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Abstract

A diffusion method for extracting ammonium from marine, estuarine and fresh watef¥NIBfN isotopic ratio determinations at enriched
level was developed and validated. The method is based on the conversion*afd\NtH; gas under alkaline conditions, diffusion of NHut of
the solution to the headspace, Ntfapping on an acidified GF/D glass fiber filter, and subseqt¥sift*N isotope ratio determination with mass
spectrometry. The diffusion period necessary to extract sufficient N in order to accurately measure thé>tava%reduced to less than 15h
by bubbling the sample with a carrier gas (Air) at room temperature. The technique uses 250 mL sample volume and enables accufie atom¥
measurements in NFi pools as small as 1.2BM. A standard operating procedure for ammonium extraction is given involving method performance
criteria, such as accuracy, precision, detection limit, quantification limit and robustness. The efficiency of; trextikttion ranged from 40 to
100%. The quantification limit of the method was estimated at aroundu@28% N, for an initial*>N abundance of-1%. The within-laboratory
reproducibility amounted to 0.03 atom®i. It was shown that the recovery rate obtained after extraction of the certified reference material (CRM:
IAEA-311) solution falls within the 95% confidence interval of the certified values. By applying the developed method to fortified natural wate
samples of different conductivities, the atom%l determinations were precise and accuratedfor—5%.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ton or degradation of organic matter by microheterotrophs
[1,6].

Nitrogen exists in many forms and oxidation states in aquatic Providing quantitative information on the dynamics of the
ecosystems, but ammonium (B has been regarded as a key ammonium regeneration flux is essential for understanding phy-
intermediate in the marine nitrogen cy§1g. As a highly labile  toplankton nutrition and nitrogen cycling in aquatic ecosystems.
nitrogen compound, ammonium rarely accumulates in the Our present knowledge of ammonium regeneration fluxes
aquatic ecosystems, but comprises a relatively small pool witfs largely based on studies usifdgN tracer technique$9].
rapid turnover rates. Processes like uptake, remineralizatiomn essential step in this technique is the complete isolation of
nitrification and transport determine the concentration ancammonium from the aqueous phase with a minimum expen-
distribution of ammonium in a given location. Ammonium diture of time, labour and hazardous chemicals and a highly
represents a major nitrogen source in sustaining phytoplanktatiminished risk of contaminatiofi0].
growth [2-7], as well as the sole energy-yielding substrate Several methods have been published for the extraction of
for ammonium-oxidizing bacterig8]. Ammonium is the dissolved ammonium fdfN tracer studies in watgt1,12]and
first and most reduced nitrogenous end product resultingoil [13]. However, these methods should be sensitive enough to
from complete degradation of organic material (ammoni-allow accurate analysis of the often very small pools ofsNH
fication process). Generally, ammonium is made availablédound in small sample§l4]. Previous methods for isolating
to phytoplankton through direct excretion by zooplank-ammonium from aqueous samples prior’fiN isotope ratio

analysis included:

* Corresponding author. Tel.: +32 2 629 39 68; fax: +32 2 629 32 74. 1. The extraction of ammonium by precipitation as a mercury
E-mail address: cdiaconu@vub.ac.be (C. Diaconu). compound[15] and by complexation in combination with
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The diffusion techniques have advantages and drawbacks that
Nomenclature must be weighed in experimental applications with different
sample species and sizes. However, a universal precaution that
needs underscoring is the strict control of isotope fractionation,
which could lead to the overestimation of th&\ isotope dilu-
tion and corresponding biological mineralization. Therefore, the
present diffusion methods require the complete separation of
ammonium from the aqueous phase in which it occurs (soil
| extracts, water sample), since isotope fractionation has been
reported for N recovery less than 100%. This is often achieved
by treating the sample with MgO or KOH to convert ammo-
nium ion (NH;*) to NH3 (with or without addition of Devarda’s
alloy to reduce N@~ and NG~ to NHz*, and sulfamic acid to
destroy NQ ™), followed by the NH diffusion into an acidified
trap. The acid traps used to collect pl#uring diffusion experi-
ments consisted of vials of concentrateg83@, HCI or H3BO3
[32,23] capsules of acid-washed zeoli] or filter disks acid-
ified with KHSOy, H2SO4 or H3BO3 and suspended on stainless
steel wire above the samp@5,33-37]or sealed inside Teflon
tape for placement within the samg&8,37,27,28] Diffusion
procedures have been carried out in a variety of vessels, includ-
ing glass digestion tubg82], plastic specimen containdi?5]
and screw-cap bottles or canning j§84]. An especially useful
option is to carry out diffusions with gentle heating on a hot
plate, which dramatically reduces the diffusion petrfidd], but
this option cannot be used with a plastic specimen container.
solvent extraction to form the indophenol blue comEs] Next, the isolated and trapped ammonium is oxidized into N
or with solid phase extractidii7]. gas, which is finally isotopically analyzed using IRMS. The oxi-
2. The cation exchange resin-based method for the extractig#ationis performed either through high-temperature combustion
of ammonium from freshwater samples for on-line N-isotopein an elemental analyzer (EA) connected in-line with the IRMS

Ninitiar (WM) the initial ammonium concentration in the
extraction solution

N (wmol) N quantity trapped on filter

E (%) efficiency of ammonium extraction

t (h) diffusion time

Nsample(pmol) the gross N content on the filter

Npik (wmol) the mean N content of all the analyticq
blanks

atom®N %pnet the net atom%°N value of the N on the
filter (after blank correction)

atom?®N %sample the gross atom%°N value of the N on
the filter corrected for trueness

atom1°N %y the mean atom%°N value obtained for
all the analytical blanks

DL (wmol%) detection limit

QL (rmol%) quantification limit

CRM=1AEA-311 2.05% t°NH4)>,S04 with
C.1.=2.03-2.06%

95% C.I. 95% confidence limits of the certified value

G'%lnetlsN %, the variance on Aot LN %ot

n number of extraction experiments

SWR the within-laboratory reproducibility

ratio determinatiori18]. instrument or by Rittenberg oxidation of the ammonium salt
3. The distillation techniques: steam distillatiiir®,13] direct ~ after evaporation as an off-line preparation step.
distillation[20,21]and distillation in combination withevap- ~ In this paper, we developed and validated a simple and
oration[11] or microdiffusion[22]. efficient diffusion method for the extraction 8#N-NH4* at
4. The diffusion procedures from Kjeldahl digef28,24] soil ~ enriched level from water samples currently characterized by
extractg25,26]and water samplgg7—29] NH4* concentrations down to 1.268M, within a short period

of time (5—24 h), and its subsequent atori®4 determination,

The most popular techniques in recent years are the diffusiowhile avoiding measurable isotopic fractionation. The method
techniques_ The ad\/antages of the diffusion techniques Ovérrlvolvesaminimum amount of labour, hazardous chemicals and
the other procedures include: (1) simplified sample preparatior® greatly diminished risk of contamination. This analytical tech-
as they require less operator skill and tif8e]; (2) no cross-  Nique is applicable to a wide range of aquatic ecosystems, and
contamination between samples during the diffusion proceduréherefore represents an important advance in evaluating nitrogen
as disposable containers can be used. cycle in natural marine and freshwater bodies.

The fundamental principles of the diffusion techniques, as

outlined by Conway31] are the following:
2. Materials and methods

(1) Diffusion rates increase with increased pH, increased tem-
perature, reduced depth of the sample solution, increasetll. Description of the ammonium extraction experiment
surface area of the sample solution and increased ionic
strength of specific ions (e.g."KNa", CO32~, OH") in The ammonium extraction technique is based on the con-
the sample solution. version of NH;* to NH3 gas under alkaline conditions (pH
(2) The rate-limiting processes in a diffusion system are move13), diffusion of NH; out of the solution to the headspace, fol-
ment of NH; through the liquid sample and movement lowed by the NH trapping on an acidified (2.5 M KHSQGF/D
across the gaseous layer above the sample. glass fiber filter, and its subsequépi/1*N isotope ratio mass-
(3) Diffusion analysis of°N samples is complicated by the spectrometric analysis. To speed up the procedure and maximize
sensitivity of the isotope technique to contamination or anythe extraction efficiency, the sample is degassed with air carrier
process that causes isotopic fractionaf{@d]. gas through a flow regulating system.
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tion is also measured in the remaining solution according to the
indophenol blue complexation methiD]. The standards are

1.

2

2.

Fig. 1. Schematic representation of the ammonium extraction device: (1) flow
regulator-meter system with floater connected to a pure air gas bottle; (2) silicone
tubes connecting the flow regulating system to the gas-inlet of the diffusion
bottle; (3) NH,* diffusion bottle; (4) stainless steel in-line filter holder with

an acidified GF/D filter (25 mm, glass fibre) connected to the gas-outlet of the?"
diffusion bottles.

The NH;* extraction device is presenteddiy. 1and consists
of one air (respirable air) gas bottle connected to a flow regu-
lator system (Aalborg 150 mm tube, 3079 mL/min air; floater
in sapphire + stainless steel flow regulator valve + stainless steel
manifold four tubes holder system) allowing the parallel distri-
bution of gas at four outlets with the same flow. Each outlet isA.
connected with silicone tubes to the inlet of a glass diffusion ves-
sel. The diffusion vessel consists of 350 mL gas-wash bottle with
a glass filter plate bottom allowing air bubbling (Schott Duran
gas-wash glass bottles, 350 mL). The gas outlet of each bottle
is connected with silicone tubes to a 25 mm diameter stainless
steel in-line filter holder (Gelman Laboratory, 25 mm diameter),
holding each a 25 mm acidified GF/D glass fibre filter (What-5.
man). To avoid any ammonia gas loss out of the system during
the diffusion procedure, PTFE (Teflon) tape is wrapped around
all connections.

The general extraction procedure is as follows:

All material used for the extraction is first decontaminated
with 5% H,SO4 solution and rinsed with ultrapure deionized
water. The GF/D glass fibre filters are decontaminated by heating
at 450°C during 8 h.

A known volume (250 mL) of sample is put in every extrac-
tion vessel and alkalinized with the addition of 1.25 mL of 80%
KOH (pH is raised up to 13). Immediately, the diffusion bottles
are closed hermetically. Compressed pure air is then injecte@l
from the (air) gas bottle into the flow controller and distributed
with equal flows (1210 mL/min) to the gas inlets of the four

prepared at the same pH as the extracted solution.

2.2. Performed extraction experiments

Blank extraction experiments: Analytical blanks, using ultra-
pure deionized distilled water as diffusion solution and con-
taining all reagents, were processed in the same way as the
samples, i.e. from sample pre-treatment up to the measure-
ment. In this way, any N contamination occurring during the
extraction experiment can be taken into account.

Effect of diffusion time: The impact of the diffusion time on
the extraction efficiency and on theN abundance measure-
ment was assessed. Extraction experiments were performed
in triplicate for each time period (5, 10, 15 and 24 h) using
250 mL of 5uM, 1.15%'°NH,4* enriched standard solutions.
Effect of NH;* concentration: A series PNH4* extraction
experiments were performed in order to assess the effect of
NH4* concentration on the extraction efficiency and on the
15N abundance determination. For this purpose, six repli-
cates of 250 mLI°NH,4* standard solutions were prepared,
and subsequently submitted to diffusion for 15 h atroom tem-
perature. The ammonium concentration was 0.63, 1.25, 2.5,
5.0, 8.5 and 1Q.M and the'>N abundance was 1.15%.
Diffusion on certified reference material: To test the accu-
racy of the ammonium extraction technique, six replicate
diffusions were performed on 250 mL of 8.p&1, 2.05%
15NH4* enriched solutions prepared by dissolving 0.00112 g
of 2.05% certified reference material (CRM =IAEA-311,
2.05% {5NH4)>S0s with 95% C.1.=2.03-2.06%) in
2000 mL ultrapure deionized water.

Effect of the trapping agent (2.5 M KHg@nd 4 M HbSOy):

To test the influence of the trapping agent used in the acidifi-
cation of the GF/D filters on the efficiency of NHextraction

and on thé®N abundance determination, two series of exper-
iments were performed, respectively, with 2.5M KHEO
[41,37,42]and 4 M SOy [22,35,27-29] The experiments
were performed on six replicates of 250 mL qibl, 1.15%
15NH4* enriched solutions for the test with 2.5 M KH$O
and on eight replicates of 250 mL ofy@, 1.15%1°NH4*
enriched solutions for the test with 4 MpBOy. All 15SNH,*-
enriched solutions were allowed to diffuse for 15 h at room
temperature.

Extraction of fortified estuarine water samples: The devel-
oped technique was tested on a series of estuarine water
samples collected during a spring season (April 2003). The

extraction vessels. The air passes through the porous glass-fiber sampling stations were selected by following a conductiv-

disc, bubbles in the solution and entrains the dissolved dlH

to the headspace and further towards the acidified filter. There,
the NH; gas reacts with the acidic solution (pQ of 2.5M
KHSO4 or 30p.L of 4 M H2SOy) to form (NH4)2SOy salt that is
trapped on the filter. After the diffusion experiment, the filter is
placed in a clean plastic Petri dish, dried in an oven &&tor

8h and analysed for its N-content and atori®§ abundance
using an Elemental Analyzer-Isotope Ratio Mass Spectrometer
(EA-IRMS) system (see details below). Ammonium concentra-

ity gradient, with values ranging from 964 to 14,058/cm,

in the Scheldt estuary (Belgium—The Netherlands). Prior to
extraction, the water samples were analysed for their origi-
nalammonium concentratig40]. Dilutions of samples were
then performed to adjust the final ammonium concentration
around 1QuM, prior to1°N enrichment (se@able J). At each
station, 1 L of water sample (previously diluted, if necessary)
were taken and spiked with different volumes (0.5-1 mL)
of 100uM, 99% 15N-NH4* solution. Next, duplicates of
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Table 1
Dilutions performed on the estuarine water samples in order to reach ammonium concentrations of agddpdid0Oto their submission to the extraction procedure
Conductivity @S/cm) [NHz*]ambient (WM) Dilution factor [NHz ] diluted (M) Amount (mL) of spiké added
964 109 10 10.9 0.83
1166 106 8 13.3 0.84
1540 102 10 10.2 0.8
3610 60.2 5 12 1
10450 14.8 No dilution 14.8 1
14050 5.9 No dilution 5.9 0.5

2 100uM, 99%15NH,*.

250mL of each sample were transferred to the extraction Measured gros¥N % of filter samples were first corrected
vessels and extracted for NHduring 5 h at room tempera- for the deviation between atomd8N abundance given by the
ture. machine and true atom%N value. This was done by compar-

. , - ison to a calibration curve relating “measured machine” atom%
For each performed experiment, we define the efficiency Oi5N with true atom%°N, using CRM’s of different abundances

ammonium extractiol (%) as: (IAEA-311 corresponding to 2.05%3NHz)2SOs and IAEA-

E (%) = 100. Nirapped (1) N1 corresponding to 0.36% (NjbSOy). Finally, to determine
Ninitial the 1°N % of N recovered on GF/D filters after the extraction,
the gros$°N signal is corrected for the mean N content ard
2.3. Determination of N (umol) content and atom% >N of % of all analytical blanks according to the isotope dilution law
the NH4* recovered on the GF/D filter (Eq.(2)):
A Thermo Finnigan delta+ XL (continuous flow type) mass- 15y o4, . — Nsampie: **N %sample— Noik - *°N %pik @)
spectrometer with standard set up for §as, interfaced with a Nsample— Nbik

Flash Carlo Erba NA1500 C/N analyser viaa Conflo Il interfaceW
was used for performing the atom¥N and N quantity analysis er; Nk the mean N jgmol) content of all the analytical
of the ammonia recovered on the dried GF/D filters. Sever lanks =0.14umol (see below)I5N %ne; the net atom?dSN
measures have been taken to prevent corrosion of the reducti%Iue of the N on the filter (afte,r blank correctio§N
column, as well as background contamination due to the aci
trapping agent used on the GF/D filters:

here Nampleis the the gross Nymol) content on the fil-

%sample
ﬂwe gross atom%?°N value of the N on the filter corrected for
truenessi®N %y is the mean atom%°N value obtained for

(1) Ag capsules were used to fold the dried GF/D filters prior@ll the analytical blanks = 0.364% (see below).
to the mass spectrometric analysis.
(2) Silver wool has been added to the reduction column to new3. Results
tralize the sulphur oxides formed.
(3) Water and carbon traps were attached between the reductign/. Blank extraction experiments
column and the GC column to prevent moisture and carbon-
compounds contamination during the mass spectrometric To account for the N contamination occurring during the
analysis. diffusion procedure, the dried analytical blank GF/D filters,
obtained by extracting ultrapure deionized water (DDW) were
The temperatures of the reduction and combustion columns wegnalyzed for the N amount and@N abundance. The results,
set at 1040 and 64, respectively. plotted inFig. 2A and B, indicate that possible N contamination
For each preparation cycle, a series of blanks including theould lead to extreme values (outliers), which are not represen-
empty Ag capsules, acidified filter blanks and analytical blankgative for the rest of data.
(obtained by extracting deionized distilled water) were prepared
and used for blank corrections. 3.2. Effect of diffusion time
Gross N content of filter samples were determined from N
peak area by comparison to a calibration curve obtained by Theresults of the testsinvestigating the relationships between
weighing appropriate quantities (0, 0.1, 0.2, 0.4 and 0.6 mgyliffusion time, extraction efficiency and atom9 of extracted
of CRM IAEA-311 2.05% t°NH,4)>SOs using a Sartorius NH4* are plotted inFig. 3A and B. Extraction efficiency
microbalance. The peak areas measured for the standards wémnereases from 40% (S.D.=2) at 5hto 112% (S.D.=4) at 24 h,
each corrected for the mean cup blank peak area in order teaching a plateau when diffusion was carried out for more than
avoid influence of cup blanks on the N determination. To deterd5 h (Fig. 2A). The 1°N abundance obtained after 5 h of diffu-
mine the quantity of N |¢mol) recovered on GF/D filter after sionaveraged1.27% (S.D.=0.004), significantly higherthanthe
the extraction, the gross N content is corrected for the mean Nominal value of 1.15%. As the diffusion time increased from 10
content of all analytical blanks. to 24 h, the mean values reached a plateau, ranging from 1.21%
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) o ) ) outwith a 5uM, 1.15%N-NH4* standard solution. The error bars correspond-
Fig. 2. Variation of (A) the qugnnty;(mol-N) corresponding to the amount ing to the 5, 10, 15 and 24 h extractions were calculated on three replicates. The
of N trapped on blank GF/D filters and (B) the abundance (atoffi%) for continuous line represents the atom¥i nominal value and the broken lines

all (N=44) ammonium extraction experiments carried out at both enriched a”?bottom) the uncertainity on the atom¥ N nominal value under repeatabil-
natural abundances. ity conditions (1.15% swg). swr is the within-laboratory reproducibility on
atom%?°N determinations = 0.03 atom33N.

(S.D0.=0.01)t01.17% (S.D.=0.01) closer to the nominal value3 4. Trapping agent
To reach a plateau in the determination of both the N amount™
trapped on the GF/D filter and the atomi¥, a time period
of at least 15h seems to be required when diffusifght,*
enriched solution of .M and 1.15%.

Two trapping agents, 2.5M KHSCand 4 M SOy were
compared to investigate their efficiency in trapping ammonia on
GF/D filter. For this purpose, replicates of#1, 1.15%*°NH4*
enriched solutions were extracted for 15 h at room temperature.
3.3. Effect of NHy* concentrations The results, plotted ifrig. 5A and B, show that slightly higher

15NH,4* recoveries on the filter were obtained when using 2.5 M

A series of experiments were carried out to investigate th&HSO4 rather than 4 M HSOy. The 2.5M KHSQ trapping
effects of the ammonium concentration on the efficiency ofagent has been therefore preferred to 4 Wbk, as it is also
extraction and on the recovery 61N abundance. The extrac- less corrosive to the Ag capsules and the IRMS system.
tion was performed with a range of 0.6341B1 ammonium
concentrations, while holding the diffusion time at 15h and4. Discussion: method validation
15N abundance at 1.15%. The results of this study, plotted
in Fig. 4A, showed that the efficiency of extraction increased4.1. Analytical blanks
with increasing NH* concentration. Overall, extraction
efficiencies were higher than 87%, varying between 87% Each batch of diffusion experiments (four bottles in parallel)
(S.D.=8) and 110% (S.D.=5) for NFI concentrations in the included a blank diffusion experiment (using ultrapure deionized
range of 2.5-1@M. In contrast herewith, extraction efficiency water as a diffusion solution). The results of these experiments
was only 25% (S.D.=4) for Nkt concentration lower than (Fig. 2A and B) were treated in order to determine the mean and
1.3uM. standard deviation of the N amount and atorh®4 associated

When analysing the atomBN content Fig. 4B), the mean  with the analytical blank. In this way, the result of all possible
values obtained for six replicate enriched solutions with ammoN sources, contaminating samples along the ammonium extrac-
nium concentrations ranging from 2.5 to 1M are very close tion procedure, could be assessed with control charts. Outliers
to the nominal value of 1.15%. On the contrary, for ammoniumor at least extreme values that deserve close scrutiny were first
concentration lower than 1,@V1, the measured atom3N was  identified by using interquartile range approg48]. This pro-
much higher than the nominal value. cedure does not require any assumption, and therefore is robust
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Fig. 4. Variations of (A) mean extraction efficiendy (%) and (B) mean  abundance for a series of extractiongu(8, 1.15%1°N-NH,4* standard solu-
atom% 1°N abundance with a series of ammonium standard concentrationgion). Comparison of two trapping agents: 2.5 M KHS&hd 4 M HSOy. The
(0.63-10uM, extraction time = 15h!5N abundance = 1.15%). The error bars continuous line represents the atom%l nominal value and the broken lines
corresponding to each of the ammonium standard concentrations (0,68510 (bottom) the uncertainity on the atom¥%N nominal value under repeatabil-
were calculated on six replicates. The continuous line represents the atomfy conditions (1.15%k swr). swr iS the within-laboratory reproducibility on
15N nominal value and the broken lines (bottom) the uncertainity on the atom%tom%?15N determinations = 0.03 atom%3N.
15N nominal value under repeatability conditions (1.15%wR). swr is the

within-laboratory reproducibility on atom%N determinations =0.03 atom% L
15 yrep Y ° handling is in the lower range, close to the one reported for the

technique developed by Sigman et[al/].

[44]. It indicated that blank values beyoreD.04/0.41 {Lmol)
and 0.3/0.5 (%) can be regarded as extreme and cancelled. 4-2- Detection and quantification limits

After outlier removals, it can be shown that the N amount . o )
trapped on the GF/D filter is normally distributell% 0.2) with Detection and quantification Ilmlts of the described method
mean N=0.14umol and S.D.=0.0gmol (z=44), while the refer to the_smallest Nufmol) quantity negded to be trapped on
atom9%25N distribution remains skewed. With values ranging GF/D filter in order to accurgtely determine tht\ abundan'ce.
from 0.37 to 0.43% in the fourth spread (IQMig. 2B), itis  Because the blank correction is performed by subtracting the
clear that the abundance of the analytical blanks shows a con-

tamination with enriched®N. This contamination is probably Procedural blank

related to the fact that after the extraction procedure, blank filters 0.380

were dried in an oven side-to-side to extraction filters enriched N ueL
in 15N-NH, ™. Cross-contamination from!8N-enriched filter to I S — To————————— uwL
a blank filter, is therefore possible. Better results were obtained 5 0370 - _

by taking into account analytical blank experiments conducted § 0365 | o . e, oL
only with non-enriched sample&if). 6). Under these condi- ‘g’ 0,60 .

tions, the data appears to be normally distribufes Q.2) with 2 ] LR

mean atom%°N =0.36% and S.D.=0.005% € 11). 0855 T T LWL
Summarizing, the average quantity of N and'ftl isotopic
signal obtained for the analytical blanks are 0.14 (S.D.=0.07)
pwmol N and 0.36% (S.D.=0.005). These values were used to O e Y B e 1011 12
correct our measurements according to &9. Observations
An overview of nitrogen blank contamination associated with _ _ - _
diffusion ammonium extraction methods previously reportecf'g' 6. Control chart showing var_latlon of the analytical blank atoi‘ﬁ%yal-
o . . . . . es of N trapped on the GF/D filters for a number of blanksNHiffusion
in literature is given inTable 2 Compared to other diffusion experiments, carried out in parallel with diffusion experiments at natural (non-
extraction techniques, contamination arising during the samplenriched) abundance.

0850 |~ LoL
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Table 2 Table 3
Overview of the nitrogen blank contamination associated with ammoniumMinimum N (.M) quantities necessary to be present in the original extraction
extraction methods previously reported in literature solution, as reported by different ammonium extraction methods
Reference Sample type Reported N blank Reference Range dPN % Minimum N quan-
for 250 mL abundances tity required (uM)
sample umol) - - -
This work (2005) 1% 1.3M in solution
This work (2005) DDW 0.14 This work (2005) 0.5% 2.2M in solution
Kristiansen and Paasclig Coastal, oceanic 0.12 This work (2005) 0.36% 3.LM in solution
water Brooks et al[25] - 28.6uM in solution
Sorensen and Jensg38] 2M KClI solution 0.28 Liu and Mulvaney[33] 0.5% 14.3.M N in soll
Lory and Russell¢35] Kjeldahl digest 2.3 extract
Sigman et al[27] Seawater 0.1 Holmes et al[28] Up to 100%o 5uM in solution
Holmes et al[28] DDW 0.01 Sigman et al[27] 0.36% 5.M in solution
Sebilo et al[29] 0.3-39.6%o 14.3.M in solution
mean ofn blank determinations, the variance oReN->N %net . . .
is: 2.2uM (0.5%) and 1.3u.M (1%) will be suitable for extraction
5 ) with the developed technique. Compared to other techniques
2 O Nsampie!5N %sample+ O Niik-15N Yo 3 (seeTable 3 the developed method proved to be quite sensitive
Nnet 15N %oner — n () asconcentrations down to 1uB/1 can be extracted successfully.

whereo?is the variance and is the number of blank experi-
ments.

If the standard .deviation is independent of the quantity \ye have estimated the within-laboratory reproducibility and
(homoscedasticity): repeatability in a single experiment set-up using ANOVA anal-
nt+1 ysis[43]. For this purpose, we used the data from the extraction
_ . 5 + . . . .
ONnet 15N %net = ONpi- 25N %o = A/~ of enriched™®NH,4* solutions with concentration in the range of
" 2.5-10uM.

2 2 ANOVA table (seeAppendix A indicates that the differ-
= Npik - N %pik - ntl : <(6Nb'k> + (GlSN L ) > ( e g
n

4.3. Precision study

N ENTY ences in the mean values among the concentration groups are
blk %lk not statistically significant{=0.332). ANOVA table learns also

(4) that the residual mean squares, which can be termed here the

) 15 mean squares within days is 0.00107. This represents a standard

When the sample does not contain the analytéample™N  jeviations, of 0.03% under repeatability conditions. Moreover,

- 15 ir di ) s -
Yosample= Nbik- "N %pic and their difference follows a normal 4¢cording to Eq(8), the within-laboratory reproducibilitywr
distribution with a population mean of zero and a standard devig 45 estimated at around 0.03 atorh¥:

ation:
/ 2
n+1 SWR = /57 + Shetween ®)
00 = 0'Nbu(-lsN Yopik T (5) 2 MSbetween_ MS\Nithin
Sbetween™ N
For blank corrected measurements, detection (DL) and quan- _ o o

tification (QL) limits (»mol%) are then given by IUPA@I5]: whereswris the within-laboratory reproducibility = 0.03 atom%

15N: s the standard deviation under repeatability condi-
DL =21, 195%- 00+ 3.3-00(n > 30) (6)  tions=0.030%;spetweenthe standard deviation between con-
QL = 6- 11959 - 00+ 10 00 (n > 30) 7) centration groups, M@weenthe mean squares between con-

centration groups days, Msghin the mean squares within
In our case,00=0.37, and thus DL=0.08mol% and days=0.00107 and is the number of extraction experiments
QL=0.26pmol%. These results imply that the minimum carried out within a concentration group.
amounts of nitrogen trapped on GF/D filter for quantita-
tive atom%?°N determinations should be around Opthol  4.4. Accuracy study
when working at the natural background level((365%),
0.50pmol when working at~0.5% enriched background level ~ Accuracy of the method was first tested by performing
and 0.29.mol when working at~1% enriched background extraction with enriched solutions prepared from certified refer-
level. This amount decreases drastically to less thanh@d ence material IAEA-311 (2.05%4YNH4)2S0y). According to
in tracer enrichment and dilution experiments, where inlél  the BCR [1986] recommendatiofi46], we verified that (see
abundance should range between 5 and 10%. Knowing that thppendix A) (1) the standard error of the mean we obtained
average efficiency of extraction is around 90% for 15 h extractiofS.E. =0.003%) is less than the standard deviation of the dis-
of 250 mL solutionsftig. 3A), we can reasonably estimate that tribution of certifying laboratory mean values (S.D. =0.008%)
samples with N* concentrations down to 3idM (0.36%), and (2) the mean atom%N value we obtained (2.06%) falls
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Table 4
Extraction experiments carried out on IAEA-311 (CRM) Ntsolutions, spiked standard NHsolutions and spiked natural samples to test the accuracy of the
method

Type sample Mtial (LM) Ntrapped(mol) Remark E (%) BNinitiar % 5Nfinal % Status
(meantS.D.) (meantS.D.) (meant swr)
CRM (IAEA-311) 8.5 2.3+ 0.1 >QL 110+ 5 2.05 2.06:0.03 Unbiased
Spiked standard solutions 0.63 0.400.02 <QL 62+ 11 1.15 1.55£0.03 Biased
1.3 0.10+ 0.01 <QL 25+ 4 1.15 2.210.03 Biased
25 0.6+ 0.1 >QL 93+ 13 1.15 1.16:0.03 Unbiased
5 1.1+ 01 >QL 87+ 8 1.15 1.1A40.03 Unbiased
10 244+ 0.2 >QL 94+ 8 1.15 1.16+0.03 Unbiased
Spiked natural samples
Conductivity @S/cm)
964 11 1.6+ 0.1 >QL 53+ 5 1.11 1.16+0.03 Unbiased
1166 13 1+ 0 >QL 27+ 0 0.99 1.38:0.03 Unbiased
1540 10 1.4+ 0 >QL 49+ 1 1.13 1.15+0.03 Unbiased
10450 15 2.2+ 0.3 >QL 54+ 8 1.03 1.04:0.03 Unbiased
14050 6 1.1+ 0 >QL 62+ 3 1.20 1.16+0.03 Unbiased

15N abundance after extraction is compared to inftt abundance of the solution witktests. Nhtar (M) is the initial NHs* concentration, Mapped(mol) the
N trapped on the filter after extractioB, (%) the efficiency of extraction;>Ninitiai% the initial atom%°N in the solution and®Nfina % is the final atom%°N
obtained after extraction. The quantification limit (QL) is Opl#ol.

within the 95% confidence limits of the certified value, which ismine the effect on a response between those two levels. From
2.03-2.06%. Under the experimental conditions of the extractioAppendix A it can be concluded that there are not significant
(15 h diffusion) and for a restricted concentration range@®56  differences £ =0.158) between the nominal value of the stan-
of (1°NH4)2S0y at 2.05%), our method fulfils, therefore, the dardized solution (1.15%) and the measurements for extraction
BCR requirements (se@able 4. Being limited by the CRM time ranging from 10 to 24 h and initial concentration higher
availability, we then treated the results obtained with spikedhan 2.5.M. This proves that the developed method is robust
standard solutions over a wide range of NHoncentrations when applied under the described conditions.
(0.63-1QuM). Herein, the accuracy was tested by comparing
the mean obtained for the final atom%N with the nominal
value of the standard solution (1.15%) by meanstasts and 5. Conclusions
under repeatability conditions. Results are showfable 4
Overall, it can be concluded that there are no significant differ- To conclude, the ammonium extraction technique hereby
ences between the measured and nominal values except wheeveloped uses a standardized, simple and relatively cheap
the ammonium concentration is lower than LM, i.e. when  experimental setup (diffusion bottles, flow regulators, filter hold-
the N trapped on the filter is lower than the quantification limiters, glass-fibre filters and compressed air bottles). More impor-
(see previous section). tantly, it ensures a full control of the extraction process by
Similar test was finally carried out on spiked natural samplegnonitoring the final NH* concentration in solution and the
also called fortified sample3able 4indicated that for a level amount of N trapped on the filter, at the end of the diffusion
of significance of 1%, th&N isotope ratio determinations were experiment. The ammonium extraction experiments are suc-
all satisfactory. There is not a statistically significant differencecessfully conducted at room temperature, by using a small and
between the nominal and measured atofiBbvalues, proving constant sample volume (250mL) and extraction times’ not
that the developed method can be successfully applied to naturgkceeding 15h. This is an advantage to previously described
water samples. methods that often used much longer diffusion times. For exam-
ple, in the diffusion method of Brooks et §25], quantitative
recovery of NH* from KCI solutions containing between 80
4.5. Ruggedness study and 80Qug N was obtained by diffusing for 6 days, at room
temperature. In the diffusion method developed by Sigman et
The term ruggedness or robustness was introduced by Youdeth [27], samples were incubated for 4 days or longer. Overall,
and Steinef47] into analytical chemistry. The Association of the efficiency of the Ni" extraction ranged from 40 to 100%.
Official Analytical Chemists (AOAC) recommends that for eachAnalytical blanks, which have been taken through the whole
factor one defines a nominal and an extreme level. The noming@rocedure from the sample pre-treatment up to the measure-
level is the level given in the procedure or the most probablenent, yielded a mean N quantity trapped on the GF/D filter of
level of an implicit factor, the extreme level is the one, which0.14pmol (S.D.=0.0%.mol; n=44) and a mean atom%N
exceptionally might be attained in practice. For instance, fronof 0.364% (S.D.=0.004%;=11). The detection limits of the
Fig. 3 the nominal level for the diffusion time being 15 h, one developed method are of Quinol for an abundance of 0.36%,
could consider that the extreme are 10 and 24 h and try to dete®-5pmol for an abundance of 0.5% and @.80l for an abun-
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dance of 1%. For an extraction experiment conducted over goncentrations should be spiked with known amount&h
period of 15h, these correspond to NHconcentrations in - NH,* in order to reach an Nkt concentration that satisfies the
solution of 31}LM (036%), 22}LM (05%) and 13LM (1%) method requirementg_

These values are rather low compared to previously described

methods (sedable 3. The method has thus the advantage ofp cknowledgements

being applicable to a wide range of aquatic ecosystems (marine

and freshwater ecosystems), and therefore represents an impor-The authors are indebted to ‘Flanders-Dutch’ cooperation

tant advance in assessing the natural aquatic nitrogen cyclgng Geconcerteerde Onderzoeksacties VUB for financial sup-
The tests carried out on fortified natural samples of differenfort to N.B. and M.E.

conductivities demonstrated the accuracy and precision of our

mthod_ wh(_en determining théN _abundances fpay=1—5%, Appendix A
a diffusion time of 15 h and solutions characterized by ammao-

nium concentrations in the range of 1.3+ild. So, for samples
with higher NH;* concentration, a dilution should be applied
before the!®N spiking. On the contrary, samples with lower

ANOVA analysis applied to the experimental results as part
of the method validation

Accuracy of the method (CRM: IAEA-31%)

CRM data. Confidence
limits (5%—95%)

N (number of Maximum abundance Minimum abundance Mean abundance Standard deviation
replicates) (*5N %) (15N %) (*>N %) (15N %)

2.03-2.06 6 2.053 2.074 2.06 0.01
Precision of the method (1.15% standari)

Concentration group, N (number of Maximum abundance Minimum abundance Mean abundance Standard deviation

C (uM) replicates) (*>N %) (15N %) (*>N %) (15N %)
2.5 6 - - 1.159 0.05
5 6 — - 1.173 0.03

10 6 - - 1.157 0.01

Ruggedness of the method (1.15% standefrd)

Diffusion time (h) N (number of Maximum abundance Minimum abundance Mean abundance Standard deviation

replicates) (*>N %) (5N %) (*>N %) (*5N %)
10 3 - - 1.214 0.02
15 6 - - 1.173 0.03
24 3 - - 1.170 0.01

a Qur results.

b The within-laboratory reproducibilitys(yr), over the three concentration groups is equal to 0.0332. As a consequence, the three meafPhitamaot
statistically different P =0.332).

¢ The conclusion is that the mean values for each diffusion time are not statistically different from the nominal value (1.15%) of our standan sxitrtiotis
(P=0.158).
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