
Thermochimica Acta 727 (2023) 179575

Available online 17 July 2023
0040-6031/Published by Elsevier B.V.

https://doi.org/10.1016/j.tca.2023.179575 
Received 25 May 2023; Received in revised form 11 July 2023; Accepted 17 July 2023  

The use of isothermal calorimetry to measure corrosion rates of metals in 
contact with preservative-treated wood 

Samuel L. Zelinka *, Samuel V. Glass, Eleanor Q.D. Lazarcik   

A R T I C L E  I N F O   

Keywords: 
Preservative treated wood 
Hot-dip galvanized steel 
Corrosion 
Isothermal microcalorimetry 
Moisture 

A B S T R A C T   

The purpose of this paper is to examine whether isothermal microcalorimetry can be used to determine the 
corrosion rates of metals embedded in wood. Metal fasteners were driven into dowels of wood treated with 
alkaline copper quaternary, a common wood preservative that increases the corrosiveness of wood. The dowels 
were stored in a nearly 100% relative humidity environment at 27◦C for one year; throughout the exposure 
period, dowels were removed and the thermal power generated by the sample was measured in an isothermal 
calorimeter. Measurements over the 1-year exposure showed that the thermal power depended upon the wood 
moisture content and ranged from 0 to 200 µW. The heat, determined by integrating thermal power over time, 
was higher than expected compared with the total amount of mass lost due to corrosion at the end of the 
experiment. Despite this, the technique shows promise as a method to determine how changes in wood moisture 
content affect the corrosion rates of metals in contact with preservative treated wood.   

1. Introduction 

Typical corrosion testing falls into three major categories: exposure 
testing, accelerated aging tests, and electrochemical tests. Exposure 
tests, where metals are placed into the environment of interest and 
removed after they have corroded, yield the best prediction of corrosion 
rates of materials under actual service conditions. However, these tests 
require a long exposure duration. For example, some corrosion tests of 
metals in treated wood have been run for 19 years [1]. Because these 
long exposure times are often impractical, accelerated aging or elec
trochemical tests are often used instead. 

Accelerated aging tests are commonly used to screen different coatings 
on metals. Accelerated aging tests can sometimes be used if the corrosion 
mechanism is well understood and the accelerating factors are appro
priate. For example, one common accelerated aging test uses a “salt- 
spray” test where metals are exposed to cyclic conditions of salinated 
water, humidity, and a dry environment [2]; this method has been shown 
to correlate with in-service exposure lifetimes for materials undergoing 
uniform corrosion [3,4]. Similar test methods may often add UV or IR 
exposure as additional accelerating factors [5]. However, accelerated 
aging tests often only accelerate environmental conditions and often 
cannot account for biologically influenced corrosion. As a result, these 
methods often cannot be correlated to in-service corrosion rates [6–9]. 
This is especially true for complex environmental conditions, such as 
fasteners embedded in wood, or rebar embedded in concrete. 

Finally, electrochemical tests can be performed in aqueous envi
ronments using a potentiostat. By sweeping across electric potentials the 
activation energy is changed and the resulting electrical current can be 
used to determine the corrosion rate [10]. Electrochemical tests can 
measure very low corrosion rates (less than 1 µm yr− 1) in just a few 
minutes. However, these measurements work best in aqueous 
environments. 

All three of these types of corrosion measurements have been used to 
measure the corrosion of metals in contact with wood which has been 
studied for over 100 years [11,12]. Fasteners embedded in wood are 
subject to corrosion from the moisture and organic acids within the 
wood structure along with any treatment chemicals added to the wood 
[13–16]. The complex interaction of moisture and treatment chemicals 
make it difficult to accelerate by changing the environmental conditions. 
However, there are two standardized test for measuring the corrosion 
rates of metals in contact with treated wood that use challenging envi
ronmental conditions to accelerate the corrosion rate [17–19]. Electro
chemical tests in solid wood are uniquely challenging because wood is 
an ionic conductor [20–22]. To avoid these inherent difficulties, Zelinka 
et al. [23,24] developed an electrochemical test where fasteners were 
placed in a water-extract of treated wood. They demonstrated that this 
method had good correlation to long-term exposure tests in moist wood. 
However, only limited data on the wood moisture content dependence 
of the corrosion rate can be gathered from these techniques [25–27]. 

The corrosion of metals in wood has been shown to be a strong 
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function of moisture content; below 15-18% wood moisture content 
(MC), embedded metals do not corrode [15,16]. The first data on the 
moisture dependence of corrosion of metals was produced by Short, 
Dennis, and Zou [25,26]. These researchers placed metal sheets between 
pieces of wood at a known moisture content and used the polarization 
resistance technique to measure corrosion rates. They found that there 
was no measurable corrosion at 15% MC and that the corrosion rate 
increased sharply from 20% MC to 30% MC before reaching a plateau. 
Later, Zelinka, et al. [27] tried to replicate these experiments. While they 
also found that corrosion essentially stopped below 18% MC, there was 
too much variability in the measurements to draw conclusions about 
how moisture content affected the corrosion rate. Furthermore, resis
tance of the wood increases as the wood moisture content deceases 
making these measurements highly uncertain at low moisture contents. 
Since the wood moisture content plays such a critical role in the 
corrosion rate, a method to measure corrosion at a given wood moisture 
content would be extremely useful. 

In most environments, corrosion rates decrease with time (t) because 
metals form a passive layer that reduces the corrosion rate and corrosion 
exhibits a tn behavior (where n is between 0.5 and 1) [28,29]. However, 
the limited corrosion data that exist on the corrosion of metals in wood 
suggests that the corrosion rate remains constant with time (i.e. n=1). 
More plainly speaking, the n=1 behavior indicates that no protective 
passive layer is formed. Baker found that the total amount of corrosion 
increased linearly with time (i.e. constant corrosion rate) for fasteners 
embedded in wood between 1 and 19 years but did not measure any data 
during the first year [1]. Zelinka measured gravimetric corrosion rates 
between 4 and 48 weeks and found a slight decrease in the corrosion rate 
at longer times but did not have enough replicates for a statistical 
comparison and there was a high amount of uncertainty and variation in 
the data at early time points [30]. The fact that wood appears to exhibit 
a constant corrosion rate with time has been used to develop predictive 
models of both the cumulative amount of corrosion that will occur in 
various climates and the loss of capacity of the wood-metal joint [31, 
32]. However, since this kinetic behavior is so unusual, it should be 
confirmed by additional experimental evidence. 

In this paper we attempt to use isothermal calorimetry to monitor the 
corrosion rate in-situ during a one-year exposure test. In isothermal 
calorimetry, a specimen is placed in a constant temperature environ
ment and the thermal power of the reaction is measured. The technique 
has been used to study chemical and biological systems since the 1700s 
[33,34]. It is frequently used to measure ligand binding reactions, curing 
of concrete, degradation of chemical compounds, and biological re
actions [35–37]. 

However, few studies have used isothermal microcalorimetry to 
measure corrosion. In many cases, the measurements were used to 
compare the relative effectiveness of a treatment or material. For 
example, Telegdi et al. [38,39] used the technique to measure the 
effectiveness of self-assembled monolayer coatings by comparing the 
total enthalpy between coated and uncoated samples after the first 20 
minutes of exposure to a corrosive solution. Likewise, Tomantschger 
et al. [40] examined carbon corrosion in various fuel cell electrode 
configurations for up to 1500 hours. Since only relative changes were 
examined, the corrosion rates were reported in µW rather than g yr− 1 or 
µm yr− 1. Even fewer studies have used microcalorimetry to determine 
physical corrosion rates. Chin et al. [41] measured the thermal power 
released by liquid propellent in a metal container to obtain kinetic pa
rameters to build a corrosion model. They reported both corrosion rates 
in mm yr− 1 and µW cm− 2; however, it is unclear whether they used 
tabulated enthalpies or an empirical correlation to convert these values. 

Only a few studies have compared corrosion rates measured in the 
isothermal calorimeter directly to a complimentary technique. These 
studies examined the corrosion of magnesium in saline solutions and the 
hydrogen gas evolved from the corrosion reaction was measured 
simultaneously [42,43]. Since the amount of hydrogen gas produced is 
directly proportional to the mass of Mg that corroded, it was possible to 

instantaneously measure the corrosion reaction rate using both calo
rimetry and stoichiometry. Through this double measurement, they 
found the experimental reaction enthalpy (375 ±15 kJ mol− 1) was close 
to literature values of 350 kJ mol− 1. In summary, isothermal microcal
orimetry shows promise for measuring the instantaneous corrosion rate 
of many materials although only limited work has been done where 
corrosion rates have been confirmed with a secondary technique. 

This paper evaluates whether isothermal microcalorimetry can be 
used to measure the corrosion of metals embedded in wood on one type 
of treated wood. While the absolute value of the measured corrosion 
rates will depend upon the preservative formulation used, these mea
surements are intended to be a proof of concept of the experimental 
method. Ultimately, we envision that isothermal microcalorimetry 
could be an effective rapid test method for measuring the corrosion rates 
of metals in wood because it yields the instantaneous corrosion rate 
during typical exposure conditions in the non-aqueous electrolyte of 
wood. As such, it combines the rapid results of an accelerated exposure 
test with the benefit of the measurement being made in the exact 
environment of interest. Furthermore, the method is well suited for 
probing the relationship between the corrosion rate and wood moisture 
content at low moisture contents and since it is a non-destructive mea
surement of corrosion, it could be used to monitor long-term corrosion 
tests to confirm whether the corrosion kinetics remain constant with 
time. 

2. Materials and methods 

2.1. Materials 

The wood samples were made from eastern white pine (Pinus strobus) 
dowel stock with a dimeter of 16 mm. Dowels were cut into 45 mm 
segments. The dowels contained both heartwood and sapwood. In gen
eral, sapwood absorbs more preservative treatment than heartwood and 
the presence of heartwood may have affected the distribution of pre
servative treatment within the dowels. The dowels were treated with a 
commonly used commercial wood preservative, ammoniacal copper 
quaternary type D (ACQ-D) made with a carbonate salt formulation, as 
described in the American Wood Protection Association product stan
dard P-5 [44]. The composition of ACQ-D in the P-5 standard consists of 
67% copper as copper oxide and 33% dim didecyldimethylammonium 
carbonate. The samples were treated to a target retention of 2.4 kg m− 3, 
which is the retention suggested for above ground use [45]. Samples 
were treated by submerging the dowels in a solution of 6.9% concen
tration and pulling a vacuum for 28 minutes followed by pressurizing 
the cylinder for 20 minutes. The calculated retention based off the mass 
uptake of 10 samples was 1.6 kg m− 3 ± 0.3 kg m− 3 (standard deviation). 

Two types of fasteners were examined: plain carbon steel fasteners 
and hot-dip galvanized steel fasteners. Both fasteners were 38 mm long 
and approximately 3 mm in diameter (size “4d”). Prior to testing, the 
nails were degreased and cleaned with a 70% ethanol solution and 
wiped with a paper towel. The nails were then weighed to the nearest 
0.1 mg and driven into pre-drilled holes (1.25 mm diameter) in the 
dowels. Nails were driven along the end grain (Fig. 1). 

2.2. Methods 

2.2.1. Isothermal calorimeter experiments 
The dowels were exposed to an environment at 27◦C (80◦F) and near 

100% relative humidity conditions; the conditions fluctuated during the 
1-year exposure (see Results). The near 100% relative humidity condi
tions were obtained by placing the dowels above an aerated water bath 
in a temperature-controlled room. These conditions are an informal 
standard for corrosion measurements of metals in treated wood; data 
have been collected under these conditions for many wood preservatives 
as well as acetylated and thermally modified wood [30,46-48]. Eight 
samples were examined by calorimetry in this experiment; four 
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replicates with carbon steel fasteners and four replicates with hot 
hot-dip galvanized fasteners. 

To measure the thermal power released by the corrosion reaction, 
the dowels were removed from the 100% relative humidity environment 
and placed in scintillation vials that fit in the isothermal microcalo
rimeter (I-Cal Flex, Calmetrix, Needham, MA) at 27◦C. Steel discs with a 
heat capacity of approximately 10.4 J K− 1 were used as a reference on 
each calorimeter cell. The vials were placed in calorimeter for 48-72 
hours at a time before the samples were removed from the scintilla
tion vials and returned to the 100% relative humidity environment. To 
maintain a constant wood moisture content during the experiment, the 
vials were tightly sealed. Vials were weighed before and after the 
calorimeter experiment to check for evaporation of water from the 
wood. In most cases the amount of evaporation was less than 0.5 mg. 
While tightly sealing the vials may potentially limit oxygen availability 
and affect the corrosion reaction, it was necessary to avoid any heat flow 
from water evaporation, and we were able to demonstrate that oxygen 
availability was not rate limiting (see Results). 

2.2.2. Gravimetric corrosion tests 
In parallel with the isothermal calorimeter experiments, gravimetric 

corrosion tests were also run. These tests were conducted with the same 
fasteners and dowels as described previously for the isothermal micro
calorimetry tests (Fig. 1). Twelve replicates were tested for both carbon 
steel and hot-dip galvanized fasteners. Samples were removed after 
2209 hours (3 months), 4368 hours (6 months), and either 9575 or 
10034 hours (referred to as 1-year). 

After exposure, the fasteners were removed by splitting the dowels to 
release the fasteners. Fasteners were then cleaned with a proprietary 
chelating agent (EvapoRust™, Orison Marketing, Abilene TX) diluted in 
a 50:50 volume ratio with water. The same cleaning procedure was used 
on both types of fasteners. The extra mass loss caused by the cleaning 
process, mc, was tested by placing uncorroded fasteners in the same 
solution and measuring the mass loss. The corrosion rate, in µm yr− 1 was 
then calculated by R = K mi − mf+mc

Aρ(tf − ti) where m is the mass (g), A is the 
surface area of the fastener (cm2), ρ is the density (g cm− 3), t is the time 
(h), and K is a constant used for unit analysis (product of 8760 h yr–1 and 
104 μm cm–1). 

After slightly longer than 1 year of exposure (10034 hours), the 
fasteners tested in the isothermal calorimeter were also removed from 
the wood and the corrosion rates were calculated gravimetrically. In 
doing so, we were able to compare the total amount of corrosion the 
fasteners exhibited against the total amount of heat released from the 
samples for eight individual samples (four replicates of each fastener 
type). 

3. Results and discussion 

3.1. Determination of thermal power 

Fig. 2 shows data from a representative microcalorimetry measure
ment. The first 12 hours of the data (labeled “a” in Fig. 2) contained a 
large swing in the thermal power as the samples came to thermal 
equilibrium in the microcalorimeter and was excluded. Once this initial 
disruption had resolved, the samples exhibited a constant thermal power 
(“b” in Fig. 2). At 47 hours, the samples were removed from the calo
rimeter. Data collection continued for several more days to obtain an 
appropriate baseline (“c” in Fig. 2). 

In all experiments, the data exhibited small fluctuations around a 
constant value. This behavior is consistent with uniform corrosion 
where there is no preferential corrosion sites and small areas on the 
surface alternate between being the cathode and anode in the corrosion 
reaction. Based upon electrochemical noise and isothermal calorimetry 
measurements, we would expect non-uniform corrosion, such as pitting 
or crevice corrosion, to appear as large spikes in the thermal power 
during pit nucleation followed by an exponential decay [49,50]. The 
uniform corrosion observed in this experiment agrees with previous 
observations of metals embedded in treated wood [47]. 

3.2. Effect of oxygen on the reaction 

Oxygen is typically consumed as part of the cathodic corrosion re
action. Since the vials were tightly sealed during the experiment, it is 
possible that the partial pressure of oxygen may have decreased during 
the calorimeter experiment. 

While most data appeared similar to the data in Fig. 2 where the 
thermal power was nearly constant with time, there were several mea
surements that appeared much different. These anomalous data can help 
us understand the importance of sealing the vials and whether the ox
ygen limited the reaction rate in the majority of the experiments. 

In early measurements, vials were not completely sealed but instead 
lids were loosely placed on the vials. In these experiments, the wood in 
the unsealed vials lost an average of 0.20 g of moisture, which resulted 
in a moisture content reduction of 4.5% MC. The results of these ex
periments can be seen in Fig. 3a. These data exhibit a strong endo
thermic heat flow (1-2 mW) from the evaporation of water from the 

Fig. 1. Galvanized steel (left) and carbon steel (right) fasteners in the treated 
wood dowels tested in the isothermal calorimeter. 

Fig. 2. Representative data collected during the first month of the 1-year 
exposure. The samples were placed in the calorimeter at t=0, reached ther
mal equilibrium (a), exhibited a nearly constant thermal power (b), were 
removed and the baseline measured (c). 
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wood samples. This heat flow is as much as 100 times the thermal power 
of the corrosion reaction. Therefore, it is not possible to observe the 
corrosion reaction if water evaporation occurs. 

On the other hand, it is possible that the sealed vials limit the total 
amount of oxygen in the vial and therefore limit the corrosion reaction. 
However, the nearly constant heat flow suggests that the reaction was 
not appreciably oxygen limited. In a few cases, the reaction maintained a 
constant heat flux for about 10 hours before decreasing (Fig. 3b). This 
was most commonly observed in cases where the thermal power was 
very high (and therefore a lot of corrosion occurred during the calo
rimetry experiment). The behavior in Fig. 3b is consistent with a reac
tion whose reagents are being consumed. In these cases, the thermal 
power of the corrosion reaction was taken from constant region before 
the decrease occurred (for example from 10-18 hours in Fig. 3b). 

The data in Fig. 3 shows that to accurately measure the corrosion of 
metals in contact with treated wood in an isothermal calorimeter they 
must be placed in sealed vials (volume ~ 21 mL) to prevent evaporation. 
Furthermore, there appears to be enough oxygen in the vials that in most 
cases the corrosion reaction is not limited by the lack of oxygen. 

3.3. Measured thermal powers during 1 year of exposure 

The measured thermal powers for the one-year exposure test of the 
steel fasteners are shown in Fig. 4. Fig. 5 contains similar data for the 
galvanized steel fasteners. The thermal powers were determined from 
24-72 h periods in the calorimeter with a constant heat flow (segment b 
in Fig. 2). The heats were determined from a trapezoidal integration 
from the measured thermal powers and the time between measure
ments. The average thermal powers ranged between 30-50 µW for both 
steel and galvanized fasteners; this signal is more than an order of 
magnitude above the instrument’s listed precision. The resulting reac
tion heats during the 1-year exposure ranged from 1.0 to 1.6 kJ. 

The thermal power data in Fig. 4 and Fig. 5 contain several peaks 
during the exposure period. The peaks occur at similar times across all 
samples. These peaks are a result of increases in the wood moisture 
content, which will be further discussed in the next section. Since the 
water-saturated air environment was created by storing the samples 
above a reservoir of water the samples occasionally were splashed with 
the liquid water. While unintentional, these moisture spikes (most 
notably near 5000 h) allowed us to gain additional insights into the 
effect of moisture on the corrosion reaction by giving us additional data 
on the moisture content dependence of the corrosion rate (Fig. 6). 

3.4. Effect of moisture on the corrosion reaction 

While the time series of thermal power measurements (Fig. 4 and 
Fig. 5) is necessary for calculating the heat of the reaction for compar
ison against the gravimetric corrosion rate, the measured thermal 
powers can also be plotted as a function of wood moisture content, as 
shown in Fig. 6. 

The data in Fig. 6 are consistent with previous data on the moisture 
dependence of the corrosion rate of metals embedded in treated wood. 
The enthalpy is nearly zero until 15% moisture content, at which point 
the enthalpy climbs with moisture content. However, unlike the previ
ous electrochemical measurements, the data appear to have a more 
gradual increase in the rate of corrosion with moisture content. The 
electrochemical measurements are highly affected by the electrical 
resistance of the wood, which itself is a strong function of moisture 
content [51]. As a result, the electrochemical measurements may 
underpredict the amount of corrosion at low moisture content. While 
understanding the relationship between the corrosion rate and the 
moisture content is extremely important for the practical use of fasteners 
in treated wood, the limited data that existed was strongly influenced by 
these measurement difficulties. 

It appears that isothermal calorimetry may be a more direct way to 
measure the moisture dependence of the corrosion rate. The measure
ment of the thermal power does not depend upon the electrical resis
tance or other sample properties. Additionally, the variation in the 
moisture content throughout the experiment produced a wide range of 
measured enthalpies and moisture content. While there is a high amount 
of scatter in Fig. 6, these experimental data are a result of the moisture 
content fluctuating away from a target moisture content. The measured 
moisture contents (on the x-axis of Fig. 6) are the average moisture 
content of the dowel; there were almost certainly moisture gradients 
within the samples and the exact moisture content around the fastener is 
uncharacterized. The data in Fig. 6 suggest that isothermal calorimetry 
may be a useful tool for evaluating the moisture dependence of the 
corrosion reaction if the moisture content of the samples were more 
carefully controlled. 

3.5. Gravimetric corrosion rates 

The gravimetric data collected in the experiment are given in Fig. 7. 
The boxplots are based on 12 replicates at 3 and 6 months of exposure 
and 24 replicates at the final measurement time of 1 year. The corrosion 

Fig. 3. (a) Example showing unsealed vials that exhibited evaporation during the measurement. (b) Example with a high corrosion rate where the oxygen was 
consumed and the thermal power decreased at long times. The first 10 hours of data were discarded from the large spike in thermal power due to thermal 
equilibration 
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rates measured at 3 months show the highest corrosion rate and this was 
observed for both the galvanized and steel specimens. A Tukey HSD test 
revealed the corrosion rate at 3 months was statistically significantly 
higher than the rate at 6 months and 1 year (p = 0.05). Corrosion rates at 
6 months and 1 year were not significantly different (p = 0.05). 

Outside of this study, limited data exists on whether the corrosion 
rate of metals embedded in wood decreases with exposure time imme
diately after exposure. Zelinka and Rammer [30] removed 3 replicates 
monthly over the first 3 months of exposure and quarterly for the 
remainder of a 1-year exposure test. They found that the corrosion rates 
measured within the first 3 months were on average higher than those 
measured at 6, 9, and 12 months; however the results were not statis
tically significant and the uncertainties in the measurements were much 
greater at these shorter times because the mass losses were small [52]. 

The current measurements exhibit statistically higher corrosion rates 
at times shortly after exposure. However, it is unclear whether this is a 
result of a passivation reaction that inhibits further corrosion or is a 
result of moisture fluctuations in the sample. For example, the data in 
Fig. 6 show that the corrosion rate is strongly dependent on the wood 
moisture content regardless of when the measurement was taken. 
Further insight can be seen in the far right panel of Fig. 7 which plots the 
moisture content measurements collected over these three time periods 
on the 8 samples placed in the calorimeter. Each boxplot contains all of 
the moisture contents measured over the time period; therefore the 1- 
year boxplot contains all of the 3 and 6 month data within it, and the 
6 month boxplot contains all of moisture content measurements 
collected within the first 3 months. The moisture boxplots exhibit the 
same behavior as the corrosion rate data; the moisture contents 

Fig. 4. Thermal powers (left column) and heat (right column) of the four replicates of the steel fasteners.  
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measured at 3 months were statistically significantly higher than those 
measured at 6 months and 1 year. In summary, there are two possible 
explanations for the higher corrosion rates measured in the first 3 
months. The corrosion rate may decline over time because of passivation 
or because of decreasing moisture content. These data are consistent 
with the data of Zelinka and Rammer [30] and highlight the need for 
more data on how the corrosion reaction proceeds within the first weeks 
and months after exposure. 

3.6. Comparison of the mass loss and the measured reaction enthalpies 

The data in Fig. 6 and Fig. 7 suggest that the thermal power data 
collected using isothermal calorimetry can capture the kinetics of the 

corrosion reaction. However, while the thermal powers are proportional 
to the corrosion reaction, the corrosion rate is what is needed for wood 
engineering applications. 

The reaction enthalpy is needed to calculate the corrosion rate from 
the thermal power; the mass loss Δm (g) can be expressed by 

Δm =
Q⋅M
ΔrH  

where ΔrH is the enthalpy of the reaction (J mol–1), M is the molar mass 
(g mol–1) of the metal, and Q is the heat (J) measured over the exposure 
period. 

A comparison of the mass loss and the heat after 1 year of exposure is 

Fig. 5. Thermal powers (left column) and heat (right column) of the four replicates of the galvanized steel fasteners.  
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presented in Fig. 8 (circles). Reaction enthalpies were calculated from 
tabulated enthalpy of formation data and Hess’s law (see Appendix). 
Previous studies of the corrosion products for metals embedded in 
treated wood have identified several different potential corrosion 

products [47]. Therefore, the theoretical heats from these reactions are 
plotted in Fig. 8 as a shaded region rather than a straight line. Because 
the determination of the gravimetric corrosion rate is a destructive 
process, there are only eight data points where both the reaction heat 

Fig. 6. Measured thermal powers as a function of wood moisture content during a 1-year exposure in treated wood.  

Fig. 7. Gravimetric corrosion rates taken after 3 month, 6 months, and 1 year of exposure in ACQ-D treated pine. The moisture contents measured during these time 
periods are given in the far right column. 

Fig. 8. Measured heats plotted as a function of the mass losses. The circles represent individual replicates at 1-year of exposure. The squares represent the mean of 
the 12 replicates (mass loss) and the 4 calorimeter replicates (heat). Error bars are the 95% confidence interval of the mass loss and the maximum and minimum heat 
measured. The shaded region represents range of predicted heats for a given mass loss based upon tabulated enthalpies of reaction. 
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and mass loss were known. However, additional insights can be gained 
by comparing the average heat against the mass losses measured at 3 
and 6 months of exposure. These data are presented as squares with 
error bars describing the range of measured mass losses and heats. 

For the galvanized steel data, the experimental data at 3 and 6 
months of exposure lie very close to the theoretical calculations. How
ever, the data at 12 months lie above predicted enthalpies for the re
action. For the steel data, all measured values were greater than 
predicted from the enthalpies calculated from Hess’s law. It could be 
that the enthalpies of reactions used in the calculations do not accurately 
represent the complex corrosion reaction of metals in contact with 
treated wood where metal ions often form organometallic compounds 
with wood polymers. Another possibility is that there is an additional 
exothermic chemical or biological reaction occurring during the 
experiment whose enthalpy was contributing to part of the measured 
heat. One obvious potential source of an exothermic reaction is the 
breakdown of wood by decay or mold fungi. ACQ treated wood is 
already resistant to wood decay fungi, which use enzymes and other 
chemicals to break down the structural polymers of wood. However, 
certain types of mold fungi can grow on ACQ treated wood. In fact, 
observations of the wood plugs following the experiment with a ste
reomicroscope showed evidence of mold growth on at least some of the 
samples. Mold growth during the experiment may have increased the 
evaluated heat. However, the amount of mold growth during the time 
the samples were in the calorimeter is unknown and the data cannot be 
adjusted or corrected for this. 

Since most moldicides do not affect the corrosion of metals in wood 
[53], future experiments should be conducted on wood treated with 
moldicide in addition to the wood preservative of interest. 

4. Conclusions 

Isothermal calorimetry measurements were collected on metals 
embedded in ACQ-treated wood throughout a 1-year exposure period. 
The following conclusions can be drawn from the measurements:  

• The results further confirm that the primary corrosion mechanism is 
uniform corrosion for embedded fasteners in ACQ-treated wood.  

• Isothermal calorimetry appears to be a promising method for 
determining how the corrosion rate depends upon the wood moisture 

content. The measured thermal powers depended upon the wood 
moisture content and the technique has a high enough resolution to 
measure small changes in the corrosion rate. Unlike electrochemical 
measurements, isothermal calorimetry does not have systematic er
rors that depend upon the moisture content.  

• Gravimetric corrosion rates showed higher corrosion rates at 3 
months of exposure than those measured after 6 and 12 months. 
However, the moisture content during the first 3 months of exposure 
was also higher than 6 and 12 months. More work (with a constant 
moisture content) is needed to determine whether factors other than 
moisture content cause the corrosion rate to change with time.  

• The measured heats were proportional to the measured mass loss 
data. However, the enthalpies evaluated from heat and mass loss 
data were greater than the standard reaction enthalpies. Further 
work should investigate whether mold growth on the samples 
affected the measurements. 

• More work is needed to better understand why the measured en
thalpies were in some cases greater than the standard reaction 
enthalpy. 
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Appendix: Reaction enthalpy calculations 

The observed iron corrosion products were goethite (α-FeOOH) and magnetite (Fe3O4), while the observed zinc corrosion products were namuwite 
[Zn4(SO4)(OH)6⋅4H2O], hydrozincite [Zn5(CO3)2(OH)6], smithsonite (ZnCO3), and zincite, (ZnO) (Zelinka et al. 2010). 

The observation of multiple reaction products for each metal implies that several oxidation reactions occur simultaneously. Here we estimate the 
enthalpies of the likely reactions and identify maximum and minimum values for each metal to give the shaded regions in Fig. 8. 

Standard enthalpies of formation for relevant chemical substances are summarized in Table A1. No value for namuwite could be found in the 
literature. The likely oxidation reactions are listed in Table A2, along with the enthalpies calculated using Hess’s Law and the values in Table A1. These 
reactions assume aqueous Cu2+ rather than absorbed Cu2+ in wood; the enthalpy of sorption is accounted for below. 

The enthalpy of sorption of aqueous Cu2+ in milled pine wood was estimated to be +17.8 kJ mol–1 by Semerjian (2018). Using this value, along 
with the range of standard reaction enthalpies in Table A2, the range of reaction enthalpies for oxidation of iron and zinc in wood containing Cu2+ are 
as follows: 

Fe oxidation: –500 kJ mol–1 ≤ ΔrH ≤ –456 kJ mol–1 

Zn oxidation: –508 kJ mol–1 ≤ ΔrH ≤ –433 kJ mol–1 

These ranges are indicated as shaded regions in Fig. 8. 
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Table A1 
Standard enthalpy of formation (ΔfH◦) for substances at 298.15 K  

Substance ΔfH◦ (kJ mol–1) 

CO2(g) –393.522a 

Cu2+(aq) +64.9b 

α-FeOOH(s) (goethite) –560c 

Fe3O4(s) (magnetite) –1120.894a 

H2O(l) –285.830a 

ZnCO3 (smithsonite) –818.9d 

Zn5(CO3)2(OH)6(s) (hydrozincite) –3584d 

ZnO(s) (zincite) –350.46b  

a Chase (1998); 
b Cox et al. (1989); 
c Majzlan et al. (2003); 
d Preis and Gamsjäger (2001) 

Table A2 
Oxidation reactions for iron and zinc, and standard reaction enthalpy ΔrH◦ (expressed per mole of Fe or Zn reactant)  

Reaction ΔrH◦ (kJ mol–1) 

Fe(s) + Cu2+(aq) + ½ H2O(l) + ¾ O2(g) → α-FeOOH(s) + Cu(s) –482 
Fe(s) + Cu2+(aq) + 2/3 O2(g) → 1/3 Fe3O4(s) + Cu(s) –439 
Zn(s) + Cu2+(aq) + CO2(g) + ½ O2(g) → ZnCO3(s) + Cu(s) –490 
Zn(s) + Cu2+(aq) + 2/5 CO2(g) + ½ O2(g) + 3/5 H2O(l) → 

1/5 Zn5(CO3)2(OH)6(s) + Cu(s) 
–453 

Zn(s) + Cu2+(aq) + ½ O2(g) → ZnO(s) + Cu(s) –415  
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des sciences (1784) 1780. 

[34] T.A. Lodwig, W.A. Smeaton, The ice calorimeter of Lavosier and Laplace and some 
of its critics, Ann. Sci. 31 (1974) 1–17. 
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[37] L. Wadsö, F. Gómez Galindo, Isothermal calorimetry for biological applications in 
food science and technology, Food Control 20 (2009) 956–961, https://doi.org/ 
10.1016/j.foodcont.2008.11.008. 

[38] J. Telegdi, H. Otmacic-Curkovic, K. Marusic, F. Al-Taher, E. Stupnisec-Lisac, 
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