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The international GEOTRACES program has successfully
coordinated many of the world’s biogeochemical oceano-
graphic research programs, resulting in large increases in the
number of samples to be analyzed, as well as the number of
analytes regularly targeted per sample. The application of
existing chemical analysis methods from various disciplines
(e.g., medical, environmental, industrial) to the open ocean
environment is of recent interest to the chemical oceano-

graphic community as improvements in analytical efficiencies
are sought to match the improvements in sampling technolo-
gies and expanded concentration ranges observed (e.g., de
Baar et al. 2008; Middag et al. 2011a, 2011b, 2011c, 2012).

Aluminum is a target element of the international GEO-
TRACES program. It is an element that is readily scavenged
and has relatively short residence times in the surface
ocean. This makes it useful as a biogeochemical tracer of
water masses to indicate the level of interaction the target
water mass has had with terrestrial sources of trace nutri-
ents (such as windblown dust depositing into the ocean
[Measures and Edmond 1989], although this relationship
is limited to surface waters due to sedimentary resuspen-
sion [Middag et al. 2009; Moran and Moore 1991]). Alu-
minum is ≈8% of the earth’s crust (Taylor 1964), yet is
present in natural waters at trace levels, with reported val-
ues ranging from ≈2.5 µM in rivers (Upadhyay et al. 2002)
to < 1 nM in the open ocean (Measures and Edmond 1990;
Middag 2010; Orians and Bruland 1985). The extremely
low levels in the open ocean are due to the very low solu-
bility of aluminum in the highly complex seawater matrix
and geographic isolation from continental sources of alu-
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minum. As a GEOTRACES target element, the number of
samples per oceanographic cast and cruise have dramati-
cally increased since 2005, requiring greater efficiency of
analytical methods.

Current popular shipboard techniques are known to be
labor intensive, as they are not robust enough to be com-
pletely automated and unattended (R. Middag pers. comm.).
These techniques also require relatively large sample volumes
(mL) relative to HPLC techniques (µL).

To reduce sample volume requirements and improve the
capacity for automation, the method presented by Remenyi et
al. (2011) was adapted to determine dissolved aluminum at
trace levels in seawater. This development provided increased
efficiencies in required sample volume, automation, and
robustness compared with the most popular techniques cur-
rently used.

Methods and procedures
Apparatus

Sample and reagent were stirred using a Fisher Brand
Whirlimixer. pH was measured with a labCHEM–pH meter
(TPS Pty Ltd.). Sample management was achieved with an
Alliance 2690 HPLC system, dwell volume = 1.2 mL. Analyte
concentration and separation was achieved on a reversed
phase, C18, end-capped Chromolith RP-18e Guard (10 ¥ 4.6
mm) column (Merck KGaA). The aluminum–lumogallion
(Al–lumogallion) complex was detected using a scanning fluo-
rescence detector model 474 (Waters), gain = 100, λex = 505 nm
bandwidth = 18 nm, λem = 574 nm bandwidth = 18 nm, with
control and signal processing achieved using Empower soft-
ware (Waters).

Sample and reagent bottles were Nalgene low-density poly-
ethylene (LDPE) and analysis vials were Dionex polypropylene
(PP). All were cleaned with trace metal protocols described in
Cutter et al. (2010).
Reagents

All ultra-high purity water was from a Milli-Q Elix and Gra-
dient coupled system (Millipore).

The solvent was ultra-high purity water and Supragradient
HPLC grade methanol (Scharlau Chemie S.A.).

Lumogallion (97%, powdered, Pfaltz & Bauer Inc.) was made
up to 5¥10–3 M in ultra-high purity water (0.0517 g/30 mL).

Solid MES hydrate 99.5%, also known as 2-(N-mor-
pholino)ethanesulfonic acid (Sigma-Aldrich), was made up to
1 M in ultra-high purity water (19.523 g /100 mL, this solution
has a pH < 3). It was then purified with respect to transition
elements by passing it through a 200¥4.6 mm I.D. column
packed with Diphonix resin, particle size 75-150 µm (Eichrom
Technologies Inc.) at 0.2 mL min–1 (Tria et al. 2008). MES solu-
tions at higher concentrations than 1 M created precipitates
when stored below 4°C.

The reagent was 2.0¥10–3 M lumogallion – 0.9 M MES at pH
6.1 ± 0.1. Lumogallion is a ligand that forms a fluorescent
complex with aluminum. MES is a buffer, used to adjust the

pH of the sample-reagent mixture to optimize complex yield
(the target was pH 5.3 [Brown and Bruland 2008; Resing and
Measures 1994; Tria et al. 2008]). pH was measured on sub-
samples so as to not contaminate the working reagent.

Adjustment of pH was done using 16 M SEASTAR Baseline
nitric acid, and SEASTAR Baseline ammonia solution (ammo-
nium hydroxide), Seastar Chemicals.

All standards were made up using 1000 mg.L–1 (0.371 M)
Al+3 in 0.5 M nitric acid (Merck KGaA).

All stock solutions were stored in the dark at ≈4°C.
Sample collection and analysis protocols

Samples were collected and analyzed using trace metal
clean GEOTRACES protocols at every stage of sampling and
analysis (with special emphasis on those specific for alu-
minum), as suggested in Bowie and Lohan (2009) and Cutter
et al. (2010).
Sample analysis

Synthesis of the lumogallion-aluminum complex
The ratio of reagent to sample was 1:3. In practice, this was

a 125 µL aliquot of reagent with a 375 µL aliquot of
sample/standard. These were added to a 600 µL polypropylene
vial, stirred using a Fisher Brand Whirlimixer for 60 s and then
loaded into the auto-sampler. The solutions were then left
overnight (>10 h) at room temperature, after which time the
derivative concentration stabilized, and remained stable for at
least 3 d.

Preparation of 100 samples required ≈120 min.
Analysis of the prepared sample
A schematic of the sample analysis system is presented in

Fig. 1. Two eluents were applied for sample analysis in a
stepped-gradient elution program, visualized as the dashed
line in Fig. 2. Eluent A was a 5/95 (v/v) methanol/water mix-
ture, applied to load the analyte onto the column, whereas
simultaneously eluting the saline matrix off the column. Elu-
ent B was a 90/10 (v/v) methanol/water mixture, applied to
remove the analyte from the column and pass it into the
detector. More details of this system can be found in Remenyi
et al. (2011).

After complex formation was complete, prepared samples
were analyzed. 10 µL of prepared sample was injected onto the
column. At a constant flow rate of 2 mL min–1, the stepped-
gradient elution program was applied, with a matrix elimina-
tion step (Eluent A for 60 s), followed by an isocratic elution
step (Eluent B for 60 s), followed by column preparation for
the next injection (Eluent A for 30 s). Each vial was analyzed
in triplicate. A six-point calibration (0, 1, 2, 4, 8, 16 nM) and
twelve-sample station required 202 min (11.2 min per tripli-
cate analysis).

Preliminary work (Remenyi et al. 2011) proved the co-elu-
tion of the seawater matrix with the analyte interfered with
fluorescence of the Al–lumogallion complex. Although this is
not a problem at higher concentrations (see Giesbrecht 2007),
we suspected it may be an issue < 1 nM and therefore included
the matrix elimination step.
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Assessment

Blank estimation
Blank estimation was achieved by injecting 2.5 µL of the

reagent only. This is the volume of reagent when injecting 10
µL prepared samples, given the 1:3 ratio of reagent:sample.
The absence of a fluorescent ligand in the eluent means the
baseline signal is almost zero, making it much less significant
than in a FIA method. The baseline for this method is the sum
of the composition and flow rate of the eluent changing the
refraction of stray light, altering the intensity entering the
detector, the presence of fluorescent contaminants in the elu-
ent emitting light at the target wavelength, and electronic
noise. There is virtually no background signal until the ana-
lyte plug (containing the reagent contribution and the sample
contribution of the Al–lumogallion complex measured) passes
through the detector. Therefore, quantifying the blank is even
more crucial than in an FIA method, where the bulk of the
blank is accounted for in the baseline. The blank is the con-
centration of Al–lumogallion complex in the reagent only,
along with any leaching of Al from the HPLC system during
analysis. An injection of the same volume of reagent normally
injected (1/4 of the prepared sample volume injected) is there-
fore the best estimation the blank. This is expected to be an
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Fig. 1. Schematic of the sample analysis procedure. Reaction of the sample with the reagent (lumogallion/reaction buffer solution) is performed before
injection of 10 µL of this mixture into the RP-HPLC method. During injection (column loading and matrix elimination) ‘Eluent A’ is used. During elution
of the Al-lumogallion complex to the detector ‘Eluent B’ is used. Flow rate is maintained at 2 mL min–1 throughout. Fluorescence detector settings: λex

= 505 nm (bandwidth = 18nm), λem = 574 nm (bandwidth = 18 nm). 

Fig. 2. Chromatograms of a calibration of the SAFe reference sample. A
representative collection to demonstrate signal-to-noise and peak shape
over four orders of magnitude, from 0.1-100 nM. The dashed line is the
methanol concentration during the stepped-gradient elution program. 



overestimate, since the fluorescence yield of the Al–lumogal-
lion complex is higher in the reagent matrix (MES buffer and
DIW) than when additional interferences are present within
the seawater matrix, quenching the fluorescence signal.
Calibration and limit of detection

Ultra-high purity water could not be used for calibration or
blank estimation. The fluorescent response of the Al–lumogal-
lion complex was quenched by seawater compared to ultra-
high purity water. The matrix effect of seawater is significant,
and therefore must be used for calibration.

Calibration linearity range was tested from 0.1 to 100 nM,
see Figs. 2 and 3. Above 100 nM, the lumogallion concentra-
tion in the reagent should be increased to maintain linearity.
The upper concentration tested was 500 ppm, column capac-
ity had not yet been reached but the Al–lumogallion complex
became unstable for analysis (forming what appeared to be a
gel). Standards made up at < 1 nM were highly unstable
(changing within minutes of production) and required imme-
diate analysis to achieve linearity (this was also found using
the FIA method). To eliminate this error, calibration standards
> 1 nM were used. This instability is expected to be interfer-
ring ions within the seawater matrix altering the equilibration
chemistry of Al+3 when at the ultra-trace levels < 1 nM. At con-
centrations > 1 nM, Al+3 appeared to dominate effects by these
other ions. Samples were stable, probably because they were
equilibrated well before they were removed from the sea. It is
also likely the stable species of Al available for analysis is a
weakly bound complex, rather than the Al+3 standard used for
calibration. This problem would be applicable to all methods
that calibrate with a Al+3 standard.

Limit of detection was assessed as: 3 ¥ s blank / calibration slope 
(n = 30 in triplicate)

Limit of detection was 0.13 ± 0.05 nM.

Accuracy and precision
Accuracy and precision of the method was evaluated by ana-

lyzing the SAFe reference standard and comparing the results
to the Agreed Values presented by Bruland et al. (2012). Results
of the 13 SAFe sub-samples analyzed are presented in Table 1.
Agreement with SAFe reference samples was within 4.6 ± 4.6%
(n = 13). All analyses were within 15% and most analyses
within 5%. This is within similar tolerances to those presented
by Brown and Bruland (2008) and Sohrin et al. (2008). The
highest percentage deviations were associated with the lowest
concentration sub-samples (SAFe–D1). Given the high preci-
sion on each set of replicates, it is expected the subsamples are
slightly contaminated. Further investigation was not possible
due to a limited supply of SAFe–D1 sub-samples.

Precision was calculated on SAFe–D2: mean value of 1.08 nM
± 0.3 nM (2.7%). Mean precision of SAFe analyses was 1.7 ±
0.8%, with all analyses within 3.5% relative standard deviation.

SAFe–D2-128 was analyzed five times in triplicate to inves-
tigate the influence of cleaning/handling/analysis protocols

(including the use of polypropylene analysis vials) on the final
concentration determined. The influence of cleaning/han-
dling/analysis protocols was found to be minimal. Four of the
vials had excellent agreement (mean = 1.06 nM; rsd% = 1.2),
but one of the vials was 0.06 nM higher than the average. This
presents a potential error from protocols of ≈0.06 nM. This
accounts for the bulk of the disagreement with the SAFe
agreed values. This is considered acceptable by the authors, as
to be environmentally relevant as a biogeochemical tracer
(beyond indicating the absence of recent dust deposition
events to the region of interest), dissolved aluminum concen-
trations should be at least an order of magnitude larger than
this error.
Synthesis of the lumogallion-aluminum complex

pH to achieve optimal derivative yield
Optimum yield of the Al–lumogallion complex is achieved

at pH 5.0–5.5 (Brown and Bruland 2008; Lee et al. 1996;
Resing and Measures 1994; Wu et al. 1995). Therefore, the
reagent pH must be adjusted to account for the pH of the sam-
ple of interest. In this study, all samples were collected and
then stored at pH 1.8, as prescribed in Cutter et al. (2010). The
reagent mixture needed to be adjusted to pH 6.1 to achieve a
pH of 5.3 when mixed with the acidified sample.

Discussion
A comparison of various performance parameters of the RP-

HPLC method with methods also used to determine dissolved
aluminum concentration in the SAFe reference samples is pre-
sented in Table 2.

The RP-HPLC technique is very similar in chemistry and
application to the FIA method, which is also a single analyte,
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Fig. 3. Representative 16-point calibration curve of dissolved aluminium
(nM). Sample = SAFe - S-441. 



shipboard capable technique using the fluorescence reaction of
the Al–lumogallion complex. As such, in practice the RP-HPLC
technique could by used as an alternative method to the FIA
technique. Major differences are the sample treatment. The FIA
method’s major advantage is standardizing the sample interac-
tion time with the reagent before detection. This is achieved by
performing all sample manipulations in-line, after sample
injection. This limits contamination, standardizes sample pre-
treatment (as it is all automated) and allows the use of heat to
reduce the time required for Al–lumogallion complex forma-
tion (Brown and Bruland 2008). This major advantage is also
the major disadvantage, as the in-line sample treatment com-
plicates the system. The preconcentration mechanism and the
detection mechanism are intricately linked, limiting the
options available for each process. Isolating parameter effects is
difficult as one parameter has flow on effects to others, making

optimization and trouble-shooting difficult and requiring a
high level of experience to operate efficiently. With regard to
this, pH stability of all reagents and maintainence of flow ratios
are critical for maintaining system stability.

The disadvantages of the FIA method were key to selecting
the RP-HPLC method. The chemistry employed in the FIA
method was clearly superior to alternatives (Ahmed and Hos-
san 1995; Mulon et al. 2005 and references there in), however,
the analytical set-up had many limitations. Changing the in-
line sample treatment (as employed in the FIA method) with
a pre-column (batch) reagent mixing step, separated the detec-
tion mechanism (formation of the Al–lumogallion complex)
from the concentration mechanism (the focusing of the
Al–lumogallion complex onto the C18 guard column), allow-
ing independent optimization. Changing the buffer used from
the toxic and volatile ammonium-acetate to the nontoxic and
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Table 1. Analysis of the various SAFe sub-samples using the RP-HPLC. Agreed values described by Bruland et al. (2012). All values
reported in nM (except where specified as %). 

SAFe sub-sample rep. 1 rep. 2 rep. 3 rsd% mean agreed value error%

SAFe – S-559 1.72 1.72 1.73 0.3 1.72 1.71 0.6
SAFe – S-441 1.77 1.75 1.79 1 1.77 1.71 3.5
SAFe – S-260 1.86 1.8 1.84 1.6 1.83 1.71 7.0
SAFe – S-129 1.68 1.72 1.71 1.2 1.7 1.71 –0.6
SAFe – D2-128-1 1.09 1.07 1.09 1.3 1.08 1.06 1.9
SAFe – D2-128-2 1.05 1.1 1.03 3.5 1.06 1.06 0.0
SAFe – D2-128-3 1.13 1.12 1.1 1.3 1.12 1.06 5.7
SAFe – D2-128-4 1.07 1.02 1.05 2.5 1.05 1.06 –0.9
SAFe – D2-128-5 1.09 1.05 1.06 1.8 1.06 1.06 0.0
SAFe – D2-174 1.09 1.12 1.1 1.6 1.11 1.06 4.7
SAFe – D2-426 0.96 0.95 0.98 1.2 0.96 1.06 –9.4
SAFe – D1-381 0.75 0.73 0.72 2.4 0.73 0.64 14.1
SAFe – D1-165 0.71 0.73 0.7 2.3 0.71 0.64 10.9

Table 2. Comparison of various performance parameters of three methods used for determining dissolved aluminium in seawater. 

Parameter RP-HPLC* FIA† ICP-MS‡

LOD (nM) 0.13 0.10 0.27
Precision (%) 2.7 at 1 nM 2.5 at 5 nM < 9.0 at 1 nM§

Pre-treatment time per 100 samples (h) 10 0 200
Analysis time per replicate (min) 2.7 7.8 3.3
Operator time per 100 samples (h) 3 39|| 8¶

Sample volume (mL)# 1.5 36 120
*This paper.
†Brown and Bruland [2008]
‡Sohrin et al. [2008]
§Interpreted from the statement:
Our data showed excellent agreement with the certied values, except that there was no certied value for Al. The RSD of our data were less than 9%.
where samples analyzed were: SAFe–S1, SAFe–D2, NASS-5, CASS-4.
||Operator must be at least partially attentive, if not fully occupied by the analysis
Time calculation: 100samples ¥ 7.8min ¥ 3replicates
¶Assuming the use of an auto-sampler during pre-concentration.
#Per triplicate analysis, including all rinses.



nonvolatile MES, improved reagent pH stability over time.
Replacing a peristaltic pump with a high pressure pump,
removed potential back pressure issues, reduced baseline vari-
ability, decreased dead volumes, and improved the range of
column types and flow rates that could be applied. Removing
lumogallion from the eluent (and therefore the baseline)
allowed greater capacity to quantify the blank, as it was
injected as a discrete sample.

The RP-HPLC method achieved similar LOD and precision
to the FIA method. This is expected as the chemistry is very
similar, and blanks of both systems are dominated by reagent
contamination levels. Total analysis times were similar,
although required operator times were much lower for the RP-
HPLC method, due to the capacity for reliable automation,
attributed to robustness (discussed further in section 5.1).

Comparison of the RP-HPLC method to the ICP-MS
method in Table 2 was for illustrative purposes only, as it was
also used for analyzing the SAFe reference sample. However,
they cannot be considered as direct alternatives to each other.
The RP-HPLC technique does not have multiple analyte capac-
ity, and the ICP-MS method is an impractical method to take
to sea. A similarity of both methods is the use of off-line sam-
ple pretreatment steps that require significant periods of time
(although not labor intensive). This approach decouples
chemical mechanisms used for concentration and detection,
allowing greater control over each mechanism. However, the
ICP-MS method must optimize for multiple elements, which
can decrease precision at low concentrations for difficult low
atomic mass elements like Al. The RP-HPLC method had
improved LOD, precision, and total analysis times relative to
the ICP-MS method. However, required operator time is simi-
lar for both methods.

The RP-HPLC method had relatively similar performance to
the existing methods. LOD and precision were similar across
all methods. Pretreatment time per 100 samples was highly
varied. The ICP-MS method required substantial sample prepa-
ration before injection into the ICP-MS, however this is offset
by the multiple element capability. The RP-HPLC method
requires 120 min labor, followed by 8 h equilibration time
before the start of the analysis sequence; this is much less time
than the ICP-MS method and 10 h more than required for the
FIA method. Analysis time per replicate were of the same order
of magnitude. However, if these values are converted into
operator time per 100 samples, the values are very different.

For the RP-HPLC method, the operator prepares a sample
set of 100, loads them into the autosampler, and enters sam-
ple details into the program’s run-sheet (total time about 3 h).
The operator can now leave and come back in 13.5 h when the
analysis is finished.

For the FIA method, the operator needs to watch the instru-
ment regularly, as it is not robust enough to leave unattended
for long periods of time. This requires at least partial attention
during every run, and hence requires ≈39 h operator time per
100 samples.

For the ICP-MS system, operator requirements for the ICP-MS
system were not available through first-hand accounts (as they
were for FIA and RP-HPLC methods). An estimate is made assum-
ing an autosampler was used for preconcentration (requiring 2
h), with an operator required to be in attendance (or close at
hand) during analysis with an ICP-MS (requiring 6 h).

These differences in operator time are substantial and high-
light the advantages of using robust chemical techniques over
less robust systems.
Robustness and automation

Method robustness was defined “as the sensitivity of the
method to small changes in influencing factors.” The advan-
tages of applying robust instrumentation to existing, proven
chemistry is demonstrated with the RP-HPLC method pre-
sented here. Small changes in sample pH, buffer concentra-
tion, system back-pressure, fluorescence settings, and labora-
tory temperature made little difference to signal intensity. As
there are no mixing points, the only variable between samples
was time since reagent was added, with the impact insignifi-
cant between calibrations. Changing over columns had no sig-
nificant effect. The blank was significantly affected by lumo-
gallion concentration (which is expected), and therefore, was
minimized.

The authors experience with the FIA method (Brown and
Bruland 2008) was that it exhibited high sensitivity to buffer
concentration and pH, pump tubing integrity, system back
pressure, column used (as they were made in-house as
opposed to commercially produced products), mixing coil
temperature stability, and sample pH. Limited robustness
resulted in a requirement for regular (if not constant) atten-
tion and significant training to operate efficiently. This lack of
robustness is a common acknowledgment by users of FIA
methods (not limited to those discussed here).

The RP-HPLC method was very robust and easily auto-
mated. It was used to successfully analyze ≈300 samples
within 1 week (inclusive of troubleshooting, which was
mostly attributed to operator error). The system could be left
unattended until completion once the automated analysis
program was initiated. Operation and trouble-shooting assis-
tance during development was available through free-access
online communities.

An example depth profile is presented in Fig. 4 (GEOT-
RACES cruise GIPY6 along the SR3 meridional transect, station
N20, 144°E, 49.3°S, within the Polar Frontal Zone of the
Southern Ocean). Some values were close to the detection
limit (displayed as the feint dotted line) but maintained
oceanographic consistency and excellent precision. Oceano-
graphic features include enrichment at the surface due to sup-
ply from aeolian dust deposition (albeit limited) or advection
of waters entrained with DAl; depletion with depth due to
scavenging and mixing throughout the water column; enrich-
ment approaching the ocean floor due to supply of DAl from
sediments (although this is quite limited). Concentrations are
extremely low in this region relative to the global range due to
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geographic and atmospheric isolation from continental
sources coupled with diatom dominated communities in sur-
face polar waters.
Required sample volume

Relative to previously published methods, applying this RP-
HPLC technique reduces the required sample volume signifi-
cantly (as can be seen in Table 2), by ≈20-fold and ≈60-fold in
the case of FIA and ICP-MS, respectively. This is due to the
combination of the extremely sensitive fluorescence detection
system and the advantages of HPLC, such as low system dead
volumes, excellent analyte focusing on highly efficient
columns, and little band broadening. However, as discussed
earlier, comparison with ICP-MS in this case is not fair, as that
is a multi-element technique.

Comments and recommendations
A major limitation of this technique is the time required for

sample pretreatment. This is a function of the slow reaction
kinetics of aluminum (Eigen 1963). Resing and Measures
(1994) and Brown and Bruland (2008) have shown how the
heating of the reagent-sample mixture would increase the
kinetics of the Al–lumogallion complex formation. However,
it also increases the rate of complex decomposition. Therefore,

increasing the rate of kinetics requires in-line systems that can
standardize the time between mixing with the reagent and
detection (such as those used by Brown and Bruland 2008).
The HPLC system available to the authors at the time of devel-
opment was not capable of automating the addition of the
reagent to the sample, hence a more conservative approach to
sample pretreatment was adopted, focusing on the long-term
stability of the Al–lumogallion complex.

The use of an automated sample dosing and injection
system would reduce the time required for complex forma-
tion, while maintaining the large gains in robustness and
automation. The authors would also expect an increase in
sensitivity, as the time of maximum complex yield could
be targeted.

The RP-HPLC method is an excellent technique to use for
the determination of dissolved aluminum in open ocean sea-
water. It employs similar chemistry to the FIA method and has
good agreement with agreed values for the SAFe standard
refence material. Therefore, open ocean dissolved aluminum
data produced with RP-HPLC are compatible for comparison
with the existing global data set. The RP-HPLC method is rec-
ommended for future work for those determining aluminum
in seawater due its robustness, sample volume requirements,
and automation capacity, while achieving comparable LOD,
precision, and accuracy to existing methods.
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