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INTRODUCTION

As marine algae can very efficiently accumulate almost all of the elements (especially trace ele-
ments such as iron, zinc, and iodine) , studies on their element contents have a long history. Many
analytical techniques including AES (Fan, et al . ,1988,1995) , AAS (Ito, ez al . ,1987,1988; Rao et
al. ,1989;Fan, et al.,1993) and NAA (Kawashima, e al.,1983)have been tried to determine
the content and seasonal variations of inorganic elements in marine algae. Recently, more attention
has been paid to fast and non-destructive analytical techniques, which can deepen the studies on
chemical state analysis of elements (such as arsenic and iodine)and on the biocavailability of iron and
calcium, sulfur or bromine containing organic compounds like fucoidans and bromophenols ( Nisiza-
wa, et al ., 1979; Nisizawa, 1989; Oishi, 1993). In this work, the authors tried a new non-destruc-

tive and fast analytical method to study the element composition in 22 species of marine algae.
INSTRUMENT

Scheme 1 (Hosokawa, 1995) is the set-up of the instrument X-ray fluorescence ( XRF) analyti-
cal microscope (XGT-2000V, Horiba Co. , Japan), developed in 1993. It was composed of three
parts: primary X-ray excitation equipment, detector of secondary X-ray,data recording and processing
computer.

Primary X-ray excitation: The primary X-rays were excited by the X-ray tube, composed of
rhodium target, tungsten filament and beryllium window. When high voltage was applied to the X-
ray tube, heated electrons were produced between the tungsten filament and rhodium target. After
impacting the target, the heated electrons were changed intc X-rays which passed out through the
beryllium window { Scheme 2).

Primary X-ray microfocus beam formation: Because the excited primary X-rays are dispersed,
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they should be passed through a glass capillary, with inner parabolic surface to focus them into an in-
tensely bright microbeam, This optical capillary is called X-ray guided tube (XGT) , which can facili-
tate microscopic X-ray analysis of 1 mm to 100mm samples.

Secondary X-ray production:Secondary X-rays are produced after primary X-rays are ir-
radiated on the surface of a sample. There are two kinds of secondary X-rays. One is called
diffraction X-ray and is caused by Compton and Railey diffraction. The other is called X-ray
fluorescence (XRF), which is closely related with the element in the sample, because it is
produced when the outer electron enters into the inner electron orbit after the electron in the
inner orbit (K or L) is driven off by the primary X-ray. The energy value of X-ray fluores-
cence can be used to identify various elements ranging from sodium to uranium, while the

strength of X-ray fluorescence can be used for semi-quantitative determination.
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Scheme 1 Set-up of X-ray analytical microscope
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Scheme 2 Set-up of primary X-ray excitation
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Secondary X-ray

Silica(l.i)detector

Amplifier

Scheme 3 Set-up of silica detector of X-ray

Detection of secondary X-ray: The secondary X-ray is detected by an Si{Li) detector widely
used in XRF laboratories. [t is with liquid nitrogen is used to enhance its capability to detect light el-
ements {such as Na, Mg, Al). The basic working principle of the silica detector is that X-rays enter-
ing the detector can change the frequency and amplitude of the electron pulses. The strength and en-
ergy value of X-rays are related to the variations of the frequency and amplitude clectron pulses.
These variations can be transformed into a secondary X-ray graph by multi-channel wave analyzer
(MCA) . (Scheme 3)

The usage of X-ray analytical microscope includes element mapping and semi-quantitative deter-

mination of X-ray {luorescence spectrum.
MATERIALS AND METHODS

Collection of algae Twenty-two species of marine algac were collected in April and May, 1997
(Table 1). After removing foreign matter such as epiphytes and sand, they were washed gently with
clean seawatcr and air dried in shaded place.

X-ray fluorescence spectrum measurement About 5 grams of seaweed sample put in the center
of a plastic sample stage was carefully covered with a transparent polyethylene membrane, and mea-
sured by X-ray analytical microscope. The X-ray analytical microscope parameters were as follows: X-
ray tube voltage, S0 keV; tube current, 1.0 mA ; X-ray beam spot size, 100 micrometer;silica detector

pulse, Pl. Semi-quantitative caleulation was done by the fundamental parameter (FP) method.
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Species of collected marine algae

No alga name taxonomy collection date and site
1 Enteromor pha intestinalis Ch. , Ulvales, Ulvaceae 97/04 /24 ,Weihai, Shandong
2 Ulva pertusa Ch., Ulvales, Ulvaceae 97/05/05, Weihai, Shandong
3 Ulva lactuca Ch. , Ulvales, Ulvaceae 97/04 /23, Weihai, Shandong
4 Leathesia difformes Ph. ,Chordariales, Leathesiaceae 97/05/09, Weihai, Shandong
5 Scytosiphon lomentarias Ph. , Seytesiphonales, Scytosiphonacese | 97.404/22, Weihai, Shandong
6 Sargassum thunbergii Ph. ,Fucales, Sargassaceae 97/04 /22, Weihai, Shandong
7 Sargassum kjellmanianum Ph. , Fucales, Sargassaceae 970509, Weihai, Shandong
8 Undaria pinnatifida Ph. , Laminariales, Alariaceae 97/05/03, Weihai, Shandong
9 Dictyopteris divaricata Ph. , Dictyotales, Dictyotaceae 97/04/06 , Weihai, Shandong
10 Colpomenia sinuosa Ph. , Scytesiphonales, Scytosiphonaceae | 97/04/24, Weihai, Shandong
11 Desmarestia viridis Ph. , Desmarestiales, Desmarestiaceae | 97/05/07, Weihai, Shandong
12 Punctaria plantaginea Ph. , Dictyosiphonales, Punctariaceae | 97/05/03, Weihai, Shandong
Ph., Dictyosiphonales, Asperococ-
13 Myelophycus simplex 97/05/05, Weihai, Shandong
caceae
14 Polysiphonia urceolata Rhb. , Ceramiales, Rhodomelaceae 97/04 /23, Weihai, Shandong
15 Hyalosiphonia caespitosa Rh. ,Cryptomiales, Dumontiaceae 97/04 /23, Weihai, Shandong
16 Gelidium amansit Rh. , Gelidiales, Gelidiaceae 97 /04 /07, Weihai, Shandong
17 Laurensia surculigera Rh. ,Ceramiales, Rhodomelaceae 97/05 /07, Weihai, Shandong
18 Ceramium bovdenii Rh. ,Ceramiales, Ceramiaceae 97/04 /07, Weihai, Shandong
Rh., Cryptonemiales, Gloiosiphoni- o
19 Gloiosiphonia capillaris 9705 /08, Weihai, Shandong
aceae
20 Rhodomela confervoides Rh. , Ceramiales, Rhodomelaceae 97 /04 724 , Weihai, Shandong
21 Ceramium kondoi Rh. , Ceramiales, Ceramiaceae 97 /04 /07, Weihai, Shandong
22 Corallina pilulifera Rh. , Cryptonemials, Corallinacea 97 /04723, Weihai, Shandong

* Ch. 9 Chlorophyta; Ph. , Phaeophyta; Rh. , Rhodophyta.
RESULTS AND DISCUSSIONS

X-ray fluorescence spectra The energy values of X-ray fluorescence of some elements are list-
ed in Table 2, element species can be identified by X-ray fluorescence peak. However, light elements,
such as sodium, magnesium, did not show visible peaks because of their insensibility in X-ray fluores-

cence spectrum.
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Table 2 Energy value of fluorescence X-rays of some elements

T T

Elernent 1 Fluorescence line Energy valuc (keV) Element Fluorescence line 2 Energy value (keV)

. o S I
e h\ul 1.04 Mg K al ; 1.25
Al Kl 1.49 P Kal | 2.08
s K al 81 2.31,2.47 Cl DK oal Bl 12.62.2.82
K ‘ K al .8l 3.31,3.59 Ca Kl Bl ‘ 3.69,4.01
Mn \ K ol ,pl 5.89,6.49 Fe | Kal.Bl \ 6.40,7.06
n | K ol 81 8.63,9.57 As Koal,pl 10.53,11.72
Br w K al, gl (1.91,13.29 Sr Kol Bl ‘[ 14.14,15.83
Rl ) L al,pl 2.70,2.83 I Lal,pl [3.94,4.22

Fig. 1 (sample 1—3) are spectra of green algae, with distinctive peaks attributed to potassium,
calcium, and sulfur. It was found that polysaccharides in green algae had high sulfate content { Lai, e
al.,1994). Iron was abundant in Ulva pertusa and bromine in Enteromorpha intestinalis.

Fig. | o Fig. 2(sample 4—13) are spectra of brown algae. The peaks of strontium was distine-
tively in all brown algae except Undaria pinnatifida and Col pomenia sinuosa . Sulfur was abundant
in these algae and Desmarestia viridis for its high content of sulfuric acid as chemical defense sub-
stances. However, the sulfur in other species may probably be attributed to fucoidan which contains
sulfate groups,and strontium should be bound to the guluronic acid block in algin, according to the
egg-box theoretical model. So it was interesting to deduce that there may be some relationship of con-
tents between guluronic acid and fucoidan in brown algac. Sargussum thunbergii, Desmarestia
viridis and Myelophycus simpler also showed a significant peak of iron.

Fig.2 to Fig. 3 (sample 14—22) are spectra of red algae. Apparently, Rhodomelaceae such as
Polysiphonia urceolata , Laurencia surculigera and Rhodomela con fervoides contain much amount
of bromine, some organic bromine compounds { Nisizawa, ez «/ . , 1979, Weinstein, e al. ,1975) . But
another species, Gelidium amansii , not notable previously for high bromine content, unexpectedly al-
<0 contained a large amount of bromine. Some algae , Polvysi phonia urceolata , Hyalosi phonia caes Di-

tosa , Ceramium kondai , Rhodomela confervoides , Ceramium bovdenii , can accumulate iron to high
amount. Algae such as Corallinaceae, Corallina pilulifera ,only showed a calcium peak in the spec-
trum.

An important {inding in this studies was that zinc can form a visible peak in spectra of algae
such as Enteromorpha intestinalis , Sargassum thunbergii , Desmarestia viridis , Polysiphonia wrceo-
{ata » Hvalosiphonia caespitosa and Ceramium kondoi .

Semi-quantitative results The Table 3 results were obtained from semi-quantitative caleulation
using the fundamental parameter method (FP), which can only be used for preliminary assessment ,

because it is accurate only if the total number of elements in the sample is limited and if the sample
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Fig. 1

X-ray fluorescence spectra of marine algae (sample 1—8)

surface is very flat(to reduce the diffraction background). In the case of marine algae, the element

composition in the biological material is very complex, and the algae surface is also uneven. In spite of

these unfavorable conditions, the data shown in Table 3 were compatible with the spectra given in

Fig. 1—3. The sulfur contents shown in Table 3 indicated that some red algae ( Hyalosiphonia cae-

spitosa , Laurencia surculigera , Gloisiphonia capillaris ) had high content of sulfur. It has been

demonstrated that some sulfated polysaccharides in red algae had specific bioactivities (Nairn, et al.. ,

1996) . If so, the above red algae can be good experimental materials for such purpose.
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Fig.2  X-ray fluorescence speetra of marine slgac {sample 9—16)

Fable 3  Semi-quantitative results from X-rav spectra (relative %)

»e\lg?\ wame TL Sr
bteromorpha intestinalis L0.29
7 Ulva /)(’riuﬂ.\;cg ) - Q,L“(;
Ul 7/(15{1((11” - 7.3, 1 . j["'(l ()0
Leathesia difformes | 0.00 5 | 39.41 | 35.81 12203
S lomentaris | 4.24 L6.05 | .92 o0
Suargassum thunbergii o 7 .86 63.23 i(l 29‘”"7 ' 7 1,_(7)‘84 a
Sargassm Kiellmaniamon | 5.48 6534 28,06, Joss
Undaria pinnatifide | 13.58_ | 51.29 | 33.05 0.41

0.00 , [75.55 | 14.64
52.80 | 27.35

2.65
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Colpomenia sinuosa




FENESE X TR BT B X G TR BT 1L B X ST 179

continued
alga name S TK Ca Fe Zn Br Sr
Desmarestia viridis 34.18 56.10 0.41 5.91 0.46 1.98 0.96
Punctaria plantaginea 15.53 36.63 43.11 3.78 0.36 0.25 0.34
Mpyelophycus simplex 4.25 31.34 34.57 24.80 0.71 1.57 2.75
Polysiphonia urceolata 11.84 55.74 6.74 8.52 0.92 16.20 0.04
Hyulosiphonia caespitosa 19.89 52.97 14.74 7.04 4.05 1.3t 0.00
Gelidium amansii 22.76 8.13 15.70 0.68 0.34 52.28 0.12
Laurencia surculigera 18.14 29.51 25.98 2.62 1.05 22.70 0.01
Ceramium boydenii 10.61 13.71 64.37 9.87 0.18 1.09 0.17 .
Gloiosi phonia capillaris 25.15 69.29 2.66 2.04 0.44 0.38 0.05
Rhodomela con fervoides 7.20 19.99 24.30 11.73 0.38 35.19 1.07
Ceramium kondoi 15.20 48.67 11.09 21.11 3.80 0.11 0.01
Corallina pilulifera 1.40 2.43 91.67 3.55 0.24 0.17 0.55
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Fig.3 X-ray fluorescence spectra of marine algae (sample 17—22)
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Plate T Elemental mapping of potassium, calcium

sulfur and iodine on sporophyll of Undaria pinnatifida
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Plate Il Sporophyll image synthesis of fluorescent X ray

of potassium, calcium and sulfur

Plate T




