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Abstract

Boron accumulates with the same isotopic ratio as found in the source soil and water, producing
isotope ratios (‘'B/'°B) that reflect those of the sources, thus indicating the provenance of
products derived from vegetative matter. We developed a simple and valid method based on gas
collision inductively coupled plasma quadrupole mass spectrometry (ICP-QMS) for the
determination of B isotope ratios to distinguish the geographic origins of wines. Using gas
collision technique (using Ne as the collision gas) in ICP-QMS can effectively improve the
precision and accuracy of ''B/'°B determination, which may be due to improvement of the ion
transmission or sensitivity (via collisional focusing) and a reduction in plasma noise (via
collisional energy damping). Compared with the conventional method (without Ne gas collision),
the precision of the ''B/'’B ratio was improved 3.2-fold (from 3.15%o to 0.94%o) and the
accuracy was increased from an error of —5.5% to —0.2%. This —0.2% mass bias, resulting from
in-cell gas collision, can be accurately corrected using an external bracketing technique with
NIST SRM-951 B isotope standard. Direct dilution of the wines by a factor of 100 with 1%
HNO; was found substantially reduce matrix-induced mass discrimination. Other important
parameters such as detector dead time, dwell time per data acquisition, and total integrated time
per isotope were also optimised. Twenty wines from nine countries were analysed, with ¢''B
values ranged from +1.73 to +46.6%o with an average external precision (N = 5) of 0.82—1.63%o.
The proposed method has sufficient precision to distinguish between 20 wine brands originating

from four different geographic regions.
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Introduction

Recently, the certification of the authenticity and origin of food products has grown in
importance in food markets and to consumer. Wines are no exception, and laws affecting their
naming by geographic origin are well-known '. Various methods (i.e. organic wine components 2,
multi-element analysis ***, rare earth element analysis °, and isotope ratio analysis ®’) based on
fingerprinting techniques have been established to guarantee the geographic provenance of wines,
and foods in general, to provide additional quality guarantees to the consumer *°. There are two
official European methods for detecting illegal chaptilisation of wine based on measuring the
H/'H ratio by deuterium magnetic resonance spectroscopy (D-MRS) and 6'*0 by isotope ratio
mass spectrometry (IRMS) 1011 however, these methods often required to combine with the data
of mutli-element and/or element isotope '*'°. A growing number of research articles have been
published in last decade detailing the use of elemental concentrations and natural abundance
isotope variations as geographic ‘tracers’ to determine the provenance of agricultural products
(such as wine), which due to element composition of agricultural products reflecting the
composition of the provenance soil and/or water * % '*'°_ Certain elements required for plant (i.e.
grape) growth are taken up by the roots of the vine passing to the grape in the same isotopic
proportion as they occur in the soil and/or water . Compared to the isotopic ratios, the
composition of absorbed elements (multi-element patterns) are easily affected by some factors,

such as production process, soil pH, humidity, porosity, clay, and humic complex efc ®.

Isotope techniques are usually classified in two categories: (i) isotope composition of
light elements (H, C, N, O, S, etc.) and (ii) isotope ratios of heavy elements (Sr, Pb, efc.) 814,18

In addition, boron isotope ratios (''B/'°B) could be useful for provenance determination in
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agricultural products because B isotopic compositions of soils and/or water can vary in different

19-22

regions . There are two main geochemical processes that affect B isotope composition: (i)

"B enrichment in ocean water, thought to be a result of '’B adsorption on clay and basalt and the
low temperature alteration of carbonate minerals and oceanic crust 23, (3) pH-dependent
isotopic exchange (between boric acid, B(OH)s, and the borate ion, B(OH)4"), which leads to an
enrichment of ''B in boric acid **. These processes result in isotope abundance variations with
5''B values of up to 90%o (from —30 to +60%o) 2 such as —15.9 to +2.2%o for lake water >, +14
to +44%o for groundwater 26, +13.5 to +29.7%o for vent fluid 27, and —7.5 to +29.3%o for broccoli
and cabbage 2 In principle, the terrestrial variation in B-isotopic composition should make it
possible to use ''B/'’B ratios to determine the geographical origin of natural products ». Distinct
""B/'°B ratios, with 3''B values ranging from —11.6 to +36.9%o, were determined in green coffee

beans from different geographical locations %,

21, 22, 30-33

Thermal ionisation mass spectrometry (TIMS) and multi-collector inductively

20, 3436 highly precise (<0.05%) and

coupled plasma mass spectrometry (MC-ICP-MS)
considered to be the best methods for measuring the element isotope ratios. In comparison with
these sophisticated MS techniques, quadrupole based ICP -MS (ICP-QMS) has the advantages of
low analysis cost, simple operation, instrument robustness, and simple sample preparation, but
has low poor precision (0.2—1.0%) '***'. Bandura et al. reported that collisional damping by a
non-reactive gas (Ar or Ne) in a dynamic reaction cell (DRC) resulted in improved precision of
Pb and Ag isotope ratios determinations (0.03—0.1%) 2, They also demonstrated that collisions
with non-reactive gas molecules increased the average residence time of the analyte ions in the

cell and that ions sampled at slightly different moments in time were actually mixed **. As a

result, short-term fluctuations in the ion signal intensities were damped and the isotope ratios
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precision was improved. This method has been successfully used to improve the precision of Pb
B4 Se ¥ Ca*** and Fe * isotope ratios measurements in tobacco, atmosphere, archaeological
artefacts, geological samples, biological samples, snow and sediment. Unlike these heavier
elements, lager relative mass differences exist between "B and ''B (10%), which may influence
the precision and accuracy of measured ''B/'°B ratios due to significant mass discrimination.
Therefore, the feasibility of improving the precision of ''B/'°B ratios using the gas collision ICP-
MS method should be carefully evaluated. Total B concentrations in wines from various regions
typically range from 5—12 mg L', which is sufficiently high to measure isotope ratios using ICP-
QMS “.

The aim of this study was to develop a simple and valid method for determining wine
provenance based on B isotope ratios. Using the gas collision technique in the DRC of ICP-MS
can effectively improve the precision and accuracy of measured B isotope ratios, which may
result from improvements in ion transmission or sensitivity (via collisional focusing) and a
reduction in plasma noise (via collisional energy dampling). The optimised method was applied
to the determination of B isotope ratios in 20 different brands of wine originating from nine
countries. Differences in B isotope ratios allowed the evaluation of the proposed method as a

potential tool for tracing wine provenance.

Experimental

Instrumentation

ICP-MS analysis was performed using a PerkinElmer NEXION 300D ICP-MS instrument. A

PFA-400 MicroFlow (self-aspiring, 0.4 mL min') nebuliser interfaced with a cyclonic spray



RSC Advances Page 6 of 32

108  chamber (PC’ Peltier Chiller) was used with a 2.0 mm i.d quartz injector tube, as described in
109  detail elsewhere °'. The operating parameters of ICP-MS are summarised in Table 1. Under
110  optimised operating conditions, "B sensitivity was >20,000 cps/ng mL™. High purity Ar and Ne
111 gases (99.999% purity) used for ICP-MS were purchased from Praxair Investment Co., Ltd,

112  China.

113 Reagents and standards

114  High purity water (18.2 MQ cm '), used in the preparation of all standards, blanks, and sample
115  solutions, was produced by a Millipore water purification system (Millipore, France). Nitric acid
116 (HNOs, 99.9999%), hydrogen peroxide (H,O,, 99.999%) and ethanol (>99.9%) were purchased
117  from Alfa Aesar Ltd. (Tianjin, China). The B isotopic standard (1000 mg L") was prepared by
118  dissolving 1 g of NIST SRM 951 in 1% (v/v) HNOs. Working standard solutions were prepared

119  daily by diluting the stock solution with 1% (v/v) HNO;.
120  Sampling and sample preparation

121 Totally twenty red wines of various brands (Table 2) were purchased from different wine stores
122 in China. 25.0 mL of each wine sample added into a 25 ml polypropylene flask and diluted to the
123 scale lines by 1% HNOs;. After above 100-fold dilution, the matrix effects originated from
124  ethanol could be effectively reduced (0.1-0.13 v/v %), meanwhile the concentration of B (35—
125 112 ng mL™) offered sufficient intensities for B isotope ratio analysis. A microwave digestion
126  method was conducted for comparison: wine (1.0mL), HNO; (0.5mL) and H,O, (1.5mL) were
127  added to each digestion bomb and heated for 30 min by increasing the power to 1000 W in a

128  stepwise fashion. The final solution obtained was diluted to 100mL with 1% HNO;.
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Results and discussion

Improvement in ''B/'’B ratios determination using gas collision technique

Compared with high precision TIMS and MC-ICP-MS, the application of ICP-QMS was
advantageous for measuring B isotope ratios due to its low cost, simple operation, and ease of
sample preparation. However, poor precision (0.2—1.0% RSD) and poor accuracy (5-10% error)
can obtained for ''B/'’B ratios with traditional ICP-QMS (without a reaction or collision cell) '
233 thus making it difficult to distinguish between B sources from different geographical
origins. Therefore, efforts were required to improve precision. In this work, a non-reactive gas,
Ne, was used as a collision gas in a DRC to improve the precision and accuracy of B isotope
ratios measurements. Fig. la shows the effect of increasing Ne flow on the average internal
precision (the ratio RSD of ten replicates measured five times, with the average of those five
RSDs taken) of ''B/!B for 100 ng mL ™" of NIST SRM 951 standard solution. Under pressurised
DRC mode conditions (Ne flow rate = 0.3 mL min '), the precision (RSD) improved 3.2-fold
(from 0.315% to 0.094%), compared with conventional ICP-MS without Ne gas. The theoretical
counting statistics errors (SE) and the measured average internal precisions (RSD) as functions
of B contents shown in Fig. 2. Using conventional standard mode (without Ne gas collision), the
precision of the ''B/!°B ratios was poorer than its corresponding theoretical counting SE in the
range 10200 ng mL™". Fortunately, this was improved markedly in the Ne gas collision method;
the precision for the gas collision was 0.094% with a corresponding counting SE of 0.091%,

whereas for the conventional mode (without Ne) precision was 0.315% and the counting SE 2.2

times larger (Fig. 2). Interestingly, both the signal intensities of ''B and '°B increased up to
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three-fold with Ne gas than without Ne gas (Fig. 1b), which may have been due to improvements
in ion transmission in the DRC. This phenomenon can be explained as follows: the analyte ions
collide with the Ne gas, causing them to lose energy and focus their motion on axis; this
collisional energy damping reduces energy spread, while collisional focusing (migration of ions

. .. . .. .. .. 4245
towards the quadrupole axis) results in improved ion transmission and sensitivity "~

. However,
the increase in counts (signal intensities) contributed to only a 1.7-fold (square root of 3)
improvement in isotope ratio precision. Furthermore, the process of collisional focusing allowed
the ions to spend more time in the DRC, reducing short-term signal fluctuations and improving
the precision of the isotope ratios determined. This accuracy was important to evaluate the
performance of isotope ratio determination. Consequently, the ''B/!B isotope ratios (uncorrected
values) as a function of Ne gas flow rate shown in Fig. 3. In conventional mode (without Ne), the
"B/!%B ratio for NIST SRM 951 (100 ng mL™") was 3.824 with an error of —5.5% relative to the
certified value, 4.04362. This large negative error originated from the relative mass difference
(10%) between ''B and '°B. Surprisingly, this was minimised using the gas collision technique
(Ne = 0.3 mL min"), in which the ''B/!°B ratio was 4.040 with an error of —0.1%. Because a
high Ne gas flow (>0.6 mL min ') can cause large collisional scattering and mass discrimination,
which leads to poor precision (Fig. 1a) and accuracy (Fig. 3), a low Ne gas flow (0.3 mL min™')
was selected throughput this work. Therefore, a combination of high sensitivity and improved

plasma noise by collisional damping resulted in improved precision and accuracy in B isotope

ratios.

Optimisation of data acquisition parameters

Page 8 of 32
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To obtain the best precision in isotope ratios from ICP-MS, important data acquisition
parameters (e.g. detector dead time, dwell time per data acquisition and total measurement time
per isotope) should be optimised. The detector dead time associated with detector response leads
to counting losses that increase in magnitude with increasing counting rate >*. This, in turn, leads
to inconsistencies in isotope abundance ratio measurements that are independent of mass
discrimination effects; thus, inconsistencies must be corrected prior to correcting mass
discrimination. Equation (1) was used in the determination of the actual counts when applying

theoretical dead time values:

1 1

+ dead time (s) (1)

Cobs Cact

Where Cgps 1s the observed count rate (cps) and C, the actual count rate if no detector dead
time correction was applied. According to the method of Nelm er al. *°, the dead time was
determined from where the concentration curves intersected in the graph (Fig. S1, seen ESIT).
The obtained dead time value of 64 ns (Fig. S1, seen ESI{) was similar to reported values (53 ns
for DRC-¢ ICP-MS * and 61 ns for DRC pius ICP-MS 46). The dwell time and total measurement
time per replicate were optimised in Fig. 4. As shown in Fig. 4a, the best precision (0.093% for
"B/!°B) was obtained at dwell time of 2 and 4ms for ''B and 'B, respectively. The optimum
total measurement time per replicate was also evaluated by changing the number of sweeps
and/or readings from 1 to 1000. As shown in Fig. 4b, when the value was higher than 22s per
replicate measurement, no improvement in precision was found. In addition, the optimum
replicate number was selected as ten, because precision remained constant between 10 and 20
replicates. Therefore, the total measurement time was 220s per sample. The optimised operation

conditions were given in Table 1.
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Matrix effects and mass bias correction

The presence of an organic matrix in wine can complicate the analytical performance of ''B/'°B
ratio determination due to the high-count rate at m/z 12 resulting from '°C in ethanol and other
organic constituents of samples ' *°. Therefore, overlap of the ''B peak with the large adjacent
12C peak should be investigated. Fig. 5 shows the normalised ''B/'°B ratios as a function in 100
ng mL™' B of NIST SRM-951 containing increasing amounts of ethanol. Measurements were
conducted with normal-resolution and high-resolution settings. High-resolution settings provided
slightly narrower mass spectral peaks, 0.4u instead of 0.7u with 10% of the peak height, and
potentially less overlap. Although the ''B/'°B ratio slightly increased with the ethanol
concentration, the results in high-resolution mode were not substantially different to those in
normal-resolution mode. According to Fig. 5, if the ethanol concentration was kept below 0.20%
(at least 80-fold dilution), the increase in ''B/'°B ratio was less than 0.15%. Therefore, this
potential small contribution from '2C could be corrected by using a corresponding ethanol blank.
The results, graphically presented in Fig. 6, of a matrix dilution experiment performed on
ZHANGYU wine and a 100 ng mL™" NIST SRM-951 with 12% ethanol, seemed to indicate the
presence of a matrix effect. ''B/'’B ratios systematically decreased with increasing dilution, but
appared to level off at higher dilutions. It can therefore be concluded that matrix effects were
substantially reduced at 100-fold dilution and that matrix induced mass discrimination was
insignificant (<0.1%). Since further dilution would reduce the precision of counting statistics,
100-fold dilution was selected in this study. It is well known that carbon addition (2-5 v/v %) to
the plasma enhances (1 to 5—fold) the signal intensity of the high ionisation potential elements

(i.e. B, As, Se, I, Au, and Hg) S7-61 However, the observed signal intensity of 198 or "B was no

10
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difference between a solution of 10 ppb B with addition of 0.15 v/v % ethanol (simulation of real
wine after 100-fold dilution) and without addition of ethanol matrix. Therefore, the effects of
carbon addition (<0.15 v/v %) could be neglected in this study. Under this 100-fold dilution, the
determined ''B/'’B ratio of a 100 ng mL™' NIST SRM-951 with 12% ethanol was 4.044+0.005,
in good agreement with the certified values (4.04362) given by NIST ®*. To further check
whether matrix effects caused by the organic matrix of wine could affect measured isotope ratios,
the results of microwave digested samples (100-fold dilution) and direct diluted samples (100-
fold dilution) are compared in Table 3. There was no difference in the results between the two
sample preparation methods, demonstrating that 100-fold dilution adequately reduced matrix
effects, thus making it unnecessary to include time-consuming microwave digestion in sample

preparation.

Mass discrimination is the bias between the experimental value (after correcting detector
dead time and procedure blank) and the corresponding “true” value **. Some researchers have
reported that the collision gas in the collision/reaction cell affects mass discrimination * *.
Fortunately, the mass bias due to in-cell gas collision can be accurately corrected using the
external bracketing technique, because both the samples and isotopic standards are measured

. 45,46
under the same conditions

. The measurement sequence consisted of a 0.12% ethanol blank,
100 ng mL™' B NIST SRM 951 containing 0.12% ethanol, sample 1, NIST SRM 951 containing
0.12% ethanol, sample 2, NIST SRM 951 containing 0.12% ethanol solution and so on. The
obtained B isotope ratios were corrected for mass discrimination by the external bracketing

technique and the true sample ratios (Rire, sample) Were calculated as follows:

Rdetect,sample (2)

Tbefore tRNIST,after
2

Rtrue,samp1e= RNIST,cert * RNIS

11
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240  where RnisT, cert 1S the certified value of NIST SRM 951 given by NIST 62 and Rietect, sample 1S the
241 value after the blank correction procedure. B isotope abundance ratios are reported as J values

242 calculated with respect to NIST SRM-951 (Eq. 3).

11_B
—(1°B>“mple — 1| x 1000 3)

(113)
10B/srM951

244  No wine reference material was available, thus, three wines (ZHANGYU, STONEHEDGE, and

243 511 B(%o0) =

245 RAWSON'S RETREAT) were analysed and listed in Table 4. The ¢''B values were
246 14.19£1.16%0, 12.96+£1.22%0, and 42.88+0.96%0 for STONEHEDGE, ZHANGYU, and

247 RAWSON'S RETREAT, respectively.

248

249 Determining the providence of wine using ''B/'’B ratios

250 Twenty brands of wine from nine countries were measured using the established method.
251 Various brands fell into four distinct categories based on the 0''B values shown in Fig. 7. Each
252 point represents one sample, while the error bars are twice the standard deviation (2SD) of each
253 measurement. The J''B values ranged from +1.73 to +46.6%0 with average external precisions
254 (N =5)0f0.82-1.63%o. Fig. 8 shows the literature reported values of +19.9 to +44.6%o for wines
255  (from EU and South Africa) ' and —11 to +36.9%o for green coffee beans 2°**, which were
256  similar with our measured values (+1.73 to +46.6%o). Our determined values of wines for South
257  Africa (+40.2 to +46.6%o) and Italy (+20.7%0) agreed with these of values (+40.2 to +46.6%o for
258  South Africa and 19.8%. for Italy) reported by Coetzee and Vanhaecke °, and the values of

259  South Africa slightly higher than that of values reported by Vorster ef al. > and Santesteban et

12
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al. * Furthermore, some wines from the USA, China (CHN), South America (SA), Oceania (OA)
and Europe (EU) were analysed, as shown in Fig. 7. It can be seen that the 5''B values of wines
originating from Africa (AF) and OA (+40.2 to +46.6%0) were markedly higher than those from
other regions (<+25.5%o), whereas the 5''B values of wines originating from SA (+1.7 to +7.3%o)
were the lowest. Although the 6''B values for wines from CHN and USA (+10.5 to +16.7%o) and
EU (+20.7 to +25.6%0) were similar, they could also be discriminated using the 6''B values due
to the high precision (~1.63%o). Therefore, the proposed method had sufficient precision and
accuracy to distinguish between different wines originating from four different geographic

regions.

Conclusions

The established technique is simple, valid, and has sufficient precision to distinguish between the
different wine brands originating from four different geographic regions. Further research is
necessary to measure a large number of wine samples produced from different regions and to
generate a complete geographic database of B isotope ratios to allow the determination of wine

provenance and to distinguish counterfeit wines from legal samples.
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Graphic Abstract: Gas collision for improving the precision and accuracy of

"B/"°B ratios determination in ICP-QOMS

Figure captions

Fig.1 (a) Average internal precision RSD (%) of ''B/!°B ratios (N = 5, replicate = 10) and (b)

signal intensities of ''B and '’B as functions of Ne collision gas flow rate.

Fig.2 Measured precision and theoretical counting statistics errors (SE) of ''B/'’B ratios with and

without Ne gas collision as a function of B contents.
Fig.3 The effect of Ne collision gas flow rate on uncorrected of ''B/!°B ratio data.

Fig.4 Optimisation of (a) the dwell time per acquisition point and (b) the total measurement time
per replicate for B isotopic ratios in a 100 ng mL™' NIST SRM 981 B standard solution by ICP-

QMS with a 0.3 mL min ' of Ne as the collision gas.

Fig.5 Normalised ''B/'°B ratios using normal-resolution (0.7u) and high-resolution (0.4u)
settings as a function of different amounts of ethanol in a 100 ng mL" NIST SRM 981 B

standard solution.

Fig.6 Effects of dilution factors on the ''B/!’B ratio of a real wine (ZHANGYU) and a 100 ng

mL ' NIST SRM-951 solution with 12% ethanol matrix.

Fig.7 6''B values for 20 different brands of wine originating from nine different countries. AF,
OA, EU, CHN, US, SA are represented the wine samples from Africa, Oceania, Europe, China,

America, South America, respectively.
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411  Fig. 8 6''B values for plants reported in the literatures '**%.
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414 Tables

415 Table 1 Instrument operating parameters
ICP-MS instrument Perkin-Elmer NEXION 300D
Sample introduction PFA-400 MicroFlow nebuliser (self-aspiring)
Spray chamber Cyclonic spray chamber (PC? Peltier Chiller)
Injector tube 2.0 mm id Quartz
RF power, W 1550
Plasma gas flow, L min' 15
Auxiliary gas flow, L min™' 1.00
Nebuliser gas flow, L min™' 0.80
Lens Voltage, V 8.0
Autolens Off
DRC parameters
Cell gas Ne, mL min ' 0.30
Rejection parameter, q 0.5
Rejection parameter, a 0
QRO -6
CRO -1
CpPV —-15

Data acquisition parameters

Scanning mode Peak hopping

Detector mode Pulse counting
Detector dead time, ns 62

Dwell time, ms 2 for '"B* and 4 for '°B*

Settling time, pus 200
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Sweeps
Readings
Replicates

Total analysis time, s

1000

10
220
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419 Table 2 Descriptions of twenty red wines and their origin.
Sample Brands Cour.ltr-y of Sample No. Brands Cour.mjy of
No. origin origin
VINALBA . MOUNTAIN )
1 MALBEC Argentina 11 RANGE Chile
2 TRIVENTO Argentina 12 RESERVADO Chile
3 STONEHEDGE USA 13 VILLA Italy
) KESSLER-
4 SHANGRI-LA China 14 ZINK Germany
5 GREATWALL-1 China 15 LAFITE France
. JACOB'S .
6 GREATWALL-2 China 16 CREEK Australia
. RAWSON'S .
7 ZHANGYU China 17 RETREAT Australia
8 MOGAO China 18 ARABELLA-1 South Africa
9 FENGSHOU China 19 ARABELLA-2 South Africa
10 NIYA China 20 KUMALA South Africa
420
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421 Table 3 Comparison of ''B/'°B ratios obtained from direct diluted samples and digested samples (n=>5).

llB/IOB
Sample ) ) Microwave digested  Certified values
Direct diluted (+SD) =
(£SD) (£SD)
NIST SRM-951 with 12% ethanol 4.044+0.005 4.043+0.006 4.04362+0.00137
STONEHEDGE wine 4.101+0.007 4.103+0.008 /
ZHANGYU wine 4.096+0.006 4.094+0.006 /
RAWSON'S RETREAT wine 4.217+0.006 4.215+0.007 /

422  SD represents one standard deviation.

423
424

425
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426 Table 4 Results of 6''B for three wine samples (n=5)

RSC Advances

Wines

5''B

Measured values
(+2-fold standard

Internal precision

External precision

deviation) (%) (%0)

STONEHEDGE 14.19+1.16 1.02 0.58
ZHANGYU 12.95+1.22 0.97 0.61
RAWSON'S RETREAT 42.88+0.96 0.98 0.48

427
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Fig.1 (a) Average internal precision RSD (%) of !B/!°B ratios (N = 5, replicate = 10) and (b) signal
intensities of !B and !'B as functions of Ne collision gas flow rate.
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Fig.2 Measured precision and theoretical counting statistics errors (SE) of 'B/!°B ratios with and without Ne
gas collision as a function of B contents.
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Fig.4 Optimisation of (a) the dwell time per acquisition point and (b) the total measurement time per
replicate for B isotopic ratios in a 100 ng mL™! NIST SRM 981 B standard solution by ICP-QMS with a 0.3 mL
min~! of Ne as the collision gas.
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Fig.6 Effects of dilution factors on the 'B/°B ratio of a real wine (ZHANGYU) and a 100 ng mL™! NIST SRM-
951 solution with 12% ethanol matrix.
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