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Multisample Conversion of Water to Hydrogen by Zinc for

Stable Isotope Determination

Carol Kendall* and Tyler B, Coplen
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Two techniques for the conversion of water to hydrogen for
stable Isotope ratio determination have been developed that
ars especially sulted for automaied muitisampie analysis.
Both procedures involve reaction of zinc shot with a water
sample at 450 °C. In one method designed for waler sam-
ples in bottles, the water is put in capiliaries and Is reduced
by zinc In reaction vessels; overall savings in sample prepas-
ration labor of 78% have been resiized over the standard
uranium reduction technique. The second lechnique is for
waters evolved under vacuum and is a sesied-tube method
employing § mm o.d. quartz tubing. Problems inherent with
zinc reduction include surface inhomogenesity of the zinc and
sxchange of hydrogen both with the zinc and with the giass
walls of the vesssis. For best results, water/zinc and
water/glass surface area ratios of vessels should be kepl as

large as possibie,

In the conventional method for the conversion of water to
hydrogen for stable isotope determination, water is passed over
hot uranium (1) or zinc (2), and the svolved hydrogen is
collected with a Toepler pump (1) or sorbed on activated
charcoal (3) or uranium metal (4). These preparation methods
suffer from numerous disadvantages: (1) Memory effects due
to nonquantitative tranafer of water are difficult to eliminate
without exceesive heating of the vacuum line. (2) Saline waters
leave salt deposits that may not easily be dehydrated, giving
rise to memory effects and isotopically fractionated hydrogen.
Distillation of the sample at temperatures over 350 °C prior
to analysis dehydrates most salts but is time-consuming and
is a potential source of error (5). (3) Uranium is easily con-
taminated with nitrogen and organic compounds. (4) Both
mercury in Toepler pumps and uranium are toxic. (5) Con-
ventional methods are labor intensive and slow.

Several procedures have been employed to eliminate some
or all of the disadvantages with current hydrogen preparation
techniques. Direct injection of water into a heated mass
spectrometer (6, 7) looks promising but may suffer from
memory effects when saline waters are analyzed. Coleman
and others (8) have reported a multistep method for con-
verting water to hydrogen using disposable aliquota of zine
in individual reaction vesssls. Their technique was designed
for use with fluid inclusion samples where water is frozen
under vacuum into each vessel. Alternatively, water samples
can be introduced into the vessels with a syringe. Their
technique involves several heating and freezing steps for each
sample vessel; this is time-consuming and would be difficult
to automate. We have modified the method of Coleman and
others (8) to eliminate freezing and preheating of sample
vessels 5o that it can be used more easily for batch analysis
of water samples with a multisample automated gas handling
system.

Numerous investigators have attempted to modify the zinc
preparation technique for use in sealed glass tubes because
(1) tubes can be stockpiled for subsequent analysis, (2) only
a small furnace is required for sample preparation, and (3)
sealed glass tubes can be analyzed on a mass spectrometer

equipped with multiple automated tube crackers. We “describe
herein a quantitative method employing Vycor or quartz
tubing.

EXPERIMENTAL SECTION

Apparatus. The 80-mL Pyrex reaction vessel shown in Figure
1 has a 10 mm bore Ace stopcock (no. 8196-83) with a glass plug.
FETFE self-lubricating O-rings are used for ease in cleaning; there
is no appreciahle reaction or abeorption of water or hydrogen with
the FETFE. The shape of the vessel was selected for easy breaking
of capillaries. The finger at the vessel base is designed to hold
the hairpin-shaped capillary steady for easy cracking; the walls
of the finger are thickened to withstand the impact of the capillary
breaker bar. The vessals are connected to the vacuum manifold
with Cajon fittings which permit quick removal of vessels and
require no cleaning. Small wads of copper wool enclosed in copper
wire are placed between the Cajon fittings and the pneumatically
actuated valves of the gas handling manifold to prevent migration
of glass chips,

Hairpin-shaped capillaries are sasily fabricated from 76-mm-
long capillary tubing with 1.0~1.4 mm o.d. and 0.17 £ 0.05 mm
wall thickness on an asbestos-covered metal holder 4 mm wide
which is flame heated to bend 12 capillaries at a time. Maximum
width and length of hairpin-shaped capillaries are 7.5 mm and
35 mm, respectively. However, due to the large number of samples
processed annually in this laboratory, we procured 100000
hairpin-shaped capillaries from Ace Glass, Vineland, NJ. Cap-
illaries are heated in air to 530 °C to remove all carbon prior to
filling.

Two types of 8-mm-diameter magnetic capillary breaker bars
have proved satisfactory. Pyrex-enclosed iron bars 4 em in length
are preferred although they require delicate handling. Nickel bars
2 cm long were used; however, they eventually corroded from
cleaning in HNOQ; and needed repolishing. Glass bars cannot be
used because they have insufficient mass to break the capillaries.

An aluminum-block furnace was fabricated with 16 3.2-cm
diameter, 23-cm-deep holes. To reduce the cost of the furnace
by 50%, the block furnace was fabricated from 40 sheets of
aluminum 15 X 45 X 0.6 cm welded together on both ends, rather
than from a single block of aluminum. Sample vessel holes were
punched in the sheets before they were welded. Flat heating
elements were mounted on the sides and base of the furnace.
Individual furnaces mounted on the vacuum manifold were not
employed due to the difficulty in maintaining precise temperature
regulation.

Reagents. Although several types of analytical grade zinc shot
were cleaned and tested for their effectivness, only BDH Hopkins
and Williams AnalaR shot (available in the United States from
Gallard-Schiesinger Chemical Manufacturing Corp., Long Ialand,
NY) would reliably and gquantitatively reduce water without
further preparation of the zinc.

Zinc shot is sieved to collect the <1 mm fraction, cleaned in
3 M HNO, to remove surface oxidation, rinsed in water and then
in acetone, outgassed under vacuum at 250 °C, and stored under
vacuum until needed. Although care is taken to minimize air
contact with cleaned zinc before use, zinc exposed for up 10 3
months in an open beaker still performed satiafactorily. Additional
heating and outgassing of the zinc and vessel surfaces to remove
adsorbed water prior to reaction iz unnecessary as shown below.

Procedure. By use of a microsyringe, water samples 15-35
ul. in volume are introduced into the hairpin-shaped capillaries
which are then sealed with a glassblowing torch with a 4-cm flame.
Care is taken to suck out any water droplets remaining on the
inside walls within 1 cm of the ends of the capillary to prevent
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Table 1. 4D of Hydrogen Prepared from V-8MOW und SLAP Using Different Reducing Agents, Relative to the Working

Stuodurd fn %0

S BMOW SLAR
an. oo std dev v ssf st day
reagent prepus iy a1% 2237140 15 a1
Branium 4 0.8 +1821 3 11
AnalaB, batck 1 11 fix:] 1308 15 13
AnalaR, <1 mm, bateh 4 1 11 1325 & 1.1
Anslal. > { mum, bateh 4 5 1.0 Ea b e & 1.2
ApalaR, 0.7 ¢ 7 mm, 5 8 + 1405 5 6.4
bateh 43 and L3 g of ead
AnalaR, reused. 1 g (1 mm, ¥ 0.9 +1ALE b 1.8 XxLES
bateh 43 and 1.5 g of lead
Baker, I g and 1.5 g of lead 8 1.4 +132.8 & 0.8 3841
*H;* sbundares s constant for all results.
f ? pletely reduced after 1 h and the vessels are returned to the gas
handiing menifold for sutomated analysis. An incompletaly re.
e ADE FTOPLICH acted sarple is identified with the moisture sensor mmaﬁ’ed o
EBI9583 the mass spectrometer manifold {Panametries model 500
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Flgurse 1. Pyrex reacting vesss! shivan boaded with zinn shot, hab.
pin-ahaped capiiary, and capillary breaker. Walls are thicker below
thix giass-athad area and al the Yip to prevent braakege.

wwotopic fractionation during flame sealing. Thres capillarios ars
fillned from sach bottle in s bateh of sampies and are stored in
plastic vials indefinitely pricr to analysis. A leaking capillary is
cantly detected becausr its water moves when the veussl i
evacuated. I contradiction to Coleman and others (8], we find
that capillaries are not difficult to fill or seal properly because
the capiliaries are ouly 30% full, nor does trapped air bave any
effset upon the reacticn oy the mass spectrometric analysis,

A 0.6 aliquot of ting, a capiilary {eoneave side down), and
a breaker bur are carefidly loaded into each versel (Figure 15, With
our preparation lnes, vessels in multiples of 15 are evacusted
siniltansously for 20 min and then are elised wod revowed from
the vacuum line, Bach capillary is broken by uwsing & magnet o
rabae and lower the breaker bar: the vessels are then placed in
the aluminuem-bloek furnace at 460 & 370 The water is com-

Waltham, ME} or by vapor condensed on the stopeock plug.
Convection from the furnace keeps the vessel stopeocks 52 ap-
proximately 70 °C, minimizing condensation during reaction,
After extraction, the plug, hreaker bay, capillary fragments, and
auidized zine shot are rorsoved and the vessels are cleansd with
dilute nitrie acid,

{iapillaries placed concave side down in the vessels are resdily
cracked with breaker bars with much less strain o vessel bottorms
than if straight capiflaries are used. I capillaries are not lroken
mechanically but are allowed ti explode during heating, the
reaulting glass dust i later travsferred into the sues sperivomatsy
gas handling systerm and damages the valve sests of the posy-
mratically sctusdesd valves. Additionally, the gleass dust s ditfioult
to remove from vissels and the explosion usually fractures the
vessel, In breaking the capillary, the operetor nocusionally breakes
the Pyrex breaker har or cracks the base of the vessel. Surh
accidents are the chief flaw we see [n this procedure, avd their
frequency decreases with peactice.

REBULTS AND DISCUSSION

Comparison with Other Reduction Technigues. The
standard deviation of 30 V-SMOW water samplis prepared
with this zine techaigue s 7%, which compares favorably
with that of the uranhum reduction method, [ is not clear
whether this tachnique is less pracise than that presented by
Coleman and others (8} bacause those investigators presented
few data on referenve waters. An advantsge of this sine
technigue is that saline samples sre completely dehydrated
at 450 *C. It s also much faster; 45 samnples can be completely
prepared in about L5 b, and the reduction reaction requires
an additionsl howr for sach 15 samples.

After use of our zine technique for over 15000 analyses sincs
LHE0, 1 18 clear that hydrogen produced by zine and yranium
reduction from the same water may differ in D/ H sbundance
by a few permil. Table I Hste values for the reference waters
V-SMOW and SLAP prepared with a variety of reagents.
Sisce 1980 we have received four different hatches of AnglaR
zine and have cleaned and cutgassed hundreds of zine prep-
argtions for use in reaction vessels. The data in Table T are
representative of the variations we have observed over this
period, Tn gensral, the valugs of SLAP relative to V-SMOW
sre g fow permil heavier for zine than for uranium, We have
analyred 8 pumber of waters of intermediste I/H composition
and vonclude that the bias in the zine technique is Unear
Because sl dutn sre routinely normalized to g valoe of ~428%
for RLAP relative 1o V-EMOW (8, the bigg in the zine
technigue has no effect on the values caloulated for waters,
Fach new preparation of zine is calibrated prior 1o use.

Coleman and others (8) reported erraticslly heavy 5D values
for SLAP and oniv a few wvalues which sgreed with iheir
uranim reduction resulis. Hencs, ¢ slight biss relative to the




AMALYTICHL CHEMISTRY, VOL. 87, NO. 7, JUNE 1585 « 1438

Tahle 11. 3D of Hydrogen Heated in Vessals and Tubes,
Relative to SMOW in 5

regction time  reaction time

at 480 *C 8t 430 °C
fmitiad Hy 3D indtial H, 4D
w -120% = ~R8K 5

sample

Aesripting 4h % b 2k 24k

Pyrex vessal ~122.0 ~1980 -6BH0 B0
spaarty vessel =121.5 GREL -BRLL
Perex, 8.3 wom od, %o long ~1300 ~BTLR
Pyrex, § mmw o, S om long 1285 ~§TED
Vyeor, 6.3 ms od., 8 om long ~12338 ~BRA5

Yyeor, § men o, 8 om oy <1230 1860 -6BIE -BB4S

#The standard deviatios of the replicate snalyses ix %

uranium reduction technigue may be inherent to gine tech-
nigques. Causes of the hias are discussed below,

Sensitivity of Method to Cholce of Apparatus. The
extent of exchange betwesn hydrogen or water in glass vessel
walls and hydrogen produced by reduction of water was de-
ermined by introducing hyvdrogen gax of known isotopic
composition 8t various pressures into freshly washed vessels
andd tubes which had been heated with a torch for 1 min to
HH 1o 200 *C ander vacuum 1o remove any adsorbed water.
They were then heated to 430 °C or 4580 °*C for different
periods of time. Hesulte at & hydrogen pressure of 33 kPa (258
crobgl, the normal gas pressure at 25 *C in our regotion vessels
during sample preparation, indicate that 2 h of heating is
sufficient to change the 13/ H composition of gaseous hydrogen
in 8 Pyrex vessel by 0.5 to 3% depending on the 5D of the
initial gas {Table 11}, After the sample wes heated for 24 b,
the 80 value changed by 7.5 to 20%. Vessels filled with
hydrogen with an initigl composition of ~888.8% prior to 2
b of baking were found te contain gas with a 8D of ~886%,
regardless of whether the vessels were previously haked for
2 h with hydrogen whose 80 was -B88.5 or ~121.5%. This
suggeats that sxchangeable hvdrogen is not simply adsorbed
on vessel surfaces. Yields after 72 b of heating are 100 £ 2%;
hence, diffusion of hydrogen through vessel walls can be
discounted, Pyrex reaction vessels filled with bydrogen with
2 30 of ~1281.5% o & pressure of 33 kPa required 8 days of
continuous hesting at 430 *C to reach & steady-state comm-
posation of gpproximately ~175%. Thus, there appears io be
a significant reservnir of hydrogen in borosilicate glass that
can sxchange with gaseous hydrogen during beating. The
effect of hydrogen exchange with glase is 1o decrease the
difference betweer the 813 valuss of samples (Le., "shrink the
permil seale™

Table I shows that the degree of exchange is directiy
correlated to the surface to volume ratio; hydrogen in small
tubes or vessels is more exchanged than that in large ones at
& constant pressure. Experiments st higher and Jower hy-
drogen pressures confirmed that the higher ihe hydrogen
pressure, the less the 5D value was affected. At a hydrogen
pressure of 8 kPs, the 30 of hydrogen changed from -121.5
to ~125.0% in Pyrex vessels after 2 h at 450 *C. Therefore,
o miniraize changes in 3D due to exchange of hydrogen with
the glass, the size and shape of the sample vessel should be
selected carefully o maximize the ratio of hydrogen Yo vessel
surface area.

Vycor and quariz behaved identically and showed much less
exchange than Pyrex. Either would malke ideal reaction vessels
except thal such vessels are quite fragile and expensive for
routing use,

Hensitivity of Mothod te Cholce of Reagent, One major
vontribution of Coleman and others (8) was identifying s brand
of zine shot which would satisfactorily reduce water i &
disposable-shot technique. We were unable 1o find any other

Table 1. 3D of Laboratory Reference Water Using Zine
That Hes Been Melted and Lathed, Bolutive to BMOW in %

J.T. Baker Chem. Fisher Sci
granular wing zine nedal shot
264 sk KA

BIDH Chamdeals
zine metal shot
.53 mm
~X1E0 Ky e
~318.8
-321.3

type of analytical grade 2ine shot which, without requiring
any additional preparation, would reduce water. The only
significant compositional difference amony the zine brands
we analyzed was that AnalaB contained at least five times
more lead (36 ppm).

SEM photographs of thoroughly cleaned zinc grains showed
that AnalaR has & much smoother and homogensous surface
vhan the other brands. The rougher surfaces of the other dinex
wight impede the removal of axides or other tontaminanis
during cleaning, resulting in less zine available for water re-
duction. In an attenst to produce zines with identical surface
configurations, several types of zine were cleaned and melted
under vacuum in long Vyeor tubes. When cocled, impruritins
nnd oxides wers concsntrated at one end and had slso reacted
with the glass, Bolid gine cylinders were lathed to produce
fine turnings which ware cleaned and outgassed by the method
digcussed above. About 1~15 g 2ine was required for complets
roduction of 15 ul of water in 1 h &l 450 °C. As shown in
Table 11, two other brands of zine performed satisfactorily,
These experiments show that other types of zine are poten-
tially usable, but re-forming the zine reguires & great deal of
affort. Sublimation of 0.5 g of & nen-Analal nine on the walls
of the vessel pricr to reaction with water can produce complets
reaction, but is also oo timeconsinming. Successful reductions
using seversl re-formed brands of zinc auggest that the ging
oxidation is highly dependent on surficial casting-produced
features and pet on chemica!l compesition,

To test whether addition of Tead would Irprove the surficial
oxidation of zing, lead shot was sdded to AnalaR 2inc. Thiy
legd had Hitle or no effect on the weacrion rate or Batopic
compesition, but it apparently Improved the precision of the
isptopie measuremants {Takle . Addition of lead to ather
brands of zine, either by subliming the lead onto zing or by
adding fead shot, resalted in complete reaction in 3 h.
However, the isotopic compositions of the hydrogen formed
showed considerable scatter and the hydrogen produced from
SLAP wss 10 heavy by several permil {Table 1. Replacing
lead by 051 g of tin or cadmium resulted in incomplete
conversion of water to hydrogen. Although lead s appurently
not necessary for quantitative reduction of water, it dows
improve oxidation of the zinc. We theorize that the lead
effectively increnses the avsilable surface area of the zine
wrains by preventing srmoring by sine oxides. AnalaR zine
mny be reused indefinitely If shout 0% lead shot by weight
is added to the zine shot afier thorough reclesning snd out-
gassing at 280 *(.

The four different batches of AnalaR received do nm
produse isctopically identical bydrogen. The first bateh
produced values for V-BMOW and SLAP which were within
1 1y 2% of the values obtained by uranium reduction. Later
shipments here and in other laboratories yelded hydrogen
from V-S8MOW whose otopic composition showed penzid-
erable seatter and was 2 10 10% depleted in D relative wo that
obtained by uranium reduction. Incoaplete reduction of water
produces & similar effect, but hydrogen vields at both 430 0
and 450 *C were quantitative (100 & 2% ); thus, no appreciahle
hydrogen was gained or lost. Preheating the zine snd vessels
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Table IV, 3D of Hydrogen Prepared from V-SMOW Water
fn S Vveor Tubes, Relative to SMOW i %

no, of  std dev

treatment prepns is LiM]
anadyred wnanedistely 32 1.3 4.
stored unreavted for 1.6 y 5 1.7 ~1.2
stored rencted for L3 v before ansh, & 1% Rtk

under vasuum prior to use to remove any adsorbed water had
no effect.

There appears to be a reservoir of some hydrogen-bearing
contaminant within the zine or on its surface which exchanges
with hydrogen gas in the vessel. Neither cleaning with acid
nor outgassing et up to 378 *C seem to have any offect on the

availability of exchangeable hydrogen. Becsuss gine shot is
generally cast by quenching molten zine i water, the zine
probably acquires its exchangeabls hydrogen during this step,
poesibly as & hyvdroxide. The amount of exchangeable hy-
drogen in the zine seems to vary hoth among grain sizes and
shipments. Due to the inhomogeneity observed between
different zine preparations and shipments, each preparation
should be calibrated by reference standards prior to use. To
minimize the sffects of this hydrogen on the laotopic cowm-
pusition of samples, the ratio of water to zinc should be kept
as high and constant as possible.

The variable results shown in Table [ reflect the combined
sffects of exchangeable hydrogen in glass and in zine. I an
attempt to separate the effects due o thess two aources of
exchangeable hydrogen, two sxperiments were conducted
using quarty and Vycor instead of Pyrex to minimize exchange
with glass walls. In the first, aliquots of two differsnt hatches
of vipe were placed in Vyoor tubes which were then hested
during evacuation for 2 min with a glassblowing torch 1o
remove adsorbed water. Two tubes were {illed with isotop-
ically lght hydrogen (-688.5%) and twe with isotopically
heavy hydrogen (-121.5%) to a pressure of 33 kPa. The tobes
were sealed and heated at 430 °C for 2 5. A (L5 aliquot of
a batch 1 zine {Table T} did not change the D/H ratio of the
hydrogen appreciably, but a 1-g alitguot caused a 5% envich-
ment in 1 in the Hght hydrogen and a 4% depletion in the
heavy hydrogen. A 0.5-¢ allguot of baich 4 zine vaused @
surprising 21%: enrichment in 1) in the composition of the light
hydrogen. However, this same zinc when used in Pyrex re.
action vessels produced results only a few permil different than
results using bateh 1 zine Table 1), The decreased sensitivity
1o zine amount and batch number seen with vessels is dus to
the much larger ratio of gaseous hydrogen to sine in the vessels
which substantially dilutes the hvdrogen derfved from reaction
with the zinc,

In the second experiment SLAP was reacted in quariz
vessels using eine from two differsnt shipments that had
vielded distinetly different values for SLAP when reacted in
Pyrex vessels, The 803 of the hvdrogen produced by the two
zines differed by the same amount as found with Pyrex vessels;
howsver, both 810 values from the experbments in the quarts
vessels were more negative and nearer the value found with
the uranium tschnigue,

The ahove experitnents indicate that AnalaR gine contaios
a significant amownt of hydrogen, with more hydrogen in bateh
4 than in batch 1. Bmall amounts of hydrogen and water and
considerable quantities of uxides can be removed by melting
and re-forming the zine. Before melting, use of even 1 g of
bateh 4 zing in a vesss] wag sufficient to shift 313 valves up
t The. After the zine was meltod and re-formed, up o 1.3
g of zine showed no adverse effect on the 51 values of water
or gases {Table 1T

{har experiments iliustrate that most of the "permil scale
shrinkage™ s due 1o parhange with some souree of hydrogen

in the zine. Under the conditions we now use routinely, this
exchange affects both V-SMOW and SLAP by 1 to 5%
Exchange in Fyrex seems to affect waters and gaseous -
rirogen which are depleted in D more 3o then waters or gases
enriched in It hence, such exchange probabiy causes an ad-
ditional 2 to 3% shifs in 80} values of SLAP.

SEALED TUBE TECHNIQUE

Coleman and others 18) speculnted that they falled to de-
velop a seaded tube tochnigue using borosilicate glass becanse
adsorption or exchange cccurred with water or hydrogen in
areas of “active glass™ (which they did not define} praducsd
during sealing of the tubes. Table I indicates that hydrogen
exchange oceurs even in vessels which have no active glass
zones and appears to be s Tunction of both the tvpe of glass
and the glass surface to hydrogen ratio. Karly efforts 1o use
borosilicate glass tubes for the reduction of V-SMOW resulted
i values consistently isotopically too light by several permil.

Vycor shows little exchange with hydrogen {Table ID) and
is an obvious choice for a sesled-tube technique. Quantitative
conversions are obtained vsing Samm o.d., 20- to d0-c-long
Vyeor or quartz sealed tubes, 0.12-0.5 g of 8 batch 1 zine, 20
ul. water, and resction times of 1=3 h a1 430450 *0. To
eliminate adsorbed water, the tubes are hested with 8 tarch
for 2 min before water is introduced under vacuum. Table
IV shows 8D values of V-SMOW genamted over several
toonths with the large range in conditions above. With larger
water samples the standard devistions decrease tn about 1%,
Ontimum amounts of water and 2ine appear to be 15 al and
.25 g, respectivaly.

If water samples are extracted from bottles, the vessel
techuique s unquestionably eagier and mors precise than the
sealed tube technique. However, for water samples svalved
ursder vacuum from Buid inclusions v hydrovarben oxidation,
or for laboratories that analyze water only occasionslly,
freezing the samples into Vyeor or quartz tubes sliminates
the need for expensive reaction vessels and furnaces, In ad-
dition, because storage of either reacted or unreacted samyples
for 1R manthe fTable IV} does not affect the sofopie com-
position of the gus, the technigue s idesl for ressarchers whe
must stockpile samples because they lack direct access to g
hydrogen mass spectrometer.
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