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Abstract — Recently, increasing manganese (Mn) concentrations in groundwater have raised global concerns due to
their potential effects on human health. In particular, Mn concentrations exceeding regulatory limits can cause neurological
disorders and developmental impairments in children. Effective removal of aqueous Mn requires its oxidation to form
insoluble Mn oxides. However, abiotic Mn?*(aq) oxidation proceeds very slowly under environmental dark conditions,
which limits its practical applicability for water treatment. In this study, we employed goethite as a photocatalyst to
demonstrate rapid Mn>*(aq) oxidation under abiotic conditions and systematically investigated the effect of temperature
on the photocatalytic reaction. UV-Vis analysis revealed pronounced Mn oxidation under illuminated conditions, whereas
negligible oxidation occurred in dark. In addition, Mn oxidation proceeded more rapidly in artificial groundwater than in
artificial seawater, and the Mn?*(aq) oxidation rate increased with increasing temperature. XPS analysis further showed
that higher temperatures led to an increase in the average oxidation state of Mn oxides formed on the goethite surface.
We also calculated reaction rate constants at different temperatures and derived an activation energy of 48.71 kJ/mol and
a pre-exponential factor of 0.76 M/s for the Mn?*(aq) oxidation driven by the goethite photocatalytic reaction. Overall,
our results demonstrate that photocatalytic Mn>*(aq) oxidation provides an effective and sustainable approach for
remediation of Mn?*(aq) contaminations under environmental aqueous conditions.
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Fig. 1. Natural sunlight driven rapid photocatalytic oxidation of Mn**(aq). (a) Mn(III) equivalent under artificial ground water (AGW), (b)

Mn(III) equivalent under artificial sea water (ASW).
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Fig. 2. Effect of temperature on the photocatalytic oxidation of Mn2*
by goethite conducted at 25°C, 35°C, and 45°C, respectively.
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and 45 °C, respectively.
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Fig. 4. Kinetic analysis of photocatalytic Mn(II) oxidation. (a) time-dependent Mn(III) equivalent concentration at 25°C, 35°C, and 45°C with
linear regression to calculate rate constants (k); (b) Arrhenius plot of In(k) versus 1/T used to determine the activation energy and fre-

quency factor.

oA (kI/mol), RE 71 (kI/molK), T= X (K)E 2v|sit},
3|7 249 718718k AR Sl 247 233) ouA|gh vk <l
22 ARESISIT. Akt Az, 2 9ke-2] A3} U= 48.71 kJ/
mol, ¥1%= QIAH= 0.76 M/s& E%H%‘loﬂ% o= %2 F7lel| w2t
u1—7]- )\]-;,;], H}Mo] un]_a 74] _% Zr:j] Aozg ﬂ/]ul;dgpz :1_71 7]_
), QIERIAelA] 271 Tﬁl 1 EEE 18T ASE, ko=ko
[Mn**(aq)]) ko= 7,600 '] Fk& 7HA= 218 €<l P‘%P ‘“?ﬂ
goethite 5% 4 §FAA4A9 w55 13T A (F, =k
[Mn**(aq)][goethite] [Ox(aq)]) ko < 2.59E+10M2s712] Z1& 71A| &=
Z& g5

Toyoda & Tebo(2016)= 3% BrEl2]o} Bacillus sp. SG-1°1] 2]t
Mn(Il) AF8} 5H8-2] &3 3} of| LA & oF 2-38 kJ/mol = H.115}3iTh
[12]. o] a2 Zul] Z-g-of 23] Whg-o] A 5H- o=
ARz KN EOH x]sﬂﬁ 2= al_cb__o_ EC’:]—T—U% H o :’Lg] 1%7]7(—1 }\]/KEﬂ

o] 2jo] 5 FZAZITE WHA[1 s 245 AFSHE Fol 9] v s

2] heterogeneous Mn?'(aq) A3} HH-8-0l| 4] 45-60 kJ/mol =5=2] &
A3t AJUAE Bkl om[14]. T3 FACA BAdEA

Mn?**(aq) AF} WH8-2] &35} o4& ©F 50 kI/mol= A3k
[4]. TPFAIE o] v A= 2] A W3 Akst HP%’J 2733} ol
A 2 AT AREL 7 ATl FE 50 vheS Be
Al 1 Ak} 9hg-0] Ael Al fAlet S Hith THel =
ET78HL 2 AT A4 HolE RkE £ 5= 7]Ee] AT A3
BT} U WE Mn?(aq) AFSE S5 Btk 71E AT ARES
R FEof 93 heterogeneous H| &2 G4 W7F 4ks) A] k&
gk 10 M1 3 Bl o, 2 oAt Avl= 2.59x1010M %12
ol & 2ol & Kol Ag B 77t Alvh2,13]. o] & E3iA v
A oA I3 AR ik viAY S 2ol uhE B3}y
Aof| oJ gt @eFr. H&%ﬁ_u_ Aol B & JFS Wethe 2
gl SItt. o] 710 ¥ X Mn(OH),(aq)et A4 7F HHS-
o] 9 3} A= 9} 2], goethite oY S2HE Mn(I)©] F5)
S-S 538l 21524 07 goethite® AAME AEE 4= 317] W
,0 AR A A2 w-e NeE T4 S22 <= 9)
o7 aHPTs].
WEE5 Aol 4 9] wlAUF 2to]e] whet &3l vl u= o]
AR 1218 AFA A A E AEH FA 1 AkE SE0F
0.10-1.10 uM/hE 2 AT A1} 18] o] =3 55

e

o 1 L
o A

18
o]

o
A J

2
=

rlr
N

f

=

ol=

rum
rl

A5 g 5= Q3tH12]. o1& B = U3 Akl ukg-of 9lof
A A3k A) 9] PR TE HES I Q1AL 9] ko] B& 5
Al 285k Q= RS Feld 5= 9lglvh

Wero® ApAdE &8st FEm) 7N A rl=e] 7k 3 Hot
stax; =t 53 1}0474 o & 0}3’— Xiﬂ]%—gi 48 7k
3t goethite(o-FeOOH)E sk 271 3fell A

71 Rk ks AT

Hlo] 22| A] Mn(Ill) equivalent 557} A|7to] x| 'dol| wje} F-3
A S7Fsk3l oM, goethite”F AHAF Shell A Az Q1 F=r 7]
T TAY T USTS APACR TSk =3 AGWSt
ASW 874 9] A B3kst =5 vl wshk A3, AGWollA 43t
ukSo] o %H]——o‘]_}” oyt om o] A9 ko] AbslHES &%

of A FFS F1 USS FRIE = 3Nt 2o whE YA
3} w-g v‘i—’ﬁ, = %3}1 A% 257} A4S Mn(llD) equivalent
T 57t e welA= A GRlsksl o, Algk

o W& Mn(III) FEY HY TR VIR E NSRS B
gl A sle| Y], WS RIS ks 3
parameters= =& T 0]% et
B3 ko] obd, 9 3

goethite—g o]& O]-Oil Mn(II) J
dHo g Fsiglon W 2% 54 o] ghg a&o ulX]
s HER H’“ﬂ_&-”}q Rl 7]‘?} J’L@rﬂ%ﬂ 28

JZi
|o
il
2
ot
>
w
s
30,
lo
o

gl 7leo) 2 %Z.W* A OP ﬂXﬂ ‘1‘7] 4 aH|g-2 S

WG 5 gl iekow 83 4 glom, 53] ARt 5 Aol
o] sEshEl P4 A4 o2l e Aole] A4 b E A
A AN g W2 AA 7% e NEARE 289 5 9)E 2
olck



An, G. and Jung, H.

#Z A

O

| =52 2025~2026 3% A Ao g A-EATA] A5
Ao e AAzel,

References

1. Davies, S. H. and Morgan, J. J., “Manganese (II) Oxidation
Kinetics on Metal Oxide Surfaces.’ J. Colloid Interface Sci. 129,
63(1989).

2. Diem, D. and Stumm, W., “Is Dissolved Mn?" Being Oxidized
by O, in Absence of Mn-bacteria or Surface Catalysts?,” Geo-
chim. Cosmochim. Acta 48, 1571(1984).

3. Gillispie, E. C., Austin, R. E., Rivera, N. A., Bolich, R., Duck-
worth, O. W., Bradley, P., Amoozegar, A., Hesterberg, D. and
Polizzotto, M. L., “Soil Weathering as An Engine for Manganese
Contamination of Well Water] Environ. Sci. Technol. 50, 9963
(2016).

4. Hem, J. D., “Rates of Manganese Oxidation in Aqueous Sys-
tems, Geochim. Cosmochim. Acta 45, 1369(1981).

5. Jung, H., Taillefert, M., Sun, J., Wang, Q., Borkiewicz, O. J., Liu,
P, Yang, L., Chen, S., Chen, H. and Tang, Y., “Redox Cycling
Driven Transformation of Layered Manganese Oxides to Tunnel
Structures) J. Am. Chem. Soc. 142, 2506(2020).

6. Jung, H., Xu, X., Wan, B., Wang, Q., Borkiewicz, O. J,, Li, Y.,
Chen, H., Lu, A. and Tang, Y., “Photocatalytic Oxidation of Dis-
solved Mn(II) on Natural Iron Oxide Minerals,” Geochim. Cos-
mochim. Acta 312, 343(2021).

7. Lu, A., Li, Y, Ding, H., Xu, X., Li, Y., Ren, G, Liang, J., Liu,
Y., Hong, H., Chen, N., Chu, S., Liu, F,, Li, Y., Wang, H., Ding,
C., Wang, C., Lai, Y., Liu, J., Dick, J., Liu, K. and Hochella, M.
F., “Photoelectric Conversion on Earth’s Surface via Widespread

Korean Chemical Engineering Research 64(2) (2026) 105160

Fe- and Mn-mineral Coatings, Proc. Natl. Acad. Sci. 116, 9741
(2019).

8. McMahon, P. B., Belitz, K., Reddy, J. E. and Johnson, T. D.,
“Elevated Manganese Concentrations in United States Groundwa-
ter, Role of Land Surface—soil-aquifer Connections, Environ.
Sci. Technol. 53, 29(2019).

9. Organization, W. H., “Manganese in Drinking Water: Background
Document for Development of WHO Guidelines for Drinking-
water Quality; World Health Organization(2021).

10. Pyne, R. D. G, Groundwater Recharge and Wells: A Guide to Aqui-
fer Storage Recovery, CRC Press(1995).

11. Spangler, A. H. and Spangler, J. G, “Groundwater Manganese
and Infant Mortality Rate by County in North Carolina: An Eco-
logical Analysis)’ Ecohealth 6, 596(2009).

12. Toyoda, K. and Tebo, B. M., “Kinetics of Mn(ii) Oxidation by
Spores of the Marine Bacillus sp. SG-17 Geochim. Cosmochim.
Acta 189, 58(2016).

13. Von Langen, P. J., Johnson, K. S., Coale, K. H. and Elrod, V. A.,
“Oxidation Kinetics of Manganese (II) in Seawater at Nanomolar
Concentrations, Geochim. Cosmochim. Acta 61, 4945(1997).

14. Wang, Y., Zheng, C. and Ma, R., “Review: Safe and Sustainable
Groundwater Supply in China) Hydrogeology Journal 26, 1301
(2018).

Authors

Gyubeen An: Undergraduate Student, Department of Chemical Engi-
neering, Changwon National University, Gyeongsangnamdo 51140, Korea;
rbqls0213@naver.com

Haesung Jung: Associate Professor, Department of Chemical Engineering,
Changwon National University, Gyeongsangnamdo 51140, Korea;
haesung.jung@changwon.ac.kr



