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Multi-element determination of trace elements in seawater by inductively coupled plasma mass spectrometry (ICP-MS) 
has been investigated. Coprecipitation with gallium hydroxide was used for preconcentration of trace elements and 
elimination of matrix elements. Most trace elements were quantitatively collected at pH 10 with the concentration factor 
of 10. In the present experimental method, 17 elements (Al, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Y, Zr, Sn, La, Pb, Th, 
U) in a coastal seawater sample could be determined by ICP-MS. In addition, 6 elements (Al, Mn, Fe, Ni, Cu, Zn) among 
them were determined by inductively coupled plasma atomic emission spectrometry (ICP-AES). The analytical results 
obtained by ICP-MS and ICP-AES were in fair agreement.
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 Inductively coupled plasma mass spectrometry (ICP-
MS) is one of the most sensitive analytical methods for 
the determination of trace metals. The detection limits 
for most elements in ICP-MS are generally lower by 2 or 
3 orders of magnitude than those in inductively coupled 

plasma atomic emission spectrometry (ICP-AES). The 
influences of concomitant matrix elements, however, are 
serious problems in ICP-MS. In seawater analysis, 
direct introduction of seawater is impossible in ICP-MS, 
because approximately 3% of salts is contained in 
seawater. Thus pretreatment procedures are inevitably 
required to eliminate the salts by various methods such as 
solvent extraction', adsorption on resin after chelating2,3, 
silica-immobilized 8-hydroxyquinoline4, ion exchanges, 
electrochemical deposition6, and coprecipitation.' 
These pretreatment techniques have some characteristic 
advantages as preconcentration of trace metals in 
seawater. In general, the techniques other than 
coprecipitation have been applied to a limited number of 
trace metals. For example, the electrochemical depo-
sition method suffers from large analytical blanks.6 
Since ICP-MS makes multi-element analysis feasible, it 
is desirable to establish a preconcentration method 
applicable to as wide a variety of trace metals as possible. 
In the present study, thus, gallium coprecipitation 
method was investigated from the viewpoint of 
conventional multi-element determination of trace 
metals in seawater. 

 The coprecipitation method has an advantage that 
many elements other than alkali and alkaline earth

elements are preconcentrated quite effectively under the 
same experimental conditions, such an advantage allows 
simultaneous multi-element determination by ICP 
analysis. Akagi et al.8'9 developed a coprecipitation 
method with gallium hydroxide for the determination of 
trace elements in seawater by ICP-AES, where a 
concentration factor up to 200-fold was achieved. This 
method is considered to be suitable also for seawater 
analysis by ICP-MS because of the following reasons: i) 
amount of coprecipitation reagent required is smaller 
than for other coprecipitation methods, and ii) high 

purity gallium is readily available to avoid contam-
ination. Although the seawater analysis by coprecipita-
tion and ICP-MS was reported previously', the 
experimental conditions and results were not well 
described, and only 9 elements were determined by ICP-
MS. 

 In the present study, the gallium coprecipitation 
method has been examined for the determination of trace 
elements in seawater by ICP-MS. The coprecipitation 
characteristics, the limitations and analytical features of 
the present method are discussed along with the 
analytical results.

Experimental

Apparatus 
 The ICP-MS instrument used was Model SPQ-6500 

(Seiko Instrument Inc., Tokyo). An ICP-AES instru-
ment of Plasma AtomComp MKII (Jarrell-Ash, 
Franklin, MA, USA) was also used for the determination
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of matrix elements and some of the trace elements. The 

instrumental components and typical operating con-

ditions for ICP-MS and ICP-AES are listed in Table 1. 

These operating conditions were selected after the 

optimization of each parameter.

Chemicals 
 Analytical multi-element standard solutions were 

prepared from commercially-available standard solu-
tions (1000 µg mL1) for atomic absorption analysis 

(Wako Pure Chemical Industries Ltd., Osaka). The 
standard solution of chromium(III) was prepared by 
dissolving chromium metal (99.99%; Nacarai Tesque, 
Kyoto) in hydrochloric acid. Gallium solution as the 
carrier in coprecipitation was prepared by dissolving 

gallium metal (99.9999%; Nacarai Tesque) in nitric acid. 
Nitric acid and hydrochloric acid used were of extra pure 

grade, purchased from Wako Pure Chemical Industries 
Ltd., and sodium hydroxide solution was of Ultrapur 

grade from Kanto Chemical Co. (Tokyo).

Seawater sample 
 The seawater sample was collected at the Nagoya port; 

it was acidified to pH 1.2 with nitric acid after filtration 
with a 0.45 µm membrane filter. The concentrations of 
major elements were determined by ICP-AES after 
diluting seawater by 100-times with 1%(w w') nitric acid. 
The analytical results were as follows: Na 7100 µg mL1, 
Mg 835 µg mL1, K 269 µg mL1 and Ca 265 µg mL1. 
These values were lower than the typical values for open 
seawater.lo

Preconcentration procedure 
 Preconcentration of trace elements in seawater was 

performed by the following procedure. First, 10 ml of 
100 µg mL1 gallium solution was added to 200 ml of 
acidified seawater sample. The pH of the solution was 
adjusted to the appropriate pH with 1 M and 0.1 M 
sodium hydroxide solutions. The precipitate was 
filtered with a 0.45 µm Omnipore membrane filter 

(Nippon Millipore Ltd., Tokyo). After washing with 
about 10 ml of water, the precipitate on the filter was 
dissolved with 1.5 ml of concentrated nitric acid. A 
mixed solution of Ge, In and Bi was then added as the 
internal standard and this mixture was finally diluted to 
20 ml with water, which resulted in the concentration 
factor of 10. The concentration of each internal 
standard element in the analysis solution was 50 ng mL1. 

Correction of sensitivity drift by internal standard method 
  In the ICP-MS measurements, the internal 

standardization was required in order to correct the 
sensitivity drift of the instrument, which is caused mainly 
by unstableness of the resolution of the quadrupole mass 
spectrometer. Since the magnitude of such drift is 

generally correlated with the masses of the analytes, three 
internal standards, Ge-74, In-115 and Bi-209, were 
employed for correction of the drift in the present 
experiment. The correction was made as follows, based 
on a procedure similar to that of Doherty.' 1 

  The raw count rate, Craw, measured for the calibration 
standard was corrected to obtain the corrected count 
rate, Ccor, by using a sensitivity correction factor, F: 

  Ccor = Craw X F. (1) 

The correction factors, Fl, F2, F3 and F4, were obtained 
by Eqs. (2), (5), (6) and (7), depending on the mass 
number of the analyte. When the mass number of the 
analyte, M, was smaller than 74, 

 F, = S(Ge,sample)/S(Ge,std) (2) 

where

S(Ge,sample) = 

    raw count rate at m/z = 74 for sample
concentration of Ge in sample

(3)

and

Table 1 Instruments and operating conditions for ICP-MS 

  and ICP-AES
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S(Ge, std) _ 

    raw count rate at m / z = 74 for standard
         concentration of Ge in standard 

When 74<M<115,

(4)

F2 =

S(Ge,sample) S(In,sample)          (115-M)+ M-74) 
 S Ge,std S (In, std

115-74
. (5)

When 115<M<209,

F3 =

S(In,sample) S(Bi,sample)                                M-115) 
 S In,std (209-M)+ S Bi, std)

209- 115
. (6)

When M>209,

F4 = S(Bi,sample)/S(Bi,std). (7)

In the above equations, S(In,sample), S(In,std), 
S(Bi,sample) and S(Bi,std) are defined as in Eqs. (3) and 

(4). The calibration curves were made by using the Ccor 
values.

Results and Discussion

Spectral interferences from gallium in ICP MS 
 Since gallium is used as the carrier element in the 

present coprecipitation method, gallium in the analysis 
solution may cause spectral interference with other trace 
elements. Thus, the ICP-MS spectrum of gallium was 
first examined by nebulizing Ga 100 µg ml-' solution into 
the plasma, as is shown in Fig. 1. The peak assignment 
of polyatomic ions and the possible interfered elements 
are summarized in Table 2. Among these interfered 
elements, Ag, Cd and Nd can be determined with other 
isotopes. (Ag-107, Cd-114, Nd-143), and Rb, Sr and Ba 
are not.of interest in the present coprecipitation method. 
However, since Rh is a monoisotopic element, and Ce 
isotopes of Ce-136 and Ce-138 are in much lower 
abundance than Ce-140 and Ce-142 and further overlap 
with Ba isotopes, the determination of Rh and Ce at the 
ultratrace level by the present method is generally 
difficult. Even so, the present method is applicable to 
the determination of many other trace elements in 
seawater by ICP-MS.

pH dependence of gallium precipitation in seawater 
  The recovery of gallium added into the seawater at 

various pH values was examined by ICP-AES (2_ 
294.3 nm). As reported elsewhere8, gallium precipitates 
at lower pH (4 - 6) and at higher pH (> 8), while it does 
not precipitate at pH values between 6 - 8. Akagi et al.8 
reported that 100% recovery of Ga was obtained at pH 9. 
In the present experiment, however, gallium was

recovered quantitatively at pH values higher than 9.6. 
The slightly different result obtained may be due to a 
difference of the Mg concentration in the seawater 
samples used. As pointed out by Akagi et al.12, the 
recovery of Ga depends on the concentration of Mg in the 
sample. In fact, the concentrations of major elements in 
the coastal seawater samples used in the present study 
were lower than those used by Akagi et al.'

Fig. 1 ICP-MS spectrum observed by nebulizing Ga 100 µg 

 ml-' solution.

Table 2 Polyatomic ions observed in the ICP-MS spectrum 

  of gallium and possible interfered elementsa
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Elimination of matrix elements 
 In the ICP-MS measurements, it is well known that the 

major elements in the sample solution often cause matrix 
effects which reduce the analytical sensitivity. Thus, in 

general, it is desirable to eliminate the major elements 
from the sample solution to minimize such matrix effects. 
Figure 2 shows the pH dependence of the concentrations 
of Na and Mg in the treated seawater sample solutions 
after gallium coprecipitation pretreatment. These con-
centrations for Na and Mg are the values obtained at the 
concentration factor of 1, which means no precon-
centration. As can be seen in Fig. 2, the sodium 
concentration was less than 10 µg ml-1, while the 
magnesium concentration markedly increased at higher 

pH. At pH 10, the concentrations of major elements in 
the treated seawater solution were Mg 15 µg mL1, Ca 
0.2 sg ml-1, Na 5 µg ml-1 and K< 1 µg mL1; these values 
were determined by ICP-AES. We note that the 
concentrations of these elements in the analysis solution 
of seawater were low enough to neglect their matrix 
effects in the ICP-MS measurement. Under these 
conditions, the chlorine concentration was also very low, 
which allowed us to determine arsenic at the sub-ppb 
level without interference due to ArCP.

Concentration factor in gallium coprecipitation 
 When the concentration factor was 1, the sample 

solution precipitated at pH 10 usually contained Ga 
5 µg ml-1 along with Mg 15 µg ml-1, Na 5 µg mL1 and Ca 
0.2 µg ml-1, as described above. In practical analyses of 
seawater, a larger concentration factor is desirable to 
determine as many trace elements as possible. In 

general, however, the concentrations of matrix elements 
also become higher in proportion to the concentration 
factor, and thus matrix effects due to matrix elements 
including gallium may become more serious in the ICP-
MS measurement. 

 In order to estimate matrix effects, the sensitivity 
dependence of each analyte element on matrix elements 
was examined. In this experiment, the test solution

contained 50 ng mL1 of each analyte element together 
with Mg 200 µg mL1, Na 20 µg ml-1, Ca 5 sg mL1, K 
5 µg ml-1 and Ga 50 µg ml-1 as the matrix elements. 
These concentrations of matrix elements were chosen, 

presuming that the concentration factor in gallium 
coprecipitation was 10-times. The relative sensitivities 
of analyte elements in the cases with and without major 
elements were observed in the m/z range from 27 to 238. 
The results are shown in Fig. 3. In Fig. 3, • and A 
indicate the results at the carrier gas flow rate of 
0.45 ml min' and 0.47 ml min', respectively, which were 
observed on different days. As is seen in Fig. 3, the 
relative sensitivities were varied within ca. 20% in the 
whole mass range examined. From a practical point of 
view, these extents of matrix effects could be corrected by 
the internal standard method described in the experi-
mental section. Consequently, l0-times of preconcen-
tration was performed in the present gallium copre-
cipitation. Preconcentration of 200-times, which was 
obtained in seawater analysis by ICP-AES', could not be 

practically carried out in the present ICP-MS measure-
ment because of severe matrix effects.

Analytical f figures of merit 
 Since the pH dependence of gallium precipitation in 

the present study was slightly different from the result 
reported by Akagi et al.', the recoveries of trace elements 
in gallium coprecipitation were also investigated at 
various pH values in the present study. In the recovery 
test, all trace elements were spiked in 20 ml of the 
seawater sample to be 25 ng ml-1. After adding 1 ml of 
100 µg ml-1 gallium solution, we adjusted the pH to 
appropriate values with sodium hydroxide solution. 
After filtration, the precipitate on the filter was dissolved 
with nitric acid, in which internal standard elements (Ge, 
In, Bi) were added. Finally, the solution was diluted to 
20 ml; thus the concentration factor was 1 in this case. 
The concentrations of trace elements in the test solution

Fig. 2 pH dependences of the concentrations of Mg (•) and 
 Na (0) in the analysis solution after coprecipitation 

 (Concentration factor was 1).

Fig. 3 Sensitivity dependences of the analyte elements in the 
 presence of matrix elements. Concentrations of matrix 

 elements in the test solution; Mg 200 µg mL1, Na 50 µg ml-1, 
 Ca 10 µg ml-1, K 5 µg mlH, Ga 50 µg ml-1. The relative signal 

 intensities without matrix elements were normalized to be 
 1.0. The experiment was carried out at the carrier argon gas 

 flow rate of 0.451 min-1 (~) and 0.471 min-1 (A).
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were determined by ICP-MS. 
 The recoveries of trace elements at various pH values 

are shown in Fig. 4. In general, it was found that the 
better recovery values were obtained at the higher pH 
values. Thus, the pH was adjusted to 10 in the 
coprecipitation procedure. The recovery values 
obtained at pH 10 are summarized in Table 3. As is 
seen in Table 3, many elements were recovered almost 

quantitatively at pH 10, although the recoveries of Cd, 
Cu and U were somewhat lower than 90%. The 
recoveries of Mo, V and Sb, however, were very poor. 
Therefore, these elements in the seawater sample could 
not be determined by the present method. 

 We note here that the value for Sn in Table 3 was 
obtained in the case where the precipitate after gallium 
coprecipitation was dissolved with hydrochloric acid to 
avoid hydrolysis. When nitric acid was used for the 
dissolution of the precipitate in the determination of Sn, 
the recovery value of Sn fluctuated in the range from 60% 
to 80%. Hydrochloric acid usually produces many 

polyatomic ions in the argon plasma which interfere with 
many analyte ion peaks. Hence, nitric acid is generally 
recommended for use in multi-element determination by 
ICP-MS. Even so, when the determination of Sn in 
seawater is required, the seawater samples should be 
treated separately by using hydrochloric acid. 

 In Table 3, the detection limits and analytical detection 
limits for 23 elements are also summarized. The 
detection limits were the concentrations corresponding 
to 3Q (a is the standard deviation of the blank signal at ml 
z of the analyte), which were obtained by nebulizing the 
multi-element standard aqueous solution of the analytes. 
Actually, the detection limits should be obtained by using 
saline standard solution and coprecipitation technique. 
However, model seawater containing the analyte 
elements at the trace level cannot be prepared because of 
the impurities in the reagents used. In the present work, 
therefore, the analytical detection limits were calculated 
by using the recovery values after 10-times precon-
centration in the present coprecipitation method. The 
results in Table 3 show that the analytical detection limits 
for most elements are at a few ng ml-1 (ppt) level and 
those for rare earth elements at the sub-ppt level.

Determination of trace elements in seawater 
 Trace elements in the coastal seawater sample collected 

in the Nagoya port were determined by ICP-MS and 
ICP-AES after preconcentration by the gallium copre-
cipitation method established in the present experiment. 
The results are summarized in Table 4, together with the 
values cited from the previous papers.s"0 In the case of 
10-times preconcentration, 17 elements could be deter-
mined by ICP-MS and 6 elements among them were 
determined by ICP-AES. As can be seen in Table 4, the 
analytical values obtained by both ICP-MS and ICP-
AES were in good agreement. In the previous papers, as 
is also shown in Table 4, only 12 elements could be 
determined by ICP-AES, even when 200 times pre-
concentration was achieved with gallium coprecipitation.

Fig. 4 pH dependences of the recoveries for various analyte 

 elements in gallium coprecipitation.

Table 3 Recoveries and detection limits of trace elements 

  obtained by ICP-MS with gallium coprecipitation at 

  pH 10
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In the present work, although the preconcentration 

factor was limited to 10-times because of matrix effect, 17 

elements including U and Th were determined by ICP-
MS. This indicates that the present preconcentration 

method is quite useful in marine chemistry.

 In summary, inductively coupled plasma mass 
spectrometry with aid of gallium coprecipitation for 

preconcentration was successfully applied to the 
determination of trace elements in coastal seawater. In 
the present method, the concentration factor was limited 
to 10-times because of matrix effects, although the larger 
concentration factor was desirable to determine more 
trace elements at the lower concentration level in 
seawater. However, since the present gallium copre-
cipitation/ICP-MS method enables us to determine 
more trace elements compared to the similar method 
using ICP-AES, it is useful for the study of the behavior 
of trace elements in marine environment.
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and Culture, Japan.

Table 4 Analytical results for trace elements in coastal seawater obtained by ICP-MS and ICP-AES
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