Duff, Characterization of
leachate from a woodwaste pile, Water Qual. Res. J. Can. 40 (2005) 476–483.
[25] I.D. Pulford, C. Watson, Phytoremediation of heavy metal-contaminated land
by trees—a review, Environ. Inter. 29 (2003) 529–540.
[26] J.R. Jambeck, T. Townsend, H. Solo-Gabriele, Leaching of chromated copper
arsenate (CCA)-treated wood in a simulated monoﬁll and its potential impacts
to landﬁll leachate, J. Hazard. Mater. 135 (2006) 21–31.

[27] J.A. Hingston, J. Moore, A. Bacon, J.N. Lester, R.J. Murphy, C.D. Collins, The
importance of the short-term leaching dynamics of wood preservatives,
Chemosphere 47 (2002) 517–523.
[28] A. Temiz, U.C. Yildiz, T. Nilsson, Comparison of copper emission rates from
wood treated with different preservatives to the environment, Build. Environ.
41 (2006) 910–914.

