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Abstract

The proper end-of-life management of chromated copper arsenate (CCA)-treated wood, which contains arsenic, copper, and chromium, is a
concern to the solid waste management community. Landfills are often the final repository of this waste stream, and the impacts of CCA preservative
metals on leachate quality are not well understood. Monofills are a type of landfill designed and operated to dispose a single waste type, such as
ash, tires, mining waste, or wood. The feasibility of managing CCA-treated wood in monofills was examined using a simulated landfill (a leaching
l
A
f
1
l
b
©

K

1

r
a
w
a
o
E
t
w
o
i
W
s
i

o

0
d

ysimeter) that contained a mix of new and weathered CCA-treated wood. The liquid to solid ratio (LS) reached in the experiment was 0.63:1.
rsenic, chromium, and copper leached from the lysimeter at average concentrations of 42 mg/L for arsenic, 9.4 mg/L for chromium, and 2.4 mg/L

or copper. Complementary batch leaching studies using deionized water were performed on similar CCA-treated wood samples at LS of 5:1 and
0:1. When results from the lysimeter were compared to the batch test results, copper and chromium leachability appeared to be reduced in the
ysimeter disposal environment. Of the three metals, arsenic leached to the greatest extent and was found to have the best correlation between the
atch and the lysimeter experiments.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Once chromated copper arsenate (CCA)-treated wood is
emoved from service, the risk of direct exposure to humans
nd the environment is minimized, but management as a solid
aste begins. Discarded CCA-treated wood is exempt from char-

cterization as a hazardous waste in the U.S., even though it
ften leaches arsenic at concentrations greater than the U.S.
nvironmental Protection Agency (EPA) toxicity characteris-

ic concentration for hazardous wastes [1]. When CCA-treated
ood is commingled with untreated wood as part of recycling
perations, the mulch product produced often becomes contam-
nated to such an extent that it cannot be land applied [2,3].

hen CCA-treated wood is incinerated, resulting arsenic emis-
ions demand the use of proper air pollution control equipment;
n addition, arsenic, copper, and chromium become concen-
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trated in the ash, limiting ash management options [4,5]. In
some countries (e.g., Germany), discarded CCA-treated wood
is banned from landfill disposal, and after all reuse options have
been exhausted, the material must be incinerated [6]. In the U.S.
(including Florida) and some other countries (e.g., Canada and
Australia), CCA-treated wood is typically disposed of in land-
fills without any processing or pretreatment. A natural concern
of landfill disposal of discarded CCA-treated wood is the pos-
sibility of preservative elements leaching at levels that result in
harm to the environment or that make it difficult for the landfill
operator to manage collected landfill leachate.

The leaching of arsenic, copper, and chromium from the in-
service use of CCA-treated wood has been examined extensively
[7–10], including the development of predictive models [11]. In
the past several years, more attention has been placed on the
leaching of CCA-treated wood in disposal environments such as
landfills. The leaching of arsenic, copper, and chromium from
CCA-treated wood using a variety of regulatory batch leaching
tests has been completed, along with experiments to investi-
gate the impact of factors such as particle size, pH, contact
time, and leaching fluid [1,12]. Batch leaching studies provide
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.11.043
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some indication of which metals are prone to leaching in a dis-
posal scenario, and the research referenced above demonstrated
that arsenic, copper, and chromium do leach from CCA-treated
wood. The utility of batch tests may be limited, however, since
they cannot incorporate all of the factors that impact pollu-
tant leaching and mobility in various landfill environments. The
type of landfill can be very important because of differences
in oxidation–reduction potential and chemistry resulting from
biological reactions in the waste mass.

Several different types of landfills may be used for the dis-
posal of CCA-treated wood. Since CCA-treated wood is a con-
struction material, in some locations it is often managed as part
of the construction and demolition (C&D) debris stream. In
the U.S., C&D debris is often considered inert; in 27 states,
C&D debris landfills are not required to have a liner [13]; in
these circumstances, contamination of groundwater is a con-
cern. The disposal of CCA-treated wood as part of C&D debris
has been shown to increase leachate concentrations of arsenic
and chromium [14,15]. When CCA-treated wood is disposed
in lined landfills, where it would normally be disposed with
municipal wastes, elevation of preservative elements in leachate
becomes a potential issue. An additional disposal scenario, one
not currently practiced for CCA-treated wood but practiced for
other special wastes, is disposal as a separate material in a lined
landfill. In such a monofill, preservative leaching would be con-
centrated, making it easier to contain and possibly recover the
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Fig. 1. Diagram of the lysimeter.

Waste Landfill, located in North Central Florida, U.S. Fig. 1
presents a diagram of the lysimeter. The lysimeter was con-
structed (from the bottom to the top) with: 15.2 cm of washed
gravel, a stainless steel screen, 15.2 cm of washed gravel, 6.1 m
of simulated waste, a cap with a water distribution system, and a
catchment basin for rainwater. Natural precipitation was allowed
to infiltrate the lysimeter (1 cm of precipitation applied to the
lysimeter is equal to 0.73 L of water addition). Natural precip-
itation was supplemented by the addition of deionized water
during the dry season (September 2002–January 2003) to pro-
duce required quantities of leachate for the analysis of general
water quality parameters in the field and analysis of other param-
eters, including arsenic, copper, and chromium in the laboratory.
Natural precipitation contributed 207 cm of the total 230 cm of
water input throughout the 755 days of the experiment. The
lysimeter was located outdoors and exposed to ambient tem-
perature variations. Thermocouple wires (type T) were placed
at three separate depths (6.1 m, 4.6 m, and 1.5 m) within the
lysimeters to obtain temperature readings.

2.2. Simulated wood waste

The experimental lysimeter contained 100% CCA-treated
Southern Yellow Pine (Type C). Southern Yellow Pine is com-
monly used for treated wood since it contains a large proportion
of sapwood (the highly penetrable portion of wood); however,
reservative elements.
Research was conducted to study the effects of CCA-treated

ood disposal on leachate quality in various landfill scenarios
16]. This paper reports the results of one of these scenarios,
ne where CCA-treated wood was segregated and separated
or management in a monofill. A CCA-treated wood monofill
estricts the wood from contaminating other disposal scenarios,
hereby more efficiently concentrating and controlling the metals
eleased. The monofill could also be used as a resource if recy-
ling and/or recovery options for CCA-treated wood were devel-
ped and became economically feasible. The primary objective
f the research was to quantify the release of arsenic, copper, and
hromium from a CCA-treated wood monofill by constructing a
eaching column (lysimeter) and measuring the concentrations
f preservative elements in the leachate over time. An added
enefit to the observation of leachate from a lysimeter is that the
eaching behavior of CCA-treated wood can be examined and
valuated at very low liquid to solid ratios, those much lower
han can be achieved in batch leaching studies. Batch leaching
tudies were conducted on the same wood used in the monofill
imulation in order to compare the results. With the lysimeter
epresenting more realistic conditions, results were compared
o the laboratory batch leaching studies conducted on the CCA-
reated wood.

. Experimental

.1. Leaching column (lysimeter)

A 6.7-m high and 0.3-m (1-ft) diameter leaching column, also
alled a lysimeter, was constructed at the Alachua County Solid
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it also may contain heartwood. The amount of sapwood versus
heartwood in the CCA-treated wood utilized in this experiment
was not determined, but the relative amounts were assumed to
be typical of those products in service as well as those entering
the waste stream since they were obtained from conventional use
situations. Since the relative contribution of CCA-treated wood
from demolition and construction activities varies and has not
been well-quantified, 50% of the CCA-treated wood was new
and unused (purchased from a home improvement store) and
50% came from the demolition of a playground that had been in
service for approximately 10 years.

A miter saw with a 25.4-cm blade was used to size reduce the
wood. The sawdust generated from the processing of the wood
was kept for analysis. Sawdust samples were also analyzed by X-
Ray Fluorescence (XRF) (Asoma, Model 100). The old and new
CCA-treated lumber was originally 3.8 cm × 9 cm × 2.4 m (and
other various lengths for the demolition CCA-treated wood).
These boards were sliced into 5.1-cm sections creating a block
with the dimensions of 3.8 cm × 9 cm × 5.1 cm.

The size-reduced wood was weighed and placed in 19-L
buckets and the lysimeter was filled with 22 bucket loads.
After each load of wood was placed into the lysimeter, a
tamping device (7 kg weight was raised 0.6 m and allowed
to fall 10 times) was used to compact the wood. The in-
place bulk density and porosity (based upon a particle den-
sity of 520 kg/m3) of the lysimeter were 324 kg/m3 and 0.37,
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For metals analysis (samples preserved below pH of 2 with
nitric acid), leachate samples were digested following U.S. EPA
Method 3010A [19]. Solid (sawdust) samples were digested fol-
lowing U.S. EPA Method 3050B [19]. All solid and liquid diges-
tates were analysed with an inductively coupled argon plasma
(ICP) instrument (Thermo Jarrell Ash, Model 61E). XRF anal-
ysis (Asoma, Model 100) was conducted on sawdust obtained
from the entire cross-section of the wood.

Arsenic speciation of the leachate from this study was
completed on unpreserved samples by high performance liq-
uid chromatography coupled with inductively coupled plasma-
mass spectrometry (HPLC ICP-MS). Arsenic species examined
in the leachate included arsenate (As(V)), arsenite (As(III)),
monomethylarsonic acid (MMAA), and dimethylarsinic acid
(DMAA). Unlike other methylated metals (e.g., mercury), the
methylated arsenic species are less toxic than the inorganic forms
of As(V) and As(III), with As(III) being the most mobile and
toxic of the species mentioned [20,21]. Arsenic speciation for
the leachate was conducted through day 474 of the experiment.
Details and methods can be found in Khan [22].

2.4. Batch leaching tests

Small-scale laboratory leaching tests were performed on the
same size blocks of wood used in the lysimeter experiment.
Each batch leaching test consisted of the same 50/50 ratio of
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espectively.

.3. Sample collection and analysis

Temperature readings (Omega Model HH21 Microproces-
or Thermometer) were taken weekly. Leachate samples were
ollected from the lysimeter one to two times per month in 20-

containers to homogenize the sample before splitting it up
nto proper containers for preservation and analysis. Samples
ere analyzed for general water quality parameters and metals

hrough the end of the experiment. Raw data for all analyses com-
leted on the leachate may be found in Jambeck [16]. Quality
ssurance and quality control (QA/QC) included the collection
nd analysis of lysimeter leachate field blanks, duplicate analy-
es, and analysis of matrix spiked blanks and leachate samples
ith the majority of recoveries between 80% and 120% and all

ecoveries between 70% and 120%. Specific details on QA/QC
rocedures and results are contained in Jambeck [16].

General water quality parameters including pH, oxidation–
eduction potential (ORP) (Accumet, Model AP62), dissolved
xygen (DO) temperature (YSI Inc., Model 55/12 FT), and con-
uctivity (Hanna Instruments, Model HI 9033) were measured
n the field each time leachate was sampled. Samples taken
ack to the laboratory for analysis were stored at 4 ◦C. Samples
or dissolved anions were filtered through 0.45-�m membrane
lters and analyzed using ion chromatography (Dionex DX
00). Chemical oxygen demand (COD) was analyzed using
spectrometer (Hach, DR/4000) using method 2720 [17].

nalyses for total dissolved solids and alkalinity were per-
ormed using standard methods (Methods 2540 C and 2320 B)
18].
onstruction to demolition debris treated wood. The batch tests
ere conducted in triplicate at two different liquid to solid ratios

LS), 5:1 and 10:1. Each wood sample was weighed and placed
n a 2-L container (plastic vessel) with the appropriate amount of
iquid (deionized water). The vessels were rotated for 30 days.
revious research has shown that the levels of metals extracted
uring a batch leaching test on CCA-treated wood reach equi-
ibrium after 14 days [1]. The wood blocks were separated from
he leachate by a pressure filtering device fitted with a glass fiber
lter (pore size of 0.7 �m).

Batch leaching tests were conducted to observe the leaching
f the CCA-treated wood blocks used in the lysimeter experi-
ent under a higher (but static) LS than would be achieved in the

ysimeter experiment. The toxicity characteristic leaching pro-
edure (TCLP), which is prescribed by U.S. federal regulations
o determine if a waste is hazardous for the toxicity characteris-
ic, has previously been performed on CCA-treated wood [1,23].
CA-treated wood subjected to the TCLP often exceeds the tox-

city characteristic limits for both arsenic and chromium (both
mg/L), which would classify it as a hazardous waste; however,
CA-treated wood waste is exempt from hazardous waste status
nder federal regulations [24].

In a related study conducted by the authors [1], the results
f which are discussed here, other batch leaching tests were
erformed on CCA-treated wood to examine the variability of
eaching in different environments to evaluate disposal options.
hese tests include the synthetic precipitation leaching proce-
ure (SPLP), toxicity characteristic leaching procedure, variable
H range leaching tests (e.g., pH stat) and time variable leach-
ng tests. The pH stat leaching experiment consisted of a batch
tudy with a 20:1 LS [1]. The time study was consistent with the
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parameters of an SPLP test (pH 4.2 and LS of 20:1), but the rota-
tion time was varied from 2 to 40 days [1]. These related studies
have shown that factors including particle size, pH, time, liquid
to solid ratio, and leaching solution all affect the leachability of
metals from CCA-treated wood [1].

3. Results

3.1. Wood waste characterization

Metals concentrations of the CCA-treated wood as deter-
mined through acid digestion were 1390 mg/kg arsenic,
1450 mg/kg chromium, and 814 mg/kg copper, for the new
CCA-treated wood, and 1960 mg/kg arsenic, 2550 mg/kg
chromium, and 1340 mg/kg copper for the weathered demoli-
tion CCA-treated wood (Table 1). These results were consistent
with those determined through XRF analysis. Conversion of
these results to equivalent retention of CCA Type C on an oxide
basis indicates that the retention level of the wood as deter-
mined through sample digestion was 3.1 kg/m3 for new wood
and 5.0 kg/m3 for demolition wood. Of interest is that the “rated”
retention level of the new wood as reported by the wood man-
ufacturer was 6.4 kg/m3. This difference may be due to the fact
that the rated retention level is based upon measurements of the
outer 1.5 cm of wood, whereas the retention level measured in
the current study corresponds to the entire cross-section.
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wood has been shown to cause a drop in pH, and an increase
in acidity and lignin–tannin content [25]. Similarly, Jang [14]
observed an average pH of 4.4 in an untreated Southern Yellow
Pine wood lysimeter. Jang attributed the low pH to large organic
molecules dissolving from the wood creating organic acids in the
leachate; however, it was also acknowledged that the pH might
be a function of the initial pH of the leaching solution (4.2). In
this experiment, the pH of the rainwater (approximately 6) and
deionized water (approximately 6) may have contributed to the
somewhat higher pH observed.

Specific conductance in the lysimeter ranged from 500 �S/cm
to 1000 �S/cm, with a decreasing trend throughout the experi-
ment (Fig. 2b), which has been observed in other studies [14,26].
The specific conductance observed is greater than that from
untreated wood [16], and CCA-treated wood typically con-
tributes more ions to solution than untreated wood. This was also
shown to be true for Gifford et al. [27] in lysimeters containing
soil with untreated wood and soil with CCA-treated wood.

Dissolved oxygen levels for the lysimeter leachate began in
the range of 2–4 mg/L, and then stabilized at approximately
1 mg/L by the end of the experiment (Fig. 2c), although some
spikes in DO were observed at various times. The ORP results
(Fig. 2d) showed initial oxidizing conditions (approximately
100 mV) for the leachate, then conditions became reducing and
remained this way until near the end of the experiment. At the
end of the experiment, the leachate became oxidizing (positive
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.2. Wood lysimeter leachate characterization

A total of 91.1 L of leachate was collected from the lysimeter
n 29 separate occasions. The liquid to solid ratio (proportion of
eachate drained to the mass of wood in the lysimeter) is dynamic
or a leaching column and this ratio increased to 0.63:1 by the
nd of the experiment.

.3. General water quality parameters in the lysimeter
eachate

Monitoring of general water quality parameters in the lysime-
er leachate can provide an indication of biological activity and
ssist in characterizing the leachate. Temperatures inside the
ysimeter and temperatures of the leachate fluctuated with ambi-
nt temperatures; the average leachate temperature was 23 ◦C.
he decreasing pH trend of the lysimeter leachate, with an aver-
ge of 5.62, is illustrated in Fig. 2a. Leachate produced from

able 1
etal content of the CCA-treated wood samples in the lysimeter

Arsenic (m

ew CCA-treated wood by acid digestiona 1390 ± 20.
ew CCA-treated wood by XRFb 1440
emolition CCA-treated wood acid digestiona 1960 ± 27.
emolition CCA-treated wood by XRFc 2556

a Average of five samples.
b Based on an XRF reading of 3.4 kg/m3 and the density of wood at 530 kg/m
c Based on an XRF reading of 6.2 kg/m3 and the density of wood at 530 kg/m
RP) during the last few sample rounds. The low dissolved oxy-
en levels and reducing conditions could have been indicative
f microbial activity within the lysimeters. Jang [14] observed
ndications of microbial activity such as decreasing DO concen-
rations (4–1 mg/L), reducing conditions, and an average COD
f 648 mg/L in untreated wood lysimeters [14]. COD, as well
s alkalinity concentrations, may indicate microbial activity in
his experiment as well.

Alkalinity typically results from the concentration of carbon-
te and bicarbonate ions in solution, but may also be affected by
ydroxides, borates, silicates, phosphates, ammonium, sulfides,
nd organic ligands [28]. The organic compounds released from
he wood itself (or from the degradation of components of the
ood) likely contributed to the overall alkalinity of the leachate

e.g., the amine group ( NH2) can act as a weak base and accept
n H+) (Fig. 2e). Both of these mechanisms have been reported
o create an increased buffering capacity in degraded versus
ndegraded waste material [29]. A decreasing alkalinity has
een observed in other trends of waste degradation [14,16,30].

Copper (mg/kg) Chromium (mg/kg)

814 ± 52.4 1450 ± 68.3
960 1602
1340 ± 54.0 2550 ± 48.0
1704 2844
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Fig. 2. (a–f) pH, specific conductance, DO, ORP, alkalinity and COD in the CCA-treated wood lysimeter.

Untreated wood leachate has exhibited a higher alkalinity, as
well as pH, than the CCA-treated wood leachate observed in
this experiment [16]. This would likely occur if the alkalinity
is a result of dissolved organic molecules and microbial activ-
ity. CCA-treated wood should inhibit some microbial processes
and, since it is impregnated, natural resins will not be as sol-
uble. Arsenic speciation by Khan [22] found that the microbes
that convert the inorganic forms of arsenic to organic forms were
not active in the lysimeter, indicating that if any other microbial
activity was occurring it was by microbes with a very high tol-
erance to the preservative concentrations observed.

Colonization of bacteria and fungi on wood in settings sim-
ilar to those found in the lysimeters (moisture and darkness)
has been observed [31–34]. Some of these bacteria and fungi

are resistant to the metals in CCA-treated wood [31–33] and
some of the bacteria naturally consume the fatty acids and resin
acids in the natural wood itself [34]. The respiration of these
organisms creates carbon dioxide, which can dissolve in solu-
tion to influence the carbonate–bicarbonate concentrations of
the leachate. Microorganisms such as bacteria and fungi typi-
cally require consistent environmental conditions and since the
lysimeter process is dynamic (conditions change over time), any
potential biological activity occurring would change over time
as well. The trend of COD followed that of alkalinity in the
lysimeter during the beginning of the experiment (Fig. 2f). The
source of the COD potentially included organic acids formed
from degradation of wood components (e.g., cellulose), or sol-
uble organic compounds simply dissolved from the wood.
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3.4. Arsenic, chromium, and copper concentrations in the
lysimeter leachate

Arsenic, chromium, and copper all leached at concentra-
tions that were orders of magnitude higher than those observed
from untreated wood [16]. The “overall” average concentration
of metals (Coverall) from the lysimeters was calculated based
upon the total mass of each metal leached during the experi-
ment (mg) divided by the cumulative amount of leachate drained
from the lysimeter (L). The Coverall for the experimental lysime-
ter was 42.2 mg/L for arsenic, 9.43 mg/L for chromium, and
2.44 mg/L for copper. The relatively high concentrations of
arsenic, chromium, and copper in the experimental lysimeter,
as well as the increasing trend (Fig. 3a and b), correspond to a
relatively acidic and decreasing pH trend. Correlations between
metal concentrations and pH are shown in Fig. 4. Arsenic
had the highest correlation (R2 = 0.60) followed by chromium
(R2 = 0.59) and then copper (R2 = 0.44). These correlations were
also influenced by other factors as will be discussed later. As
shown in Fig. 3, the arsenic concentrations in the experimen-
tal lysimeter reached a maximum and then remained relatively
constant. Research conducted on CCA-treated wood has shown
that initial leaching rates were greater than rates observed later
in time [7,8,9,35,36]. The initial leachability was likely influ-
enced by the solubility of arsenic based upon pH and redox
potential.
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Fig. 3. (a–c) Arsenic, chromium, and copper leaching trends in the CCA-treated
wood lysimeter.

growth on the wood after it was removed from the lysimeter and
analysis for specific organisms was not completed.

An important aspect of arsenic and chromium toxicity and
mobility is the speciation of each element. Cr(VI) is known to
be more toxic and mobile than Cr(III) [20,28]. Cr(VI) was not
analyzed in this experiment because the pH range and reduc-
ing conditions of the lysimeters would tend to promote the
reduced Cr(III) species. Also, Cooper [7] did not detect Cr(VI)
in leachate generated from fixed CCA-treated wood (detection
limit 0.05 mg/L) and Gifford et al. [27] did not detect Cr(VI)
Initially, leaching is often influenced primarily by the dis-
olving of the metals on the surface of particles [37]. However,
his is also governed by the solubility of the metals based upon
H and other environmental factors. Once the metals on the
urface are removed, a concentration gradient is created and
etals move through diffusion to dissolve again into solution

37]. In general, the diffusion process is slower than the dis-
olution process. As the pH decreased in this experiment, the
oncentration rose, reaching a maximum. At this point diffusion
as the likely mechanism controlling leaching rates. For both

opper and chromium, metal concentrations were still increasing
t the termination of the experiment. This may mean that sur-
ace dissolution of metals was still the prevailing mechanism for
eaching at this point. The cumulative amount of each metal that
eached from the lysimeter was 3840 mg (1.6%) of the arsenic,
59 mg (0.30%) of the chromium, and 222 mg (0.14%) of the
opper (Fig. 3c).

As presented earlier, biological activity affects the overall
nvironment inside the lysimeter and the general quality of the
eachate, and as a result affects the release of arsenic, copper, and
hromium. Bacteria and fungi with resistance to CCA-treated
ood preservative have been shown to extract the metals, as
ell as change the environment (e.g., lower pH) to cause an

ccelerated extraction of the arsenic, chromium, and/or cop-
er [31–34]. Some bacteria also consume the fatty acids and
esin acids in the natural wood itself, which could also affect the
elease of preservative compounds [34]. The extraction of metals
rom CCA-treated wood with bacteria and fungi has been suc-
essfully demonstrated; however, it has not yet been performed
n a large scale for removal of the metals from the wood prior to
isposal. There were no visible indications of fungi or bacterial
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Fig. 4. Arsenic, chromium, and copper concentrations in the CCA-treated wood
lysimeter leachate and correlation with pH.

in various lysimeters with CCA-treated wood and CCA-treated
wood and soil (detection limit 0.005 mg/L).

The arsenic species that has been shown to leach from
untreated wood is dimethylarsinic acid, the less toxic organic
species of arsenic [22]. The primary arsenic species found in the
lysimeter leachate was arsenic(V) followed by arsenic(III). No
organic forms were detected. The arsenic compound in CCA-
treated wood is As2O5 or As(V) [38], indicating that the arsenic
concentrations observed in the experimental lysimeter are from
CCA-treated wood [22].

In a solvent extraction test performed on CCA-treated wood
samples, only As(V) (no As(III)) was detected in a series of

Table 2
Arsenic, copper, and chromium concentrations in the batch test leachate

LS Arsenic (mg/L) Copper (mg/L) Chromium (mg/L)

5:1a 38.2 ± 7.2 17.7 ± 6.0 14.3 ± 4.0
10:1a 28.1 ± 1.6 12.0 ± 2.0 8.7 ± 1.0

a Tests conducted in triplicate.

extractions from a pH of 1 to 12.6 for new CCA-treated wood
[39]. When weathered wood was extracted over the same pH
range, As(III) was detected at pH of 9.5 and below; however,
the concentration was still less than the As(V) concentration,
which was detected again over the entire pH range. When both
weathered and new CCA-treated wood were extracted with rain-
water, primarily As(V) was found, with lesser amounts of As(III)
[39]. Similar speciation was observed in this experiment in that
more As(V) leached, but also some concentrations of As(III)
leached as well, likely exacerbated by the reduced conditions of
the lysimeter. Of interest is that the concentrations of the less
toxic organic species were below detection limits suggesting
that the microbes capable of converting arsenic to the less toxic
forms were not thriving in the lysimeter environment.

3.5. Batch test leachate results

The arsenic, copper, and chromium leachate concentrations
from the batch experiments are shown in Table 2. In related
experiments on CCA-treated wood leachability [1], the sawdust
from both the new and demolition wood used in this experiment
was subjected to the TCLP. The concentrations observed were:
new CCA-treated wood leached concentrations of 7.13 mg/L
for arsenic, 2.06 mg/L for chromium, and 4.53 mg/L for copper
[1]; the demolition CCA-treated wood leached concentrations
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f 11 mg/L for arsenic, 6.7 mg/L for chromium, and 11 mg/L
or copper [23]. The arsenic and chromium concentrations in
he TCLP leachate are lower than the Coverall observed for
he lysimeter; however, the copper concentration in the TCLP
eachate was higher than the Coverall for the lysimeter.

Comparison between the percent of metals leached from the
elated batch tests with the deionized water tests conducted for
his study (Table 3) shows similar results with the regulatory
ests (TCLP and SPLP), even though the LS were different. For
xample, the percentage of the total available arsenic in the wood
eached in the batch tests of the current study was 11.4% and
6.6%, which fell within the range observed for the regulatory
ests (1.8–18%). Chromium leached 6.6% and 4.3% and fell into
he range for the regulatory tests of 0.8–9.0%. Copper leached
.3% and 10.9%, which also fell into the regulatory batch test
ange of 1.0–27%.

CCA-treated wood has been shown to leach primarily arsenic,
losely followed by copper, and then smaller amounts of
hromium (As > Cu > Cr) [10,40]. The batch leaching studies
onducted for this experiment exhibited this same characteris-
ic (As > Cu > Cr). Another way to express this information is
o determine the ratios of arsenic to copper (As/Cu) and copper
o chromium (Cu/Cr). As shown in Table 3, the As/Cr ratios
etermined for the batch tests conducted in this study were at
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Table 3
Batch leaching results from this study compared to batch leaching studies in the literature

Test method Initial pH Final pH LS Time (days) Particle size Fraction leached (%) As/Cr ratio Cu/Cr ratio

As Cr Cu

Deionized water 5.88 4.22 5:1 30 100 g blocks 11.4 3.6 8.3 3.2 2.3
Deionized water 5.88 4.31 10:1 30 100 g blocks 16.6 4.3 10.9 3.4 2.5
TCLPa (13 samples) 4.93 4.88–5.07 20:1 0.75 Sawdust 4.5–18 1.6–9.0 6.5–27 2–2.8 3–4
SPLPa (13 samples) 4.2 4.47–4.86 20:1 0.75 Sawdust 1.8–16 0.8–5.0 1.0–5.3 2.3–3.2 1.1–1.3

pH stata 3 3.17 20:1 0.75 Sawdust 18 5.0 30 3.6 6.0
7 6.84 20:1 0.75 Sawdust 4.5 1.4 4.9 3.2 3.5

12 12.05 20:1 0.75 Sawdust 15 9.8 8.9 1.5 0.9

Timea 4.2 4.54 20:1 2 Sawdust 14 2.0 6.4 7.0 3.2
4.2 4.58 20:1 10 Sawdust 19 2.1 7.2 9.0 3.4
4.2 4.85 20:1 40 Sawdust 21 2.1 6.4 10.0 3.0

a Results from Townsend et al. [1].

the top end of the range or slightly higher than those observed
in the TCLP and SPLP tests (this study observed 3.2 and 3.4,
while the TCLP and SPLP ranged from 2 to 3.2). However, the
ratios (3.6 and 3.2) were more similar to those found in the pH
stat experiment at pH of 3 and 7. The Cu/Cr ratios found in this
experiment (2.3 and 2.5) were higher than those shown in the
SPLP results (1.1–1.3), but lower than those found in the TCLP
results (3–4). The Cu/Cr ratio from this experiment was also
lower than those found in the pH stat test and time study, with
the exception of the pH stat test at 12 (0.9).

4. Discussion

For comparison purposes, Table 4 presents the LS, the
average pH, metal concentrations, total percent of each metal
released, and the ORP values observed in both the lysimeter and
batch experiments. The batch leaching tests resulted in lower
concentrations of arsenic, copper, and chromium in leachate than
the lysimeters; however, higher percentages of arsenic, copper,
and chromium leached in the batch studies. Also, the propor-
tion of the concentration of metals to each other was different in
the lysimeter leachate when compared to the batch experiment.
These differences are likely a result of several factors including
the leaching environment, pH, and LS.

The final pH of the each batch leaching test was lower than
t

pH was lower than the minimum pH in the lysimeter experiment
(5.14). As observed in the lysimeter experiment (Figs. 2 and 4),
as pH decreased, both chromium and copper concentrations were
continuing to increase at the end of the experiment. Arsenic
leachability was affected by pH at the beginning of the lysimeter
experiment, but less so at the end. The pH of the lysimeter experi-
ment was still decreasing at the end of the experiment, indicating
it had not reached steady state. However, in time, it might even-
tually reach the same equilibrium pH as the batch experiment
(as long as it was not affected by other prevailing factors). As
presented in Section 3.3, the alkalinity observed in the lysimeter
experiment buffered the lysimeter leachate. Also, organic com-
pounds from wood may dissolve into both the lysimeter and
batch study leachate exhibiting COD; however, the batch stud-
ies did not exhibit factors of microbiological activity, in contrast
to the lysimeters. Jang [14] observed COD concentrations in a DI
batch study on untreated wood, attributing the concentrations to
dissolved organic compounds and not microbiological activity.

As presented in Table 3, the As/Cr and Cu/Cr ratios of the
batch studies were 3.2 and 2.3 for the 5:1 LS and 3.4 and 2.5 for
the 10:1 LS, respectively. These ratios were very different than
the lysimeter leachate ratios. The As/Cr ratio for the experimen-
tal lysimeter was 6.7 while the Cu/Cr ratio was 0.6. This indicates
that arsenic leaching may be accelerated in the lysimeter setting
or that the copper and chromium leaching was inhibited. These
varying ratios are a reflection of the fact that the environment
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he average pH of the lysimeter experiment. In fact, the batch test

able 4
etal concentrations in the leachate from the lysimeter and batch experiments

Experimental ly

S at end of test/experiment 0.63
eachate pH 5.62c

rsenic (mg/L) (percentage leached) 42.2 (1.6%)
opper (mg/L) (percentage leached) 2.44 (0.14%
hromium (mg/L) (percentage leached) 9.43 (0.24%
RP (mV) −185

a Average concentration of total metal leached over total volume of leachate d
b 30-day laboratory vessel leaching test completed in triplicate.
c Average pH from all values measured during the experiment.
d Final pH of leachate after batch test completed (average of three samples).
era Batch leaching testb

5.00 10.0
4.22d 4.31d

38.2 (11.4%) 28.1 (16.6%)
17.7 (8.3%) 12.0 (10.9%)
14.3 (3.6%) 8.7 (4.3%)

124 75

d over 755 day experiment.
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in the lysimeters is different than the environment in the batch
leaching tests.

Townsend et al. [41] showed that in batch studies, as the
LS increased (more liquid per amount of solid), the concen-
tration of metal in the leachate decreased. Table 4 shows that
this is only true for arsenic when examining the lysimeter and
batch leaching experiments together. Copper and chromium
leachate concentrations increased from the lysimeter to the batch
leaching experiments (LS 1 versus 5), indicating again that cop-
per and chromium are inhibited from leaching or are not as
soluble in the lysimeter study compared to the batch study.
However, both copper and chromium concentrations decreased
from the LS of 5 to 10 in the batch experiments, as would be
expected.

Another primary difference between the lysimeter experi-
ment and the batch experiment was the reducing conditions.
The batch experiment leachate was oxidizing (positive ORP),
while the lysimeter experiment had reducing conditions (neg-
ative ORP for the most part). Reducing conditions can affect
the leachability and solubility of metals [37]. Arsenic leach-
ability correlated with pH and appeared to reach steady-state
concentrations in the lysimeter experiment. It also correlated
relatively well with the batch experiment, indicating reducing
conditions did not appear to affect its leachability as much as
chromium and copper. Arsenic is an oxyanion (exists in solu-
tion as H AsO − or HAsO 2−) and does not behave like typical
m
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Fig. 5. Cumulative percentage of arsenic, chromium, and copper leached in the
lysimeter and batch experiments.

for reference as well, again illustrating arsenic results correlated
better than copper with the batch studies (arsenic batch results
are closest to the curve generated by the lysimeter data). The
percent release plots along a curve in Fig. 5. This curve also
provides a potential time frame for the release of each metal
based upon LS. If the LS is not allowed to increase, metal leach-
ing could be minimized. Or, if only a small percentage of total
metal was available, then the amounts released may be diluted
by infiltration. The actual concentration of each metal observed
in the leachate is a function of how much liquid exists in rela-
tion to the total amount of each metal released [37,41]. Although
the cumulative percentage of each metal released increased over
time, the concentration varied, eventually decreasing with time
as LS increased.
2 4 4
etals.
Copper exists as a cation in solution (Cu2+) and so it tends

o form compounds with many anions in solution (e.g., S2−,
l−, PO4

3−, and CO3
2−), which typically have low to mod-

rate solubility. In reduced conditions, chromium often forms
nsoluble compounds. However, solubility of both chromium
nd copper can positively correlate to the presence of dissolved
rganic carbon (DOC) as indicated by COD [33,42,43]. The
verall COD concentrations were relatively low in the lysime-
er experiment (when compared to construction and demolition
ebris and MSW leachate in general). For copper, the posi-
ive correlation with DOC is reported to be for low molecular
eight (MW), <1000 Da, DOC only [43]. The DOC in the

eachate initially was likely high MW DOC from the disso-
ution of organic compounds from the wood. As the larger
rganic chain compounds eventually break down, the solubil-
ty of copper may increase. The increasing trends of chromium
nd copper at the end of the experiment are potentially a com-
ounded effect of the reducing pH, increasing ORP and DOC
ariability.

The percent of each metal released during the lysimeter and
atch studies versus the LS was variable (Fig. 5). The LS ratio
f the lysimeter was dynamic and increased as more precipi-
ation flowed through the lysimeter (the LS was calculated by
ividing the amount of liquid drained by the mass of wood in
he lysimeter). The batch study LS was static and remained the
ame throughout the test. The percent of each metal released as
function of LS can be an indication of lability [29] and the

elationship shown in Fig. 5 has been illustrated in the literature
s a characteristic contaminant release behavior of percolation
ests [44]. The batch leaching results are shown in the figure
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5. End-of-life management of CCA-treated wood

As presented in Section 1, CCA-treated wood is not a good
candidate for typical wood recycling (mulch and composting)
because of its high metal content. However, if the metals are con-
sidered a resource, it may be worthwhile to remove them, leaving
wood that may be recycled or combusted without the added
metals burden. Removal of metals from CCA-treated wood has
been examined, including removal by bacterial and fungal pro-
cesses as well as electrodialytic remediation [31,32,45]. A waste
pile or a monofill may be utilized to store CCA-treated wood
until metals recovery becomes feasible on a larger scale. How-
ever, leachate generation should be minimized. Although the
CCA-treated wood itself is not a hazardous waste and may
be legally landfilled or stockpiled, this research shows that the
leachate generated would likely be a hazardous waste, classify-
ing a storage facility as a hazardous waste generator (depending
on the quantity of leachate generated) or even a treatment stor-
age and disposal (TSD) facility under U.S. regulations. With
many countries (including the U.S.) moving away from waste
management to materials management, the storage of wood for
eventual recovery of the metals and use of the biomass for energy
may become more likely. Wood is an excellent source of biomass
energy and recovery of the metals from the wood before combus-
tion would alleviate concerns about chromium(VI) transforma-
tions, partial volatilization of metals, and the increase in metal
c
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fore, batch leaching studies appear to conservatively estimate
disposal (lysimeter) leachate concentrations for both copper and
chromium. Arsenic leachability was comparatively well esti-
mated by batch studies for this disposal scenario.

One advantage of a lysimeter experiment is that metal leach-
ability was observed under more realistic conditions and at a
low LS, which is difficult to accomplish in batch leaching stud-
ies. The Coverall for the experimental lysimeter were 42.2 mg/L
for arsenic, 9.43 mg/L for chromium, and 2.44 mg/L for cop-
per. The long-term trend of metal concentrations in the leachate
from CCA-treated wood is not known, but may potentially be
predicted by the data from this research as well as models devel-
oped by others. Furthermore, disposal of other components with
CCA-treated wood may affect the leachability of arsenic, cop-
per, and chromium and this issue should be explored further.
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