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ABSTRACT 

Neutron activation analysis was used to determine the levels of several inorganic elements in seven 
species of wood- and laboratory-prepared charcoals. The samples were exposed for 1 min to a thermal 
neutron flux of I x 10'Wcm2-sec. Following a 10-min decay period, sample activity was measured 
for 500 sec. Concentrations of Al, Ca, Cl, K, Mg, Mn, and Na were measured. Ba, Cu, Sr. and V 
were also identified in several samples. Matched samples of southern pine earlywood and latewood 
contained similar amounts of inorganics. 

K c w v o r d ~ :  Inorganics, woods, charcoals, NAA, southern pine, earlywood, latewood. 

While several techniques have been used to identify and quantify inorganics in 
wood. most of them require some sort of destructive sample pretreatment before 
actual measurements can take place. Neutron activation analysis (NAA) is a 
nondestructive method of elemental analysis well suited to both qualitative and 
quantitative analyses. Using NAA, wood may be analyzed in either solid or 
powder form. The limits of detection vary with the element under study and the 
irradiation conditions employed. 

The theory and applicability of NAA to wood analyses have been reviewed 
and demonstrated previously. Young and Guinn (1966) used NAA to examine 
seven species of wood. They quantitatively measured five elements and deter- 
mined detection limits for another seventy elements. Meyer and Langwig (1973) 
surveyed thirty-one domestic and tropical species of wood and identified twenty- 
one different inorganic elements. Osterhaus et al. (1975) reanalyzed some of these 
samples using more sophisticated instrumentation and reported similar results. 
Slocum et al. (1978) used NAA to analyze cubes of white oak and shagbark 
hickory that were charred in either a commercial charcoal kiln or a laboratory 
furnace. They detected sixteen inorganic elements and found that, with the ex- 
ception of CI, the concentration of an element in the ash was directly proportional 
to the charring temperature. 

METHODS A N D  MATERIALS 

Matched samples of 7 woods (shown in Table 1) were charred in a flowing N, 
atmosphere using the apparatus described by Beall (1977) at rates of 1 Clmin, 10 
Clmin, and 50 Clmin to temperatures of 250 C,  300 C ,  350 C ,  400 C ,  and 600 C. 
The gross physical behavior and properties of these samples have been described 
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T A B L E  1. Elements detected in ulood and char samples 

Species 

Southern pine Al, Ca, Cl. K ,  Mg, Mn, N a  
Douglas-fir Al. Ca. Cl, Mg, Mn, N a  
Redwood AI, Ba. Ca, CI, Cu, K ,  Mg, Mn, Na ,  V 
Western redcedar Al, Ca, CI, Cu, K ,  Mg, Mn, Na ,  V 
White oak Al, Ba, Ca, Cl, Cu, K ,  Mg, Mn, N a  
Basswood Al, Ba, Ca, Cl, Cu. K ,  Mg, Mn, Na, Sr 
Hard maple Al, Ca, CI, K ,  Mg, Mn, N a  

by Beall (1977) and Beall et al. (1977). The wood and char samples were dried to 
constant weight in vacuo at 60 C,  cooled in a desiccator containing CaCI,, and 
weighed. Duplicate samples of each treatment combination were heat-sealed in 
individual 4-dram polyethylene (PE) vials. 

A multi-element neutron activation analysis (NAA) procedure similar to that 
of Slocum et al. (1978) was used to quantitively determine amounts of Al, Ca, 
CI, K,  Mg, Mn, and Na in the samples of the domestic woods. These elements 
account for the majority of the ash in wood (Ellis 1962, 1965; Humphreys and 
Ironside 1974). 

The individual PE sample vials were placed in high-density PE "rabbits" with 
spacers to ensure reproducible sample positioning. Each sample was irradiated 
sequentially for one (1) min at a thermal neutron flux of 1 x 101Wcm2/sec using 
the pneumatic tube facility at the University of Missouri's 10 MW Research 
Reactor. The reactor facilities and instrumentation have been described in a tech- 
nical report by the Nuclear Science Group at the University (Vogt 1970). 

Following irradiation, each sample was transferred to a clean counting vial and. 
after a 10-min decay period, was counted for 500 seconds using a Ge(Li) gamma- 
ray spectrometer system described by Slocum et al. (1978). 

Duplicate multi-element standard solutions for each wood species were pre- 
pared containing similar concentrations of the elements determined semi-quan- 
titatively during preliminary runs. These solutions were frozen and stored until 
needed. Aliquots of standard solutions were irradiated and counted in the same 
manner as the samples. 

Gamma-ray spectra were recorded on computer compatible magnetic tape to 
facilitate data reduction using a modified version of the GAMANL spectrum 
analysis code (Harper et al. 1968). Integrated peak areas for all significant gamma- 
ray peaks in the spectra are generated by this code. 

The gamma-ray spectra were calibrated using known energy photopeaks of an 
NBS calibrated RAZz6 standard to identify the channel number of the desired 
inorganic elements. Concentrations, in parts per million (ppm), of the individual 
elements in the samples were determined using: 

PPM = 
Peak area activitylgm wood sample 

Peak area activitylpg standard (1) 

Standard analytical methods were used for statistical analyses. 
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- - 
Southern pine 

- Douglas- Western 
Hemcnt White oak Basawood Hard maple EW LW Wholewood fir Redwood redcedar 

' L)eterm~ned d~rectly llslng N A A  trchn~ques. 
I' n d .  = not detected. 
' Redwood control sample ml\\lng. Values e\l~mated ublng Eq. 2 

RESUL.TS A N D  DISCUSSION 

Eleven inorganic elements were positively identified using the I-min irradiation, 
10-min decay, and 500-sec counting scheme in the gamma-ray spectra of the 
various wood and chars (Table 1). The nondetection of an element does not imply 
complete absence, but that, if it is there, it is below the detection limits of the 
system under the above conditions. Undoubtedly. additional elements could have 
been identified if additional irradiation-decay-counting schemes had been used. 

Aluminum (Al), calcium (Ca), chlorine (CI), magnesium (Mg), manganese (Mn), 
and sodium (Na) were detected in the wood char of each species in this study, 
while potassium (K) was detected in all but Douglas-fir. Copper (Cu) was iden- 
tified in four species; redwood, western redcedar. white oak, and basswood. 
Vanadium (V) was found in redwood and western redcedar. Barium (Ba) was 
found in redwood, white oak, and basswood, while strontium (Sr) was found only 
in basswood. Analyses of variance indicated no significant difference among char- 
ring rates for any of the inorganic elements quantified. Therefore. values given 
in the text and tables are average values. 

The elemental concentration in the uncharred wood samples (Table 2) indicates 
a broad range of values among species. For example. Mn values vary from I ppm 

Gamma-ray Activation 
Radtonuclide energy cro\r-section 

Element ohserved (kcV)  (barns1 tM 
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in western redcedar to 134 pprn in southern pine earlywood. Manganese had the 
largest activation cross-section (Table 3) of the elements identified and is easily 
activated. Previous workers had found that the Mn-56 photopeak activity was so 
intense that it masked peaks of other elements with smaller activation cross- 
sections (Loos 1965: Galligan et al. 1965). The increased resolution of the Ge(Li) 
solid-state gamma-ray detectors has enabled much of this masking to be elimi- 
nated (Osterhaus et a]. 1975). 

As pointed out by other authors, there is a lack of published information re- 
garding inorganic concentrations in wood. Galligan et al. (1965) reported 2 to 30 
pprn Mn in Douglas-fir. The Douglas-fir wood sample examined in this research 
contained 25 ppm. 

With regard to white oak, the measured concentrations in Table 2 agree rea- 
sonably well with values in the literature with the exception of Mg. Slocum et al. 
(1978) reported 95 pprn Mg, and Osterhaus et al. (1975) found 305 pprn Mg in 
their white oak samples. The white oak used in this study contained I I pprn Mg. 
This points out the extreme variability that may be encountered. All the elements 
quantified in oak became more concentrated as temperature increased includ- 
ing CI. 

Osterhaus et al. (1975) reported that basswood contained 137 pprn Ca. 88 pprn 
C1, 2819 pprn K ,  345 pprn Mg, and 6.3 pprn Na. This contrasts significantly with 
the data in Table 2 where we found 1 125 pprn Ca, 93 pprn Cl, 544 pprn K,  1 18 
pprn Mg, and 74 pprn Na. They did not report any levels of Mn using NAA, 
whereas we found 12 pprn Mn in the samples. 

Ellis (1965) reports finding 878 pprn Ca, 274 pprn K ,  and 170 pprn Na in the 
sapwood of sugar maple. In a mineral streak area, he found 7621 pprn C< 120 
pprn K ,  and 218 pprn Na. The hard maple analyzed in this study contained 1065 
pprn Ca, 991 pprn K ,  and 300 pprn Na. 

The samples of southern pine provided an opportunity to compare elemental 
concentrations in earlywood samples and latewood samples (Table 2 and Fig. I ) .  
The earlywood and latewood samples were taken from a single growth ring of a 
board showing fast growth. The whole-wood samples were taken from a slow- 
grown tree and encompassed several growth rings. The data shown in Table 2 
are reasonably consistent with previously published values. McMillin (1970) 
found that loblolly pine earlywood averaged 1141 pprn Ca. 116 pprn K ,  326 pprn 
Mg, 121 pprn Mn. and 230 pprn Na, while latewood contained 885 pprn Ca, 98 
pprn K ,  240 pprn Mg. 102 pprn Mn, and 180 pprn Na. Choong et al. (1974) found 
that inorganic concentrations in unfertilized loblolly pine ranged from 476 to 789 
pprn Ca, 249 to 429 pprn K ,  197 to 281 pprn Mg, 67 to 91 pprn Mn, and 1 1  1 to 130 
pprn Na. 

Temprrat~~rr vs. concpntrrrtion 

As previously noted, Slocum (1978) indicated that there were positive corre- 
lations between charring temperature and inorganic concentrations. Beall (1977) 
had indicated that weight loss accompanying pyrolysis was best described using 
a nonlinear relationship with temperature. Our data were analyzed to find which 
pattern fit the inorganic accumulation data best. Plots of the data suggested that 
a logarithmic relationship might produce acceptable results (Fig. 1). However, 
the correlation coefficients produced using a logarithmic equation were less than 
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TABLE 4. Sit?1pI6' c.orre/ution coejfic.iet1t.s for charring tenlperature und inorganic. conc.entrutions in 
seven specie.\. 

Southern pine 

Element White o a t  Basswood H .  maple EW LW Wholewood Douglas-fir Redwood W. Redcedar 

Al 0.644*" 0.409* 0.587* 0.564* 
Ca 0.759* 0.862* 0.635* 0.814* 
C1 0.773* 0.434* 0.005 0.516* 
K 0.829* 0.849* 0.456* 0.945* 
Mg 0.896* 0.809* 0.838" 0.594* 
M n  0.761* 0.863* 0.855* 0.760* 
Na 0.688* 0.603* 0.687* 0.679* 

' ' Indicates significance at the P r 0.05 level. 
" n.d .  = not detected 

the coefficients of simple linear regression. Table 4 shows the inorganic concen- 
trations for wood and char as linear functions of charring temperature. The ac- 
cumulation patterns for inorganics in the southern pine EW, LW, and wholewood 
samples (Fig. 1 and 2) are typical of the results for other species. The concen- 
trations of Ca. Mg, and Mn are positively correlated with temperature for each 
species. Aluminum, potassium, and sodium were usually well correlated with 
temperature while chlorine behaved erratically. Aluminum has a low activation 
cross-section (0.232 barns) and a short half-life (2.29 min), and the measured 
photopeak is fairly close to a very intense manganese photopeak (1778.9 keV for 
Al: 1816.9 keV for Mn). When "large" concentrations of Mn are present, the 
very large cross-section of Mn (13.3 barns) may produce enough activity to mask 
the 1178.9 keV of Al peak. Both Galligan et al. (1965) and Loos (1965) had 
observed this phenomenon. Chlorine is reasonably volatile and is probably driven 
off during charring process. 

When linear and nonlinear equations were examined to see how well they 
described the data at 20 C,  the results were misleading. Frequently negative 
inorganic concentrations were indicated. An alternative method of describing the 
effect of temperature on inorganic accumulations was evaluated using the weight 
loss at various charring temperatures. The elemental composition data obtained 
from the various charring levels were corrected to 0% weight loss (the uncharred 
wood) using the following formula: 

%wt. loss at X°C PPM,,., = ( 1 - -- 
100 (2) 

This equation had been previously used to correct chemical composition in de- 
cayed wood (Cowling 1961; Cutter and Murphey 1970). Some of the weight loss 
data were previously described by Beall (1977) and Beall et al. (1977). 

The use of this relationship to estimate inorganic concentrations in wood from 
char concentrations appears to be reasonable. This is particularly helpful since 
the redwood control samples were missing from the data set, but we feel that the 
estimates for inorganic levels in the wood shown in Table 2 are quite reasonable. 
The use of this equation results in very good agreement for the more stable 
elements-Ca, K ,  Mg, Mn-and reasonable values for Al, Cl, and Na. To illus- 
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FIG. 1. Accumulation patterns for Al. Ca. CI. and K in southern pine earlywood (clot). iatewood 
(square). and wholewood (star) as  functions of charring temperature. 

trate. the levels of Ca,  K ,  Mg, and Mn in basswood wood were found to be 1125, 
543, 1 17, and l l ppm, respectively (Table 2). Using Equation 2, the estimated 
levels are Ca,  1069; K ,  538; Mg, 124; and Mn, 1 1  ppm. The detected and estimated 
levels of the other inorganic elements are as  follows: Al, 15 vs. 19 ppm; C1, 93 
vs. 37 ppm; and Na. 74 vs. 96 ppm. 

Although in some cases, no peaks were detected for certain elements, it is still 
possible to estimate the concentration a t  which a discernible peak would be ob- 
served using Eq. 3 

2a(peak width)lgm wood sample 
Detection limit (ppm) = --- 

activitylpg sample 

where cr is equal to the square root of the average background activity detected 
in the channels defining the peak width. The peak width is a whole number from 
6 to 10. In the case of Douglas-fir, no K activity was detected. However, appli- 
cation of Eq. 3 indicates that there was less than 5 ppm K in the wood. 
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FIG. 2 .  Accumulation patterns for Mg. Mn. and Na in southern pine earlywood (dot). latewootl 
(square). and wholewood (star) as  functions of charring temperature. 
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Neutron activation analysis was used to determine the concentration of selected 
inorganic elements in the wood char of seven species. Matched samples were 
exposed to a thermal neutron flux of 1 x 10" n/cm21sec for 1 min. Following a 
10-min decay period, the activity of the samples was measured for 500 sec using 
a Ge(Li) spectrometer system. 

Eleven inorganic elements were positively identified: Al, Ba, Ca, C1, Cu, K ,  
Mg, Mn, Na. Sr. and Na. A wide range of values was evident among the various 
wood species: white oak, basswood, hard maple, southern pine earlywood and 
latewood, Douglas-fir, redwood. and western redcedar. Individual ranges were 
found to be: Al, 1 to 17 ppm; Ca, 295 to 1124 ppm; C1, 8 to 102 pprn; K ,  39 to 
990 pprn; Mg, I I to 140 ppm; Mn, 1 to 134 ppm; and Na, 3 to 74 ppm. Since no 
information is available concerning the history of the specific samples prior to 
preparation, no comments can be made regarding possible environmental influ- 
ences on inorganic content. 
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The inorganic content of the chars increased proportionally with charring tem- 
perature. There were consistent positive significant correlations between charring 
temperature and the levels of Ca, Mg, and Mn. AI, K ,  and Na levels were usually 
well correlated with charring temperature, while the correlation between tem- 
perature and C1 content was very erratic. 

While there were significant linear correlations between inorganic concentra- 
tion and charring temperature, the relationship between weight loss and inorganic 
content allowed indirect estimation of inorganic levels in wood. Estimates de- 
veloped using this relationship appear quite reasonable. 

REFERENCES 

BFALL. F. C. 1977. Properties of wood during carbonization under fire conditions. Pages 107-1 14 iw 
I. Goldstein. ed.. Wood technology: Chemical aspects (ACS Symposium Series; 43) Washington 
D.C. 

. D. S 1 . o c u ~ .  J. KIDLARK.  AN[) J .  KRYLA. 1977. Chemical and physical changes in wood 
during pyrolysis. Paper presented at the Forest Prod. Res. Soc.  Annual Meeting. Denver. CO. 

C H ~ O N G ,  E. I'.. B.  Y. CHANG.  A N D  J .  KOWALCZUK. 1974. Mineral composition in loblolly pine 
wood after fertilization. LSU Wood Utilization Notes. No. 26. 5 pp. 

COWL.ING.  E.  B. 1961. Comparative biochemistry of the decay of sweetgum sapwood by white-rot 
and brown-rot fungi. USDA Tech. Bull. No. 1258:56-75. 

C U - I - I F R .  B. E.. A N D  W. K. MURPHEY. 1970. An X-ray diffraction analysis for residual cellulose in 
white-rotted wood. Wood Sci. 3(1):54-58. 

El I IS.  E. L. 1962. Inorganic constituents of wood. Forest Prod. J .  12(6):271-274. 
. 1965. Inorganic elements in wood. Pp. 181-187 in W. A. C6te. ed.. Cellular ultrastructure 

of woody plants. Syracuse Univ. Press Syracuse, NY. 
G A L L I G A N .  W. L . ,  H .  STFRN,  A N D  P. HOHENSCHUH. 1965. Manganese distribution in wood by 

neutron activation analysis. Forest Prod. J .  15(5): 185-189. 
HARPER. T.. 'r. INOUYC.. A N D  N .  RASMUSSFN. 1968. Gamanal. a computer program applying Fourier 

transforms to the analysis of gamma-ray spectral data. USAEC Rep. No. MIT 3944-2. Massa- 
chusetts Institute of 'l'echnology. Cambridge. MA. 

HUMPHREYS,  F. R. .  A N D  G. E. IRONSIDES. 1974. Charcoal from New South Wales species of timber. 
Forestry Commission of N.S.W. Tech. Paper 23. 41 pp. 

Loos.  W. E. 1965. Neutron activation of Engelmann spruce. Forest Prod. J .  15(4):178. 
MCMIL.I.IN. C. W. 1970. Mineral content of loblolly pine wood a s  related to specific gravity. growth 

rate. and distance from pith. Holzforschung 24: 152-157. 
MEYFR. J .  A , .  A N D  J .  E .  L A N G W I G .  1973. Neutron activation analysis of inorganic elements in wood. 

Wood Sci. 5(4):270-280. 
OSTERHAUS. C. A , .  J .  E. L A N G W I G .  A N D  J .  A. MEYER. 1975. Elemental analysis of wood by improved 

neutron activation analysis and atomic absorption spectrometry. Wood. Sci. 8(1):370-374. 
S l o c u ~ .  D. H.. E. A. MCGINNFS. JR.. A N D  D. H .  MCKOWN. 1978. Elemental analysis of oak and 

hickory charcoal using neutron activation analysis. Wood Fiber 10(3):200-209. 
VOGT. J. R. (ED.)  1970. Nuclear science group technical report. July 1 .  1969 to June 30. 1970. 

University of Missouri, Columbia. MO. 156 pp. 
YOUNG. H. E.. A N D  V.  P. G U I N N .  1966. Chemical elements in complete mature trees of seven 

species in Maine. Tappi 49(5): 190-197. 




