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NMR Estimation of Extractables from Bark:
Analysis Method for Quantifying Tannin
Extraction from Bark
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Forest Research, Rotorua, New Zealand

ABSTRACT

Extraction and recovery of radiata pine bark tannin for use in adhe-
sives should endeavour to be optimal to ensure process viability.
A NMR method has been developed to directly gauge the extent
of tannin extraction from bark by analyzing processed residues.
13C Solid-state NMR spectra were obtained for a series of bark
and residue samples. The respective peak areas and heights of extrac-
table polyphenolic tannins were compared with residual lignocellu-
losic materials. From the ratio of NMR peak intensities, diminishing
polyphenolic content was apparent with increasing degree of extrac-
tion. The percentage polyphenolic tannins removed by extraction
could be estimated by a simple equation comparing integrated
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180 Grigsby, Hill, and McIntosh

areas of a sample with those of pure bark. A comparison of percen-
tage extraction values determined gravimetrically with NMR
peak ratios gave a good relationship from which the extractables
removed from a bark residue could be estimated, potentially provid-
ing a measurement of extraction efficiency of a bark processing
operation.

INTRODUCTION

Tannin-based adhesives and resins offer potential to substitute
more expensive petrochemical derived glue mix components in a variety
of gluing applications.!"! The nature or source of the tannin and its cost
and availability will dictate in which applications such glues are utilized.
Tannin extracts such as those derived from wattle bark predominately
find application as binders in plywood and particleboard products where
the glues require hot pressing. Radiata pine bark derived tannin extracts
can equally be used in hot pressing to substitute phenol or, as we have
been investigating, suited for cold cure adhesive applications.!”) In this
aspect, the reactivity of the radiata bark tannin-based adhesives can be
considered comparable with resorcinol-based glues. For radiata pine
bark extracts, the cost of extraction and recovery of the tannin will
dictate the operation of an extraction plant, maximizing the yield of
bark extractables. As a result, a measure of the efficiency of a bark
extraction facility would be useful to gauge the performance of the
extraction operation.

Usually the method for quantifying extractable material from bark is
calculated from either the material removed or mass retained from the
bark after extraction. While this mass balance approach has been the
traditional method for quantifying bark extractables, the utilization of
NMR techniques may potentially be employed to similarly gauge extrac-
tion efficiency. There are many examples of '>C nuclear magnetic reso-
nance (NMR) use to characterize the composition and chemistry of bark
and it’s extractable components.”* ' Included here is the use of solid
state, cross polarization magic angle spinning (CPMAS) techniques
which have been employed to both describe the chemistry of bark!®®!
as well as to quantify various wood components.'" It is a method
based on this later technique which has potential to evaluate the degree
and efficiency of bark extraction. Where the application of solid state
NMR can be utilized to determine the chemistry of extracted bark resi-
dues and quantify any chemical differences compared with pure bark.
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Tannin Extraction from Bark 181

Ultimately the goal is to relate chemical differences with the degree of
material removed.

An NMR-based method utilizing CP MAS "*CNMR analysis of
bark and extraction residues has been investigated to determine the
extent of extracted material removed from bark. As a measure of bark
component removal from a series of water and sulfite-based bark extrac-
tions, the ratios of both peak area and peak height of these residual bark
components were compared with those of bark. This led to a method
estimating the degree of bark extraction based on polyphenolic tannin
removal which could be further correlated with the percent extractables
determined gravimetrically from these samples.

METHODOLOGY

Radiata pine bark from 25 year old trees (Pinus radiata) was sourced
locally from Kinleith Plywood Mill and air dried at ambient temperature.
The bark was then processed in a hammer-mill to pass through a 2mm
screen. Two different bark samples were examined, freshly-milled bark
(Bark 1) and a second that had been stored for 10 months after milling.

Laboratory Extraction of Bark

To bark (100 g), 300 mL of hot water (90°C) was added and main-
tained at 90°C, with stirring for 20 min. Where described, sodium sulfite
was based on the percent bark mass and added with bark prior to extrac-
tion. The slurry was rapidly filtered through a preheated vacuum filter
funnel and the residue washed with further portions of hot water (90°C).
Washing was continued until the filtrate became colorless, typically
2.5L of hot water. The residue cake was then dried (105°C) to constant
weight.

Pilot Plant Scale Bark Extraction

Bark was extracted in aqueous solution using an extraction unit
operating at a temperature of 95°C."" Bark (ca. 2kg) and sodium sulfite
(2% w/w on bark) were added to an extract liquor tank (ca. 12 L) and the
resulting slurry stirred for 15min before being pumped to a filter press.
A bark cake was formed on filter-pressing, which was then sequentially
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182 Grigsby, Hill, and McIntosh

washed with progressively diluted bark extract solutions held at 95°C,
before finally rinsing with water (95°C).

Percent Bark Extractables

Bark extractables were calculated on an oven (105°C) dry-weight
basis using the original bark mass and the dry weight of the retained
residue. The percentage material removed by aqueous extraction was
determined using Eq. (1):

Bark,g
% Extractables = <l - #) x 100 (1)
actual

where:

Bark,ciuar = 0ven dry initial bark mass
Bark,ique = bark residue (oven-dried).

Elemental Carbon Analysis

Carbon elemental analysis was performed on a LECO CNS-2000
Analyzer. Samples of glycine, bark, and extracted residues were analyzed
for percentage carbon content and then corrected for moisture content
based on oven-dry (105°C) moisture content.

13C CPMAS NMR Spectroscopy

Spectra were obtained on a Bruker DRX200 instrument at
50.32 MHz fitted with a 7mm DB MAS probe. The bark or residue
samples were weighed and then packed into a 7mm cylindrical ZrO,
rotor fitted with a Teflon end cap and placed into the probe and spun
at SkHz. Spectra used in spin counting experiments were acquired with a
contact time of 1 ms, proton preparation pulse of 5 ps, recycle delay of 2s,
and an acquisition time of 21 ms over a total of 5000 transients. In the
case of Bark 2 samples, and where stated for Bark 1, spectra were
acquired until a reasonable signal to noise, employing the above param-
eters, however a contact time of 2ms was used. Spinning side bands
for the central, 71 ppm spectral peak were found to be indistinguishable
from noise so the integrals and peak heights remain uncorrected for side
band contributions.
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Spin Counting Experiments

Spin counting experiments were performed using the method
described by Smernik and Oades!'? using glycine (AR grade, BDH che-
micals) as an external intensity standard. The integrated spectral region
ranged between 300 and —100 ppm for all samples. Differences in spin
dynamics between bark samples and the glycine standard were determined
where the total intensity of the spectrum (/) was corrected for loss due to
T1pH relaxation using Eq. (2). For bark and residue samples, uncorrected
intensity (/) was determined with respect to the integral of the glycine
sample and then corrected (/o) for TipH. The corrected intensity
values were then mass adjusted by dividing /..., by the mass (77) of mate-
rial in the rotor. The percent observable carbon (% C,ys) was then calcu-
lated from the %C obtained by elemental analysis and k, which was
derived from assuming 100% observability of glycine Eq. (3), Table 1.

Icorr = I/ CXp(—l/T“OH) (2)
Cops = 17 /(k x %C) (3)
where:

I* is the mass adjusted integral corrected for T pH.

Estimation of Bark Component Removal

Relative peak integrals were recorded for three regions; 160—140 ppm
(A4), 135-125 ppm (B), and 90-45 ppm (C) from spectra of pure bark and

Table 1. Results of CPNMR spin counting experiments.

Spectrum  Corrected

Mass® intensity intensity % NMR Cobs
Sample (2) %C ) Lon® observable C (%)
Glycine 0.336  32.80 100.0 103.9 32.8 100
Barkl 0.215  46.55 80.8 89.3 44.0 94
Water 0.115  47.70 41.8 46.2 42.5 89

extracted

2% sulfite 0.145  53.70 52.5 58.0 425 79
5% sulfite 0.132  50.10 48.4 53.5 429 86

#Rotor sample mass.
®Where signal/mg (k) for glycine was 0.943 with T, pH values for glycine 26.0, and
for bark and residue samples, 10.0.
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various extraction residues with respect to the dominant spectral peak
region C (90-45ppm) of pure bark, which was assigned an integral of
unity. For each of the samples, the areas for regions 4 and B were then
proportioned to the 90-45 ppm region, C, by either dividing the area of
A or B with C [Eq. (4)].
[A]

ratio [C] (4)

where:

[4] =relative integrated area of region A
[C] =relative integrated area of region C
Aratio = area ratio of A normalized to C.

The proportion of tannin extractables removed (% Extracted) was
determined using A,., values derived above. These values were divided
by the difference between the integral intensity of the pure bark
sample and that estimated to be the intensity of the peak area due to
unextractable, residual polyphenolic material which, for the case of this
work, used the 5% sulfite sample [Eq. (5)].

Area
v Ext ted = (1 - observed 100 5
/o Extracte < Areabark - Arearemainder . ( )

where:

Areap,c = normalized intensity of bark
Area pserved = Normalized intensity of sample
Areaemainder = Normalized intensity of unextractable residue material.

Peak heights from bark and residue spectra were determined for peaks
centerd at ca. 156, 146, and 133 ppm attributable to polyphenolic material
and ca. 71 ppm, the prominent cellulose C2,3,5 peak.l'¥ Each of the poly-
phenolic peaks was normalized internally to this cellulose peak similarly
to that in Eq. (4). The proportion of tannin extractables removed (%
Extracted) can be further estimated by determining the ratio of the nor-
malized intensity of a given peak (either 156 or 146) similarly as that
described in Eq. (5) using normalized height, not integrated area.

RESULTS AND DISCUSSION

Laboratory extraction of bark using either water, or aqueous sodium
sulfite at 2% or 5% (w/w on bark), produced yields of extractable
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Tannin Extraction from Bark 185

material typical for radiata pine bark (Table 1).1'>'% For water extraction
at 90°C, the yield of extractable material based on bark residue indicated
ca. 20% of extractable material was removed from the bark (Table 2).
Yields of water-extractable material from radiata bark can range up to
22% on bark mass which will include polyphenolic and carbohydrate
materials, but will be dependent on bark chemistry.'”? The 20% yield
using water compared with 26 and 36% of extractable material removed
upon addition of 2 and 5% sulfite salts, respectively. These higher yields
of extractables using sulfite addition are also well known in the litera-
ture.l'®” Although sodium hydroxide can be used, commercially sodium
sulfite has principally been used to increase the yield of extractable
material from bark by chemically breaking down tannin inter-flavonoid
bonds to more soluble lower molecular weight tannin units.[!)

To ensure all components of the bark and residues were satisfactorily
observed by the CPMAS NMR experiment, spin counting was employed
as described by Smernik et al.l'"! This was used to ensure the area under
each peak was proportional to the number of carbon atoms contributing
to each NMR signal. Acquisition of NMR spectra used a standard CP
NMR pulse sequence. Integration and spin counting analysis was based on
calculations by Smernik and Oades using percent elemental carbon of each
bark or residue sample.!'* Investigation revealed the carbon observed in
CPMAS of samples analyzed was acceptable, ranging between 79 and 94%
which has an error estimated by Smernik to be +10% for CPMAS!!!
(Table 1). The pure bark sample had the highest observed carbon with
the residue from the 2% sulfite extraction the least. For the purposes of this
work, the T pH value (10.0) for cellulose was used.["® A lower T pH value,
consistent with the proportions of other bark components such as lignin
which has a TpH value of 6.64!"8 would have increased the calculated
observed carbon closer to values obtained from elemental analysis. Ideally,
the T1pH would need to be measured for each individual sample, which
was beyond the scope of this initial investigation to produce a simple NMR
analysis method. However, the range of values implies some similarity in
T pH values between the samples analyzed as shown by the relatively high
calculated observable % carbon. Further work is underway to establish
T pH values for this bark and other bark types.

CPMAS spectra of the original, pure radiata pine bark, a water-
based extract and a series of extraction residues are shown in Fig. 1.
Each was acquired with an identical NMR experimental set up including
acquisition parameters and known sample mass. The observed spectrum
of the pure bark sample is comparable with that published elsewhere for
radiata pine.’® When compared with the dominant spectral signal due to
the cellulose component (C2,3,5, ca. 71 ppm),[m] evident in each of the
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T T T T T T T T T \
180 160 140 120 100 80 60 40 20 ppm

Figure 1. '3CCPNMR spectra of bark and bark residues. a. 5% sulfite extrac-
tion bark residue; b. 2% sulfite bark residue; c. water extraction bark residue; d.
bark; e. water extract from bark.

extracted residue spectra were peaks which diminished with increasing
degree of extraction. This occurrence was readily observed for peaks
centerd at ca. 156, 146, and 133 ppm (Fig. 1) which are peaks primarily
associated with polyphenolic procyanidin and prodelphinidin tannins
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and lignin.**! With sulfite addition, these peaks evident in residue spectra
were lower in intensity when compared with the water-only extraction
(Fig. 1).

It was apparent the differentiation observed by NMR between bark
residues when compared with bark may allow characterization of losses
in bark components on extraction. However, this offered challenges given
that various wood components often exhibit peaks that overlap at similar
NMR chemical shifts!'¥ and was readily apparent between spectra in
Fig. 1. Softwood lignin and tannins have degenerate NMR signals at
145 and 133 ppm which make it difficult to distinguish variations in con-
tent of each component.**) Of particular relevance to this study is the
overlap of the cellulose C2,3,5 peak (90—45 ppm) with other bark com-
ponents, including both carbohydrate and polyphenolic materials.l®'¥
This was evident between spectra shown in Fig. 1a and 1d, where both
extractable and residual material were shown to contribute to this
9045 ppm region. As the above peaks cannot be readily separated into
discrete components, our approach was to make use of the spectra in
hand. This required employing nominal integration ranges which incor-
porated predominately the extractable polyphenolic tannins in the range
of 160-140 ppm and 135-125 ppm, and the inextractable cellulose C2,3,5
peak (90-45ppm) which dominated the spectra. However, as noted
above, these regions will also include contributions by other materials
present. In the case of the aromatic region, lignin!® also figured in these
two peak regions, and for the region containing the dominant cellulose
C2,3,5 peak there were also contributions from extractable carbohydrate
and polyphenolic materials.'¥

Spectra for bark and extracted residue samples, each having the same
number of scans, were integrated over the three regions; 160-140 ppm
(A), 135-125ppm (B), and 90-45ppm (C) with respect to a common
integral for the 90-45ppm region of pure bark, taken as unity. This
provided uniformity and some consistency across residue spectra by
attempting to remove any bias attributable to removal of extractable
material which had contributed to the 90-45ppm region of the pure
bark sample. From these integration values, ratios of the two polyphe-
nolic regions A and B to that of the cellulose peak C were determined
using Eq. (4) (Table 2). The area ratios obtained from the two regions A
and B exhibited a downward trend with increasing degree of extraction.
For example, residues from the extraction with 2% sulfite (0.17) had
relatively lower ratios than either the water extracted residue (0.20)
sample or the pure bark (0.31). Furthermore, comparison of area
ratios with values for percentage extraction inferred a relationship
between the residual polyphenolic peak area for each region and the
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Figure 2. Relationship of NMR peak area regions with percentage extractables.

extent of extraction (Fig. 2). It is worth noting any difference between
relationships of the two polyphenolic regions A and B with percentage
extractables is likely due to the differing proportions of tannins and lignin
which contribute to peaks in each respective region.!! Use of a longer
contact time (2 ms), which favors carbon signals in the aromatic region,
has enhanced the area ratios for both sets of bark samples which exhib-
ited similar trends as those established in Fig. 2 using a contact time of
1 ms (Table 2). The enhanced signal for the polyphenolic tannins relative
to the cellulose component is due to differences in Tcy between these
components.'') Accordingly, comparison of NMR spectra should only be
made between those that have been acquired using identical experiment
conditions.

The trend of decreasing polyphenolic content relative to cellulose in
extraction residues may be further used to estimate the extent of poly-
phenolic extractables removed from the bark. Taken as the base case,
extraction with 5% sulfite led to the minimum intensity of the flavonoid-
polyphenolic NMR peaks (regions A or B) of the residual material. That
is, for this excessive sulfite extraction, the high degree of extraction led to
the lowest intensity of the flavonoid peaks, and this observed intensity
likely represents residual polyphenolic material which can be considered
inextractable from the bark. Obviously the removal of more polypheno-
lics could be greater, but would require a change in extraction chemistry.
Having estimated this minimum peak area from spectra, the percent
extractable material can be calculated by determining the change in
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integrated areas for region A (160-140 ppm) with respect to region C
(90-45ppm) [Eq. (4)]. Results from analyzing bark residues by this
method indicated water extraction of bark removed up to 60% of
the possible extractable polyphenolic material contributing to the
160-140 ppm region (Table 2). Whereas, with 2% sulfite treatment,
70% of polyphenolic extractables were removed. Region B
(135-125 ppm) was not used in these calculations as this showed relatively
smaller changes in peak areas on extraction (Table 2), possibly consistent
with greater proportions of the carbon signal of lignin contributing to
this region of the spectra than for region A.1¥!

Using the data from Table 2 for water and sulfite extractions, values
for percent extractables determined gravimetrically were compared with
those estimated from NMR spectra (Fig. 3). A correlation (R*>=0.86)
was observed between extractables calculated gravimetrically and the
percent removal of polyphenolic tannins estimated by NMR spectra.
Percent extractables calculated gravimetrically will also include other
extractable materials from the bark such as carbohydrate, rather than
just polyphenolic tannins as calculated by NMR. Having established a
correlation between integrated peak area with the proportion of material
extracted, this indicates the NMR-based method could be used to
estimate the amount of overall extractables removed through bark
extraction. In this respect, evaluation of extracted bark residue obtained
from pilot-scale extraction of the same bark indicated 68% of the

~ 100 - *
2 ]
E -
£ .
- R?=0.86 .
Q Vs
3 '
E 80 n -
w -
[ e
E * .
2 60 ..
Q. s
>
[
o
2
40 T T 1
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Figure 3. Relationship between NMR estimated polyphenolics removed and
percentage extractables.
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extractable polyphenolic tannin had been removed by the extraction pro-
cess. This suggested the process was extracting some 24% of bark mass
using the relationship developed in Fig. 3 and was comparable with the
laboratory extraction which used similar proportions of sulfite salts
during extraction.

Rather than using integrated areas, an extension to the above work
was a comparison of the integrated areas of peak regions with those of
peak heights which indicated peak height might also be used to estimate
extractables removed from bark. Given the prominence of the cellulose
C2,3,5 peak at ca. 71 ppm in both bark and residue spectra, this was
used to internally normalize relevant peaks associated with tannins
(ca. 156, 146, and 133 ppm) in each spectrum using Eq. (3) (Table 3).
For the variously extracted bark residues a decreasing intensity was
established for each polyphenolic tannin peak (156, 146, and 133 ppm)
as had been determined for peak area (Table 2). Comparison of
peak height data with that determined for integral area for various
samples from both barks gave a good relationship for the 156 and
146 ppm peaks with region A, but not so for the 133 ppm peak with

Table 3. NMR peak heights for bark and residue samples.

Normalized peak height®

Sample 155 ppm 145 ppm 133 ppm
Bark 0.339 0.442 0.251
Water extract <0.1 mm 0.192 0.312 0.203
Water extract 0.5-1 mm 0.177 0.292 0.300
2% sulfite 0.191 0.228 0.165
5% sulfite 0.100 0.161 0.119
Pilotplant residue 0.202 0.221 0.193
Pilotplant <0.1 mm 0.240 0.281 0.215
Pilotplant 1-2 mm 0.180 0.177 0.160
Bark 1° 0.464 0.502 0.285
2% sulfite 0.330 0.305 0.220
5% sulfite 0.195 0.237 0.184
Bark 2 (air dried)® 0.577 0.593 0.338
Water extract 0.359 0.427 0.259
2% sulfite 0.284 0.352 0.244
Pilotplant residue 0.251 0.259 0.184

*Normalized to cellulose C2,3,5 peak at 71 ppm.
A contact time of 2ms was used in NMR spectra acquisition.
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Figure 4. Comparison of NMR peak area ratio with peak height ratio for both
barks and various extraction residues.
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Figure 5. Comparison of NMR peak height ratio with percentage extractables.

region B (Fig. 4). As found with integrated area, peak height ratios
also exhibited a relationship (R*=0.98) with percent extractables
determined gravimetrically, inferring the extent of bark extraction
could also be determined using peak height (Fig. 5). Comparable
relationships were also evident for both bark samples which were
acquired with an NMR contact time of 2ms. The differences in
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NMR spectra and extraction rates between the two barks may infer
some variation in bark chemistry (Fig. 5).

This method has established that the extent of bark extraction can be
related to the integrated area of polyphenolic tannins from the NMR
spectra of extracted bark residues. The method is capable of taking pro-
cessed bark extraction residues and, from their NMR spectra, determin-
ing residual polyphenolic tannin contents. From this, the extent of bark
extraction can be estimated, and therefore a direct measure of extraction
efficiency of a processing system may be made. Furthermore, as the
number of analyzes undertaken grows, a common relationship between
extraction residue polyphenolic tannin content and percentage extracta-
bles may become apparent, perhaps minimising the need to analyze for
each change in bark source. Given chemical shifts for polyphenolics and
lignin across softwood barks are relatively similar™ it is likely this
method is applicable to other barks with further work required to deter-
mine the generality of the method. It may also be possible to relate this
method to the quality of bark prior to extraction given such barks are
often claimed to vary in extractive content and quality.

CONCLUSIONS

By using solid state '*C CPNMR spin counting techniques, the rela-
tive percentage observable carbon by NMR for radiata pine bark and
various extraction residues were determined, ranging between 79 and
94%. It was apparent the use of only the cellulose 7;pH relaxation
value contributed to lower values than would have necessarily been
expected, had T pH values been determined for each individual sample.

NMR analysis revealed lower proportions of polyphenolic tannins
were associated with increasing degree of extraction. This was quantified
using the integration ratios of regions containing polyphenolic tannins
with that of inextractable cellulose. The percentage polyphenolic tannins
removed by extraction could be estimated by a simple equation compar-
ing integrated area of the extracted sample with those of pure bark and
a residue sample for which all extractable tannins were removed. When
compared with percentage extraction values determined gravimetrically,
a good relationship with the integrated area ratios was evident for a series
of extracted residues. From this relationship, the extractables removed
from a bark residue sample could be estimated, therefore providing a
measurement of extraction efficiency of a bark extraction operation. It
was also determined that simply using a ratio of NMR peak heights for
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polyphenolic tannins to that of the dominant peak attributable to
cellulose could be similarly used to estimate extractables.
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