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Abstract

A gold amalgam voltammetric microelectrode (GAVM) system was developed for the quantification of
dissolved biogeochemical species, such as O,, Fe?", Mn*", and HS in sediment porewater. Commercially
available Ag/AgCl and platinum electrodes were used as the reference and counter electrode, respectively, and
a gold amalgam microelectrode was fabricated in the laboratory using 150-um diameter gold wire and a
borosilicate capillary tube with a 1.6-mm diameter. A portable potentiostat (Metrohm, DropSens) was used for
the application of voltage sweeping and to acquire the electric current. For sediment profiling, a commercially
available actuator was customized and modified. The analysis method used in the system used the most widely
used analysis method among the electrochemical analysis currently used The GAVM system was successively
calibrated with the species and applied to estuarine sediments. The porewater analysis showed that the oxygen
concentration was decreased to zero at a depth of 0.6 mm, and maximum Mn”" and Fe*" concentrations of 50
uM and 20 uM were detected at 2 and 3-cm depths, respectively. Maximum HS™ concentrations of 10 uM were
detected at 4 cm in the deeper sediments. The GAVM system was successfully developed and applied to the
sediment and can be used to better understand biogeochemical reactions.
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1. Introduction
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A&Hoz B84 9 £, 283 A% T3 A9
EAAEANA gt TS vE F ik gL, Ao, A%
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Aol dojute ¥kg T 48 3 vhET nF Y949 23 E
AT fsiA AFEE T siYdA e AR AP S F
st A EY Zold mE 55 4 EXE AMEst=H
Umsens/\]-«] microprofiling system®] A% @golA IFojE
E95te ATAdA BAS APt AT dZo A
Fote &&71 ofy7] Wl AA FAA AHEE F A
N2 A28 T Q7)o AMEEE A 71&S ALt

Foldz uAAS HAYAFH(gold amalgamated volta-
metric microelectrode, GAVM)< E & ES& WFHA|7]A] o
™ 0.Imm<] =2 3|4 E(resolution)Z F5FU H|Fog =
A= 0, Mn*!, Fe*', HS 5 A Fsls Wiog 2850
% tH(Brendel and Luther 1995; Kahlert, 2013; Luther et al.,
1998). PF7IA R T8 AF2E2 Al 7HA AT A&
S o] &ste SFHHE SH dgd =4S AR
(Reimers et al., 1986; Visscher et al, 1991). & vFIHAS
AR, 72, BHAZ, AA, 717170 § Tt Fokell A
e A4 FAE WA tHGuan et al., 2020; Park et al.,
2018; Shin et al., 2021; Soares et al., 2020; Tahir et al., 2019).
2 AT AFANA GAVME 9% Folaz nA A=
A, AAFE ol & EAAI2E A, A B ol 1
He s, HFE FAAEY GAVME F&35te] §3
= Wl FEAEAA ol BE BAELY 5=AE 3
3HA tH(Yiicel et al, 2017).
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2. Materials and Methods

2.1 SO0tXZ oJMIM =M A

AF AL AEAFTE AZste A2 9F 1.6 mm, W
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O|ALE S} A S-S AHESIATE FOlAE Y] Y= 10007
15004, 25004, 30008 o2 AR JAAA 1L YA
ALER ALEFoH ALEE 3 cm x 3 cmE ZEHA] JdE2S

BFR712 B3 159 3HE ZotA FYIA wEUT
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Fig. 3. Microelectrode diagram.
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Fig. 2. Microelectrode surface with polishing.
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7F9 A WgS F7 5k dl ARgo] . o] & o] &3 Al=H
- Potentiostat [« NAE Ax BE 20 ST 283 Yud AGARE
! B H(square wave voltammetry, SWV)< 7}g o] Al&5 = A
i FHAFE 5 shdolw 712 7lsolddE HEE 5k
i : Agetd AT ZE S ok AHgo] He 4 Wi
! 7 g ojty. 7] A A HF AA7A At mrEbA] HLE 7F
st o] MY AP 222 He A AR 74
At o] FAAE 22 v B AYELE UH oA
WE T #9R2E b 2R $A91 AsEAs sehd
NS TN I E— =40] AHER SFANANA 48 e o] dojud
= ARGS dollls B o]tk (Valentin at al, 2018).
252 st 9 Mol FE By A FU= A7 A
CE m 9 Azl 7t gA A HHEo] "tk SWVE AYS FAlSH
Red  Ox RE £ £ 2sieh Bgol @ A el Aol 5 )
ol o] & o] &84 7H9HQ whg g EHE 5 AUtk £
Electrolyte solution 2o A A T 7] o]ale] HhLo] Aol AL T =o) U}
Fig. 4. Three electrode cells (Valentin, 2018). Bhue ARt Atst 229 dARg-adgad dREol
22 &2 AFHS Jehlo 857 €4 SWVE Lsvel
w20 AL ATA] W& =7] B 2= counter electrode Hie] 23 & e W7 BoH o agEoy g g%
of A-&Eth Reference electrode= Ag/AgCIA=& AH&35HH Azel 7kssty] Mol SWVE s SE5e 24F F 3
Ag SFololZ KCl <o) 2] AY ok EA ko] +0.196 V o} Table 191 LSV ¥ SWV &7 =1 & F st th
7b HW wkgo] dojuts AFol7] Wl v FHEHA AL
& 7Fsahm $20] g3 f7 AUOE Aste] 2y 8o 24 M= Ze|2H 01 Wd
AT AHLE 5 9 Ao A YT sEF DA AEFAE 2= Al
g7l diol & & & 5EF S5 BHVE ol &
23 MotME 3k th 1000 mL H]A ] 0.1 M potassium nitrate &< 250
S8 AFARHCY), MET AGARHEWY). 48 744 MLE L AFS AT A& Jhaet air /1SS A
AGAFHLSY), 281 A5 2 AGAFHDPV)E = o AZASAL A AR F7] 7FEE 607 Z7|5k] &9 f
2% o]2HMD) ¥ HEZE o|ENMDE AEs: U AF "V\iQ}EE 371 W da 23EQ 21%E $EOIA LSV

AFEE = AYGA 71 ol tkSilva et al., 2014). 0|5 AFFA}
91" (linear sweep voltammetry, LSV)< LSVE Ei%ﬂ%‘ﬂ
AAE 2718904 ASAARA (1) Ee (1) TFeE
ot =2 FAKsweep)sHAl W 53 X*-H °ﬂ A2
dojutar 1 A3} E4T A
2222 E scan rate} XJZ]-ZJ‘?%
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Table 1. LSV and SWV sweeping conditions

LSV SWV
Current range 10 uA
Current range 10 vA
Potential 0~ -17V
Econd 02V
Potential 0~13 V
tcond 120 sec
tequil 3 sec
Estep 0.002 V
Estep 0.002 V
Eamp 0.015 V
Scan rate 0.2 V/sec
Frequency 94.1 Hz
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ol &s| A =Fstgth olu LSVY Z72 current range
10 uA, potential 0 ~ -1.3 V, Estep 0.3 V, scan rate 0.2 V/sec
A5t &8k o] air pursingS BFIL A& TS

O]%’H’ﬂ pursingS A1ZstE 1080t S35 5H 5 1208
B¢ AT ETE 0 ppm7tA] HolAE AS Rl

Mn*" Z3& 9 A AF&H Al 2k2 manganese nitrate 2 10
mM 895 5o A ALESHE T 50 mL f2 Al 40 mL
potassium nitrate €& Q31 o] &3la] SWVE o] &
3t blankS 23 gtk ©]F 10 mM Mn(NO;), &< 400 uL
A gdomA 0.1, 02, 03, 04 mM FEZE ZFojA &
3UA BEAS JPstiTh

Fe*'d] &3 ALE&HE A2k jron(ii) sulfateS AHEF O
B 0.1 M HNO3 &9 10 mM 5E2 THEon FRG42
TE A S wEA dojuy] dFe] ZAEN S g
AstE A AT B S8 FL5HA 50 mL fE Aol
40 mL potassium nitrate £4-& Y31 A4AFES AZSA 10
mM FeSO, &8 400 uL® Yo™A 0, 0.1, 0.2, 0.3, 0.4
mM SEZ FFojA & F 34 BEAS SWVE P35t
At

HS
HS =

o MY 0}
15

=22~

SHTAA
3F9 T} 50 mL glass celll

Sl AFEEH+= Al sodium sulfide 2
EA ] 2ol AHES
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Fig. 5. Microelectrode surface micrographs and microelectrode system photographs.
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Table 2. Calibration table

Material Chemical Concentration
(0)3 air gas
Mn* Mn(NOs), 0, 0.1,0.2,0.3,0.4 mM
Fe* FeSO, 0, 0.1,0.2,0.3,0.4 mM
HS NaS 0, 0.01, 0.02, 0.03, 0.04 mM

Gojum, wR]gol] Mn*' 7} op@te] SAdH o] JAH
& ok _1.506 Voﬂﬂ dojdth.
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Fig. 6, 79& 27 0,, Mn*/Fe*’, 223 HS' S GAVME
A2 B g o]t &4% YehA At Fig 28 BH A4 71AE
Z71%el what 0.2 V ITZONA Kol Hart d3 F4st
£ As %}010‘ F °‘21E‘r LSVAA 0,9 FHE arErE
AAXE o] &34 peak integrationS HY kATl T =l digh
dole & Weld 2% AN 9T -02 VAN ARFS
#ol, 0, s= ARFHY AL ol &3t AHF
Aok olwl AFAH 7]€7]E 0220 nAUM FELE, F3
Aol A AAIRE 0.152 nA/UM Eohe EFof, UAEY}F 25
g I 5 AAT
Mn*" 9} Fe*' = BAld] Ao Y3 AFs3th Fe'e
ok _1.386VellA, Mn*= < 1506V°ﬂH W3 AF7F GG
t}. 3] Mn*' ¢} Fe'e I3 AR{7F w9 JPRA EA8HH,
7HE 9329 27 olH 0T7} Atk o]E @ Fig 4%
Zol B E £t AYEE IS, Iy wH S T
3, ol 5= FAXNUT. WA raw dataol A 7154 & Al
9| 3taL, -1.386 VI -1.506 VAIlX ZAFR-EE 7HA& 93 E
718, F 92 E ko] base line A ¥ r’45’-9} 7V 7t
77}3 HaE HEEE g 1389S o, Fe' 3
R ¥39 WA y=-0.3443x-0.03139] #AAE T3t
2111 Mn*"¢] 7§°—t— y=-1.9078x-0.0171¢] BA A& T34
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-0.05 ~ I,,*" . M’;:;':" N k"'m ,i,t ,. |
o v“'”,s.'f 4w —— VH/‘ .3
Lot 4 o
. et Mg
< -0.10 A
=)
o y = -0.0058x - 0.0163
= R2=0.972
3>
o -0.15 4 .
<
=
=
k=
(0]
=
-0.20 A
0 2 4 6 8
concentration(ppm)
_025 T T T T T T T
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
potential(V)
10 min oo 20min ——— 50 min
—————— 30 min —-—-—-- 40min ———-— 60 min

Fig. 6. Oxygen calibration using LSV. Using nitrogen gas and air gas pursing electrolyte. We measure oxygen peak through
LSV. and heck oxygen peak current to peak deconvolution. Standard curve is linear and R* value is 97% so this
electrode can use to analyze.

0.0
g
-0.5 4
y =-0.3443x - 0.0313
— R? =0.9854
<
2
€ -1.0 -
£
2
[S] y =-1.9078x - 0.0171
R?=0.9419
-1.5 -
00 01 02 03 04 05
concentration(mM)
'20 T T T T T
1.8 08 -06 04 -02 00
potential (V)
———— 0mM —————— 0.1 mM Mn* + 0.4 mM Fe**
ceeceecestnneneees 01mMMFe® —— — — — — 0.2 mM Mn?* + 0.4 mM Fe?*
————————— 02mMFe? ——— 0.3 mM Mn®*" + 0.4 mM Fe*'
———— — 03mMMFe" == == == 0.4 mM Mn* + 0.4 mM Fe**
—— — ——  04mMFe*”

Fig. 7. Fe** and Mn*" calibration using SWV. Fe*" and Mn*" are place similar peak potential. So they need to divide
covered peak. so peak deconvolution make peak clearly. And we can talk Fe*" is almost -1.3 V and Mn*" is 1.5 V.
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Table 3. Half reaction formula and voltage (Ag| AgCl reference electrode) (Brendel and Luther, 1995)

Half-reaction Potential Calibration slope (na/um)
0, + 2H" + 2¢ — H,0, -0.256 V 0.152
HS + Hg — HgS + H' + 2¢ -0.566 V 22
FeS + 2¢ + H — Fe(Hg) + HS -1.056 V -
Fe** + Hg + 2¢ — Fe(Hg) -1.386 V 0.025
Mn** + Hg + 2¢ — Mn(Hg) -1.506 V 0.070
00 = /,
A\
024 \ worwoluted Fe2+ peak
<L ! ;
2. 04 1 ! !
s b /
L 06 - \\ /
3 08 | \," deconvoluted Mn2+ peak
—1 .U T T T T T T T T T
0.0
021
<L
= -0.4
S 06 - baseline substracted data
=
(&)
0.8 4
—1.0 T T T T T T T T T
00 — —_——
T -~
7
‘ 4
o ™,
' !
05 - ; !
i !
! !
— ; !
3 Jf raw data
E -1.0 A .I IJ’
- ;
3 oo/
o
-1.5 4 ; llI l,"r
) [
! —— baseline
—————— raw data
—2_0 T T T T T T T T
1.8 16 -1.4 -1.2 -1.0 0.8 06 04 £.2 00

potential (V)

Fig. 8. How to deconvoluted calibration graph. When collect each peak current is difficult cause of baseline is not same. so

using peak deconvolution to compare peak current.

3 Mn*'9 29 1.9078 uA/mM(=nA/uM)9] TZEE T
T AU ol AT Fad =59 FF(Brendel et al,
1995)21 0.025  0.07 nA/uMdll & Zo] T Xz Ea¥a, 2
ol F& dohl7] sl F/HH AFUF Basita #d
= At

A5 0, Fe*', @ Mn’'ol] i o=, 2%, 9 2
Ae FRLATENGVTAA AANE FHez 53
o} gEhEnitt dE2A% FEE9 9 oF 93~134% o]l
A ZREAT BEEY A F 1.4~103% oJllolA F73

o K
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concentration

(a) A A
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A
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respiration
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E oxygen manganese
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A J v
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m concentration
v = >
A T
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Fe?*(aq) low respiration
O + Oxygen T
[N A
1]
=
=
SO42-
reduction
anaerobic
A
HS-(ag)
CH,
formation
Y
CH
v 4 v
cm

Fig. 9. Depth profiling of the sediment. That is how to separate chemical in sediment for neutral phenomenon for sediment.
Microorganism in sediment need to generate energy via reduction reaction without oxygen. So they use chemical for

reaction.

A HAE U 28 27 AT FHoA Asd Ak A%E o Fig. 109 F sk
£ HHBA R @720 FHH AAE qAse R 2k A Fig. 10914 BE AT Zo] AN 5723t
AR Z P2HS AMERITE 97t B9 AAE AYEa 4 HA HAEY U AR FEASHA Aaste] @7
B qUAE 4S8 F JdE EZo7] Wi nAEES 3 A AE7E 9o o)F 5714 580 HEAA TEFol Al
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Fig. 10. Measurement of vertical concentration distribution in the number of voids of sediments using microelectrodes.
Measure sediment every 2 mm. First using LSV measure up to 1 cm of soil. And using SWV measure up to 4 cm of

soil. We can show similar shape with Fig. 9.
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