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ABSTRACT: Methods for thermochemical conversion of biomass into renewable
energy and materials rapidly increase in range and outreach. A focus on the target
product streams for valorization is natural, yet several pretreatment steps and
conversion methods also result in an aqueous byproduct, which has been given less
attention. This paper aims to fill this knowledge gap in the existing literature on
identification and quantification of organic components in such aqueous phases by
reporting a fast and direct workup protocol combined with application of
quantitative analytical nuclear magnetic resonance (NMR) spectroscopy. Laboratory
workup procedures combined with subsequent proton NMR spectroscopy with
water signal suppression using presaturation pulses during relaxation delay,
noesygpprld, have been established, evaluated, and approved by testing on three
different Bruker BioSpin NMR spectrometers; an 850 MHz AVANCE III HD with a
S mm TCI CryoProbe, a 600 MHz AVANCE NEO with a QCI CryoProbe, and a
500 MHz AVANCE with a S mm BBO room-temperature probe additionally
confirmed the quantification method to be applicable. The analytical procedure identified furfural, methanol, acetic acid, and formic
acid as the dominating compounds in the analyzed aqueous samples, which were process effluents generated by the patented
Arbacore pellet production process using steam explosion of wood shavings. A selected range of quantitative results in the aqueous
phase from large-scale steam explosion is included in the study. The described procedure provides excellent quantitative
reproducibility with experimental series standard deviations of <1% (mM), is nondestructive, and can be automated on demand.

‘ Thermochemical
conversion

B INTRODUCTION weaknesses and limitations when targeting aqueous-phase
samples. Chromatography is commonly used, typically reverse
phase high-performance chromatography (HPLC). A great
variety of HPLC procedures for aqueous-phase identification
and quantification has been reported, using a refractive index
detector (RID), an ultraviolet detector (UVD), and a diode
array detector (DAD), coupled with mass spectrometry (MS)
and two-dimensional comprehensive liquid chromatography
coupled with DAD and MS (LCXLC/DAD-MS).>~""
Disadvantages of using analytical procedures involving HPLC
involve their general dependency on previous information on
sample content and extensive calibration curve preparations to
identify and quantify sample compounds.

Gas chromatographic analyses coupled with mass spectrom-
etry (GC—MS), which includes a method for separating and
identifying ionized molecules in the MS detector, have

Pretreatment and conversion of biomass into renewable energy
and materials are a continuously expanding field of interest and
research. Over the last decades, extensive research was
performed, and literature studies were published addressing a
great variety of conversion methods targeting biomass thermal
liquefaction, pyrolysis, carbonization, and gasification.'™ In
general, the conversion methods and the resulting published
papers have in common a focus on the target product stream
for valorization, typically bio-oil or biochar, yet several
pretreatment steps and conversion methods also result in an
aqueous phase containing a significant proportion of biomass-
derived products. These byproducts have been given only
limited attention, and thus, there is a knowledge gap in the
existing literature. Especially in a biorefinery context,
identification and quantification of all byproducts are
important to ensure sustainability and provide the basis for
mass balance reports, monitoring product streams, and
managing waste streams.

Various analytical procedures exist for identification and
quantification of small organic molecules. These have been
applied to samples from hydrothermal and thermochemical
pretreatment of biomass, yet all analytical procedures possess
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limitations in that solvent delays exclude a great range of small
molecules. Gas chromatography coupled with a flame
ionization detector (GC-FID), in part, overcomes the solvent
delay obstacle but precludes identification of components, and
calibration curve preparations and signal overlaps due to
similar chromatographic properties remain a general issue in
chromatographic quantification methods."" Hence, procedures
using derivatization, i.e., substitution reactions on the sample
compounds to change chemical structure and increase
chromatographic detectivity, have been published and provide
established procedures for overcoming loss of signals due to
solvent delays and signal overlaps.'”~"* Such methods require
knowledge of compound functionalities to customize the
derivatization agent. Due to potential for incomplete reaction,
formation of multiple derivatives, and additional methodo-
logical complexity, which reduces the chromatographic
reproducibility, derivatization is often a last resort in
quantification procedures."

The preparative laboratory and analytical protocol presented
in this paper describes a comprehensive and precise method
for rapid identification and quantification of organic molecules
in aqueous product streams using quantitative nuclear
magnetic resonance (QNMR) spectroscopy. The procedure
has a wide applicability, and 'H NMR spectroscopy has the
advantage of being directly quantitative and needing minimal
sample preparation. 'H NMR is very well suited for
quantification, as it gives a strong NMR signal due to the
gyromagnetic ratio and high natural abundance, has reasonably
short relaxation time, T, and is present in most of the
molecules of interest. However, since water itself has NMR-
active protons, the water signal from the sample must be
suppressed to avoid a signal overload. NMR procedures have
been developed for this purpose in the context of
metabolomics research and are now available in the standard
libraries of the spectrometers.'®

gNMR spectroscopy has been widely used for analysis of
organic compounds at low concentrations in metabolomics,
pharmaceuticals, and natural products multiple times over the
years.l7_22 In 2013, de Souza et al. reported on an NMR
spectroscopy method for éluantiﬁcation and compositional
analysis of polysaccharides.”® In 2009, Mittal et al. reported a
method for quantitative analysis of sugars in wood hydro-
lysates.”* In 2017, Elliot et al. reported on NMR procedures on
product samples from catalyzed conversion of xylose,” and in
2019, Saito et al. published a review of the development of
nuclear magnetic resonance as a tool of quantitative analysis
for organic materials.”® In 2018, Yue et al. published a
quantitative NMR study of process waters after furfural
production from corncobs in China and process waters from
subsequent hydrothermal carbonization of the same furfural
production residues.”’”

The examples given in this paper address the composition of
organics in the aqueous byproduct generated by steam
explosion (STEX) of wood chips. The samples come from
the production process of the patented energy-rich wood
pellets Arbacore. Arbacore is produced by steam treatment of
wood shavings in a reactor at elevated temperature followed by
a subsequent rapid decompression of reactor pressure. This
decompression of reactor pressure causes evaporation of water
contained in the wood fibers and defibrillation/breakage of the
wood fiber structure. The STEX technology used in the
production process generates a moist solid material used for
black Arbacore pellets and separates a considerable quantity of
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a condensed aqueous-phase effluent, rich in small organic
compounds such as furfural and carboxylic acids.”**’ The
concentration of the byproducts in the effluent depends on the
severity of the thermal conditions, i.e., the temperature of the
steam and the holding time before the pressure release.”

Different feedstocks give a unique composition profile due
to the inherent simultaneous separation of treated biomass and
condensation and collection of the aqueous process effluent
after decompression of the reactor pressure. The need for
analytical monitoring in this type of large-scale production is
evident, and so, the main target of this study was to establish a
protocol for the rapid workup, screening, and quantification of
dissolved organic molecules using gNMR spectroscopy. This
work also gives some representative quantitative results from
Arbacore process effluents generated during a selected range of
STEX processing conditions. The precision and repeatability of
the analysis are evaluated, together with the reproducibility
between instruments.

B RESULTS AND DISCUSSION

Eight effluent samples from STEX runs are included in this
study, and sample information is shown in Table 1. Effluent

Table 1. Experimental Large-Scale STEX Conditions”

filling  residence residence
species loading time temp. residence  pressure
sample (volume %) (s) (°C time (s) (bar)

A 50% Norway spruce 200 223 (+1) 500 21 (1)
B (Picea abies) and 270

50% pine (Pinus

sylvestris)
I 100% Norway 270 0 20 (+1)
II spruce (Picea 200

abies)
111 400
v 600
\% 800
VI 1000

“The tabulated experimental conditions include time spent to fill
roughly half of the preheated 11 m® reactor before closing and
exposing the wood shavings to residence temperature, time, and
pressure inside the reactor. The process is terminated by explosive
decompression.

sample A was used as an analyte in the procedure and gNMR
reproducibility tests for method verification while additionally
including sample B during the instrument comparison.
Samples I-VI were quantified in effluent quantification
experiments.

Table 2 shows the results from control sample measure-
ments, performed on furfural standards as method verification,
where three sets of experimental parallels (six experiments)
show deviations between prepared and measured concen-
trations of <0.6%. Table 3 documents the investigation of
procedure reproducibility and presents the quantification of
five repeated workups of sample A, displaying a standard
deviation of <1.0% of each compound average, giving a ¢ < 1.9
mM. Table 4 shows the investigation of gNMR reproducibility
and displays quantification of one workup of sample A
analyzed repeatedly five times in different NMR tubes,
resulting in a standard deviation of <0.4% of each compound
average, giving a ¢ < 0.8 mM. For the comparison of different
field strengths, seen in Table 5, the results give the
quantification of two workups, each of samples A and B,

https://dx.doi.org/10.1021/acsomega.0c05642
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Table 2. Spectral and Quantification Data from Three Parallel Furfural Control Sample Sets (CS) Acquired at 600 MHz"

protons

dimethyl sulfone in the sample 6
furfural in the sample (prepared)
furfural in the sample (measured by gQNMR)
6.77 ppm
7.58 ppm
7.92 ppm

—_ e

9.50 ppm
average furfural in the sample (measured by gNMR)
deviation (%)

concentration (ymol/g sample)

CS.1.1 CS.1.2 CS.2.1 CS.2.2 CS3.1 CS.3.2
43.2 43.2 43.1 43.0 43.1 43.1
199 19.9 26.8 26.9 82.0 82.1
20.0 19.9 26.8 27.0 82.3 82.3
19.6 19.6 26.4 26.5 80.7 80.8
20.1 20.1 27.1 27.2 83.0 83.0
19.6 19.5 26.3 26.4 80.6 80.7
19.8 19.8 26.7 26.8 81.7 81.7

0.4 0.5 0.2 0.5 0.4 0.6

“The internal standard integral was standardized to 6.000, and individual, post workup, dimethyl sulfone concentrations (MDMSOZ) were used in

furfural concentration calculations.

Table 3. Spectral and Quantification Data from Five Workup Replicates of the Norway Spruce and Pine (1:1) Effluent, Sample

A, Acquired at 600 MHz"

concentration (mM)

integral
compound identity =~ PPM  protons Al A2 A3 A4

dimethyl sulfone 3.16 6 6.000 6.000 6.000 6.000
acetic acid 1.93 3 4.200 4.129 4.143 4.138
methanol 3.37 3 6.179 6.084 6.095 6.026
furfural 6.77 1 2.048 2.037 2.064 2.047
furfural 7.58 1 2.006 1.997 2.016 2.002
furfural 7.92 1 2.060 2.050 2.077 2.059
furfural 9.50 1 1.951 1.942 1.967 1.952
furfural average

formic acid 8.46 1 0.391 0.386 0.387 0.385

“The internal standard integral was standardized to 6.000.

AS Al A2 A3 A4 AS ¢ (mM)
6.000 101.2 101.2 101.2 101.2 101.2 0.0
4.194 141.6 139.3 139.7 139.5 141.5 1.1
6.108 208.4 205.2 208.5 203.2 206.0 1.9
2.057 207.2 206.1 208.9 207.1 208.1 1.1
2.006 203.0 202.0 204.0 202.6 203.0 0.7
2.068 208.4 207.4 210.2 208.4 209.3 1.0
1.961 197.4 196.5 199.1 197.5 198.4 1.0

204.0 203.0 208.5 203.9 204.7 0.9
0.392 39.53 39.09 39.19 38.95 39.62 0.3

Table 4. Spectral and Quantification Data from the Same Sample Workup of Norway Spruce and Pine (1:1), Sample A,
Acquired in Five Sample Tubes at 600 MHz"

concentration (mM)

integral
compound identity = PPM  protons Al.l Al2 Al3 Al4
dimethyl sulfone 3.16 6 6.000 6.000 6.000 6.000
acetic acid 1.93 3 4.222 4.217 4.208 4.208
methanol 3.37 3 6.085 6.082 6.082 6.072
furfural 6.77 1 2.054 2.049 2.059 2.054
furfural 7.58 1 2.015 2.010 2.021 2.011
furfural 7.92 1 2.064 2.085 2.066 2.063
furfural 9.50 1 1.962 1.944 1.960 1.948
furfural average
formic acid 8.46 1 0.396 0.397 0.397 0.397

ALS Al.l Al2 Al3 Al4 ALS o (mM)
6.000 101.2 101.2 101.2 101.2 101.2 0.0
4217 1424 1422 1419 1419 1422 0.2
6.069 205.2 205.1 205.1 204.8 204.7 0.2
2.052 207.8 207.3 208.4 207.8 207.6 0.4
2.007 203.9 203.3 204.5 203.4 203.0 0.6
2.067 208.8 207.9 209.1 208.7 209.1 0.5
1.955 198.5 196.7 198.3 197.1 197.8 0.8
204.8 203.8 205.1 204.3 204.4 0.5
0.397 40.11 40.12 40.18 40.12 40.15 0.0

“The internal standard integral was standardized to 6.000.

analyzed at two field strengths, resulting in standard deviations
of <1.0% of each compound average, giving a 6 < 2.1 mM.

Both the furfural standards and the effluent analysis display
excellent reproducibility using the described workup and
analytical protocol. Low standard deviations and reproducible
NMR spectra both verify the reliability of the analytical
method, in addition to proving minimal system error.
Chemical shifts were identical between all acquisitions, also
confirming the method accuracy. The LOD (limit of
detection) was determined to be around 0.3 yM (S/N = 2),
while the LOQ_(limit of quantification) is in the range of 3—30
uM, depending on which accuracy is required.

High field strength, such as the 850 MHz Bruker BioSpin
Ascend NMR spectrometer used for preliminary identification
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procedures and inversion recovery pulse sequences as part of
protocol determination, is not necessary for the quantification
procedures. Table 5 shows that the 500 and 600 MHz field
strengths display similar results, hence evidencing that a field
strength of 500 MHz is adequate for these measurements. The
600 MHz NMR spectrometer with a QCI CryoProbe and four
RF channels is both more expensive and would not be available
for many users. Yet, the more conventional 500 MHz NMR
spectrometer with a 5 mm BBO room-temperature probe is
satisfactory for the reported procedure and is more widely
available.

This reported laboratory protocol followed by NMR
spectroscopy and subsequent quantification calculations is
rapid and simple and can be automated in the case of large and

https://dx.doi.org/10.1021/acsomega.0c05642
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Table 5. Spectral and Quantification Data from the Same Sample Tube of Norway Spruce and Pine (1:1) for Effluent Samples

A and B, Acquired at 500 and 600 MHz"

integral concentration (mM) integral concentration (mM)

compound identity ~ PPM protons AS00 A600 AS00 A600 o (mM) BS00 B600 BS00 B600 o (mM)
dimethyl sulfone 3.16 6 6.000 6.000 101.2 101.2 0.0 6.000 6.000 101.2 101.2 0.0
acetic acid 1.93 3 4.347 4.327 146.6 145.9 0.5 3.439 3.433 116.0 115.8 0.2
methanol 3.37 3 6.191 6.281 208.8 211.8 2.1 4.668 4.701 157.4 158.5 0.8
furfural 6.77 1 2.144 2.152 217.0 217.8 0.6 1.697 1.70S 171.7 172.5 0.5
furfural 7.58 1 2.111 2.108 213.6 213.0 0.4 1.681 1.668 170.0 168.8 0.9
furfural 7.92 1 2.163 2.178 218.9 2204 1.1 1.716 1.721 173.6 174.1 0.4
furfural 9.50 1 2.099 2.100 2124 212.5 0.1 1.674 1.673 169.4 169.2 0.1
furfural average 2154 2159 0.3 171.2 1712 0.0
formic acid 8.46 1 0.412 0.412 41.7 41.7 0.0 0.319 0.319 322 32.3 0.1

“The internal standard integral was standardized to 6.000.
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Figure 1. Concentrations of acetic acid, methanol, and furfural in effluent samples at increasing residence duration, samples I-VI from STEX of
Norway pine. STEX conditions are given in Table 1. Numerical quantification data is given in Table S1 in the Supporting Information.

frequent sample numbers. The procedure, including buffer
addition and pH adjustments to prevent resonance influence
from acidic protons and to ensure a reproducible chemical
environment and chemical shifts (§), provides an opportunity
to consult spectral databases for identification purposes, and
addition of the internal standard ensures the possibility for
quantification. The method hence demands minimal sample
information upon primary analysis and can thus be utilized for
analysis of complex mixtures at an industrial scale. The
protocol is a nondestructive quantification procedure, hence
allowing sample and/or spectral re-analysis for identification
and quantification of initially unidentified peaks at a later
process or biorefinery (or other) developing stage.

Figure 1 provides compositional data for processing effluents
generated through a range of six STEX samples (I—VI) where
the residence time before the pressure release is varied from 0
to 1000 s. Though this paper is not primarily aimed at giving a
comprehensive quantitative study of processing effluents
generated from large-scale STEX of wood shavings, the
authors consider the elevated yields of formic acid, acetic
acid, and furfural following the increased reactor residence
time (200—600 s) particularly interesting followed by a

leveling out or decrease upon further increase in residence
time (600—1000 s). It is also noteworthy that the reactions
producing furfural already have given significant product yields
during the filling of the reactor, as seen from the data for a
residence time of O s.

B CONCLUSIONS

This paper describes and reports on direct application of
quantitative analytical NMR spectroscopy to investigate
aqueous product streams, particularly targeting biorefinery
byproducts. Preparative laboratory procedures combined with
subsequent proton NMR spectroscopy with water signal
suppression using presaturation pulses during relaxation
delay, noesygpprld, were established, evaluated, and verified
in practice using three Bruker BioSpin NMR spectrometers; an
850 MHz AVANCE III HD with a S mm TCI CryoProbe, a
600 MHz AVANCE NEO with a QCI CryoProbe, and a
conventional 500 MHz AVANCE with a 5 mm BBO room-
temperature probe additionally confirmed the quantification
method to be applicable. The reported preparative laboratory
procedures combined with NMR spectroscopy for quantifica-
tion purposes provide excellent reproducibility with exper-

6717 https://dx.doi.org/10.1021/acsomega.0c05642
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imental series standard deviations of <1% (mM), are
nondestructive, and can be automated on demand. The utility
of the procedure is demonstrated in a set of STEX effluent
analyses, showing that the concentration of the major dissolved
organic compounds increases with the residence time in the
reactor from 0 to 600 s and then level out our decrease slightly.

B EXPERIMENTAL SECTION

Materials and Reagents. All reagents and solvents were
purchased from Merck KGaA (Darmstadt, Germany) and used
without any further purification. All standard components are
commercially available.

Large-Scale Steam Explosion (STEX) Performed by
Arbaflame AS. The effluent samples for analysis were
provided by Arbaflame AS and collected from the Arbacore
pellet-producing factory located at Grasmo (Akershus) in
eastern Norway. A description of the technology is given in
Wolbers et al. (2018).*" Samples from eight different STEX
conditions with variable residence times were included in this
study, and sample information is shown in Table 1. Effluent
sample A was the analyte in the method verification tests given
in Tables 3 and 4 while additionally including sample B in the
instrument comparison tests in Table 5. The major dissolved
organic species in samples I—VI were quantified, and the
results are shown in the effluent quantification experiments in
Figure 1.

Preparation of NMR Samples. The internal standard (IS)
used in this quantification procedure is dimethyl sulfone
((CH,),S0,/DMSO0,). Effluent samples are prepared for
gNMR acquisition by using 8 mL of the condensed STEX
effluent and adding 0.400 mL of a 2.125 M solution of
dimethyl sulfone in distilled water (TraceCERT DMSO,).
Target concentration of the internal standard in the sample at
this stage is 0.1012 M, ensuring analysis within its optimal
range of quantification.”” Spectral NMR signals of sample
components and the IS should be of comparable height, which
can be achieved by adjusting the concentration of the internal
standard in the sample solution. A stock solution containing
0.010 M sodium phosphate dibasic dihydrate buffer (>99.0%
Na,HPO,-2H,0) and 20% deuterium oxide (99.9 atom % D
D,O containing 0.05 wt % TSP (3-(trimethylsilyl)-propionic-
2,2,3,3-d, acid), sodium salt) was prepared and added to the
sample ensuring a volume ratio of 1:1, hence giving the
analyzed sample a 10% volume of deuterium oxide. pH was
adjusted to 7.4 using a 1.0 M HCl or 1.0 M NaOH solution.
Buffer addition and pH adjustments were made to prevent
resonance influence from acidic protons and to ensure a
reproducible chemical environment and chemical shifts (§). All
pH adjustments were performed using a Metrohm 798 MPT
Titrino automatic titrator. The prepared sample (600 L) was
transferred to 5.0 mm X 7” Wilmad 528 NMR tubes or 5.0 X
103.5 mm SampleJet NMR tubes depending on sampling
acquisition. Volumetric accuracy was ensured by Eppendorf
Research plus pipettes.

NMR Spectral Acquisition. In quantitative NMR spec-
troscopy, it is crucial to ensure that all signals have relaxed fully
between each transient. This means ensuring that all spins have
reached equilibrium before applying a new pulse. Relaxation
time, T}, was measured with an inversion recovery experiment.
To ensure that all signals have reached equilibrium, a
relaxation delay, d;, of at least five times the T of the slowest
relaxing signal of interest is used, ensuring that 99.3% of the
equilibrium magnetization (signal) is measured.'”**
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Compounds of interest in the aqueous solution mixtures are
quantified based on the internal standard method using the
integral of dimethyl sulfone ((CH,),SO,/DMSO,). The
internal standard was included during the inversion recovery
pulse sequence, at a field strength of 850 MHz.

Three different NMR spectrometers were used in this study,
all from Bruker BioSpin, an 850 MHz AVANCE III HD
equipped with a S mm TCI CryoProbe, a 600 MHz AVANCE
NEO equipped with a QCI CryoProbe, and a 500 MHz
AVANCE equipped with a 5§ mm BBO room-temperature
probe. For compound identification, effluent samples under-
went workup according to the described protocol, and NMR
samples were run using 850 MHz. For identification purposes,
ID 'H (zgesgppe), HSQC (hsqcetgpsisp2.2), and HMBC
(hmbcetgpl3nd) spectra were acquired. Compound identifica-
tion was aided by online databases (Biological Magnetic
Resonance Data Bank and PubChem). The T, relaxation of
compounds of interest was measured using an inversion
recovery experiment with solvent suppression using excitation
sculpting with gradients.

For quantification purposes, '"H 1D NOESY with water
suppression using presaturation, noesygpprld, was used, as it is
an acquisition technique of high-quality and reproducible
spectra from aqueous samples.”* > The spectra at 600 MHz
were acquired at 298 K using a spectral width of 30 ppm, a
time domain data size of 128k, 2 dummy scans, and 8 scans.
The relaxation delay, d,, was set to 50 s, which was 5.5 times
the longest measured T, at 850 MHz (9 s). The spectra at 500
MHz were acquired using a spectral width of 30 ppm, a time
domain data size of 64k, 4 dummy scans, and 8 scans.

Accuracy and Reproducibility. Three sets of gqNMR
experiments were prepared and analyzed at 600 MHz as
method verification to investigate and monitor protocol
accuracy, as shown in Tables 2—4. One set of gNMR
experiments was also run on both 500 and 600 MH:z
instruments to investigate field strength requirements, as
given in Table 5.

Quantification and Concentration Calculation. The
most abundant compounds in the effluent samples were
selected for quantification. They comprise formic acid (signal
at 8.46 ppm), acetic acid (1.92 ppm), methanol (3.37 ppm),
and furfural (6.77, 7.58, 7.93, and 9.51 ppm). The final furfural
concentration is calculated as the average of its four signals.
Integration regions for quantification were selected as the
region around each signal, out to but not including "*C satellite
signals.

All components were quantified based on internal standard
dimethyl sulfone (DMSO,). NMR acquisition was engaged by
Topspin 2.1 at 500 MHz, Topspin 4.0 at 600 MHz, Topspin
3.6 at 850 MHz, and IconNMR. NMR data were processed
using a line broadening of 0.3 Hz, and signals were integrated
(10—0 ppm) using TopSpin 4.0.7 software. Quantification of
the sample components was performed by direct calculation
from the resonance peak integrals, together with initial
volumes of samples, IS concentration, molecular masses,
certified purity of the reference standard (IS), and a
normalization of the number of protons giving rise to the
respective signals. Signals from labile protons, such as —OH
and —NH,), are not considered in this quantification procedure.

The concentration of each component, M,, was calculated
according to eq 1, where I, is an integral of the component and
1, is the number of protons giving rise to the signal. Ipyso, is

https://dx.doi.org/10.1021/acsomega.0c05642
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Figure 2. Stacked NMR spectra of effluent sample A at 500 and 600 MHz.

the integral of the DMSO, signal, npy0, is the number of
protons giving rise to the DMSO, signal (6 protons), and
Mpyso, is the concentration of DMSO, in the NMR sample
(101.2 x 107> M).*®

[, =
my X Ipypso,

Iy X npyso,
———— X Mpygo,

(1)

Method Verification—Control Samples. Six furfural
control samples (CS), furfural (>98.5%) in distilled water
(three parallel pairs), were prepared for gNMR acquisition
according to the same protocol as effluent sample workup for
method verification. Each parallel was worked up separately
with individual addition of the internal standard and stock
solution (buffer) and pH adjustment to 7.4. The qgNMR
spectra were acquired at 600 MHz in 5.0 X 103.5 mm
SampleJet NMR tubes on the same day as protocol workup.
Concentration calculations are based on mass (g) during
workup and are shown in Table 2.

Method Verification—Procedure Reproducibility.
Condensed effluent sample A collected from large-scale
STEX of Norway spruce and pine (1:1) was prepared five
separate times according to the protocol, and gNMR spectra
were acquired using 600 MHz in 5.0 X 103.5 mm Sample]et
NMR tubes (experiments A1—AS). Sample preparation and
acquisition were both performed on the same day for all five
experiments. The quantification calculations were performed
using eq 1 and are shown in Table 3.

Method Verification—qNMR Reproducibility. An
equivalent sample of condensed effluent sample A collected
from large-scale STEX of Norway spruce and pine (1:1), as in
the procedure reproducibility test, was prepared once
according to the protocol, and gqNMR spectra were acquired
using 600 MHz from the same portion in five individual 5.0 X
103.5 mm SampleJet NMR tubes (experiments Al.1—AL.S).
Sample preparation and acquisition of all five spectra were
performed on the same day, and concentration calculations are
shown in Table 4.

Instrument Comparison. Two samples of effluents A and
B, collected from large-scale STEX of Norway spruce and pine
(1:1), were prepared according to the protocol, and gqNMR
spectra were acquired using both 500 and 600 MHz using the
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same respective 5.0 mm X 7” Wilmad 528 NMR tube for each
sample. Stacked NMR spectra for sample A are shown in
Figure 2. The peak at 4.7 ppm is a residual water signal from
the presaturated water suppression acquisition. Concentration
calculations are shown in Table S. Both samples were worked
up, and qNMR spectra were acquired at 500 and 600 MHz on
the same day from the respective sample tubes.

Effluent Quantification Experiments. Six samples of the
effluent, samples I-VI, collected from large-scale STEX of
Norway spruce, were each prepared once according to the
protocol, and gNMR spectra were acquired using 600 MHz in
six individual 5.0 X 103.5 mm SampleJet NMR tubes. Sample
workup and qNMR acquisition were both performed on the
same day. The investigated parameter was residence time
inside the reactor (0—1000 s, see Table 1), and the results are
shown in Figure 1. Concentration calculations for quantifica-
tion are shown in Table S1 in the Supporting Information.
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