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Abstract

Project Code: RSA6080054

Project Title: Removal of Manganese in Water Treatment Process

Using Entrapped-cell Biofilter

Investigator: Assoc.Prof. Sumana Ratpukdi, Ph.D. Khon Kaen University
E-mail Address: sumana.r@kku.ac.th; jeans_sumana@yahoo.com
Project Period: 3 years

Abstract: Occurrence of manganese in groundwater causes colored water and pipe
rusting in water treatment and distribution systems. Consumption of manganese-
contaminated water promotes neurotoxicity in human and animals. This research project
aims to investigate manganese removal by entrapped-cell biofilter system. The study
comprises 2 main parts: 1) isolation of manganese-removing bacteria and 2)
determination of manganese removal using entrapped-cell biofilter system. For the first
part, manganese-oxidizing bacteria were isolated from contaminated areas in Khon
Kaen, Thailand. The selected culture was the best manganese-oxidizing bacterium,
identified as Streptomyces violarus strain SBP1 (SBP1). SBP1 achieved up to 46 %
removal. The kinetics best fit with Aiba model. Kinetic parameters estimated from the
model, including a specific growth rate, half-velocity constant, and inhibitory constant
were 0.095 1/h, 0.453 mg/L, and 37.975 mg/L, respectively. Advanced spectroscopic
analyses indicated that SBP1 removed manganese via bio-oxidation with supplementary
adsorption.

For cell entrapment material, barium alginate with 5% activated carbon
supplement provided the highest manganese adsorption (42%) with high bead strength
and durability. The activated carbon-barium alginate-entrapped cells at microbial cell
density of 200 mg/L gave the best manganese removal (51%). During the long-term
column investigation, the entrapped-cell biofilter with anthracite as a filter bed could
keep high manganese removal (more than 85%) for entire of the experiment. The result
from this study could be used as fundamental information for water treatment and

further developed to be low cost water treatment innovation.

Keywords: alginate; augmentation; biofiltration; cell entrapment; manganous
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Part 1 Manganese-oxidizing bacterial
isolation and characterization for ABAF

Part 2 Manganese removal using free and

entrapped ABAF systems

Part 2.1 Development of entrapment
material for manganese removal by

entrapped ABAF svstems

Optimum material preparation
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Part 2.2 Influence of filter
operation (medium types and
filtration rates) on manganese

removal by ABAF system

Demonstration of ABAF for

manganese removal using column

setup
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Goal/Target

‘ Manganese-oxidizing cultures

Entrapment material for
ABAF systems
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Filter bed and filtration rate
for ABAF systems

Entrapped and free
ABAF systems for

water treatment
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‘lum”u@auﬂi:ﬂauﬁaUmsmaaa 2 9% Qe

.:i % a A a :ﬁ} A' 14 dld =
3B 1 NITINIZURLAALENUUATIITIUIFNDIINTILIARBNANA1TUNIN IS
Uuilan

- MIITLATAALUNLUATILSE

AIWILBa (enrichment) "l@TLﬁmT’msmfi'a@gmaaf:']LLazﬁuﬁﬁmimnwu
wanfalwaaiuidnnowlid way s1nenszuIn s9nS Ve S9inoasiioa
0896301597 1 ildanuSnmiuiainanldaraiadsin s iaudInunis
Uniilowtlszanm 2.5-4.1 mgiL mﬂﬁ?uﬁ'mu,smLmﬂﬁl,%'ﬂ@ﬂf’ﬁ;ﬁmmmsl,?ivml%amu
Cerrato et al. (2010) 81%151A 891501 52n0 @28 0.15 g Mn,SO,H,0, 0.001 g
Fe,S0O,4°H,0, 2 g Peptone, 2.38 g Hepes buffer, it8z 0.5 g Yeast extract FIRTVBINT
WISL@N 1.5 % Agar ﬁﬂ%%ﬂ’?%ﬂﬂiﬂu@LLElﬂL%&l%ﬂﬂﬁ’]fﬁ@lﬂiadLLﬂzauLLﬁdﬂ%Nﬁm 10 g LAY
asluawmnTanaEaInal 100 mL ufIUNGIaEN9TIBATIEN 150 rpm D AU ARB
e 1 e dredanuafiudoitoss 1w 4 50U 1nTuiadsiTanonnisuds

AUNTZNI b6 \TouIgnd

A1319N 1 m”aashai’a@;ﬂsaaﬁﬂ LAsAL

Zaead1s | anwmzalabig G

SCP uvSmtatnana | dnneathuli (16°442°N, 102°38'40°E)
PIAIAVOULUAW

FCP i’aqmaaﬁw snathuld (16°4°42°N, 102°38'40°E)
AIRIAVAULAY

SNA AUUINIHUBLIAR | 81tNanIzwIw (16°40'52°N, 103°8'57°E)
AIRIAVOULAY

fF1MIUAUABUN1TILUNLT09A% (pre-screening) INuuATISEN AN le
{010 88nT lasuaIn 1 Hals35n17 leucoberbelin blue (LBB) spot test 3515l T TL
o = LY a
Frunnuuaniftaazais (soluble manganese) 49ldun Mn® uazuasnilagloandlad
(oxidized manganese) G4 bawA Mn®* waz Mn** 33n157Jun15%ea leucoberbelin blue
reagent (0.04 % (w/v) 11 10 mM acetic acid) asuulalafinuafiiss Anuunaradradn

. aa \ a v o oA a a & &

a1 20 min lunidauazaglugmnnivas mindrediiuuimtagdaandladainiuds

a & ad a & & o 3 A A o o
LURDULTWRELIN Iuﬂqiﬂ@aaﬂm%@ﬂu%ﬂszﬂqsﬁfl 5381 Lwaﬂuﬂuﬂaflwgﬂ(ﬂaﬂ ARIINR]



=

nanad LBB spot test linauuafiisanianuduldldinaludnsrquanddnig

= Q = qq// 1
panTLaTwLNIN SR lwInaawea b

=2 an a o A & AaAa Ao )
- nMIEnmaMRNUGNTaanGIeTULNIN e BanuafiiSaNaausnin la
AAd AaA = o & A v
wuaisendanudulyldanniuasuniiwunladnsranuainnsalunis
o @ A ad A o . A A X & AA A
faauNsnfia A5 Suduanuuwuafiseluenisiasaderainiuninifianiny
% % [ s ] > (> 1 A a 6 1
WNT% 1-5 mg/L tTuwnan 1 slailusznitinaaastnaladidiiedanzinidiaing
NI BULNINIhERER18AILNAA18LATE S Atomic Absorption Spectrometer (The
PerkinElmer AAnalyst™ 800, Singapore) LLa:’S'@m’]iLﬁﬁtyLaﬂ@maumﬂﬁﬁ&lﬁ’a ANITL
Fwanluanmnizi@e dnsunsiansiatanudutusninfzazaroidullauis
N19331% (APHA et al., 2017) 13%a28819AHIBNNINTBIIBIRYNTDIVUIATN W 0.22
um 9neiaes HNO, At lUTiazRal81aTad Atomic Absorption Spectrometer W&
nInaaasthad I mwmdiaanaaussmswszmaasydvlevssuuniice u
& & x> A A a a Aa A A a € ~
Tuaauitazlddauuaiisouiand (pure cuture) NiiUszinimwluniseandladuusnila
oAl A a a A 2 ' < AA A A & g
166 (sunsn 1) uazasaidulad ldfnundalutuda 9 lU wuefiSonifanlutuaauiiaz

ldszymenutaInnIIIzY 16S rRNA gene da'lyl

Initial conc. - Remaining conc.

Manganese removal efficiency = ( ) x 100 &UNNIN 1

Initial conc.

Initial conc. Initial manganese concentration (mg/L)

Remaining conc. Remaining manganese concentration (mg/L)

]
=

H ¥ [~ o o a
uil 2 msaadangawnidndanadulylaluwnsirlyldmaauasnita

Qs = ng > o -5
- ANIRALRANLUATILIIUIRNDRINIUAALNIM IR RS

< L g =2 0o o ~ & va o &
luzuaauiidunisfnwinisiisanasmitaazaraluiilaauaiiases
ad a o \ a A ¥ 9 ea o e a = v o
Arnasuananiunuaiifoluihldausaazinduasnifganugude 5 mg/L lu
FRINNARDITNAI DN MEARIAI AT NTBULINBEazA8AINR a2 8LAT D
Atomic Absorption Spectrometer (The PerkinElmer AAnalyst™ 800, Singapore) LRZIA
muasidularesnuafiTea28n1I% U WIB LRI WNIZITD NANITNARITHIAN
fAwrmmaaamstIansindauazmaaiyidulevasuuaiise lwinaounhazle
a A A A a ,:G'o ) a a & ] < =S vR
aadanuuaniuTgnismividausinmtaszasludunauda 9 T mnuuidslddnm
sumaaimaaiydvlavesdunidfimiauusmilaainaunis Monod (sn1301 2 waz

3) wazwanaNugIdnisAnsIranasasnstasyLdulanuuinisgudiaioansannis
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(self-substrate inhibition kinetics) @14 & ¥ N13 Haldane, Andrews, Edwards, Aiba, and

Yano (913799

i
1]

mx »
1] 1]

2)

s

H=Hmax =

Kg +S

1
H Hrmax 18] Hmax

Specific growth rate of the microorganisms

FUN1IN 2

=
JFUNIIN 3

Maximum specific growth rate of the microorganisms

Concentration of the limiting substrate for growth

Half-velocity constant

19191 2 Self-substrate inhibition kinetic equations applied in this study

Model Equation Reference
M S
Haldane = 2 SK, Haldane (1965)
S+ )+ K +( )
i Ki
p'ra
Andrews = K, Andrews (1968)
(1 +(§)+(S+Ki})
s s
{— (—
Edwards b=u (exp K _exp %) Edwards (1970)
. u_S =) .
Aiba = —= (exp K1) Aiba et al. (1968)
(S +K,)
M S
Yano e oK 52 S Yano et al. (1966)
+ +(—)+(—
( s K ) (K )
NG M = Predicted specific growth rate (1/h)

Mmax = Predicted maximum specific growth rate (1/h)

S = Substrate concentration (mg/L)
Ks = Half-velocity constant (mg/L)
Ki = Substrate inhibition constant (mg/L)

K = Yano constant.

& o o ~ AaAa Awe oA
- ﬂ’]iﬂ’]@‘m’]‘imﬂi:U’mﬂ’]iﬂﬁﬁmLL&J\‘if‘nuaI(ﬂ&ILLU@YILSEIVIﬂ@Laaﬂ

& g =3 6 o A & (7
1%“11%(5] El%%ﬁj%ﬂ’]ﬁﬂﬂHﬂﬂﬂﬁﬂ?@ﬂ’]itﬂﬂa‘lﬂﬂﬂiﬂ’m@ LL&NT’]’]%&I%LU BG@%I@ H|

slﬁmﬁﬂmﬂﬂimaiﬂﬂm”uga@”ﬁmané‘mlumﬁaﬁ 3
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A195191 3 inadeatlalasaladnltlun1sdnei

ahA ﬂ'ﬁﬂ']ﬂﬂ’liﬂi

Scanning Electron Microscopy | SEM-EDS was expected to characterize morphology
with energy dispersive of bacteria and element (manganese) on bacterial
spectroscopy technique (SEM- | sample.

EDS)

X-ray Absorption Spectroscopy | Synchrotron light could separate oxidation state of
technique (XAS) each element in sample via XAS method. Two
techniques of XAS were selected: X-ray Absorption
Near Edge Structure (XANES) for finding oxidation
states of element and Extended X-ray Absorption
Fine Structure (EXAFS) for investigating species

of neighbor atoms in sample.

X-ray photoelectron The technique was applied to measure the elemental

spectroscopy (XPS) compositions and portions in sample.

>
%]

P> o o a v =] a &a ¢
AWANDNN 2 ﬂ"liﬁﬂﬂ"]ﬂ"liﬂ"laﬂLlN\‘]ﬂ']%ﬂﬂ'Jﬂiz‘]J‘uLaulalawl@l&ll%aﬁaaizllaz!ﬂfaﬁ

An

38

@ ¢ H ° [
2.1 NSLAIYNIFALALLBARN IINRNITANEIAITUIZUUNTDIBININ

lurnaantsznaumeniImaaad 2 0% fa

‘.-.i %) > 1 > o A v o > = |
uil 1 MInawIlsuuasigaanan linazandnsulgluszuunsasdinin

- IESHNIRALATN LA AUFILATIZR

& g o = a Aa Y o A

Tuauaawhilsznaua18n1ILaIuNRIISA L TLA UL AL LTIA Lo NI
NI NTANITUTUIDLAZ 3 1AUIRINGUTUIAT TINNLNITIWN NN BAAITULT NI
fouaz 15 LAz 10 ls1WINaaUINIAT AUEIAY (ANT19N 4) NMUKNINFILLATEINIY
LUUWILRANTAENITIRAINTY 40-60 BIFNLTALTUR LN 1A LTLALNLARUARSATLLAZN
. v o ¢ = & A o < & 2 v & A ' = '
AUNNUWANFNAWLT UL DLA 8N mﬂuummvlﬂ‘mmeml,ﬂumsvl,awgammﬂm%
molua1sazangad1tay 1 12109 LAZNITLESUNRITALANULULSNA R 136 LTiNG Lah
HAWNNIR T AN NTWI B8R 3 lautinnindalSu1as TuaawiauLdwn1Inaans
Az LT AL T UALATNITIWI NN WG I L LENTAZANLULSINARD 136 91NN LILTw



12

81 1 T2l LﬁalﬁLﬁ@’r&@!ﬁﬂ’J’mLL%GLLN%% wasrimsasuuiSouane lsd iaenuida
fa@;ﬁaﬂﬁﬂﬁvla 2 30U q@ﬂﬁﬂmawﬁaﬂ'NLLam@”omﬁaﬁ 3 §aunstasoutinldan
9T senaual1881s K,HPO, 0.0001 mg Na,SO, 0.01 mg NaHCO, 0.008 mg
Mn,SO,+H,0 0.0154 mg Fe,SO,*H,0 0.00005 mg CaCl,*2H,0 0.00067 mg
MgSO,+7H,0 0.02 mg NH,CI 0.002 mg peptone 1 mg LAz yeast extract 0.25 mg 1%‘&’1

Naw 1 463

A3 4 swa:lﬁmé’@muwawiﬁq

Sodium Powdered activated
Barium chloride
Name alginate carbon
(%, wiv)
(%, wiv) (%, wiv)
BA 3 3 0
BAPACO1 3 3 1
BAPACO05 3 3 5
BAPAC10 3 3 10

- MINARAUMS I UV RAANGA

mimaaun’]ﬂ%mumaﬁa@m‘”nﬁ@Lﬁalﬁmulmzuumaa%amwﬁLﬁmmsJ
wan 3 U3zn17 Ae 1aqilannuaini sansaLeaewiluszuunsasassaTislnaians
NLUIRQNIBY wazanunsaldnumeianasanle sauluiuaeuil Uszneudsmmaseu
wadolUit
NINAFIUAIINAINHNIWAILATINUALIAN NINAFOUANUUTILITING
ﬂ’mmmﬁammﬁuLLsaé'@maaLﬁ@’S'a@]‘ﬁwLﬂ%iaa universal testing machine
(UTM) la8i@f1n133uL398@ (compressive strength) ﬁﬂﬁsqué’waﬁa@ﬁaﬂ
82 10 30 LAY 50 ANNAGL WALlTEAT15IVEINTTEA 10 UaRLNATAAWIN
lapdratsudandu 3 gadaatng laud Lﬁ@’i’ﬁ@l,@l%'ym%mﬁu Lﬁ@i’ﬁ@;ﬁwﬂu
TNnawLaztin G uTIATILHAAN pH 6 7 waz 8 anwday 1w 7 T4 uas
Lﬁ@’i’ﬁ@;ﬁmaiﬂuf:mé’IuLLa:ﬁﬂ@Tﬁuﬁamﬁ:ﬁﬁ oH Un@idraiaiaaiasn
shaker machine f1A2730157 150 saUGaW T 1WA 7 T3 NI NI DALEA S
FIRNMIT 4

Force (N) ~
RUNIIN 4

O (compressive strength) =
Area (m?)
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NINAFBUNITLRANRAINNILAL Lﬁammﬂﬁawamwmamﬁmfm; leun
NITUIN NITLAN midausjs LATNIIFANLA) laautadn 2 arat19 laun
~ L= dl 1 g/ °’I ?; va o {t—‘-i 1 o a =
Luma@mLLﬂumnauLm:mlmumme:%ﬂm pH 6 7 U8z 8 aua1aU tTw

a = a ni 1 g/ o g/ va [ Kni a v
I8 7 % LLaszma@mL°11mlumnauuazuﬂmumLm']:wﬂ pH Un@ae
A 1 . A < ' A/ a
LATDILVEN shaker machine NA1YULIY 150 JaUGAAUIN LUWLIRT 7 3% NI
AW DULFAIANIFNNTN 5

MNumber of deterioration

Deterioration = ————— %100 aumsﬁ 5

Number of total

A1NARBUNITIAG WA 32 UUNTBITIATN NINATAUNISLAR BN b
LUUNTBITINN LﬁamaaumwL%’;hﬂﬁmnné'umaal,ﬁ@’i'a@;m%'ymﬁw
ﬁui’a@;ﬂiam&ﬂﬂ WU NINUNTI BAZLEUNT e I@yﬂﬁiam”a@y,ﬂﬁauﬁlu
%aaml,ﬁ”’aa:ﬂ%ﬁﬂmiqﬁ’]ﬁﬁmmgo 1 10T IINTHIVLIALA DI
ANNINTANAZNaRIFNNTT 6 thaldisdnnsananluszuunsasdinn
nydhdafimssegauszuy

Distance (m)

Settling velocity = ————— RUN1IN 6
Time period (5)
d' v & A A' v
I 2 NMINARDI T LBARANAN IHITHFIUIAT DN
msmé’amnmsm?wi’aqﬁmmmuLLf,ﬁ”ﬁa"L@ﬁ”mW@aaaﬁnmmﬂﬁmi’aq
lundzrsduwidandunsduazaiunsdinadnsiauidw bl lalunirsldouiidasdn
WBasnlwmsltnuasuinsssumaiansaw 9 Weadwrnannaiesia nunidmaaasls

NULTIFANANG m"’a@]‘@”\mﬁnz%m%’umsﬁw”@mmmmﬁaluﬁﬂﬁﬁué’oLmﬁ:ﬁ@iavl,ﬂ

2.2 M3AN®11UNITLANRITUUNTDINADNDENAADNITANVAUNI MDA TZUL

NIDILANLTAE

a 6 A A 6
- NNV ULTRNANUNIY
A & A Aea o a X & A o
ﬂ’liL@]Sﬂ&lL‘ﬁaaﬁgﬂu“niﬂLiﬁJ(ﬂuﬁ]’mﬂ’]iL(ﬂ‘iUMEl’]ﬂ’]‘iLaEl\‘]L"ITEl d3Usenavuaiy
MnSO,-H,O 0.0154 g/L, FeSO,-7H,O 0.001 g/L, Hepes buffer 2.383 g/L, Peptone 1 g/L
Oq: ] ¥ v v A a { a
R Yeast extract 0.25 g/L mﬂuuﬁu%%a@aU%uamﬂﬂu(ﬂuvlaﬁqm%gw 121 8361
~ [ a v AR a a A r_ql' d‘}/ (% [ 1 >
LIALTEE LUWLIRT 15 BN LAIILANLLANLIY SBP1 aolumm‘mml;’ﬁa@’ma@]‘i”lamm
& X & . a A & . a o A
LTRARNNIILRENILT 1 @1d 10 IG]EII]S&I’]@]‘S LRSLYEINAINNLITY 150 JaUAUIN QIULATIDI

uunywna i dves iua 24 Tla4 (Lﬁ'ﬁlﬁﬁTﬂg’PﬁNﬁﬂwaaswuﬁﬂﬂﬂmu
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\Fua (Exponential phase)) 1nuwiadianausasgainluniavadeluluiumvauds
WUIUABY (Mixed liquor Suspended Solids (MLSS)) Wa1141h121M17La8 T NiTaaYA
a v A A = | A a o X v o A9 o
Fwlddwndganalnui3asey 6,000 saudaudfl tduiaan 15 w1fi KaLTartudwils

2 &a & a &<,
miﬂﬂwﬂugﬂLsﬁaaamumwﬁaa@ﬂmlwmﬂﬂ

a :’ va o [
- ﬂ’]iL@]iElll%’ﬂ@@]%ﬁdLﬂ‘i’]zﬂ

mim?wﬁﬂﬁﬁu&amezﬁmﬂqmﬁﬁimmuluaﬁ@l (Ito et al., 2012)
Usznaudiey KHPO, 0.0001 g/L, Na,SO, 0.01 g/L, NaHCO; 0.008 g/L, MnSO,H,0
0.0154 g/L, FeSO,7H,0 0.00005 g/L, CaCl,2H,0 0.00067 g/L, MgSO,7H,0 0.02 g/L,
NH,CI 0.002 g/L, Peptone 1 g/L L&z Yeast extract 0.25 g/L nvusFadionaile
mwm"’u‘laﬁaﬁm%gﬁ 121 ssmnoafos 1waan 15 wifl ihldaussiamziaonsng

AMULTNTWUUINHE 5 mg/L

- MU FAANAALRLLTARANGS

mMaalsairgandauduanmnassuatazaolodouuasiiuaiosas 3

:’ Ed 1 a = a ] s = 6 1 o o {d‘ v & v
lassmindadsuias unsduuuidunsaunudnug @unuaiuanladuinsanisan
fwiurzuunsasinld lasdenlaleduiniues 900 mgiL uazawiaaunia@an 60 4

125 pm) IAaumssunNtudangasnnna luiitedaly) desnniudinnauuasl

Ce

a )

@ = A o & A = o
AMUIDWLUULIRT 30 UIN u’leﬂLﬂ‘.lJ‘ﬂqm%mJ 4 DIFNTALTY LUWLIAN 1 °IT'JI§J\1 INMNBH

U

v v
o A

RUA L TLAUULOATLWARI IWRITRZANULLLSHNARD 1IA30aZ 3 laginntindalSu1as aIng
VHJL%LLaamumugﬂumm:mml,mmuﬂaavl,m@aLiJunm 1 72139 LA29987902 89N
Nak 3 30U A18H9AINAILIENTN BA
msm%'ﬂmémﬁ”ﬂﬁ@ﬁ‘*ﬁ'u@auﬂﬁmﬁ'umim%'wi'mq@”ﬂam ANLIUITWA DU
a 6 [ = a a a A v Aa
NNILANLTAR SBP1 #aJaINazauNIlaAounaading lasdSunmuuanisolwiduaiy

sgagruwnna I luvintasialy

- AIMNARNIMBRAIIIRAANAALANNITNWA NN UG D ATIFIUANS 9
niidausniladieiagandauaziaganaaidunstiuiuaiug (

% %

&) nea

=1

LA UNIT WA NN UAIDEAE 1 5 LAY 10 lagi1nundalSu1as d2081909n812158n09

BAACT BAACS Uaz BAAC10 audaw) Isuduannnsiauiagandaaiaizniiannmide

NEIBUIRI L WIN T AAUFILATIZR A28DATIEIW 1 fa 10 LALLVEINAIINLS? 150 JaUda

#IN @i”amﬂ%aoLmﬂﬁLLuu%guﬁqm%nﬂﬁﬁad
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INUWAVAIDLIIIINIAT 0 6 12 24 36 WAZ 48 TILNI LA IAANNLT NI
YAIUNINIRE AN LHINAIINAR IR VI AT LA NIIRNALNINIRAILEA 11

FUNTIN 7 INBWINAIN A AINFIINIRIAMNFUNWTUDINIHNTAULINBINIIFDA Lag

v
v e =

ﬂ”@Lﬁaﬂ%”aﬂa:maomuaumﬁmr‘fuwu@mmm:amﬁalﬂumiﬂ@aaa@ia"lﬂ MIANENH

NARBITINIU 3 JAU LWAMIANARUUAZALTBIUUNIATIIN

Manganese removal (%) = (%) x 100 FUNIN 7
n

0

o

lag Mn, g ARV NTUYBILNINBRITNAY (JaANTUABANT) Was Mn, Ao A1AINY

@

TNTWUBIULNINBEALARIINMINARY T A1 9 (HaAnsuAaanT)

- MIRNALIIMB R ULTRAANAANAINUAUILUY D ILTARRTNGADIRAANAA

e
miﬁﬁmmomﬁa@hslL%ﬂﬁ@”ﬂﬁ@ﬁmmﬁmLLuu"uaaLsﬁa@a%wdm"’a@;@”ﬂﬁ@
@19 9 daznaudis NInased 8 TANARDI (A119N 5) NIANENANARDITIUIN 3 AU
A ' A oA <& s o A
Waraadsuazandosuwunasgiu Tuaeunsnassadulleuansmennai213lu
WTaNHIBIN AN laannmInaaasisinundwimrisesarnsiIausNie (Fun1IN
7) WAZWIANIRUAIFNTVOINIIRTAUNINIAFAIBULATIITY SBP1 @10NHaAIINTT
a aaa Q Qs dl
\WeUfATeNauaua o 1 uaz 2
ni a A % vR
#ANINNNIINAFAINURAITIYALA A LTI Ua1397 5 9 laAnEINaaaInig
ANALNINMBRAULTARORIE 200 UNANITN-MLSS dafas tWuLANINe LTl wn1TidSuuiey

NANIINARDINIE
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A13199 5 muﬂiznaﬂuq@maaamiﬁwﬁ'@ WIM BRI LLTARANAANANAWIL UV

L TARINTNEDIRQANGAGY 9

Fumiin 30
LTARYATW JaNaaT YSunmin
‘n@] ] v
Y S TNuazdya @dAn3n | wulden | WIdwnw duilon
fl
@08aI) | LoAILuA e (NadfaT)
(N3W) (NT4)
1 EC-0 Lﬁﬁazﬁ'ﬂa@ﬁammﬁw 0 0.9 0 300
2 | EC-100 LoaduAfiAN 100 0.9 0 300
3 | Eca00 | mwlwinvenmasyad 200 0.9 0 300
4 EC-500 N 500 0.9 0 300
5 | ECAC-0 e 0 0.9 $ouazi 300
LTRRANAANILLDLILN
6 | ECAC-100 o 100 0.9 ANZRY 300
LOATLBALANHITNWAY
7 | ECAC-200 | . .. , 200 0.9 NI 300
NBANAM WAL .
. NARBIN
8 | ECAC-500 | 0ILTA8IaTWANN 500 0.9 , 300
NI

- AN NISARTEUUNTAINHANTWAA DN TANALUINIRRABTE UL

N3DILAULTRE
NMINARAITUA W HLTWAITNARIAI LLULINRAINA NIV UIALENNIALAT LA

2

@UNANNNT Rapid small-scale column tests (RSSCTs) ATnaaadhilyajanuisine

Qq: a a g & &5 e s
ﬁﬂ‘hﬂNﬂ“llﬂd"liuﬂﬁﬂdLLﬁtﬂYlﬁWﬁ“lla\‘]ﬂ@]iﬂﬂ’]iﬂiiﬂd‘ﬁﬂﬂuﬂﬁ]’ﬂﬂﬂﬁﬂ“ﬂaGSZUUﬂia\‘l luﬂ’]i

Q e a IQ o Qs a g/ K & v 1
ﬂ@]ﬂﬂdﬂ@nﬁaﬂ?ﬁ@lﬂiad 2 TUA ﬁumﬂ“ﬁ’lumzmumsmaammumswa@mlﬂi ‘HOVLG]LLT]

(2 a a v A va a a 1
ﬂiqﬁlLLﬂzLLau‘ﬂi'}vL"H@] NIAIB N ﬁ@lﬂiﬁ]\‘iﬁlzvl,@l,(ﬂiﬂ wl%umu’mﬂim‘nﬁwauazm

et a Qg CI) ! a g/ ¥
?(N‘ﬂ?::ﬁ‘ﬂﬁ“llﬂdﬂ’ﬂ&]?IN’]Lﬁ&li’]@IW&JLﬂmeVTﬂ"IiaaﬂLLUUﬂitﬂ’)uﬂﬁiﬂiﬂdLﬁaﬂ’“ﬁﬁ\lﬂ@]u'}l"ﬁ

fIKIAIINITNIBIR AN AN NITOANWULANINTAITIAZLTY Aa 1 LA 4 m¥m3ehr

= 4 ' o > o Y
sﬁdLﬁaﬂamu’](ﬂ@l’]ﬂJ%aﬂﬂﬂi RSSCTs LLa’Ja@]iﬂﬂ’]iﬂiaﬂluﬂaauﬁ NNy 0.1 Lax 0.4

m*/m?s aNE1GL ﬂ']iL(?Q’Iuiz‘]_l‘]_lLLﬂzﬂ’aHﬂTﬂ\‘i“l‘j@ﬂ@ﬂﬂ\‘iLL@@G@D\‘I@HT‘IGﬁ 6




17

A13197 6 mnﬁmzummzﬁagam Eld‘lj@‘ﬂ@mﬂd

BHA AN AN
BANANDY L[5} LELERN 9 nsa9 NLANLEAS
n399 (cm) (m*/m?es)
1 Nn3INg 30 0.1 18z 0.4
Traditional = A R e
1 WAWNT e 30 0.1 waz 0.4 | ludnms@uiasiiy
BAF
2 NIB+LaUNI I | 15+15 | 0.1 uaz 0.4
1 N8 30 0.1 ka2 0.4 | ANILANLTRRAILNTHNRY
1 LAWNT bu& 30 0.1 uaz 0.4 | NUIEQNIDINBWITUNNT
Free NABDY NINNANLTAS AL
ABAF . USunomwas 107 CFU/mL
2 NIE+LauNI Lo | 15+15 | 0.1 uaz 0.4 _ .
lutlSuasvinau (working
volume) V84AaaNM
1 NIg 30 0.1 uaz 0.4 | ImaduiTaaanaa (A
1 LAWNT & 30 0.1 U8z 04 | 35M 3N ldanrzanesn
1) UM IHFUNLIRG
Entrapped NI8INANITUNITNARDY
ABAF ) NIDNRNLTAR ATUTN D
2 NIL+WAUNIIIG | 15+15 | 0.1 uaz 0.4 .
wrad 107 CFU/mL 1u
1J3071037191% (working
volume) 289naaNY

nInasadluwaaniazladneiniiiisanyinibhaszaisla HTANARBINTY

A1 1N 4 NINARAIEANAUNITADLHAY 4 FUAYK LAUAIDLIILNDILATITHRAN

2
(3 =

a ) & A oA A & @ '
widnHanIrae wusnfiaazans (Mn(ll) alaasw LazAINLETNIALALAIDE1INANS
LLazﬁﬂudﬁaﬂaﬁuﬁnﬂfu uaﬂmﬂﬁﬁmmﬁuéﬁazml,ﬁaﬁﬂmma@%uqa%ﬁwm 2
o & & o = a & o ea & ,
gUanvidanss mUmiﬂﬂmm‘sm@"l,ﬂaﬂaﬂ@ﬂhﬂlaaﬁ;amsﬂuaLaﬂmammuaaaﬂﬁ@

(scanning electron microscope; SEM) 334NIN13ANBUTUNMLTaaNTIq (cell viability)

n_)f

Y & & A =2 Y
BNADIANIIAUNYDOLIRLTUAA aulwnaa (confocal fluorescence) Falun1sAnunaae

3

dgd & A A 6 a A = ad
TUUNILDULTRN qa%'ﬂiﬁ FURLIDILLRI '5'1UazLammaa’mmsmaaummlu Delatolla et

)

al. (2016)
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v

- ﬂ?iﬁﬂ‘lﬂ’]é/ﬂﬂszﬂﬁx‘lE‘T%/’l\‘liz@%/‘l_l’i]ﬂﬂﬁﬂ"ﬂa\‘llﬁﬁﬂf‘i( NAARIUNRBIIANTIA T

ALANATAUULLFBINTA

v v

nsfnmansuzlasiaidiandesganssandiinasenuuusasnnaidu
msnsanumeiniinelusasrasandaduuazlidunan i v Saruaawnis
I dunuutaeann awn 1) dala19utadluaIazaauuS AR L3RR NN Y
$ovaz 3 laginmindalsunes $1um 5 a%1 asdaz 15 WA 2) urasluasazansuusoy
ﬂaavl,sﬂ‘ﬁwauawﬂg@ﬁl,l,aaﬁvlaﬁ (Glutaraldehyde) ANuNTUIaEaz 2.5 lasdSuasde
U3unas mmfmﬁuluqm%n“ﬁ 4 23N TaLTuR LTuIaN 5 1% 3) wradlua1Iazans
wussuaanlsdanudututesas 3 lagtinnindoU3u1as s 3 A3 A3IAE 15 WAl
4) WTLOT1BOAANULTNTHIBUAL 30 50 70 80 90 LAz 99 ANa1aU lasldiaa 15 w1f
@a70U 5) INWAILLLANG® (Critical point dryer) (Quorum, K850, Canada) nsiin 1y

\ARaUeI8Nad (Cressington, 108 auto, England) Uazdaddiundasanssaindianasan

LUURDINING (1450VP, Zeiss LEO, USA)

- ATMAIA TR 08N

a a

a 3 v &€ A A 6 v a a [ v
MIRUITNI AN ULV NI UV DILTAR qaum ga198935N13ILAINEH MLSS a8

' '
a ¥ A

NITIRIRUNATNITNINTFIU 2540D (APHA, 2017) L3NG UIINNITOUNITANHNIDIN
gannd 105 aveuaaifos (waan 1.5 Talus ndwihhdadnmaAsdaias
ﬁg'a%'w 100 JARANT NUARILWNTTABNTIlOWAY GF/C 1U1a 1.2 luaTaw (Whatman,

a )

UK) LLa:ﬁﬂmzmwﬂsaa"lﬂauﬁ'qmﬂgw 105 asraLfos twaan 1.5 5alug Bnass

F1TUNIIA AT N INAFE1989010T TR TZIU 3030E (APHA,
2017) Fssznaudsnstasasanuanluindrotnadansaluasndud wasiiazey
LLNdﬂﬂﬁaﬁaﬂLﬂ%adf@ﬂﬁg@ﬂﬁuLLaw 2J98:@ad (Atomic absorption spectrophotometer
(AAS)) (AAnalyst™ 800, Perkin Elmer, Singapore) nstassudwanininaaateile
nTaf 2.4 uay 2.5 ﬂiaaﬁaua”a@;ﬂsaaLLuu"ludau Y%19 0.22 luATan (Agela
Technologies, USA) 3nsimlatindating 25 Saddns asluininasuazanaasunuruld
anutan duaninsneInwaaUsuNes 5 JadanT mnuwdunsaluasnduduasll 10
85803 usdudoawnanlsunas 5 Tadaas 2 30U ntulsUUSINasTsYdenn
VLaaau‘Lﬁﬂ%mmﬁg@ﬁﬂmﬂu 25 UANANT (m‘ssiaymﬁ]ﬁamﬁumwmm% lauFInaan

a9 lnngaiudingis) usrdviharadwndiumsdesliienziainieias AAS
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- MARNTRNIRDA

[ a aa v

AsaazuuIMBbaAIRRaIla TNz AT auALTIRDAG 2 one-way ANOVA LLRg#in

u

' [

mmuﬂiﬂmumaaiagauamﬂ%‘wLﬁﬂummﬁwaam ammwdwg’ﬁm?%‘ the

o o

Duncan’s multiple range test lagldanogannisaianszauiasas 95 aaeldsunsa

AN 9aiia STATA (STATA, Version 14, USA)



3. wamsﬂﬂaamazmﬁmszﬁwa

3.1 MIAALYNULANILSENEINIITNADNT LATUNI NS

v a =~ A ') { i
3.1.1  MINIZLATAALENLUANLIHUIINDNNRIMIRANN Ve Twadn et ulan

3 dq/ > a A > 1 Qq// v = Q 1 o
TurnaanitaanynLuafsaaINa2at19NIRNa la3IuLdn 21 arat19 lagsiuwn
Taduwadagrsannaundwiilan SCP Lazizqnyay FCP A nanaIwlHG 8 uar 9
Qs ] ) ot 1 a ¥ a Asl s 1 4 a
M08 AMVAIAL FInanluilaw SNA ﬁLLUﬂﬁL’%mmqﬂﬁ 4 gatng lagtlanansmann
v A o ' A A A A 4 | A=
ANBUN M EAINBI LA lafuaInuIuuafiSodaNNnaIN®as (139N 7) TIUITH
4 a Qfl =) v 1 Qs
IamaﬁwuLmﬂﬁﬁﬂmqmﬁmmmaaﬂénvl,@sfumﬂ'lﬁavl,wmﬂ%mﬂmuﬂu
Aa <& o \ ' P P a E A X ye
LUANLSENG 21 e2a819 dawundlaladinas U UazUaUITHY Tunianell
' A A o ' A = A A & 2 A & o
ALMWIBNLILATIISsUNI A a9l Aaula lattanvaadduinaadaduaneo
Wasdusasnisiiauusnbasandiatu (FUN 5) HANNITNANDIAINENIFEAANBIND
Cerrato et al. (2010) My siUAsuvaslalafduuafisoituny nediilanaaad LBB spot
oA A A o ' AA o P & a A
test WUINHLUATISY 6 Ara8INEREUANNFINNTAIUNNTEENT laFUIINilE (@13197) 8)

v & &2 o AA o A R & .
@\‘]uuﬁ]\‘]ﬂ@uﬂﬂ‘ﬂﬁﬂ@ﬂﬂaq?Lwaﬂﬂ‘]ﬂ"]'ﬂu@]ﬂu@]ﬂvlﬂ

31 5 dradelalail FCP-7 (T1g) waz SCP-1 (271) Muuiduirians
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Colony morphology at 48 h

No. Name Size
Form Color Elevation Margin
(mm.)
1 SCP-1 1.0 Circular White Umbonate Entire
2 SCP-2 1.0 Circular White Umbonate Entire
3 SCP-3 1.0 Circular White Umbonate Entire
4 SCP-4 1.0 Irreqular | Yellow Flat Undulate
5 SCP-5 1.0 Circular | Yellow Convex Entire
6 SCP-6 1.5 Circular | Yellow Convex Entire
7 SCP-7 1.0 Circular Yellow Convex Entire
8 SCP-8 0.3 Circular | Yellow Convex Entire
9 FCP-1 0.5 Circular | Orange Convex Entire
10 FCP-2 1.5 Circular | Yellow Convex Entire
11 FCP-3 1.0 Circular White Convex Entire
12 FCP-4 1.5 Circular Yellow Convex Entire
13 FCP-5 0.5 Circular | Yellow Convex Entire
14 FCP-6 1.0 Circular Yellow Convex Entire
15 FCP-7 1.0 Circular Brown Pulvinate Entire
16 FCP-8 0.5 Irreqular | Yellow Flat Undulate
17 FCP-9 1.0 Circular Brown Pulvinate Entire
18 SNA-1 0.5 Circular | Yellow Convex Entire
19 SNA-2 0.5 Circular White Convex Entire
20 SNA-3 1.0 Circular White Convex Entire
21 SNA-4 0.5 Irreqular | Yellow Flat Undulate




A13199 8 uuafiSednauanuanTaluniseand lasuusniiasas LBB spot test

LBB spot test 5 times
No. Name Indication
112 |3 4 |5
1 SCP-1 | + | + | + | + | + Confirmed
2 SCP-2 | + | + | + | + | + Confirmed
3 SCP-3 | + | + | + | + | + Confirmed
4 SCP-4 | - - -+ |-
5 SCP-5 | - - - - -
6 SCP-6 | - - - - -
7 SCP-7 | + | + |+ | + | + Confirmed
8 SCP-8 | - - - - -
9 FCP-1 | - - - - -
10 FCP-2 | - - - - -
11 FCP-3 | + | + |+ | + | + Confirmed
12 FCP-4 | - - |+ - -
13 FCP-5 | - - - - -
14 FCP-6 | - - - - -
15 FCP-7 | - - | F |+ -
16 FCP-8 | - - - - -
17 FCP-9 | - | + | - | + | -
18 SNA-1 | - - - - |+
19 SNA-2 | - - - - -
20 SNA-3 | + | + | + | + | + Confirmed
21 SNA-4 | - - - - -

(+) indicated blue color appear in agar plate (potential manganese oxidation)

(-) indicated no blue color appear in agar plate (no potential manganese oxidation)
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nausaniunlenauuaizodiuin 6 dradns G9ldun SCP-1 SCP-2 SCP-3
SCP7 FCP-3 uaz SNA-3 iadniszaninmmsmsausimitauazmaasyifulazas
uuafh%aéhuaﬂaiugﬂﬁ 6 LAZ 1197 9 PMHANIINARBINLINNYARINIIANHINTT
faauasnitatduian 7 d wuafitss SCP-1 SCP-2 waz SCP-3 Miauuinmiialdsasay
24 22 L@z 28 AMNANALU &% SCP7 FCP-3 Lar SNA-3 s1unsafisauusnfialaines
Jauaz 6-10 ﬁww%ﬁNaﬂﬁiﬁﬂBﬁﬂﬂi@%gﬂﬁuimwudwuuafh%mﬁ%%uena?muwn%ﬁaﬂﬂo
AR aIWIZLAS LT waan 12 h lasmsigiduladngszuzasea (stationary
phase) Uszanms 0.5-3.0 d

mﬂwamsmaaalugﬂﬁ' 6 L8z A13197 9 LUATISy SCP-1 SCP-3 uay SCP-7 4
Uszdnsawnisisaunamilauaziasayiiuladnin samusudenuuailsodinaaie
AnEBNTNAT I VTNTHD B I N RRSUEW (1-5 mglL) WansfsauuIniaLas
ﬂwna%@Lﬁuimmaouuafh§ﬂdhua@alugﬂﬁ 7 uaz a13797 10 nwmﬂﬁhéﬁq@ﬂwsﬂ@aaa
(7 d) LuafL3y SCP-1 SCP-3 uaz SCP-7 JdszanTniwnisiaauusnitasoeas 24-49
28-50 Waz 10-20 MNAAL MMNHANTIZYMBWUEAE 16S rRNA gene %auamlugﬂ‘ﬁ' 8
wuuuafiiy SCP-1 uaz SCP-3 aansnzyleidu Streptomyces violarus &34 SCP-7
\{l% Chryseobacterium bernardetii 1 3AuuATIIENIFEIT Uwvmequﬁ;ﬁuﬁﬁﬁwu"L@”Lu
Fowraaantialy Naﬂwssxqaﬁsﬁhﬁéa@ﬂébaﬁhﬂizﬁw%ﬂWWﬂﬁiﬁﬂﬁhuuaﬂﬁﬁa'ﬂdﬂaﬁa
SCP-1 uaz SCP-3 iuunafiSamewuiidudnudedidsz@ntnmwlndifnmu

HANNINARDIAINANN NI BT Bt sTalawIna TR LI fa
SudunadoUssantmunmsssaunsmita lasdaanududwisanidulszdnsnm
N3N ARARIANNESD NalllugnInuaRoNaSssInunuiInsUwewuusnfad
Uszanms 1 mgll mnnamsnasasiinuinuueiidefaausnld sunsaisauusnmiiale
gafisTanaz 50 wamsdnmuaasfisanudulyldlunisdgndlduuafisaluniiiia

waIm e lasa b
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Manganese removal (%) at

Name

Oh 12 h 168 h
SCP-1 0.00 7.45 24.30
SCP-2 0.00 6.91 22.03
SCP-3 0.00 7.67 28.08
SCP-7 0.00 7.67 10.48
FCP-3 0.00 5.29 5.94
SNA-3 0.00 4.64 5.72
Control 0.00 0.11 -0.54
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A19199 10 UTeENTAIWNITAIRAUNINIRE B AUTUTHLIUAWEN § N1URAINTT

neagd 7d
Manganese removal (%) at initial manganese
Name concentration of
1 mg/L 3 mg/L 5 mg/L
SCP-1 49.39 37.83 24.30
SCP-3 50.41 38.15 28.08
SCP-7 19.59 16.01 10.48




Remaining of manganese (%) Remaining of manganese (%)

Remaining of manganese (%)
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—m—Remaining of manganese
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¢=I o ™ = a a a A ai s v
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Remaining of manganese (%) Remaining of manganese (%)

Remaining of manganese (%)

90+
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—&— Initial manganese 5 mg/L
—&— Initial manganese 3 mg/L
—m— Initial manganese 1 mg/L
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SCP-3
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—&— Initial manganese 3 mg/L

—B— Initial manganese 1 mg/L
T

0

100 4

90+

80

70+

60

504

40

20 40 60 80 100 120 140 160

SCP-7

—&— Initial manganese 5 mg/L
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—B— Initial manganese 1 mg/L
T
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SCP-1

—&— Initial manganese 5 mg/L
3 —&— |nitial manganese 3 mg/L
—m— Initial manganese 1 mg/L

0 20 40 60 80 100 120 140 160

SCP-3
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NR 115394.1 Streptomyces aurantiogriseus strain CSSP546 16S ribosomal RNA gene partial sequence
gg [ NR 112313.1 Streptomyces griseovinidis strain NBRC 12874 165 nbosomal RNA gene partial segquence
NR 115770.1 Streptomyces coelicolor strain NRRL B-2812 165 ribosomal RMA gene partial sequence
NR 112466.1 Streptomyces niveoruber strain NBRC 15428 165 ribosomal RNA gene partial sequence
1do | NR 116991.2 Streptomyces tacrolimicus strain ATCC 55098 16S ribosomal RNA gene partial sequence
FMN429653.1 Streptomyces tacrolimicus partial 165 rRMNA gene strain ATCC 55098

NR 025870.1 Streptoryces sampsonii strain ATCC 25495 16S ribosomal RNA partial sequence

NR 115669.1 Streptomyces champavatii strain NRRL B-5682 165 ribosomal RNA gene partial sequence
NR 0411161 Streptomyces violarus strain NBRC 13104 16S ribosomal RNA gene partial sequence
SCP-1

SCP-3

LM399765.1 Streptomyces fulissimus partial 16S rRNA gene type strain DSM 40593T

ABD37565.1 Streptomyces Ividans gene for 16S ribosomal RNA strain:ISP 5434

NR 115174.1 Streptomyces nanningensis strain YIM 33098 16S ribosomal RNA gene partial sequence
D85113.1 Streptomyces lavendulae DNA for 16S rRNA, strain IFO 13710

e NR 040857.1 Streptomyces galilaeus strain JCM 4757 16S ribosomal RNA partial sequence

AY376166.1 Streptomyces halotolerans strain YIM 90017 165 ribosomal RNA gene partial sequence
AF306789.1 Bifidobacterium sp. PL1 16S ribosomal RNA gene partial sequence
J01859.1 Escherichia coli 185 rit | RNA complets

F iae subsp. rhinoscl is strain R-70 16S ribosomal RNA gene partial sequence(2)

ruber strain C12 168 ribosomal RNA gene partial sequence
AY056829.1 Bifissio spartinae 16S ribosomal RNA gene partial sequence

NR 0421721 H; b norwichensis strain NS/50 16S ribosomal RNA partial sequence

100
| S— M59051.2 F ium joh iae 16S ri RNA gene partial sequence
N AY336568.1 Ch i ingosepti strain ATCC 13253 165 ribosomal RNA gene partial sequence
e AJ495802.1 Chryseobacterium sp. p20H 165 rRNA gene

AY468465.1 Chry ium sp. FRGDSA 4580797 16S ribosornal RNA gene partial sequence
AY468458.1 Chryseobacterium sp. JIP 108/83 16S ribosomal RNA gene partial sequence
NR 117008.1 Chryseobacterium culicis strain R4-1A 165 ribosomal RNA gene partial sequence
NR 126257.1 Chryseobacterium nakagawai strain G41 165 ribogsomal RMA gene partial sequence
NR042503.1 Chryseobacterium ureilyticum strain F-Fue-04lllaaaa 165 ribosomal RNA gene partial sequence
NR 126256.1 Chryseobacterium lactis strain KC1864 165 ribosomal RNA gene partial sequence
NR 044334.1 Chryseobacterium aquifrigidense strain CW9 165 ribosomal RNA gene partial sequence
NR 1262541 Chryseobacterium bemardetii strain G229 16S ribosomal RNA gene partial sequence

SCP-7
KX146463.1 Chryseobacterium cucumeris strain GSEOB 16S ribosomal RMNA gene partial sequence
B nr 1137221 Chryseobacterium gleum strain NBRC 15054 165 ribosomal RMA gene partial sequence
AY468481.1 Chryseobacterium indologenes strain LMG 12856 16S ribosomal RNA gene partial sequence
LNGB1561.1 Chryseobacterium indologenes partial 165 rRNA gene type strain DSM 16777T
NR 112975.1 Chryseobacterium indologenes strain NBRC 14944 165 ribosomal RNA gene partial sequence

0050

NR 028891 1 Planctomyces brasiliensis strain DSM 5305 16S ribosomal RNA gene partial sequence  Joutgroup

%

P o & aa A @
:‘51]7] 8 ﬂqiszuaqﬂwuﬁqmadLLUﬂﬂLiﬂ‘ﬂ ﬂLLUﬂVL@
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3.1.2  mInatdanaduwnsgnaanuidu il alunivin Wl sisauueniiia

= uq: lﬂl ] v g dq' d'd a
NNHaNIANEN luInaauN i BN NIwNIITNaaB IR 8RS B TaN AN TIAN
A A o A A & v o & & AR o =2 o @ -
wwamizinenauuafiiseluidasdu asuluiuaauidadunisdnsnmsidauusnile
lushldduasianemnadnsum ldunsisauusmfaluannuwiadanass luduaani
WasmudSouiiaunsdszaniaiwmaiidauusnifiawazuwi lbunisesyLdulavas
uwuafiise lunnasesaruguldfiuueniilaSudu 5 mgiL uiian 48 h kan1Inanas
ULEAIAIILN 9 LAz 10 UAZANTIIN 11

Mn (mg/L)
5.0

40 |

30 | |

207  mOh
1.0 4 " m48h
0.0 - I I I

SCP-1 SCP-3 SCP-7 Control

s 9 maihaauasmisdwdanlwildduaan e

Cell mass
(mg/L)

200.0 1755 174.6

150.0

100.0

mOh
50.0 29-1
10.9 12.7 236" 48 h

0.0 | | -

SCP-1 SCP-3 SCP-7

31l 10 masyidulavesuuaiisolusznitamisauuimisdwdouluinldan

o [
RILAINEH
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=1 a Aa o =) & : va a [
A13519% 11 deefnSmwnisiaauausnbadwd aqumlmummmw

Name Manganese removal (%)

SCP-1 39.41
SCP-3 38.74
SCP-7 11.25

A s o Qs =} U =
PNNANMINARBITUSTUNANIFIAUNINARIGIN SCP-1 Hawanunsaluns
o @ ~ ') ~ & g & S @ I o & Ao A= [
aauusmilaldgengansluomaidsadeuazindaamed  asiulunuispiieecld
Aaian SCP-1 altlunmsdnwaaumaasuaznmsansndude 9 i §wmsumIdnm
IUAIFATNI3YLAUIAUas SBP1 @11 Monod model WUNMINaaasndanaidut
wasmilaiudu 120 mgl  aaumaafiduldain Monod model (3UA 11) 9N
Lineweaver-Burk plot 8131308 TWITWAIAN ey LINU 0.069 1/h waz K, Ny 0.057
1 4 v v QI U l&’ 1 =)
mg/L (R* = 0.969) udiilaanuiduduuaimmiudugidn (30-100 mg/L) wuilia
Usngmssin13dusIanansaInng (self-substrate inhibition) NaMIANBIRFOAARDINY
nulttluefanmenuenuduisrasusinmiananuduiugs AMNWANNINARDY

AINENIRINITONEN LAIINITTNLINUIAUEIFATANN Monod model Tuitnaunzaalunydii

0.069

0.068 -
0.067
= 0.066-
p—
=

0.065 4

0.064 -

m Experiment
—— Monod

0,063 -

0.062 T T T
0 5 10 15 20
Manganese concentration (mg/L)

31 11 sauamaasnaesyLdulases SBP1 a3 Monod model

v & = v ° 4 A ~ A

A9 LT NITAIWI A UANFATANNRNNITAU 9 Auaad M lua1en 12 wans
o o o a s o ' a ad . .
mmmﬂu"l,ﬂmgﬂﬂ 12 TINANIIAIWIWAIAING I § 91ND non-linear regression

(Generalized reduced gradient methodology) L@ <@ root mean square error (RMSE)
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wgasliluarssd 13 Nams'ﬁﬁmsJmmimzq%ﬁwauma@ﬁmiﬂ“usf‘mnmsmmﬂu
msenuiinliay Aiba model (gﬂﬁ' 13) luadafimsansmanwaisnwunanis
naaadtduliaiu Aiba model 819 n1sRNNULEANETAAR (alcohol fermentation) N3
pandiaTuuay Ll (ammonia oxidation) WATANTHBHRANLRITLLWTY (Aiba et al.,
1968; Carrera et al., 2004) msﬁﬂmﬁlﬂumsswmmwamﬂﬂﬁiﬂugﬂLmeﬁama

Frnw (manganese biotransformation) (Juasausn

A15191 12 FUNTIRUAIRATNTLUHINNAITANNNT

Model Equation Reference
M S
Haldane e 2 S K, Haldane (1965)
EH+(IH K+ (7))
i | pTa 1
Andrews H= K, Andrews (1968)
(1 +(§)+(8+ K))
IR )
Edwards 0= (exp'(Ki _exp %) Edwards (1970)
, u_S © ,
Aiba p=—= (exp %) Aiba et al. (1968)
(S+K))
M S
Yano e s? S Yano et al. (1966)
(S +K +(E)+(E))

p = Predicted specific growth rate (1/h); pgmax = Predicted maximum specific growth rate
(1/h); S = Substrate concentration (mg/L); Ks = Half-velocity constant (mg/L); Ki =

Substrate inhibition constant (mg/L); K = Yano constant.

A13199 13 AAINIAUANRASNNTILEINNETAMITUALAT RSME

Kinetic parameters
Model RMSE

Moo (1) | K, (mgll) | K (mglL) | K(mglL)

Haldane 0.113 0.701 18.091 - 0.0095

Andrews 0.109 0.668 19.005 - 0.0094

Edwards 0.086 0.671 42 .257 - 0.0088
Aiba 0.095 0.453 37.975 - 0.0084

Yano 0.273 6.028 1.707 17.123 0.0148
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Mn2p spectra of Mn oxides
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m”u@aumim%'wmauﬁma@gLLumemmmm BA BAPACO01 BAPACOS5 uaz
Q dl

BAPAC10 WUINTUWIAUDILAAIRAN INALALINY LaWA 3.8-4.1, 3.8-4.1, 3.8-4.2 LAY

q

4.2-4.8 mm eNNRIAL

N1INAFAUAIINUTIL NN ILNTN wamswmaammmﬁagﬂﬁ 16 Nﬂﬂ”liﬁﬂ‘hﬂwu’h

B CI A L R E G L B G R FIER L Lﬁuifuslunﬂmmmi”m‘fu lagiisanas
50 YBINITYUAIWUIN BA BAPACO1 BAPACO5 LAz BAPAC10 fd1n13suusIsad
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BAPACO1 BAPACO5 Humilsiun1ssuusssaindudntosdo pH vasdnudndn dau
BAPAC10 Jumliiuanas srusradnafiiwgrddimsuussdanianandasouniudadig
WBf pH 7.0 Bolnaidsarnen pH Buduaasdogoaen (Eﬂﬁ' 16 (T"8)) waziiiauluin
ld@udsaInz¥ BA BAPACO1 BAPACO5 Uaz BAPAC10 fid1n13iuussdnatlugas
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E § 0,100
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ARNDALIRITZYZLIRT 7 I ’I,unﬂ"g@m?n@aao’lumsﬁﬂmmLﬁaamamummﬂunm 30
W wumMIuLandas (3UN 17)
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MINAFIUMTAG U TE VLN TIF2AIW wuildedsg BA  BAPACO1

BAPACO5 W8z BAPAC10 Jfna3t5211n136n 0.014+0.001 0.053+0.001 0.069+0.001
LAz 0.085+0.004 m/s GNNEIGU VULANTIUNTIVING 0.8-1.0 mm  uaziawns lae &
AN ln1IaNn 0.106+0.003 WAz 0.075+0.010 m/s SINAIAU INNANIINARAIWLIN

\iai&g BAPACO5 danumanzaudnsuman Wlluluszuunsasdrnw 1iasanni
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MITULIIBALSNAUNINSLALINY BAPAC10 Janaununmudasnsiad danusalunisan
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322 NMINaaaIlToasanaa luIILIas o

=2 o fo a 4 1 a A& A o &
lunsansnislioasanaaluwitduidenansdunidiionldarslasiaanisuiu
(triclocarban (TCC)) tJuansdunidaratraiiasannimduideussasnaniluunasiin
NAANU521 (Sabaliunas et al., 2003) HANTANHINUINTZUULTRRANAALRZLTAR OF I

RINNTABIIAFT TCC (ANMNTNTWING® 10 mg/L) ld3a8az 72 uay 45 AUF1AU W

a

= o AN o = 1 Aad 1 S| a [ @ A a €
ﬂ’]iﬂﬂ‘]&ﬂUdﬁiﬂLﬁ%’Ni%ﬂi‘MﬂﬁﬁiﬂuLﬂ E]%L‘.LI‘H:W12}’3'ﬁ@!(ﬂﬂ@I@]ﬁ’m’liﬂﬂﬂﬂﬂ\‘]ﬁ;ﬂ%ﬂiﬂﬁl’m

a

ANNLATIANIIRILINREY (environmental stress) uazdinaliadunidoniaisiauas
(3UN 18)

a6 A

ﬁ"]%l%ﬂifﬁ‘ﬂ AN miaﬁummaaﬂl“ﬁ%an aigﬂklaﬂ’lﬂ“ﬂ%’]@%ﬁiuLﬂ%ﬁ’]iﬂ%Lﬂ auA28819

a

HANIANETWLINSTLULLITARANAaaN1TnaaTywenudnR s lduinniifasas 90

Lﬁaamﬂﬁqﬁuw%ﬂ‘a gsamlufm@”ﬂﬁ@gmfﬁuﬁu

a
a
b
80
b
60 C
a4
d
o
0
Dead Before FC-10 FC-50 EC-10 EC-50
cells test

8

Cell viability (%)
L=

o

gﬂﬁ 18 miagsa@ma\'iqﬁuw%‘ﬂuﬁwﬂuﬁaumﬁuw?ﬁ TCC (A) dead cells (control), (B)
before test, (C) free cells after exposure of TCC 10 mg/L, (D) free cells after exposure
of TCC 50 mg/L, (E) de-entrapped cells after exposure of TCC 10 mg/L, (F) de-
entrapped cell after exposure of TCC 50 mg/L

Note: Different letters indicate statistical differences (p<0.05). Letters from a to d indicated

the from highest percentage of cell viability to the lowest one.



36

323 MIMIAUIINMIRMIBITAIANGER IRAANAA UAZITARDNTE

BA BAAC1 BAAC5 uaz BAAC10 ijUiadlunsinavadioidasg d8u11gulu
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Naaad BAAC5 ez BAAC10 ﬂi:ﬁ?ﬂ%mwmiﬁ’ﬁ?@Lmeﬁm‘ﬁ'ugoﬁuaﬂ’mﬁﬁﬂﬁm‘“@
(Uszunusasas 42-45) éﬁamslﬁumdmﬁuﬁu@‘daNalﬁg@%ﬂmiﬂmﬂyamﬁugafu WA
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2009; Sigdel et al., 2017)
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. Fogans fawazilazAnEnwnmsmsauasmita a a0 48 Fala
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4 EC-500 46.30+1.56
5 ECAC-0 42.80+1.06
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8 ECAC-500 46.29+1.23
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ABSTRACT

This study investigated removal of triclocarban (TCC) from contaminated wastewater by Pseudomonas fluorescens
strain MC46 entrapped in barium alginate. Appropriate entrapped cell preparation conditions (cell-to-entrap-
ment material ratio and cell loading) for removing TCC were examined. The highest TCC removal by the en-
trapped and free cell systems at the initial TCC concentration of 10 mg/L was 72 and 45%, respectively. TCC was
degraded to less toxic compounds. Self-substrate inhibition was found at TCC concentration of 30 mg/L. The
kinetics of TCC removal by entrapped and free cells fitted well with Edwards model. Scanning and transmission
electron microscopic observations revealed that entrapment matrices reduced TCC-microbe contact, which
lessened TCC inhibition. A live/dead cell assay also confirmed reduced microbial cell damage in the entrapped
cell system compared to the free cell system. This study reveals the potential of entrapment technology to
improve antibiotic removal from the environment.

1. Introduction

Triclocarban (C;3H¢Cl3N,O; TCC) is an antibiotic found pre-
dominantly in dermal cleaning products such as antibacterial bar/liquid

soap, hand wash, body lotion, deodorants, and aftershave; its con-
centration in the products can be as high as 1.5% (Musee, 2018). TCC is
a high volume usage chemical with an estimated annual global pro-
duction as high as 10,000,000 kg (Musee, 2018). Due to global usage of
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TCC-containing products, evidence of TCC contamination at hundred
nanogram to microgram per liter levels in raw/treated domestic was-
tewater and natural water has been reported in many countries in-
cluding China, Canada, USA, and the UK (Sabaliunas et al., 2003; Hua
et al., 2005; Ahn et al., 2012). TCC is a toxic multi-chlorinated aromatic
compound and persistent in the environment (half-life of up to 540 d)
(Halden and Paull, 2005; Brausch and Rand, 2011). Its accumulation
not only is toxic to organisms in the ecosystem but also causes endo-
crine disruption, infertility, cancer, and hormone dysfunction (Halden
and Paull, 2005; Brausch and Rand, 2011). As wastewater treatment
plants are the major TCC discharge source into natural water, it is
important to develop TCC removal technologies to protect the natural
water supply.

Biodegradation is an effective technique to remove toxic organic
contaminants. The key strategy of this technique is to use contaminant-
degrading microorganisms to transform toxic contaminants into lesser
or non-toxic substances. Three efficient TCC-degrading bacteria in-
cluding Ochrobactrum sp. strain MC22, Sphingomonas sp. strain YL-
LM2C, and Pseudomonas fluorescens strain MC46 (MC46) have been
identified (Mulla et al., 2016; Sipahutar and Vangnai, 2017; Sipahutar
et al., 2018). TCC removal efficiencies from bacterial salt medium for
these isolates were 35-76% at initial TCC concentrations of 4-10 mg/L
(Mulla et al., 2016; Sipahutar and Vangnai, 2017; Sipahutar et al.,
2018). TCC can be detoxified via several biodegradation steps, such as
hydrolysis, dehalogenation, deoxygenation, hydroxylation, and ring
cleavage (Gledhill, 1975; Zeyer et al., 1985; Balajee and Mahadevan,
1990; Surovtseva et al., 1992; Noh et al., 2000; Radianingtyas et al.,
2003; Travkin et al., 2003; Hongsawat and Vangnai, 2011). TCC is
degraded to 3,4-dichloroaniline and/or 4-chloroaniline in the first step
of the degradation pathway; 4-chloroaniline is further degraded to
aniline or 4-chlorocatechol (Mulla et al., 2016; Sipahutar and Vangnai,
2017; Sipahutar et al., 2018).

In practice, wastewater is augmented with degrading microorgan-
isms to remove specific contaminants. In the case of TCC, even though
antibiotics can be biodegradable, high concentrations of antibiotic can
inhibit the degrading cultures. Therefore, this situation may upset
biological wastewater treatment systems (Du et al., 2018). In addition,
free antibiotic-degrading microorganisms may be washed out of the
system via waste sludge.

Cell entrapment technique offers a promising method to resolve cell
inhibition and washout. Entrapment involves immobilizing microbial
cells inside polymeric materials, which protect the microbes from high
concentrations of contaminant and/or environmental stresses and re-
sults in less microbial inhibition (Siripattanakul and Khan, 2010). Ad-
ditionally, the microbial cells are retained within the entrapment ma-
trix, which is beneficial in reducing cell washout from biological
wastewater treatment systems. Cell entrapment has been successfully
applied to treat wastewater contaminated with toxic substances such as
pesticides and pharmaceuticals (Siripattanakul-Ratpukdi et al., 2009;
Ruan et al., 2018; Khalid et al., 2018). Thus far, no work on antibiotic
removal (including TCC) from wastewater by entrapped bacterial cells
has been reported.

This study aimed to investigate the use of entrapped cells to enhance
TCC removal from wastewater. Entrapped cell preparation conditions
(cell-to-entrapment material ratio and cell loading) for removing TCC
were investigated. P. fluorescens strain MC46 (the most effective TCC-
degrading bacterium compared to the isolates mentioned earlier) was
chosen. Barium alginate entrapment was selected because of its high gel
strength (Taweetanawanit et al., 2017). A free cell experiment was
included along with the entrapped cell test for comparative purpose.
The efficiencies and kinetics of TCC removal were analyzed. TCC de-
gradation products and pathway were assessed. In addition, micro-
scopic analyses were performed. Microbial cell morphological changes
were observed using scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). Microbial viability was assessed
using a live/dead assay with confocal laser scanning microscopy
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(CLSM).
2. Material and methods
2.1. Chemicals, bacterial medium, and bacterial cultivation

Triclocarban and degradative intermediates including 3,4-di-
chloroaniline (3,4-DCA), 4-chloroaniline (4-CA), and aniline (99%
purity (analytical grade), Sigma-Aldrich, MO, USA) were obtained.
Acetonitrile (HPLC grade, RCI Labscan, Thailand) and other chemicals
were acquired from local chemical suppliers.

P. fluorescens MC46 was isolated previously (Sipahutar et al., 2018).
The medium formulation and cultivation procedure were as follows
(Sipahutar et al., 2018). MC46 cultivation involved enrichment and
culturing using TCC-supplemented lysogeny broth medium (LBT), and
TCC-supplemented minimal salt medium (MSMT), respectively. For-
mulation of MSMT (1L) included 0.66g NaH,PO,2H,0, 0.58 g
Na,HPO,, 0.5g NaCl, 2 g NH,Cl, 3 g KH,PO,4, and 0.25 g MgSO47H,0
in de-ionized water (approximately pH 7.0). The medium was auto-
claved and spiked with a filter-sterilized TCC solution at concentration
of 9.4 mg/L. For enrichment, the culture (1 loop) was activated in 5 mL
LBT containing 31 mg/L TCC. MC46 was incubated by shaking at
250 rpm for 14 h at room temperature. Then, the enriched culture (8%
by volume) was inoculated into MSMT and shaken at 250 rpm and room
temperature for 12h. Subsequently, the culture was centrifuged at
6,000 rpm for 10 min and washed using 0.85% NaCl (w/v) twice and re-
suspended in MSMT to obtain the concentrated MC46 for the experi-
ment.

2.2. Cell entrapment

Cells were entrapped in barium alginate. It is noted that calcium and
barium alginate beads have been used for medical, food, and environ-
mental proposes (Mgrch et al., 2012; Taweetanawanit et al., 2017).
Barium alginate beads are much stronger than calcium alginate beads,
but leaching of toxic barium ion could be a concern (Mgrch et al.,
2012). In this study, a low concentration of barium chloride was used
and barium alginate gel beads were strong, which resulted in negligible
barium ion release.

Initially, sodium alginate (3% w/v) and barium chloride solutions
(3% w/v) were used to for cell entrapment. The concentrated MC46
culture was mixed with the sodium alginate solution. Then, the mixture
was dropped into the barium chloride solution for 1h to form and
harden the gel beads. The entrapped cells were prepared at different
cell-to-barium alginate ratios and entrapped cell loadings (listed in
Section 2.3).

2.3. Effect of entrapped cell preparation (cell-to-matrix ratios and cell
loadings) on TCC removal

It is known that the cell entrapment conditions play a pivotal role in
microbial cell growth (inside the beads) and contaminant removal
performance (Siripattanakul-Ratpukdi et al., 2008). The concentrations
of entrapment material were optimized in previous work
(Taweetanawanit et al., 2017). This study focused on influences directly
related to microbial cells. Firstly, cell-to-barium alginate ratio was
tested to determine an optimum microbial cell density inside the ma-
trices. Then, the effect of entrapped cell loading (quantity) in the re-
actors was investigated.

All TCC degradation experiments in this section were carried out in
500 mL Erlenmeyer flask with 200 mL of MSMT. MSMT was used in this
study to determine the potential of the entrapped MC46 for TCC re-
moval. No additional micro- and/or macro-nutrients were applied.

TCC in wastewater treatment systems (wastewater and sludge) can
accumulate up to approximately 50 mg/kg (Snyder et al., 2010). Some
portion of the accumulated TCC could be released into the wastewater.
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In this experiment, a TCC concentration of 10 mg/L in MSMT was
chosen. To determine the effect of cell-to-barium alginate ratios, seven
reactors (three entrapped cells, one free cell, and three controls (only
barium alginate)) were tested. For the three entrapped cell reactors,
0.3 g of wet MC46 cells (approximately 10° CFU/mL) was entrapped in
6, 3, and 1.5 g alginate designated as C:B-1:20, C:B-1:10, and C:B-1:05,
respectively. The free cell reactor containing 0.3 g of wet MC46 cells
without the entrapment material was called C:B-1:00. Three control
reactors containing only the entrapment material of 6, 3, and 1.5 g al-
ginate (no MC46) were labeled C:B-0:20, C:B-0:10, and C:B-0:05, re-
spectively. The initial concentration of mixed liquor volatile suspended
solids (MLVSS) in both the entrapped and free cell reactors was
1200 mg/L. All reactors were aerated at a dissolved oxygen con-
centration of approximately 4 mg/L for 8 h. An aliquot of the water
sample (1 mL) was taken continuously every 2h to measure the TCC
concentration. The best cell-to-barium alginate ratio based on TCC re-
moval efficiency was chosen for the cell loading experiment.

To determine the ideal cell loading, nine reactors (three entrapped
cells, three free cells, and three controls (barium alginate only)) were
tested. For three entrapped cell reactors, 0.06, 0.18, and 0.3 g of MC46
wet cells were entrapped and placed in the reactors at 10, 30, and 50%
(v/v, by material/reactor) and labeled as EC-10, EC-30, and EC-50,
respectively. Three free cell reactors contained only 0.06, 0.18, 0.3 g
wet cells and were labeled FC-10, FC-30, and FC-50, respectively. These
quantities of wet cells (0.06, 0.18, 0.3 g) represent initial concentra-
tions of MLVSSs in the entrapped and free cell reactors of 240, 720, and
1200 mg/L, respectively. Three control reactors contained similar
components to the entrapped cells except with no MC46 added (de-
signated as BA-10, BA-30, and BA-50, respectively). The best loading
based on TCC removal efficiencies was chosen for the kinetics experi-
ment.

2.4. Effect of initial TCC concentration on TCC removal kinetics and
monitoring of TCC intermediate products

The kinetics of TCC removal by the entrapped MC46 cells was de-
termined. The entrapped cells were prepared based on the optimum
cell-to-barium alginate ratios and cell loading conditions from Section
2.3. TCC degradation at initial concentrations of 5, 10, 20, 30, 40 and
50 mg/L was determined in a batch reactor similar to that described in
the previous subsection. Experiments using free cells and controls (only
barium alginate beads) were also performed for comparative purposes.
All reactors were aerated at a dissolved oxygen concentration of 4 mg/L
for 8 h. TCC and the selected intermediates (3,4-DCA, 4-CA, and ani-
line) were continuously measured throughout the experiment. Some
entrapped and free cell samples were taken for cell physiology and
viability test using microscopy techniques.

TCC removal efficiency was determined based on remaining TCC
concentrations. For kinetic analyses, the traditional Monod model
based on microbial growth did not apply because of immobilized cell
count limitations. The specific TCC removal rates (q) were calculated
(Eq. (1)). Substrate inhibition was observed at high TCC concentrations.
Inhibitory TCC biodegradation kinetics were assessed using Haldane,
Aiba, and Edwards models (Sahoo and Panigrahy, 2018). It was found
that Edwards model provided the best fit for this study. For estimated
TCC removal kinetics, a modified Edwards model is presented in Eq.

.

_1.,ds
=X m
q= qmax.(e(_%) - e(_%))
@

q and @nqx are the specific TCC removal rate and the maximum
specific TCC removal rate (mg TCC/g VSSh), respectively. X is the in-
itial biomass concentration (as MLVSS) applied in this study (mg VSS/
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L). S is the TCC concentration (mg/L). t is time of TCC removal (h). K; is
the half-saturation constant or Monod constant for TCC removal (mg/
L). K; is the substrate inhibition constant (mg/L). For estimation of the
kinetic parameters, non-linear regression using the Solver supplement
of Microsoft Office Excel was used.

2.5. Microscopic observation

2.5.1. Cell morphology observed by SEM and TEM

For SEM analyses, entrapped cells were observed for cell growth and
microstructural changes after TCC degradation. Entrapped cell beads
from the kinetic tests at the lowest and the highest TCC concentrations
(10 and 50 mg/L, respectively) were selected. The entrapped cell beads
were soaked five times in a barium chloride solution of 3.5% (w/v) for
15 min for hardening. Then, the beads were fixed using glutaraldehyde
solution (2.5% v/v glutaraldehyde in a 3.5% w/v barium chloride so-
lution) for 5days. The fixed beads were soaked in a barium chloride
solution for 20 min (3 times) and cut into two sections. Next, the beads
were dehydrated in serial ethanol solutions of 30, 50, 70, 80, 90%, and
absolute ethanol solution for 20 min in each solution. The beads were
dried in a critical point dryer (Balzers, CPD 020, Liechtenstein) and
coated with gold by spraying ion (Balzers, SCD 040, Liechtenstein). The
beads were then analyzed using SEM (JEOL, JSM-5410LV, Tokyo,
Japan).

For TEM, entrapped and free MC46 cells were selected from ex-
periments at the TCC concentration of 50 mg/L. This observation was
performed to characterize TCC-mediated bacterial cell damage. MC46
cells were removed from the matrix before TEM preparation. The en-
trapped cells were cut into two parts and bacterial cells were manually
removed from the entrapment material using sterile forceps. The free
and de-entrapped cells were then centrifuged at 10,000 rpm for 5 min at
4°C. The concentrated cells were washed with 0.85% NaCl (w/v) then
fixed the washed cells with 2.5% (v/v) glutaraldehyde solution. The
fixed cells were mixed with liquid agar (1.5% w/v) at 45-50 °C to form
a gel. The agar was cut into 0.5 mm cubes and the cubes dehydrated
with a series of solutions from 35 to 95% (v/v) ethanol. The dehydrated
cubes were saturated in propylene oxide and spur resin. The saturated
cubes were baked for 8-10h at 70 °C. Then, the baked cubes were cut
using an ultramicrotome. Cubes of 60-90 nm thickness were placed
onto a copper grid, dyed with uranyl acetate, and the contrast was
enhanced with lead citrate. Finally, the samples were observed by TEM
(JEOL, JEM-2100, Tokyo, Japan).

2.5.2. Cell viability

Cell viability was determined after the TCC removal experiment.
Five samples from the experiments including MC46 before test, the free
and de-entrapped MC46 cells after the experiment at 10 and 50 mg/L
TCC (called Before test, FC-10, FC-50, EC-10, and EC-50, respectively)
were compared. The assay was performed in accordance with the
manufacturer’s instructions (LIVE/DEAD® BacLight™ Bacterial
Viability, Molecular Probes, Invitrogen, USA). Cell samples were wa-
shed with 0.85% (w/v) NaCl and centrifuged at 4 °C and 10,000 rpm for
5 min.

The concentrated cells (500 puL volume) were stained using 200 pL
of LIVE/DEAD® BacLight™ Bacterial Viability dye mixture (SYTO 9 and
propidium iodide 1:1 by volume). The stained sample was kept in the
dark for 10 min then observed by confocal laser scanning microscopy
(CLSM) (FluoView FV10i, Olympus, Japan). The excitation/emission
maxima for SYTO 9 and propidium iodide dyes were 480/500 and 490/
635nm, respectively. Image analyzer software (ImageJ 1.4.3.67,
Broken Symmetry Software) was used to calculate live and dead cell
portions in at least 10 images for each sample. Differences in live and
dead cell percentages were statistically analyzed. A control test (only
dead (autoclaved) cells, called Dead Cells) was also performed to va-
lidate the method before use with samples from the experiments.
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2.6. Analytical procedure for TCC and its intermediates

The concentrations of TCC and its degradation intermediates (3,4-
DCA, 4-CA, and aniline) were analyzed by reverse phase HPLC (LC-20A,
Shimadzu, Japan). A water sample (1 mL) was centrifuged 10,000 rpm
for 10 min and filtered using a syringe filter (nylon with pore size of
0.2 um). The filtered sample (20pL) was injected into an HPLC
equipped with a C18 column (5 um, 250 mm X 4.6 mm; Hyperclone,
Phenomenex, USA) and a UV detector at 265 nm. A mixture of acet-
onitrile and water (70:30%, v/v) as a mobile phase at flow rate of 1 mL/
min was run for 15 min. The retention times of 3,4-DCA, aniline, 4-CA,
and TCC were 3.8 + 0.2,4.5 = 0.2,5.7 = 0.5, and 12.9 + 0.3 min,
respectively. The detection limits of TCC and its intermediate products
were 0.1 mg/L.

2.7. Data and statistical analysis

Triplicate experiments were performed throughout the study.
Average results ( = standard deviation) are presented. SPSS statistical
software (version 19.0, IBM Corp., Armonk, NY, USA) was used for data
analysis. Differences were considered significant at p < 0.05 by one-
way ANOVA. The Duncan multiple range test was performed for mul-
tiple comparisons.

3. Results and discussion
3.1. Effect of cell-to-matrix ratios and cell loadings on TCC removal

The composition of the entrapped cell material and quantity of
entrapped cells in reactors influenced microbial cell growth and con-
taminant removal efficiency. The effects of cell-to-barium alginate ra-
tios and entrapped cell loadings on TCC removal efficiency over 8 h in
batch reactors are presented in Table 1 (TCC removal versus time is
shown in the Supplementary material).

Entrapped MC46 removed 43-72% of TCC, while the free MC46 and
control (no cells) reduced TCC by 39% and 7-20%, respectively. The
removal of TCC in the control tests was due to adsorption by the barium
alginate matrices (Siripattanakul-Ratpukdi et al., 2008). For the en-
trapped and free MC46 reactors, TCC removal was much higher than for
the controls. Therefore, TCC biodegradation by MC46 is important for
TCC removal. As TCC was the sole carbon source for MC46, this sug-
gested that the culture used TCC as the main substrate for metabolism.

Table 1
Performance of TCC removal under different cell-to-barium alginate and cell
loading (8 h).

Cell mode Reactor name TCC removal (%)

Influence of cell-to-barium alginate ratios

Entrapped cells C:B-1:20 48.31 + 1.46
C:B-1:10 72.25 * 1.40
C:B-1:05 43.51 + 2.09
Free cells C:B-1:00 39.71 = 0.23
Control (only barium alginate matrices) C:B-0:20 19.38 = 2.85
C:B-0:10 7.74 = 2.06
C:B-0:05 5.93 = 1.04
Influence of cell loadings
Entrapped cells EC-10 34.57 = 1.12
EC-30 66.47 + 1.63
EC-50 61.50 + 0.86
Free cells FC-10 26.38 + 1.05
FC-30 39.94 + 0.29
FC-50 45.06 = 0.25
Control (only barium alginate matrices) BA-10 8.32 + 0.33
BA-30 10.75 + 1.22
BA-50 13.95 + 0.67
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TCC removal by the entrapped cells was much better than that of the
free cells due to the entrapment material protecting the microbial cells
from the stress (toxic substance) (Siripattanakul-Ratpukdi et al., 2008;
Bramhachari et al., 2016).

Among the cell-to-matrix ratios, the C:B-1:10 reactor had the
highest TCC removal percentage and was significantly higher than the
others (p < 0.05). The entrapped cells at C:B-1:05 (high cell density
inside the beads) may have had insufficient entrapment material, which
resulted in a limited area for the cells to attach and grow. In contrast,
the entrapped cells at C:B-1:20 may be limited by oxygen diffusion
because of the bead structure being too dense, and resulted in lower
TCC removal efficiency (Pramanik and Khan, 2008). At the optimum
ratio (C:B-1:10), the entrapped MC46 successfully reduced TCC. This is
because transportation of the toxic substance through the porous en-
trapment matrices was limited, resulting in lower toxic contaminant
reaching to the microbial cells (Siripattanakul-Ratpukdi et al., 2014;
Ruan et al., 2018; Khalid et al., 2018). At the low antibiotic con-
centration (10 mg/L), the microbial cells tolerated and degraded the
compound well. Therefore, this cell-to-matrix ratio (C:B-1:10) was used
to investigate the effect of cell loading.

Cell loadings (amounts) in the reactors were studied. Table 1 pre-
sents that the entrapped MC46 removed 35-66% of TCC while the free
MC46 reduced 26-45% of TCC. The control tests adsorbed 8-14% of the
TCC. For the free cell reactors, TCC removal efficiency increased with
cell number (Table 1). The FC-50 reactor significantly reduced TCC
compared to the FC-30 reactor (p < 0.05).

Overall, TCC removal was better for the entrapped cells than the
free cells. However, the TCC removal trend by the entrapped cells was
different from the free cells. At the highest cell loading (EC-50), TCC
removal was slightly lower than for the EC-30 reactor. Non-uniform
mixing was observed in the EC-50 reactor caused by too many en-
trapped cell beads. This likely impacted the TCC removal performance.
Therefore, the number of bacterial cells loaded affects TCC degradation
performance in different ways depending on the type of reactors. For
the free cell systems, greater cell number loading offered greater TCC
removal.

To-date, no previous work has focused on entrapped cell loading in
completely mixed reactors. Luo et al. (2014) studied a sponge-based
moving bed bioreactor for treating micro-pollutants at different cell
loadings (0-30% of sponge volume to reactor volume). Heterogeneous
mixing was reported during the moving bed (complete mixed) bior-
eactor test at 30% sponge volume (Luo et al., 2014). This may suggest
that performance of the immobilized cell systems is related to the im-
mobilized cell volume. For the entrapped cell application, too many
entrapped cell beads might be unfavorable for a completely mixed
system, but it may be applicable to the packed bed system.

3.2. Effect of initial TCC concentrations on TCC removal kinetics by the
entrapped and free cells

TCC removal efficiency and kinetics at initial concentrations of
5-50 mg/L TCC were determined (TCC removal versus time is shown
the Supplementary material). The concentration range was determined
based on TCC accumulation in wastewater treatment systems (waste-
water and sludge) up to approximately 50 mg/kg (Snyder et al., 2010).
TCC removal efficiencies by the entrapped (8-78%) and free (4-55%)
cells are summarized in Table 2. Removal efficiency decreased with
increasing initial TCC concentration in both the entrapped and free cell
systems. Even though TCC was the sole carbon source for MC46, TCC
was toxic to the microbial cells. The entrapment material adsorbed
some of the contaminant and reduced the microbial cell contact with
the toxic compound leading to greater TCC removal performance by the
entrapped cells (Siripattanakul-Ratpukdi et al., 2014; Ruan et al.,
2018).

Compared to a previous study by Sipahutar et al. (2018), TCC re-
moval by MC46 in this study was much better. For example, TCC
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Table 2
Performance of TCC removal by the entrapped and free MC46 at 8 h.
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Cell mode Initial TCC concentration (mg/L) TCC removal (%)

Entrapped cells 5 73.97 + 0.03
10 78.26 = 0.14
20 50.98 + 0.27
30 27.05 = 0.71
40 10.54 = 0.10
50 7.88 * 0.66

Free cells 5 54.52 + 0.06
10 44.73 = 0.20
20 22.45 * 0.27
30 16.98 + 0.13
40 6.74 = 0.01
50 4.30 = 0.02

(10 mg/L) removal in this study was 18-times faster than observed in
the previous study. The previous study reported approximately 70%
TCC removal after six days, while the same reduction was observed
within 8h in this study. This difference should be due to the different
experimental conditions. In this study, the dissolved oxygen con-
centration of 4 mg/L was provided by aeration while oxygen was in-
troduced by orbital shaking (dissolved oxygen concentration of 1 mg/L)
in Sipahutar et al. (2018). Heterotrophic bacteria (including MC46)
generally use organic carbons (such as TCC) as their energy source (an
electron donor) while oxygen acts as an electron acceptor. Therefore,
the amount of the electron acceptor influenced the biodegradation
performance. This suggests that MC46 could be used for TCC decon-
tamination in typical aerobic wastewater treatment, as oxygen is well
supplied. However, future work on the effect of oxygen concentrations
and other electron acceptors is recommended.

The kinetics of TCC removal by the entrapped and free cells is
presented in Fig. 1. At TCC concentrations of higher than 30 mg/L, self-
substrate inhibition occurred and was more severe on free cells. TCC
removal by both entrapped and free cells fitted with a modified Ed-
wards model. The result suggests that in addition to TCC toxicity, toxic
degradative intermediates were produced and influenced TCC biode-
gradation and microbial growth (Sahoo and Panigrahy, 2018).

Table 3 summarizes the kinetic parameters for TCC removal by the
entrapped and free cells. q,q/K; refers to contaminant removal affinity.
The gmax/K; values for the entrapped and free cells were similar because
the same culture (MC46) was used. The K; value for the entrapped cells
was higher than the free cells. This implies that the entrapment matrix
protected MC46 from stress (TCC exposure) resulting in better cell
growth or greater TCC removal activity. The values reported in this
study may not be directly comparable to previous work, as qma./Ks is
unique based on microorganisms, contaminants, and environmental
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Fig. 1. Estimation of TCC removal kinetics by entrapped and free MC46.

Table 3
Kinetic parameters of TCC removal by the entrapped and free MC46.
Kinetic parameters Unit Cell mode
Entrapped cells Free cells
Qmax mg-TCC/g-VSSh 3.46 2.49
K mg-TCC/L 7.23 5.13
Gmax/Ks L/g-VSSh 0.48 0.48
K; mg-TCC/L 119.27 70.80

conditions. However, kinetic parameter trend for the entrapped and
free cells was similar. Entrapped cells have been shown to have a
contaminant removal preference (higher ¢../K; values) for con-
taminants such as benzene and toluene (Robledo-Ortiz et al., 2011;
Kureel et al., 2017). However, more research on cell growth and stress
responses inside matrices is required for more mechanistic insight.

3.3. TCC intermediate products and potential degradation pathway

During the removal experiment, TCC intermediate products were
monitored. Fig. 2 is an example of TCC degradation and intermediate
production during the TCC removal by entrapped and free MC46 at the
initial TCC concentration of 10 mg/L. The TCC concentration decreased
dramatically in the first 6 h. Intermediate products including 3,4-DCA,
4-CA, and aniline were present at low concentrations in the second hour
and decreased thereafter (after 4 h). TCC intermediate production and
degradation by the free and entrapped cells were similar. This is be-
cause MC46 survived well and was active in both free and entrapped
forms. The result shows much lower intermediate product concentra-
tions (3,4-DCA, 4-CA, and aniline) relative to the TCC concentration.
This is likely because the intermediate products were further degraded.

This result confirms that TCC can be transformed into 3,4-DCA or 4-
CA via hydrolysis (Miller et al., 2010; Sipahutar et al., 2018). Subse-
quently, 3,4-DCA is degraded to 4-CA via dehalogenation and hydro-
xylation processes (Travkin et al., 2003). 4-CA is transformed to aniline
by dechlorination (Hongsawat and Vangnai, 2011). Since aniline did
not appear to accumulate, it would further degrade to catechol via
deoxygenation (Hongsawat and Vangnai, 2011). It is expected that
catechol may then be metabolized through a ring cleavage reaction
(ortho-cleavage or meta-cleavage) (Hongsawat and Vangnai, 2011).
However, it is unclear if complete TCC mineralization is achieved by
MC46 and continued study on TCC degradation pathways should be
performed. A TCC degradation pathway by the entrapped and free
MC46 is proposed in supplementary material.

Numerous studies on aniline and chloroaniline biodegradation by
isolated microorganisms have been reported (Travkin et al., 2003;
Hongsawat and Vangnai, 2011; Takeo et al., 2013). Only two previous
studies have focused on TCC biodegradation by isolated bacteria (Miller
et al., 2010; Mulla et al., 2016). Previous work on TCC degradation by
Alcaligenaceae (Miller et al., 2010) and Sphingomonas sp. strain YL-
JM2C (Mulla et al., 2016) have only suggested degradation from TCC to
4-chlorocatechol. This study is the first report extending the microbial
TCC degradation pathway to catechol.

Sipahutar et al. (2018) compared cytogenotoxicity and phytotoxi-
city between TCC and each intermediate. It was reported that TCC has
higher toxicity than the intermediates. Based on EC50 values, 3,4-DCA
was more highly toxic than 4-CA, while aniline was much less toxic
(Argese et al., 2001; Bendary et al., 2013). Overall, toxicity of TCC and
its intermediate products is in the following order: TCC > 3,4-
DCA > 4-CA > aniline (highest to lowest). MC46 successfully de-
toxifies the environment from the TCC contaminant. Results from this
study can be used to inform future studies of complete TCC fate and
degradation pathways in the environment.
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Fig. 2. TCC and degradative intermediates during TCC removal by entrapped and free MC46 at an initial TCC concentration of 10 mg/L.

3.4. Microscopic observations

The entrapped and free MC46 after the TCC degradation experiment
by SEM and TEM were observed. During the experiment at the low TCC
concentration (10 mg/L), numerous bacteria were found on both the
bead surface and core. In contrast, no bacterial cells were observed on
the outer bead layer at 50 mg/L TCC. This suggests that MC46 suffered
from TCC toxicity and moved inside the bead. The SEM result was
consistent with the kinetic data. Self-substrate inhibition occurred at
TCC concentrations = 30 mg/L. The bead structure (dense barium-al-
ginate cross-linking) could reduce MC46 and TCC contact resulting in a
slightly lower g at high TCC concentrations (Fig. 1).

The MC46 shape changed from a long to shorter rod during the tests
at high TCC concentration (50 mg/L) (images shown in the supple-
mentary material). This is only a preliminary examination of cell evo-
lution in response to environmental TCC contamination. Thus far, at-
tention has focused on cell physiological and molecular changes related
to antibiotic resistance (Carey and McNamara, 2014; Gao et al., 2015).
Cell morphological adaptations and stress responses to TCC con-
tamination should be further investigated.

TEM revealed damage to membrane of the free MC46 (image shown
in the supplementary material). TCC has been reported to inhibit bac-
terial fatty acid synthesis during enzymatic processes (Heath et al.,
1999; Christen et al.,, 2010). Such inhibition occurring at the cell
membrane would result in cell surface destruction. The entrapment
process could lessen the severity of the damage.

A bacterial viability (live/dead) assay, based on cell membrane
damage, was performed (percentages of viable cells are shown the
supplementary material). The “Dead cells” sample (autoclaved MC46)
had few viable cells (less than 10%). The “Before test” sample (MC46
without TCC exposure) had 93% cell viability. The free and entrapped
MC46 cells after TCC treatment at concentrations of 10 and 50 mg/L
including FC-10, FC-50, EC-10, and EC-50 had cell viabilities of 49, 32,
80, and 60%, respectively. Based on Duncan’s multiple range test, the
percentage of viable cells from reactors could be grouped (as shown in
the supplementary material). For the free cell systems (FC-10 and FC-
50), the bacterial viability after TCC treatment was significantly re-
duced at all tested concentrations (p < 0.05) while EC-10 gave similar
cell viability percentage compared to one without TCC treatment
(“Before test™).

The TEM and live/dead assay results indicate that environmental
TCC contamination could interfere with microorganisms in natural and
wastewater treatment systems by damaging cell membranes and ulti-
mately causing cell death. The cell entrapment technique could mini-
mize this problem. The viability of the entrapped MC46 cells at 10 mg/L
TCC (EC-10) was not significantly different than untreated MC46
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(Before test) (p > 0.05). This demonstrated the potential of the en-
trapped cell system for removing toxic substance contamination.

4. Conclusions

Environmental TCC contamination is a growing concern. This study
shows the utilization of combined biodegradation and cell entrapment
processes. Entrapped MC46 cells significantly detoxified TCC-con-
taminated wastewater. Both cell-to-entrapment material ratio and cell
loading played important roles in TCC removal. The TCC removal ki-
netics fitted well with a modified Edwards model. Self-substrate in-
hibition occurred at TCC concentrations of higher than 30 mg/L. The
entrapment material minimized inhibition by reducing cell stress and
membrane damage. Future work should examine TCC removal by en-
trapped cells in actual wastewater and stress responses and cell damage
imparted by TCC on entrapped cells.
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Reduction of silver nanoparticle toxicity affecting
ammonia oxidation using cell entrapment technique

Nguyen Thanh Giao, Tawan Limpiyakorn, Pumis Thuptimdang,
Thunyalux Ratpukdi and Sumana Siripattanakul-Ratpukdi

ABSTRACT

Occurrence of silver nanoparticles (AgNPs) in wastewater treatment systems could impact the
ammonia oxidation (AO). This study investigated the reduction of AgNPs and dissociated silver ion
(Ag™) toxicity on nitrifying sludge using cell entrapment technique. Three entrapment materials,
including barium alginate (BA), polyvinyl alcohol (PVA), and a mixture of polyvinyl alcohol and barium
alginate (PVA-BA), were applied. The BA beads provided the highest reduction of silver toxicity (up to
90%) and durability. Live/dead assays showed fatality of entrapped cells after exposure to AgNPs and
Ag*. The maximum AO rate of the BA-entrapped cells was 5.6 mg-N/g-MLSS/h. The AO kinetics under
the presence of silver followed an uncompetitive inhibition kinetic model. The experiments with
AgNPs and Ag™ gave the apparent maximum AO rates of 4.2 and 4.8 mg-N/g-MLSS/h, respectively.
The apparent half-saturation constants of the BA-entrapped cells under the presence of silver were
10.5 to 13.4 mg/L. Scanning electron microscopic observation coupled with energy-dispersive X-ray
spectroscopy indicated no silver inside the beads. This elucidates that the silver toxicity can be
reduced by preventing silver penetration through the porous material, leading to less microbial cell
damage. This study revealed the potential of the entrapment technology for mitigating the effect of

silver species on nitrification.
Key words | entrapped cells, nitrifying activated sludge, silver nanoparticles

INTRODUCTION

Silver nanoparticles (AgNPs) have been used in many appli-
cations, such as textile, medical, and plastic products (Pantic
2014). The large amount of AgNPs used resulted in residue
being deposited in wastewater treatment plants (WWTPs)
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(Mitrano et al. 2011; Hoque et al. 2012; Li et al. 2013). With
the superior antimicrobial ability of the particles, microor-
ganisms in WWTPs, including nitrifying microorganisms,
might be inhibited (Chopra 2007). Previous works reported
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that ammonia oxidation (AO) activity of nitrifying sludge
could be seriously inhibited by silver species, including
AgNPs and liberated Ag™ (Choi et al. 2008; Jeong et al.
2012; Giao et al. 2017). The silver species that partially
inhibited the AO process followed uncompetitive inhi-
bition-like kinetics with the AgNPs and liberated Ag®
inhibitory constants of 73.5 and 0.29 mg/L, respectively
(Giao et al. 2017).

The potential of the cell entrapment technique to allevi-
ate the negative impact of toxic substances on microbial
activity has been studied. Cell entrapment materials reduce
cell exposure to toxic chemicals leading to lower microbial
inhibition (Saez ef al. 2012; Siripattanakul-Ratpukdi 2012;
Siripattanakul-Ratpukdi et al. 2014; Lucchesi et al. 2015).
Prior studies have also indicated that the entrapment
materials assist living microorganisms to resist adverse
environmental conditions (e.g. pH and temperature changes)
and to retain higher cell numbers in the system without redu-
cing the microbial activity (Siripattanakul & Khan 2010; Hu
& Yang 2015). Siripattanakul-Ratpukdi et al. (2014) found
much lower inhibition of nitrification in the entrapped cell
system influenced by AgNPs. The previous work prelimina-
rily proved the feasibility of the entrapped cell application.
However, the treatment performance and the durability of
entrapped cells depended on the entrapment materials
(Paul & Vignais 1980; Liu et al. 2012). For example, changing
salt solutions (from calcium chloride to barium chloride)
during the preparation of gel beads could significantly
improve the physical and chemical properties. This, in turn,
could lead to higher yield and activity of the entrapped
cells (Paul & Vignais 1980). The addition of sodium alginate
to polyvinyl alcohol (PVA) could also enhance the stability of
the produced beads (Liu et al. 2012).

This study investigated the reduction of AgNP toxicity
affecting AO using cell entrapment techniques. The screen-
ing of the entrapment materials (barium alginate (BA),
polyvinyl alcohol (PVA), and mixture of polyvinyl alcohol
and barium alginate (PVA-BA)) was based on nitrification
performance and bead durability. The influence of silver
species (AgNPs and Ag™) on the inhibition of AO was eval-
uated. The AO Kkinetics of selected entrapped cells were
also investigated. Microbial cell viability and morphology
were observed by confocal laser scanning microscopy
(CLSM) and scanning electron microscopy coupled with
an energy dispersive X-ray (SEM-EDX). This primarily elu-
cidated the mechanism of silver toxicity reduction. The
results of this study could be used as fundamental infor-
mation for AgNP contaminated wastewater treatment in
the future.

MATERIALS AND METHODS
AgNPs and Ag"

Silver nanoparticles (5,000 mg/L) were obtained from
PrimeNANO technology (Prime Nanotechnology Co. Ltd,
Chulalongkorn University, Thailand). Transmission electron
microscopy showed spherical AgNP sizes in the range of
2-12 nm (Giao et al. 2017). AgNP suspensions prepared in
inorganic synthetic wastewater (SWW) peaked at a wave-
length of 400 nm, which indicated that AgNPs were well
dispersed in the experimental condition. Additionally, the
residue of Ag" from AgNPs of 10 mg/L was found to be
less than the method detection limit (3 pg/L). Silver nitrate
(AgNOs3, Merck, Darmstadt, Germany) was used as a
source of Ag™.

Nitrifying sludge acclimation

The seed sludge was taken from a continuous-flow enriching
nitrifier reactor. The continuous reactor had been operating
for more than five years with equal hydraulic (HRT) and
solid (SRT) retention times of four days. During nitrifying
sludge acclimation, SWW was comprised of 1.9821 g/L
(NH,),S0,, 0.2 g/L NaCl, 0.2 g/L. K,HPO,, 0.4 g/L MgCl,.
6H,O, 0.1g/L CaCl,.2H,O, 05g/L KCl, and 1.0g/L
NaHCOs5 with an addition of 1 mL of inorganic salt solution.
The inorganic salt solution contained 40 g/L. MgSQO,4.7H,0,
40 g/L CaCl,.2H,0, 200 g/L. KH,PO,, 1g/L FeS04.7H,0,
0.1g/L Na,MoO,, 02 g/L MnCl,4H,0, 0.02 g/L. CuSOs.
5H,0, 0.1 g/L ZnSO,.7H,0, and 0.002 g/L CoCl,.6H,0.
The NHZ-N concentration of 429 + 62 mg-N/L was main-
tained. For the silver exposure experiment, wastewater was
comprised of 1.9821 g/L (NH,4)>SO,, 1 g/L NaHCOs, 0.1 g/L
K>;HPO,, 0.025 g/L. MgSO,, and 0.025 g/L NaCl with AgNPs
and Ag™ at 10 mg/L and 0.1 mg/L, respectively.

Entrapped cell preparation

The enriched nitrifying sludge was harvested and centri-
fuged at 5,000 rpm for 20 min and the clear supernatant
was removed. The concentrated cells were re-suspended,
well-mixed, and centrifuged in SWW as a washing process
five times. The washed cells were used for preparing the
entrapped cells. The washed cells were added to the entrap-
ment matrices to reach a final cell concentration in the
matrix of 2,000 mg-MLSS/L.
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Preparation of the BA and PVA-entrapped cells followed
previous works (Siripattanakul-Ratpukdi & Tongkliang
2012; Siripattanakul-Ratpukdi et al. 2014). To prepare BA-
entrapped cells, 2% (w/v) alginic acid sodium salt and 5%
(w/v) barium chloride were used. The alginic acid sodium
salt solution and the nitrifying sludge were homogeneously
mixed and then dropped into the barium chloride solution
using a peristaltic pump at 20 rpm. The gel beads were har-
dened in the barium chloride solution for 1 h. BA gel beads
with diameters of 3-6 mm were formed.

For the PVA-entrapped cells, 10% (w/v) polyvinyl alco-
hol (PVA, 99%, fully hydrolyzed) was applied. The mixture
of the PVA solution and the nitrifying sludge was dropped
into a saturated boric acid solution for 30 min before it was
transferred to a 1 M sodium phosphate buffer for 2h to
harden the produced gel beads. PVA gel beads of 3-6 mm
diameters were formed. The other entrapment material
applied in this study was a PVA-BA matrix. The combination
of PVA and alginate was developed and successfully applied
for entrapping phenol-degrading bacteria (Wu & Wisecarver
1992). The PVA-BA-entrapped cells were prepared by using
10% (w/v) polyvinyl and 1% (w/v) alginic acid sodium salt.
The combined gel solution was mixed with the sludge. The
preparation protocol for PVA-BA-entrapped cells followed
that of the PVA gel, as described above.

Experimental setup and procedure

AO batch experiments were performed. A glass reactor with
100 mL working volume was applied. The reactor was oper-
ated under room temperature and 2 mg/L dissolved oxygen
(DO). The study was divided into two parts: (1) inhibited AO
by entrapped cells and (2) kinetics of AO by selected
entrapped cells. The first part emphasized on selection of
appropriate entrapment material (among BA, PVA, and
PVA-BA) for the situation. The selection was based on AO
percentage, bacterial viability, and material durability. For
the second part, AO kinetics by selected entrapped cells
was performed. This part focused on AO modeling based
on Monod equation. Also, bacterial cell and bead mor-
phology after the experiment was investigated using SEM-
EDX. Figure 1 is summarized overall experiments.

Inhibited AO by entrapped cells

AO experiments on free cells, entrapped cells, and only
materials were performed under the absence and presence
of silver species. NH4-N, Ag*, and AgNP concentrations
of 70, 0.1, and 10 mg/L, respectively, were applied. The

Part 1: Inhibited AO by entrapped cells

‘ BA matrix ‘ BA-entrapped cells ‘
aEr: ‘ PVA matrix ‘ PVA-entrapped cells ‘
‘g l PVA-BA matrix ‘ ‘ PVA-BA-entrapped cells ‘
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E - Inhibited AO by AgNP and Ag* experiment
'% - Material durability monitoring
...% - Bacterial viability assay

- Selected entrapped cells

Part 2: Kinetics of AO by entrapped cells
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Figure 1 | Experimental procedure for AO by entrapped and free cells under presence of
silver.

NH4*"-N concentration was selected following the concen-
trations reported in municipal wastewater (Bai et al. 2012).
The Ag" and AgNP concentrations were chosen based on
the inhibition information reported previously (Giao et al.
2017). In the previous work, AO with AgNP concentrations
of 0, 1, 10, and 100 mg/L was tested. The tests with
AgNPs of 10 and 100 mg/L gave similar inhibition (63 and
76% compared to the test without AgNP, respectively).
Therefore the AgNP concentration at 10 mg/L was chosen
for this study. The selected Ag" concentration (0.1 mg/L)
was the released concentration from 10 mg/L AgNP suspen-
sion (Giao et al. 2017). A nitrifying sludge of 50 mg-MLSS/L
was used. The AO experiments were conducted with cells
entrapped in BA, PVA, and PVA-BA. 100 mL of the reactor
with different entrapped cells was aerated to obtain DO at
2 mg/L. Water samples were taken after a 60-h test. The
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selected period (60 hour) was preliminarily tested and AO
had completely reached a plateau (the preliminary result
shown in Figure S1 in the supplementary material, available
with the online version of this paper). Inhibition percentage
of AO was estimated and compared to the reactors without
silver. The inhibition percentage of AO activity was calcu-
lated based on Equation (1).

ARc — AR;

Inhibition (%) = AR
c

x 100 1)

where ARc is the percentage of ammonia reduction in the
controls (free or entrapped cell reactor with no silver) and
AR; is percentage of ammonia reduction under the presence
of AgNPs or Ag™.

Kinetics of AO by selected entrapped cells

For the kinetic experiments, the 60-h AO tests with NHZ-N
(10 to 180 mg-N/L) and silver (AgNPs of 10 mg/L, Ag* of
0.1 mg/L, and no silver addition) were performed. The
NHZ-N concentrations were selected to represent the
concentrations reported in municipal and industrial waste-
water, such as coking and rubber production wastewater
(Limpiyakorn et al. 2005, Chaiprapat & Sdoodee 2007; Bai
et al. 2012). The selected silver concentrations previously
reported a similar AO inhibition percentage from the free
nitrifying sludge (Giao et al. 2017). 100 mL of the reactors
and the selected entrapped and free cells were aerated for
60 h. The aqueous samples were collected at 0, 5, 17,
42, and 60 h to monitor AO rate. The concentration of
NH3-N was measured using the salicylate-hypochlorite
method (Bower & Holm-Hansen 1980). The NH4'-N
measurement method was selected because it is more suit-
able when several ions, such as Ca®*, Mg®*, and Cl-, are
present in the sample (Le & Boyd 2012). This method is
frequently used for the analysis of ammonia in seawater.
The NHZ-N concentration was used to calculate the AO
rate and kinetics. Reduction of NH;-N concentration was
plotted versus time to calculate the AO rate in mg-N/L/h.
The specific AO (g) was estimated as follows in Equation (2).

=% 4 @)

where q is the specific AO rate (mg-N/g-MLSS - h), X is the
initial biomass concentration applied in this study (mg-
MLSS/L), S is the initial NHZ-N concentration (mg/L),
and ¢ is the time elapsed during the AO experiment (h).

The specific AO rate was then calculated for the kinetic
parameters based on the Monod model. The traditional
Monod equation depends on microbial growth. However,
in this study, the microbial cells were entrapped in the
matrices. Thus, the modified Monod equation based on sub-
strate utilization was applied. Theoretically, the Monod
model cannot directly be applied under inhibitory con-
ditions. In previous work, an uncompetitive-like inhibition
model was proposed (Giao ef al. 2017). The g and the half-
saturation constant (or Monod constant) for AO (K;) were
calculated based on the inhibitory constant (K;) and the
inhibitor concentration (I), as presented in Equation (3).
To determine K;, experiments under various inhibitor con-
centrations were required. In this study, the focus was only
on the treatment by different entrapped cells. Therefore,
complete uncompetitive-like kinetics of AO under the pres-
ence of silver species might be further investigated. In this
study, the apparent specific AO rate (¢') and half-saturation
constant (Kj) for AO were proposed (Equation (4)).

. (qmax/(1 + (I/KY))) - S
1=Ky T 1/K)) 1S G)

i 4maxS

T=K,+s @
q and ¢, are the apparent specific AO rate and the
apparent maximum specific AO rate (mg-N/g-MLSS-h),
respectively. K;, is the apparent half-saturation constant (or
Monod constant) for AO (mg/L). For estimation of the kin-
etic parameters, g, and K, were calculated using a linear
plot that followed the Lineweaver-Burk equation (Equation
(5)). Triplicate experimental data were used for kinetic par-
ameter estimation. Experimental and model data were
statistically confirmed by non-linear regression analysis
using Sigma Plot software provided by Khon Kaen Univer-
sity, Thailand (R? of 0.86-0.96, p < 0.0001).

1

!
q max

1 K

1
4 @ S
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Free and entrapped cell viability using live/dead assay

Free and entrapped cell viability was investigated. Ten
entrapped cell beads after the experiment were collected.
The bead sample was washed five times with de-ionized
water and five times with a NaCl solution (0.85%). The
washed beads were cut using a pair of tweezers. The
tweezed beads were dipped in 10 mL of NaCl (0.85%) and
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then gently squeezed to let the cells out of the entrapment
matrices. The suspended cells (free and de-entrapped cells)
were centrifuged at 5,000 rpm for 5 min. The supernatant
was discarded, and the pellets were collected. The pellets
were re-suspended and concentrated to obtain the free and
de-entrapped cell samples for the live/dead assay.

The staining procedure was performed using a staining
kit (LIVE/DEAD® BacLight™ Bacterial Viability, Molecular
Probes, Invitrogen). The samples were observed under CLSM
(FluoView FV10i, Olympus, Japan). The following two
samples were compared: (1) microbial cells directly taken
from the nitrifying reactor and (2) killed cells (autoclaved at
121 °C, at 100 kPa for 15min), stained for estimation of
microbial viability. The percentage of live and dead cells
was estimated based on 30 CLSM-images. The results were
presented as % dead cells (+standard deviation).

Scanning electron microscopic observation

After the kinetic experiment, microbial cells and bead physi-
ology were observed using SEM-EDX. The BA-entrapped
cells (selected matrix) were prepared for SEM observations
according to the procedure by Siripattanakul-Ratpukdi et al.
(2014). Briefly, the entrapped cell beads from the experiment
were collected and washed with de-ionized water. The col-
lected gel beads were fixed using 1% osmium tetroxide for
1 h. The fixed gel beads were then rinsed three times with
de-ionized water for 10 min. The beads were dehydrated
with a series of ethanol that ranged from 30 to 95%. The
absolute ethanol was applied as the last step of the dehy-
dration. The dehydrated beads were dried using a critical
point dryer (Balzers, CPD 020, Liechtenstein). The beads
were divided into two parts using a razor blade in liquid
nitrogen, attached to a stub, and coated with gold. The
dried BA, PVA, and PVA-BA beads were observed using
SEM with an energy-dispersive spectroscopy attachment
(JEOL, JSM-5410LV, Tokyo, Japan). Elemental compo-
sitions of selected areas were analyzed using an energy
dispersive X-ray (EDX, Oxford Instruments, Model
X-MaxN, UK) to identify aggregates of silver.

Statistical analysis

The percentage of AO inhibition and membrane compro-
mised cells caused by AgNPs and Ag" was presented as
an averaged percent inhibition (%) =+standard deviation
(SD), regardless of the initial NH;-N concentrations. A stat-
istical comparison was performed using IBM SPSS statistics
for Windows, Version 19.0 (IBM Corp., Armonk, NY, USA).

The significance of the differences (p < 0.05) was deter-
mined by a one-way analysis of variance (ANOVA)
followed by Duncan’s test (Ahrari et al. 2015).

RESULTS AND DISCUSSION
Inhibited AO by entrapped cells
Percentage of AO inhibition

An AO experiment under various conditions was performed.
Blank AO test and AO tests by only entrapment matrices (no
cells) were conducted (results presented in Figure S2 in the
supplementary material, available with the online version
of this paper). It was found that natural ammonia removal
(based on blank experiment) and ammonia adsorption on
entrapment matrices did not obviously occur. For the tests
with nitrifying sludge, under the absence of silver contami-
nation, the nitrifying sludge reduced ammonia. Percentages
of AO by the free (94.5%) and entrapped (90.2-95.5%) nitri-
fying sludge were similar (Figure 2). The entrapped cells did
not run into limited substrate diffusion problem (Siripattana-
kul-Ratpukdi et al. 2014). This showed potential of entrapped
cell utilization in the future.

During the experiments with silver, AO performance
was significantly reduced. Under the presence of AgNP
(10 mg/L), the free and entrapped cells reduced ammonia
by 31.3 and 55.0-70.2%, respectively. With regards to the
influence of Ag* (0.1 mg/L), the free and entrapped cells
oxidized ammonia by 19.4 and 54.2-75.5%, respectively.
Previously, Giao et al. (2017) reported that the AO inhibition
by silver caused by microbial cell damage. In this study, the
entrapment matrix led to tortuosity of silver to reach to
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Figure 2 | Percentages of AO by the free and entrapped cells (BA, PVA, and PVA-BA)
under the absence (Ag 0 mg/L) and presence of silver species (AgNPs 10 mg/L
and Ag* 0.1 mg/L) after the 60-h experiment. The error bar indicates the
standard deviation.
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Table 1 | Inhibition percentage of AO caused by AgNPs and Ag*

silver species and

Inhibition percentage

Microorganism concentration of AO (%) Reference

BA-entrapped nitrifying sludge AgNPs at 10 mg/L 20.8 This study

BA-entrapped nitrifying sludge Ag* at 0.1 mg/L 15.0 This study

Free nitrifying sludge AgNPs at 10 mg/L 63.3 Giao et al. (2017)

Free nitrifying sludge Ag' at 0.1 mg/L 75.3 Giao et al. (2017)

Calcium alginate-entrapped nitrifying sludge AgNPs at 5 mg/L 19.0-35.0 Siripattanakul-Ratpukdi et al. (2014)
PVA-entrapped nitrifying sludge AgNPs at 1 mg/L 18.0-95.0 Siripattanakul-Ratpukdi ef al. (2014)
Free nitrifying sludge Ag* at 1 mg/L 13.5 Liang et al. (2010)

Free nitrifying sludge AgNPs at 1 mg/L 41.4 Liang et al. (2010)

Free nitrifying sludge AgNPs at 1 mg/L 100.0 Choi et al. (2009)

microbial cells resulting better AO by the entrapped cells.
Figure 2 clearly shows that AgNPs at 10 mg/L and Ag™ at
0.10 mg/L (represented liberated dissolved silver from
AgNPs) partially inhibited AO of the BA-entrapped cells
by 254 and 19.4%, the PVA-entrapped cells by 37.0
and 38.2%, and the PVA-BA-entrapped cells by 20.7 and
30.4%, respectively. The result revealed that the BA
and PVA-BA-entrapped cells performed better than the
PVA-entrapped cells. The different entrapment materials
produced different gel structures resulting in altered AO
inhibition. When compared to the result of free cells
reported previously, inhibition percentages of AO by
AgNPs at 10 mg/L and Ag" at 0.10 mg/L were 63.3% and
75.3%, respectively (Table 1). The results clearly showed
lower AO inhibition in the entrapped cell experiment.

We preliminarily monitored NO3 plus NO3-N concen-
tration during the experiments as shown in Table S1 (in
supplementary material, available online). The result stated
that the entrapment material (BA) did not show the ammonia
removal and nitrite plus nitrate production. Nitrite plus
nitrate accumulated in all tests with microbial cells under

the presence or the absence of silver. However, it was obvious
that silver influenced AO and nitrite plus nitrate production.
At AgNPs 10 mg/L and Ag+ 0.10 mg/L, inhibition of nitrite
plus nitrate production was 41% and 56%, respectively.

Durability of entrapped cells

In this sub-section, the stability of the entrapped cell beads
was the focus. Only the durability of the entrapped beads
after 30 days of exposure to AgNPs and Ag™ was observed.
Figure 3 preliminarily indicates the durability of the gel
beads. During the experiment, damaged beads were quanti-
fied based on bead swelling and abrasion compared to
beads at the beginning. After 30 days, no damaged BA
beads (0%) were observed while the PVA (56%) and
PVA-BA (10%) beads were obviously swollen and
damaged. This phenomenon was also reported in a pre-
vious study (Bach & Dinh 2014). The PVA beads
deformed because of the hydrophilic nature. The cross-link-
ing of PVA and boric acid could be reversed, resulting in
bead swelling. The results revealed that the addition of

Figure 3 | Sludge entrapped in (a) BA, (b) PVA, and (c) PVA-BA after shaking for 30 days at 200 rpm with AgNPs at 10 mg/L.
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BA into the PVA gel could improve stability in SWW. This
result was in line with other studies that showed that a
combination of PVA and BA led to higher stability and sto-
rage longevity of the produced gel beads (Paul & Vignais
1980; Liu et al. 2012). Among the cell entrapment tech-
niques, the BA-entrapped cells were the most stable
beads. Similarly, a previous study reported that BA had
high gel strength and flexibility (Taweetanawanit et al.
2017). The BA-entrapped cells were stable during long-
term operation and supported the growth of the entrapped
microbes (Siripattanakul-Ratpukdi & Tongkliang 2012).

The cell viability assay (after the 60-h experiment),
based on bacterial cell membrane damage is shown in
Figure 4. The proportions of dead cells between the free
cells (collected directly from the enriching reactor) and
the controlled BA- and PVA-entrapped cells (entrapped
cells without AgNPs or Ag" exposure) were insignificantly
different (p > 0.05). The result revealed that BA and PVA
were not toxic to bacterial cells. Prior studies reported
that BA and PVA were not harmful to microbes (Siripatta-
nakul & Khan 2010; Wadhawan et al. 2011; Vecchiatini
et al. 2015).

Conversely, the percentage of dead cells from the PVA-
BA-entrapped cell test (no silver) was significantly higher
than free cells (p <0.05). As discussed earlier, BA and
PVA are non-toxic to microbial cells, and likewise the mix-
ture of PVA-BA should not cause toxicity to the entrapped
cells. The damaged cells in the PVA-BA test might be due
to the viscosity of the material (PVA-BA) resulting in less dif-
fusion of oxygen and ammonia (substrate) into the beads.
Among the entrapped cells, BA was the most promising
entrapment material for mitigation of the toxicity of
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Figure 4 | Percentage of damaged cells from the tests with non-inhibited free cells (free
cells with no Ag), non-inhibited entrapped cells (entrapped cells with no Ag),
inhibited entrapped cells by 10 mg/L of AgNPs (entrapped cells with AgNPs)
and 0.1 mg/L of Ag* (entrapped cells with Ag"). Error bars indicate the stan-
dard deviation.

AgNPs and Ag*. The BA matrix promoted high treatment
performance (low inhibition) and cell viability.

Kinetics of AO by BA-entrapped cells

The kinetics of AO from the BA-entrapped cells are demon-
strated in Figure 5. Table 2 is a summary of the AO Kkinetic
parameters. Figure 5 shows that the experimental results
well fitted Monod model. Under absence of silver, self-sub-
strate inhibition did not occur, resulting in the steady
specific AO rates for the tests with NHj higher than
100 mg/L. Based on free ammonia calculation, only
0.56 mg/L free ammonia may form (Anthonisen ef al.
1976). Free ammonia of 10-150 mg/L could inhibit AO. At
the concentration related to this study, no inhibition by
free ammonia would take place. The result from this study
revealed that the tested NH; concentrations (0-180 mg-N/L)
did not show adverse effect from nitrogenous species.
Results from the tests with no silver indicated that the
entrapped cell system encountered the substrate diffusion
problem resulting in much lower g,.x values compared to
that of the free cells. Under the presence of silver, both K
and ¢, values of the free cell systems were much lower
than those without silver. This result implied that inhibitors
(AgNPs or Ag+) obviously influenced AO in the free cell
system. The entrapped cell tests with silver (both species)
had similar kinetic parameter values (Table 2). This high-
lights the success of the cell entrapment application for
reducing AgNPs and liberated Ag" toxicity. Table 1 confirms
that the entrapped cells reduced the influence of AgNPs and
Ag™" by three and five times, respectively, as compared to
those from the suspended cells at the same conditions.
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Figure 5 | Kinetics of AO by the nitrifying sludge entrapped in BA with no silver (e), AGNPS
at 10 mg/L (0), and Ag* at 0.1 mg/L (v).
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Table 2 | AO kinetic parameters under the absence and presence of silver

cell mode silver species and ration Kinetic parameters
Test with no silver K, (mg/L) Gmax (Mg-N/g-MLSS - h)
Free cells No silver 17.8% 12.8%
BA-entrapped cells No silver 12.9 5.6
Test with silver K (mg/L) Gimax (Mg-N/g-MLSS - h)
Free cells AgNPs at 10 mg/L 3.3% 3.3%
Ag" at 0.1 mg/L 3.7 1.3*
BA-entrapped cells AgNPs at 10 mg/L 10.5 4.2
Ag" at 0.1 mg/L 13.4 4.8
“Results from Giao et al. (2017).
Microscopic observation of BA-entrapped cells with an abundance of fine pores (Siripattanakul-Ratpukdi

& Tongkliang 2012). This study also found numerous small
Figure 6 presents SEM images of the BA-entrapped cells. As pores (Figure 6(c)). The pore sizes ranged from 0.1 to
shown in Figure 5(a) and 5(b), several micro-colonies laid on 0.3 um, which were much smaller than the single cells
the BA-matrices. A previous study indicated that cross-link- (1-2 um), resulting in no micro-colonies in the pores. The
ing between barium and alginate created a dense network small porous structure was related to the low maximum

x2,500 10pm

210000 fpm — 10000 1ym

Figure 6 | SEM micrographs for observation of BA-entrapped cells after 60 h of exposure to AGNPs at 10 mg/L. (a) Cross-section of the BA-entrapped beads with several colonies of cells
found in the BA matrices, observed at 200 x. (b) Microbial cells were surrounded by BA-matrices, observed at 2,500 x. (c) The microporous structures formed by ionic-cross
linking between alginate and barium ions. The sizes of the pores were estimated as 0.1-0.3 um, observed at 10,000 x. (d) A cluster of cells with long- (majority) and short-rod
(minority) shapes, observed at 10,000 x .
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AO rates found in the kinetic experiment of the entrapped
cells. This structure was torturous for the substrate to
reach the microbial cells inside the BA beads. The dense
structure protected the cells from silver species, leading to
similar AO rates in the experiments by the entrapped cells
under absence and presence of silver species.

It was noted by Giao ef al. (2017) that the microbial cells
changed from long rod-shaped to shorter rod-shaped in the
presence of AgNPs. In this study, most of the cells remained
long rod-shaped (Figure 6(d)). This could primarily indicate
that the microbial cells were not stressed from the toxic sub-
stance; therefore, cell morphological adaptation was not
observed. During SEM observation, element (silver) analysis
using an EDX technique was also performed. In the entrapped
cell experiment, silver clusters were not detected inside the
beads. This confirmed that the entrapment matrices reduced
AgNPs and liberated Ag* transporting into the beads.

CONCLUSION

The entrapment materials, including BA, PVA, and PVA-BA,
were non-toxic to microbial cells. In the short-term AO test,
BA was the most promising entrapment material for
reduction of AgNPs and Ag™ toxicity. The inhibitory kinetics
results showed that the cells entrapped in BA maintained
high microbial cell viability (approximately 20% dead
cells) and AO up to 90% in the presence of AgNPs or
Ag*. The kinetic parameters confirmed low influence of
AgNPs and Ag* on AO by the entrapped cells. Microscopic
observation of the entrapped cells suggested that the porous
structure of matrices limited penetration of silver, resulting
in lower cell damage and AO inhibition. Future study on
the long-term impact of AgNPs and Ag" on AO activity
and microbial community change in entrapped cells
should be investigated.
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1. Introduction

Among metallic contaminants, iron and manganese frequently enter
water treatment systems and are generally removed by aeration or
chemical oxidation (Kouzbour et al., 2017). In practice, soluble manga-
nese is much more difficult to oxidize than iron and needs a higher
dose of oxidants (oxygen by aeration, chlorine, or potassium permanga-
nate). This leads to manganese in concentrations up to a milligram per
liter remained in the water supply and within drinking water (Abdel-
Satar et al., 2017; Gutiérrez et al., 2008). The Safe Drinking Water Act
sets the secondary standard for manganese at 0.05 mg L™!. Manganese
contamination leads to discolored water, rusted pipes, and clogged
plumbing (Tekerlekopoulou et al., 2008). High levels of exposure to
manganese could create problems for the nervous systems, brain devel-
opment issues for infants, and lead to Parkinson's like symptoms (Patil
et al,, 2016). High levels of manganese exposure in children caused
learning difficulties such as hyperactivity, pervasive development disor-
der, and memory issues. Therefore, an alternative technology for man-
ganese removal is needed.

Water filtration using commercial granular activated carbon (GAC)
is widely applied to adsorb metallic constituents in water (Babi et al.,
2007; Hijnen et al., 2010; Hoslett et al., 2018; Mondal et al., 2007). In
practice, biological enhanced GAC filtration (called biological activated
carbon (BAC) filtration) is also broadly utilized because of its superior
performance and eco-friendly credentials in water treatment
(Srivastava and Majumder, 2008). Filtration by BAC integrates adsorp-
tion, biotransformation, and physical particle separation in the filter
bed. BAC could increase contaminant removal by up to 400% and pro-
long breakthrough by four times, as compared to GAC (Dianati-Tilaki
and Mahmood, 2004). Manganese removal by the BAC system has
been studied extensively (Tekerlekopoulou et al., 2013; Zhu et al.,
2010). Greenstein et al. (2018) achieved successful manganese removal
by pilot BAC (>90%). However, the relatively high cost of GAC (or BAC)
for water purification (1100-1700 USD for 1 ton of GAC) (Thompson
et al,, 2016) is a major limitation for BAC technology particularly in de-
veloping countries. Therefore, a low cost and environmentally friendly
biological filter medium/sorbent is required.

Biochar is a potential alternative since it has a similar adsorption be-
havior to GAC and could be used to treat trace toxic contaminants in
water such as copper, chromium, zinc, arsenic, and phosphate
(Rajapaksha et al., 2018; Sun et al., 2019; Vikrant et al., 2018). Biochar
has a large pore volume with various surface functionalities. In particu-
lar, biochar has a negative charged surface, so it is useful for treating
metals, such as copper, nickel, and cadmium (Xu et al., 2013; Xue
etal, 2012). It was reported to have 1.4 to 3.1 times lower production
cost and to produce less air pollution compared to GAC (Thompson
et al., 2016). Biochar is simply produced from biomass carbonization
of woods, manures, and agricultural residues under oxygen-limited
conditions (Gwenzi et al., 2015). Biochar has been used in various envi-
ronmental and agricultural applications, such as enhancing plant
growth, crop production yield, plant root development, and increasing
nutrient availability (Kavitha et al., 2018). To date, no study has focused
on the use of natural carbonized by-products from the production of
value-added products within the agro-industries, such as bio-oil or
wood vinegar productions (Hawash et al., 2017). The wood vinegar in-
dustry created a large volume of carbonized wood waste (approxi-
mately 20% by raw material weight) (Sangsuk et al., 2018). This
biochar contained abundant surface functionalities, high porosity, and
significant mineral contents, which promote its use for higher value ap-
plications or as a resource for advanced functionalized materials.

A key target for this investigation is the study of manganese removal
potential by biochar from the wood vinegar production replacing typi-
cal BAC. This study also focused on the enhancement of biochar for
water treatment systems. Biochar was modified using hydrogen-
peroxide treatment to modify the surface functionality (Vinh et al.,
2015; Idrees et al., 2018). To stimulate manganese removal as BAC, a

previously isolated manganese-oxidizing bacterium, Streptomyces
violarus strain SBP1, was immobilized as a biofilm on a filter medium
(called cell-immobilized biochars).

This study included manganese adsorption kinetics, isotherms, and
thermodynamics of the biochar and modified biochar. The performance
of the biochars and cell-immobilized biochars were investigated for the
removal of manganese. Microscopic and spectroscopic approaches were
used to determine the micro-structure of the materials and also postu-
late potential removal mechanism for manganese by biochars and
cell-immobilized biochars. The biochar would adsorb dissolved manga-
nese (Mn?") while the microbial cells could oxidize dissolved manga-
nese to particulate (Mn>* and/or Mn**). Characterization was
achieved through the use of the following instruments: Fourier trans-
form infrared spectrometer (FTIR), a field emission scanning electron
microscope coupled with focused gallium ion beam (FIB-FESEM), X-
ray absorption (XAS), and micro-X-ray fluorescence (UXRF) spectro-
scopic techniques. This work provides the first direct evidence of man-
ganese adsorption distribution and manganese speciation on the
biochar using advanced synchrotron (XAS and pXRF) techniques. It elu-
cidates the effectiveness of the manganese removal mechanism by the
cell-immobilized biochar.

2. Materials and methods
2.1. Raw and modified biochar production

Raw wood vinegar-production-wasted biochar (BC) was obtained
from a wood vinegar production factory in Ubonratchathani, Thailand.
Fifteen thousand kilograms of eucalyptus leaves (30-50 cm long)
were baked in a carbonization dome kiln under an oxygen-limited con-
dition The temperature in the kiln was slowly ramped from 300 to
800 °C in 10 days, controlled at 800 °C for 10 days, and slowly cooled
down until reaching ambient temperature in 20 days. The BC was
crushed and sieved to particle sizes of 2-4 mm. The BC was washed
with de-ionized water four times. After that, the BC was oven-dried at
80 °C for 24 h. To preliminarily verify adsorbent, the specific surface
area of BC was measured using an automatic volumetric sorption ana-
lyzer (Autosorb-1, Quantachrome, USA) at —196 °C (77 K) and
interpreted using the Brunner-Eller-Teller (BET) equation. The surface
area of BCwas 75 m? g~ .

Modified biochar (MC) was prepared using H,0, modification (Xue
etal, 2012). Three grams of BC was soaked in 20 mL of a 10% (w/w) per-
oxide (H,0,) solution for 2 h at room temperature (30 4 0.5 °C). Then,
the soaked biochar was rinsed with de-ionized water and oven-dried at
80 °C for 24 h.

2.2. Material characterization

Materials (the biochars with or without immobilized cells) were
characterized for elemental contents, surface functional groups, and
micro-structural morphology. Also, manganese oxidation states and
manganese distribution on materials were determined. Elemental con-
tents including carbon (C), hydrogen (H), and nitrogen (N) were mea-
sured using a CHN elemental analyzer (PE-2400Il, Perkin-Elmer, USA).
Ash content was measured by residual weight after heating at 800 °C
for 4 h in a muffle furnace (Gao et al., 2019). The oxygen (O) content
was calculated by mass difference (Munda et al., 2016). Surface func-
tional groups were conducted using FTIR (Tensor 27, Bruker, USA).
Micro-structural morphological images of BC and MC were obtained
using a FIB-FESEM (Thermo Fisher, USA).

Manganese oxidation states on BC and MC (with and without the
immobilized cells) were analyzed using XAS. The X-ray absorption
near edge structure (XANES) technique was determined at BL5.2:
SUT-NANOTEC-SLRI XAS Beamline SLRI, Thailand (Kidkhunthod, 2017;
Klysubun et al., 2017). The samples were detected in a fluorescence
mode. Athena programs by the IFEFFIT package were used for
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background correction, normalization, and fitting the XANES data. Man-
ganese distributions in biochar and biochar with immobilized cells be-
fore and after treatment were observed using the pu-XRF technique.
The longitudinal section of biochar sample was prepared and the
cross-section from one half was used for UXRF mapping. The experi-
ments were conducted at beamline BL6b, Synchrotron Light Research
Institute (SLRI), Thailand. A Polychromatic X-ray beam with the energy
of 2-12 KeV from the bending magnet was focused by a poly-capillary
half lens to achieve a beam size of 30 um at the sample position. A
2 mm x 2 mm area of each sample was raster scanned (in air) with a
step size of 30 um in both X and Y directions and a dwell time of 30 s
per point. The vortex silicon drift detector (with a resolution of
160 eV) was used to detect X-ray fluorescence yield from the sample.
Spectra obtained were then processed by PyMCA software to create dis-
tribution mapping of manganese in the samples (Solé et al., 2007).

2.3. Bacterium, bacterial medium, and synthesized manganese-
contaminated water

Streptomyces violarus strain SBP1 (GenBank is MK212369) was pre-
viously isolated for manganese oxidation (Therdkiattikul et al., 2018).
Bacterial medium consisted of MnSO4H,0 0.015 g L™!, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 2.383 g L™},
FeS0,4.7H,0 0.001 g L~', peptone 1 g L~!, and yeast extract 0.25 g L~
in de-ionized water 1 L. Test water was synthesized from MnS0,4.H,0
0.015gL™", MgS04.7H,0 0.0002 g L, p-glucose 0.0015 g L™, peptone
0.01 g L, and yeast extract 0.005 g L~'. This formulation simulated
raw water for water treatment as modified from Gai and Kim (2008).
Manganese concentration of 3 mg L~! in the synthesized water was se-
lected based on high manganese level in natural groundwater (Meyer
et al., 2017).

2.4. Manganese adsorption by biochar and modified biochar

Experiments were performed in triplicate to determine manganese
adsorption kinetics, isotherm, and thermodynamics of BC and MC. Ki-
netic adsorption experiments were conducted in 500 mL Erlenmeyer
flasks containing manganese solution 300 mL and BC or MC 0.6 g. The
flask was shaken in an incubating shaker at 150 rpm and at tempera-
tures of 20, 30, and 40 °C (293, 303, and 313 K) for 3 days. Water
5 mL was sampled periodically to measure remaining manganese con-
centration for 3 days. Pseudo-first-order and pseudo-second-order
models were applied to interpret adsorption kinetics following
Egs. (1) and (2) while Q. and Q; (mg g™ !) are the adsorption capacities
at equilibrium and time, respectively. k; (min~') and k, (g (mg/
min)~!) are the rate constants of the pseudo-first-order and pseudo-
second-order models, respectively.

In (Qe—Q) = In Qe—Iyt (1)

t 1 1
U Q" @)

Adsorption isotherm experiments were performed in triplicate. The
experiment was done in a 250-mL Erlenmeyer flask containing the
manganese solution (3 mg L~!) 100 mL and BC or MC at adsorbent
doses between 0.2 and 0.9 g. The flask was shaken in an incubating
shaker at 150 rpm and temperatures of 20, 30, and 40 °C for 3 days.
Water 5 mL was sampled periodically to measure remaining manganese
concentration at equilibrium time (3 days). The Langmuir and
Freundlich models were applied to estimate manganese adsorption iso-
therms following Eqs. (3) and (4), respectively. C. (mg L™") is manga-
nese concentration at equilibrium period. Q, (mg g~ !), and K
(Lmg~") are the maximum adsorption capacity and Langmuir sorption
constant, respectively. K ((mg g~ ') (mg L™!) ™) and n are Freundlich
sorption constants which indicate sorption capacity and intensity,

respectively.
11 11
Qe Qm I(L Qm Ce

In Q. = In Kg +% In Ce (4)

The thermodynamics of manganese adsorption by BC and MC was
unveiled by using Gibbs free energy (AG®), enthalpy (AH®), and entropy
(AS?) following Egs. (5) and (6). K is Langmuir sorption constant
(Lmol™1). R (0.008314 k] (mol-K) ') is the gas constant and T (K) is
temperature.

AG ° = —RTInK; (5)

InK; = <_ARH >%+ <AZ ) (6)

2.5. Manganese removal by biochar and cell-immobilized biochar

Experiments described in this subsection focused on manganese re-
moval by the cell-immobilized biochars compared to those by the bio-
chars. They were performed in triplicate. They were divided into two
sets. The first set was to investigate the optimum cell immobilization
period on BC and MC. The second set was to determine manganese re-
moval by the biochars and the cell-immobilized biochars.

2.5.1. Cell immobilization and investigation of immobilization period on BC
and MC

SBP1 in the bacterial medium (100 mL) was centrifuged at 6000 rpm
for 15 min. The concentrated SBP1 was inoculated into the fresh bacte-
rial medium. The cell suspension was shaken at 150 rpm at room tem-
perature (30 °C) until cell growth reached an exponential growth
phase (1 d). The cell suspension was centrifuged at 6000 rpm for
15 min and washed using 10 mM of a HEPES buffer solution. The
washed SBP1 was re-suspended in the fresh bacterial medium. Cells in
the medium (100 mL) were approximately 9 x 10° CFU mL™". The bio-
chars (BC or MC) 10 g were added to the medium (with SBP1). The bio-
chars were also added to the medium without bacterial cells as a control
test. The cell suspension with the biochars was shaken at 150 rpm and
room temperature (30 °C) for 7 d to determine cell colonization on
the biochars. Two pieces of the biochars (20 mg) were sampled once a
day.

The biochars were washed HEPES twice. Then, the biochars were
soaked in the bacterial medium of 2 mL for 3 min. SBP1 immobilizing
on biochars were extracted by sonication (2 min) and vortex mixing
(2 min, twice), respectively. The medium (with the extracted cells)
0.1 mL was sampled and plated. The plated sample was incubated at
35 °C for 48 h. The cell number was counted. The cell immobilization pe-
riod was selected based on the estimated number of cells. It is noted that
the cell-immobilized biochars at the selected period were washed using
a HEPES buffer twice before further experimentation.

2.5.2. Determination of manganese removal by the biochars and cell-
immobilized biochars: batch study

The biochars (BC and MC), cell-immobilized biochar (CBC), cell-
immobilized modified biochar (CMC), or free cells (FC) were added to
300 mL of water containing manganese. The experiment was performed
with the initial manganese concentration of 3 mg L™ under various ad-
sorbent doses (1.0, 1.5, and 2.0 g). The tests with FC (no adsorbent) and
immobilized cells (CBC and CMC) contained SBP1 of 2, 3, and 4 x 10-
4 CFU mL™! (representing the cell numbers on biochars of 1.0, 1.5, and
2.0 g, respectively).
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The quantity of the free cells varied, with an initial concentration of
approximate 2 x 10%, 3 x 104, and 4 x 10* CFU mL™!, similar to the
numbers of cells on CMC. All reactors (BC, MC, CBC, CMC, and FC)
were shaken at 150 rpm at room temperature. Water was sampled for
manganese monitoring at equilibrium (3-5 days). Biochars before and
after the experiment were sampled to determine the manganese re-
moval mechanism. Surface functional groups of the biochars (before
and after the experiment) were examined using FTIR. Manganese oxi-
dation states and distribution on the biochars (with and without the
immobilized cells) were analyzed using XANES and pXRF techniques.

2.6. Analytical procedures

For manganese measurement by atomic absorption spectrometer
(AAS), the sample preparation and analysis were performed following
Standard Method 3030 E (APHA et al.,, 2017). The sample (5 mL) was
digested using nitric acid (conc., RCI labscan, Thailand) (5 mL) on a
hot plate under a fume hood until reaching a sample volume of 5 mL,
twice. The digested 5 mL sample was adjusted to 25 mL by de-ionized
water and the manganese measured using AAS (Perkin-Elmer
AAnalyst™ 800, Singapore).

For material characterization using the CHN elemental analyzer,
FTIR, uXRF, and XANES, the biochar was oven-dried at 80 °C for 4 h be-
fore instrumental analysis. For morphology analysis by FIB-FESEM, the
biochar was washed with a HEPES solution of 10 mM for 30 min.
Then, the biochar was fixed with 2.5% (v/v) glutaraldehyde in a HEPES
solution of 10 mM overnight at 4 °C. After fixing, the biochars were
dehydrated using a series of ethanol solutions at 30, 50, 70, and 90%,
and absolute ethanol (20 min each). The dehydrated sample was
dried using a critical point dryer and placed on a stub and gold coated
before imaging.

3. Results and discussion

3.1. Characterization of wood vinegar-wasted biochar and modified
biochar

The chemical and physical properties of wood vinegar waste and
modified biochars (BC and MC) are shown in Table 1. The hydrogen
and nitrogen contents of BC and MC were similar, but MC (70.40%)
had less carbon than BC (73.05%). The oxygen content of MC (23.79%)
was higher than that of BC (21.13%). This suggests that H,O, oxidized
the carbon surfaces of BC, resulting in an increase of oxygen-
containing surface functional groups. These could be carboxylic, lactone,
and hydroxyl groups (Zuo et al., 2016). After H,0, modification, the pH
of biochar declined slightly from 6.07 to 5.95 (Table 1). This could be
due to the change of surface functional groups. The FIB-FESEM results
in Figs. 1a and b showed similar pore structures of BC and MC.

Typically, H,0,-modified biochar is expected to improve surface
functional groups (Xue et al., 2012). This modification could increase
oxygen-containing functional groups, which are the main metal adsorp-
tion sites. Surface functional group analysis using FTIR from this study
was presented in the supplementary material. After modification, the
FTIR of BC and MC were similar, but the intensities of the FTIR bands
at 1375 cm ™! increased, while the intensity of the band at 1423 cm ™!
decreased. These band changes (1375 and 1423 cm™') indicated in-
creasing hydroxyl (O—H) and decreasing C—H (or C=C) bands from
aromatic species, respectively (Cho et al., 2017). These bands are

Table 1
Elemental composition and pH of biochars (BC and MC).
Elemental composition (%, mass based) Ash (%) pH
C H o] N
BC 73.05 333 21.13 0.66 1.83 6.07
MC 70.40 2.95 23.79 0.64 222 5.95

known to correspond to adsorption sites. These results suggest a poten-
tial ability of this natural waste material as an adsorbent. Other oxygen-
containing functional groups (such as carboxyl group) previously re-
ported as adsorption sites, were not present in the materials developed
in the current study (Wang and Liu, 2018; Zuo et al., 2016).

3.2. Adsorption experiment

3.2.1. Adsorption kinetics

The results of manganese adsorption on BC and MC are shown in
Fig. 2. The adsorption (at the initial concentration 3 mg L™!) occurred
rapidly in the initial periods of 120 and 240 min for BC and MC, respec-
tively. Following the initial period, manganese adsorption slowed down
and reached a steady state after 2.5 d. It is noted that the manganese ad-
sorption at higher initial concentration (10 mg L™!) was preliminarily
tested to investigate the manganese adsorption capacity. The results
showed that manganese adsorption by BC quickly reached a plateau
after 60 min with an equilibrium adsorption capacity of 0.65 mg g~
at 303 K. Higher initial contaminant concentrations resulted in shorter
time to equilibrium and higher equilibrium adsorption capacities (Gao
et al., 2019). The manganese ion was bound on the biochar surface
through bulk diffusion, leading to rapid adsorption in the initial period.
After which, the metal ion diffused into inner micro-pores of sorbent
(Wang et al., 2018).

The equilibrium adsorption capacities of BC and MC were: 0.30 and
0.54 mg g~ ' at 293 K, 0.46 and 0.72 mg g~ ' at 303 K, and 0.54, and
0.81 mg g~ ! at 313 K, respectively. Increasing the temperature in-
creased adsorption thermodynamics and adsorption capacity. As ex-
pected, H,0, could enhance the manganese adsorption capacity of
biochar, since it had more oxygen-containing functional groups (Xue
et al,, 2012). These acidic functional groups could enhance the ion ex-
change properties leading to increasing of metal adsorption (Vasu,
2008). To date, no reports have been published on manganese adsorp-
tion using biochar from the wood vinegar industry derived from wood
chips. For metal adsorption, the wood vinegar biochars had different ca-
pacities (0.34to 13.10 mg g~ ') depending on metals, raw materials, and
biochar production methods (Chen et al,, 2011; Mohan et al., 2007). The
metal adsorption capacities from biochars reported in this study (0.30
to 0.81 mg g~!) were comparable to those previously reported. In
groundwater, the manganese concentration of <1 mg L™ is typically re-
ported. These biochars had sufficient adsorption capacities to remove
manganese to allowable concentration for water supply (0.3 mg L~1).

The manganese adsorption kinetics of BC and MC was modeled
using the pseudo-first- and pseudo-second-order reactions. The kinetic
parameters are presented in the supplementary material. The experi-
mental data were confirmed by both models (R? > 0.93 for all tests).
Overall, the pseudo-second-order model (R?> = 0.97-0.98) fit manga-
nese adsorption kinetics for both BC and MC better than that of the
pseudo-first-order model. This result was similar to a previous study
on lead (II) adsorption kinetics (Wang and Liu, 2018). It was reported
that lead adsorption by H,0,-modified biochar (derived from yak ma-
nure) fit the pseudo-second-order model. The pseudo-second-order re-
action implied chemisorption and multiple adsorption mechanisms by
BC and MC. The mechanism of adsorption consisted of multiple steps:
1) external surface diffusion, 2) intra-particle diffusion, and 3) interac-
tion between adsorbate and active site. In this study, the external sur-
face diffusion might not be the rate-determining step, because the
solution was shaken.

3.2.2. Adsorption isotherms

To describe adsorption behavior, a manganese adsorption isotherm
experiment was conducted. The Langmuir and Freundlich adsorption
models were applied to the experimental data (Fig. 2). The manganese
adsorption by BC and MC fit both the Langmuir model (R? = 0.91-0.97)
and the Freundlich model (R? = 0.89-0.98). The phenomenon could be
from tested manganese concentration. This study aimed to investigate
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Fig. 1. FIB-FESEM images: (a) BC, (b) MC, and (c and d) SBP1 on biochar.

the potential of biochar for treating manganese in water treatment sys-
tem. Low manganese concentration of 3 mg L~! was selected to simu-
late the practical condition. This led to low C. values for the entire
experiment resulting in good fits for both models. Continued work
under higher manganese concentrations should be performed for
clearer modeling the manganese adsorption using the biochar for
other applications. Based on the experimental Qe (Qe,exp) and the calcu-
lated Q. from Langmuir and Freundlich models (Qe; and Qef), Qe exp Of
the biochar better correlated to Qe than Q.. Therefore, the manganese
adsorption behavior was explained using Langmuir model. Results
using Langmuir model indicated that manganese adsorption on BC
and MC was by monolayer adsorption. All adsorption sites displayed
equal manganese affinity. There is no interaction between adsorbate
molecules (Foo and Hameed, 2010; Vijayaraghavan et al., 2006). Based
on previous studies, inconsistencies in fitted adsorption models
depended on sorbent, sorbate, and tested conditions (Gao et al., 2019;
Wang et al,, 2019).

For manganese adsorption capacity, the maximum adsorption ca-
pacities (Qy,) of BC and MC at 293, 303, and 313 K of Langmuir model
were 0.38, 043, and 0.77 mg g~ ! and 0.86, 1.04, and 1.15 mg g~ ', re-
spectively. The result indicated that the maximum manganese adsorp-
tion capacities of MC were 1.5 to 2.4 times as much as those of BC
because MC had different ratios of surface functional groups. According
to the literature, the maximum manganese adsorption capacities by bio-
chars varied based on raw materials, biochar production, and tested
conditions (Emmanuel and Rao, 2008; Idrees et al., 2018). Biochars de-
rived from dried fruit shell, poultry manure, and farmyard manure pro-
vided manganese adsorption capacities of 0.42, 2.84, and 6.65 mg g~ !,
respectively. The manganese adsorption capacities by the waste biochar
were comparable to previous studies and provide an efficient method
for the utilization of wood vinegar waste. The manganese adsorption

capacity of the waste wood vinegar material demonstrates significant
potential in water treatment applications. The modification of waste
materials could be further refined to achieve greater adsorption
capacities.

Overall, manganese removal of BC and MC was satisfactory. How-
ever, in practice, environmental factors, such as pH and co-existing
toxic compounds and adsorbent reusability could influence manganese
adsorption capability (Idrees et al., 2018; Shakya and Agarwal, 2019;
Uger et al., 2006). Previous studies suggested that higher pH led to bet-
ter manganese adsorption performance because of lower competitive
adsorption between H* and Mn?* on negatively charged surface of ad-
sorbent (Idrees et al., 2018). Presence of co-existing metals generated
competitive adsorption resulting in lower manganese adsorption ability
(Uger et al., 2006). Further work is needed to investigate the effect of en-
vironmental factors and adsorbent reusability for practical manganese
adsorption applications.

3.2.3. Thermodynamic study

The results of thermodynamic parameters for manganese adsorp-
tion on BC and MC at 293, 303, and 313 K are presented in Table 2.
The Gibbs free energies for manganese adsorption by BC and MC at dif-
ferent temperatures were negative. This result suggested spontaneous
manganese adsorption. The enthalpy values (AH®) for the adsorption
by BC and MC were —17.38 and 20.27 k] mol !, respectively. The neg-
ative enthalpy value indicates that manganese adsorption on BC was
exothermic, while the positive value specifies an endothermic process
on MC. Moreover, AH’ could refer to an attraction between manganese
and the adsorbent. Theoretically, AH® values implied that van der Waals
forces (4 to 10 k] mol™"), hydrogen bonding forces (2 to 40 k] mol™!),
ligand exchange (40 k] mol™'), and chemical bonding forces
(60 k] mol~!) were the main sorbate-sorbent attraction (Chaudhry
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Fig. 2. Manganese adsorption kinetics and Langmuir adsorption isotherms by BC and MC.

etal, 2017). In this study, the manganese adsorption by BC and MC was
governed by hydrogen bonding forces. This is similar to previous studies
of metal (silver and arsenic) adsorption by biochars (Antunes et al.,
2017; Vinh et al., 2015). The positive entropy values (AS°®) implied the
increasing of randomness at solid-solution interface on the active site
of the biochar.

3.3. Manganese removal by biochar and cell-immobilized biochar

3.3.1. Cell immobilization period

For future application as a bio-filter, planktonic cells were colonized
on the medium. One of the important factors affecting water treatment
performance is the immobilized cell number (biofilm formation). The
optimal cell immobilization period was investigated. BC (or MC) was
mixed with bacterial medium containing SBP1 of 9 x 10° CFU mL™ ",
The number of immobilized bacteria extracted from the biochars was
shown in the supplementary material. Figs. 1c and d show the
immobilized cells growing on both BC and MC surfaces.

Testing at 24 h showed that bacterial numbers from BC and MC were
similar (2.8 x 10° CFU g~ !). Cell numbers became stable at 3 days. The
immobilized cell number on MC (5.6 x 10° CFU g~ of biochar) on the

Table 2
Thermodynamic parameters for manganese adsorption on BC and MC.

Adsorbent T(K) Thermodynamic parameter
AG® (k] mol~") AH° (k] mol~") AS® (J mol™")

BC 293 K —25.56 —17.38 32.55

303 K —30.15

313K —26.02
MC 293 K —24.89 20.27 153.94

303 K —26.25

313K —27.98

third day was twice as high as that on BC (2.8 x 10° CFU g~ !). The result
was based on a combination of porosity, surface area, surface roughness,
and surface charge, which is consistent with previous studies (Basu
et al., 2016). The main role of the cell attachment on biochars should
be further investigated. In a later experiment, the cell immobilization
period of 3 days was selected to prepare CBC and CMC.

3.3.2. Manganese removal by the biochars and cell-immobilized biochars

Manganese removal experiments by the biochars and biochars with
microbial cells (BC, MC, CBC, CMC, and FC) were performed. The manga-
nese concentration decreased quickly in the initial period and reached a
plateau after 3-5 days. Fig. 3 shows the manganese removal by BC and
MC at different doses. Higher doses produced higher removal efficien-
cies. The free SBP1 cells removed manganese for 4.6-10.9%. Typically,
manganese removal by free cells could be from biological oxidation
and biosorption by the bacterial cells (Rosson and Nealson, 1982;
Adams and Ghiorse, 1985; Burger et al., 2008). The result of the experi-
ment with dead bacterial cells showed no significant manganese
biosorption (data not shown).

Cell immobilization (CBC and CMC) exhibited a significant enhance-
ment of manganese removal performance. The highest manganese re-
moval was observed in these experiments by CMC (67.8-74.8%)
(Fig. 3). The result showed that the modification can cause higher num-
ber of cells immobilized on modified biochar than biochar as shown in
Fig. S2. Greater number of immobilized cells and manganese adsorption
capacity could be why CMC provided highest manganese removal.
These results were in contrast to a previous study by Wang et al.
(2018) which reported a decrease in mercury removal performance
by the cell-immobilized biochar because the microbial cell hindered
the mercury sorption site. In the current study, manganese removal by
the cell-immobilized biochars was higher than integrating SBP1 and
the biochars. This suggests that the biochars provided a better environ-
ment or more nutrients for the microbial cells, resulting in synergized
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Fig. 3. Efficacies of manganese removal by the biochars (BC and MC), cell-immobilized
biochars (CBC and CMC), and FC at different dosages.

manganese biotransformation. Immobilizing the microbial cells does
not interfere with the sorption sites.

Practically, biochars with biofilm would extend the lifespans of bio-
chars as filter media (Dianati-Tilaki and Mahmood, 2004). In typical
water treatment systems, the natural biofilms at early stages of use
are frequently lost during backwashing process. In this study, the micro-
bial cells were attached on the biochars before the experiment. The cell
immobilization (at the maturation stage) has been successfully applied
on wastewater treatment and site remediation (Siripattanakul and
Khan, 2010; Nzila et al,, 2016). This is the first study to apply the cell im-
mobilization technique for drinking water treatment and water supply
production. The immobilized cells (compared to natural biofilm as
BAC) could reduce cell loss in the initial period and increase the capabil-
ity of the support materials.

Overall, the cell-immobilized biochar (as the immobilized cell-bi fil-
ter) is promising for removing manganese. The cell-immobilized bio-
char had high contaminant treatability, short-term biofilm formation,
and low cell washout. In the future, the experiment with real
manganese-contaminated water is required and application of this
technology at water treatment plant to confirm the cell-immobilized
biochar applicability should be demonstrated.

3.3.3. Manganese removal mechanism and distribution using advanced
spectroscopic techniques

The FTIR spectra of the cell-immobilized biochars and the biochars
before and after the manganese removal experiment were presented
in the supplementary materials. After the manganese was removed,
the intensity of FTIR bands decreased at 1428 cm~' for BC and
1375 cm™! for MC. These changes suggested that manganese ions
were bound to the C—H bonds from aromatic species for BC and those
of O—H for MC. After cell immobilization, the band intensities at
1428 cm™! for BC and 1375 cm ™! for MC decreased. This suggests
that manganese and microbial cell adsorption took place at the same
binding sites. Otherwise, the FTIR spectra of CMC showed a higher in-
tensity of band at 1428 cm™'. This shows that the microbial cells
could increase the sorption sites (Wang et al., 2018). After the manga-
nese treatment using CBC and CMC, the FTIR bands at 1375 and
1429 cm~ ! were lower. Even though the immobilized cells blocked ac-
tive sites for manganese removal, another active site of MC (1428 cm™!)
increased, resulting in higher adsorption capacity from CMC. Also,
higher manganese removal by CBC and CMC may be attributed to the
role of biological manganese oxidation as described earlier.

The manganese distribution by pPXRF of biochars and cell-
immobilized biochars (MC and CMC) are presented in Fig. 4. The sec-
tioning of all samples was prepared, as seen in Fig. 4a. Color scale bar

indicates the fluorescence counts of the particular element in analysis
(blue color is for the lowest counts and red color is for the highest
counts). Figs. 4b (MC and MC + Mn) and 4¢ (CMC and CMC + Mn)
are presented the comparison of manganese distribution before and
after treatment. Before experimentation, manganese was observed in
CMC (Fig. 4c). This is because the bacteria (with slight manganese accu-
mulation during cultivation) colonized on the surface of the biochar.
After treatment, manganese was accumulated around the edge and
pore of the biochars, while manganese accumulation increased signifi-
cantly in the cell-immobilized biochars. This implies that the microbial
cells penetrated into the biochar and accumulated manganese. So, the
distribution of manganese in the CMC + Mn sample was observed at
the highest level.

In uXRF analysis, manganese biosorption or transformation by the
cells was inconclusive. A XANES analysis to determine manganese oxi-
dation states was required. Normalized XANES spectra at manganese
K-edge and derivative XANES spectra that were compared to manga-
nese standards consisting of MnO and Mn,0j3 (corresponding to Mn?™
and Mn3*) are shown in the supplementary materials. Absorption
edge energy of all samples (the biochars and cell-immobilized biochars
before and after experiments) was between Mn?" and Mn>™". It is noted
that manganese (mainly in Mn>* form (>88%)) was detected as an ele-
mental composition of biochars. After manganese adsorption, the edge
energy was shifted to Mn?* for both BC and MC (increasing Mn?*
7-8%). This confirmed the soluble manganese (Mn?") adsorption on
the biochars. After the experiment by CBC and CMC, the shift of edge en-
ergy to Mn?* was lower than in the biochars without cells (increasing
Mn?* 2-6% compared to before treatment). The result suggests that
some portion of manganese was oxidized to Mn>* and that manganese
removal by the cell-immobilized biochars was a combination of manga-
nese adsorption by biochars and bio-oxidation by SBP1.

The proposed manganese removal mechanism is presented in Fig. 5.
The waste biochar could physically adsorb manganese and attach mi-
crobial cells. Modification of biochar resulted in an increasing of manga-
nese adsorption sites and cell attachment sites. The microbial cells
transformed Mn?* to Mn>* through a biological oxidation process. It
is known that Mn>" further converts to Mn** (stable particulate). In
practice, this particle manganese would be trapped on the filter medium
and then cleaned out of the filter by backwashing the filter.

4. Conclusions

Wood vinegar waste successfully removed manganese. Manganese
adsorption by BC and MC fit the pseudo-second-order and Langmuir
models. The maximum adsorption capacities of MC (1.15 mg g~ )
were greater than those from BC (0.77 mg g~ !). CMC provided the
highest maximum removal performance (74.8%). The pXRF and
XANES results confirmed that the microbial cells dispersed and attached
to deeper layers, leading to manganese bio-oxidation and adsorption.
This research showed the feasibility of cell-immobilized biochar for
use as a bio-filtration medium. Future investigations of the influence
of operating conditions and actual water samples should be performed.
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ABSTRACT

Occurrence of manganese in groundwater causes colored water and pipe rusting in water
treatment and distribution systems. Consumption of manganese-contaminated water
promotes neurotoxicity in human and animals. Manganese-oxidizing bacteria were isolated
for removing manganese in water. Bacteria were enriched from manganese-contaminated
areas in Khon Kaen, Thailand. The selected bacterium was investigated for manganese
removal kinetics and mechanism using synchrotron-based techniques. The result showed
that among 21 isolates in microbial consortiums, Streptomyces violarus strain SBP1 (SBP1)
was the best manganese-oxidizing bacterium. At an initial manganese concentration of 1
mg L%, SBP1 achieved up to 46% removal. The isolate also successfully removed other
metals, such as iron (81%) and arsenic (38%). The initial manganese concentration played a
role in manganese removal efficiency and bacterial growth. The observed self-substrate
inhibition best fit with Aiba model. Kinetic parameters estimated from the model, including
a specific growth rate, half-velocity constant, and inhibitory constant were 0.095 h, 0.453
mg L, and 37.975 mg L™}, respectively. Advanced spectroscopic techniques (X-ray
photoelectron spectroscopy and X-ray Absorption near Edge Structure) indicated that SBP1
removed manganese via adsorption and oxidation. Manganese bio-oxidation was the main
removal process. The selected isolate has potential for treating manganese-contaminated
water in the future.

Introduction

Manganese is an abundant transition metal that disperses readily through soil and water. It
can exist in many oxidation states (from Mn®* to Mn”). In aquatic environments, the main
forms are dissolved manganese (Mn?") and oxidized manganese (Mn*" and Mn*"). The
presence of manganese in groundwater is a common problem in many countries?. In the
USA, high manganese concentrations (up to 5.6 mg L) have been reported in numerous



groundwater wells (68% of monitored wells)?. In Vietnam and China, manganese
concentrations of approximately 1.2 mg L™ were found in groundwater®#. The mentioned
concentrations were much higher than the allowable concentrations for drinking water and
water supplies in those countries. The United States Environmental Protection Agency sets
the manganese standard at 0.05 mg L™ for drinking water, while the World Health
Organization allows a manganese concentration of 0.1 mg L™ in a water supply>®. In a
water treatment system, the presence of manganese (0.1 mg L™ or greater) can cause
aesthetic problem and pipe rusting®. In addition, a high manganese concentration (0.2 mg L-
! or greater) can cause neurotoxicity in humans and animals including Parkinson’s
symptoms, emotional capability, and hallucination’1°. Traditional manganese removal is
performed in water treatment facilities by transforming soluble manganese to an insoluble
form through oxidation, then separating the insoluble manganese via sedimentation and/or
filtration processes. However, in many cases, chemical oxidation processes for manganese
removal to drinking water standard were not achievable.

Biological oxidation by microorganisms has been considered as an alternative for
manganese removal from water!. The advantages of biological manganese removal for
water treatment include high manganese oxidation performance, easy installation in the
treatment system, low cost, and minimal or no chemical utilization'?. To accelerate
biological process, contaminant-removing microorganisms were isolated and augmented in
the contaminated environment. Previously, manganese-oxidizing bacteria, such as strains in
the genera Bacillus, Lepthothrix, Pseudomonas, Roseobacter, and Acinetobacter have been
reported™". The manganese-oxidizing bacteria were isolated from soil, water pipes, and
sediment in groundwater wells in many countries. Among the isolates, Leptothrix spp.,
Bacillus spp., and Acinetobacter sp. strain LB1 were applied for manganese removal in
contaminated water'’*°, The manganese oxidation performance reported in the previous
works were different based on the bacterium growth, manganese removal capability, and
tested environmental conditions. In addition, the proposed manganese removal mechanism
to support the manganese removal system, whether by adsorption and/or oxidation by
bacterial cells, was based on indirect measurement?%-22,

To treat manganese contaminated in water, manganese-oxidizing bacteria could be
inoculated to accelerate the treatment efficiency. For practice, the previously isolated
cultures may not survive well or perform effectively in a different environment. Therefore,
using an indigenous culture isolated for the contaminated site could be more promising for
manganese oxidation for water treatment. The isolated culture should be investigated for
removal performance and mechanism for better understanding. Thus far, there was no
published work report bacterial isolation and its removal kinetics for manganese treatment.

This work aimed to isolate manganese-oxidizing bacteria from a manganese-
contaminated area in Thailand. The bacterial species were identified, and their manganese
removal performances assessed. Monod and self-substrate inhibition kinetic models were
determined for the manganese-oxidizing bacterium selected based on performance.
Removal of manganese and other metals (iron and arsenic) by the novel isolated culture
was demonstrated. Also, the manganese removal from real groundwater was demonstrated.
The micro-structure and potential manganese removal mechanism were characterised using
microscopic and advanced spectroscopic techniques, including scanning electron
microscopy coupled with energy-dispersive x-ray spectroscopy (SEM-EDS), X-ray



photoelectron spectroscopy (XPS), and X-ray absorption spectroscopy (XAS) 2-2°, The
results of this study represent the first published report on the fundamental manganese
removal mechanism of the isolated bacterium using synchrotron-based techniques. The
bacterial isolate could be used for water treatment practices. Also, the fundamental
information obtained through this work is useful for further applications.

Results
Manganese-oxidizing bacterial enrichment and isolation
Eight and nine bacterial colonies, respectively, were enriched from the soil (named SBP)
and groundwater filter medium (designated FBP) samples taken from Ban Phai district
(Khon Kaen, Thailand). Another soil source (named SKN) from Kranuan district (Khon
Kaen, Thailand) yielded four isolates. The colony morphology of the 21 isolates is shown
in Table 1. Based on the formulation of the bacterial medium, with a manganese
concentration of 100 mg L™, the isolates were manganese-tolerant bacteria and had
potential for manganese oxidation.

The manganese oxidation potential of the enriched cultures was investigated via the
LBB method, as presented in Table 1 followed Akob et al.?’. Manganese oxidation was
positive (five replicates) for six (SBP1, SBP2, SBP3, SBP7, FBP3, and SKN3) of the
twenty-one enriched cultures. The cultures enriched from different environmental media
and sources were promising for manganese oxidation. Those six bacterial isolates were
further tested for manganese removal efficiency. During the 7-d experiment (at an initial
manganese concentration of 5 mg L), the isolates removed between 5.72 and 28.08% of
the initial manganese. Three of the six isolates, SBP1 (24.30 £ 2.05%), SBP3 (28.08 +
1.98%), and SBP7 (10.48 £ 2.93%) (average * standard deviation), exhibited the highest
performances and were chosen for later experimentation.

Manganese-oxidizing bacterial selection

Neighbor-joining phylogenetic analysis of the isolated cultures (SBP1, SBP3, and SBP7)
was performed using the 16S rRNA gene nucleotide sequences (Fig. 1). SBP1, SBP3, and
SBP7 had the highest similarity to Streptomyces violarus (98%), Streptomyces violarus
(98%), and Chryseobacterium cucumeris (99%), respectively. The GenBank accession
numbers of the three strains are MK212369, MK212370, and MK212371, respectively.
Bacteria belonging to these genera are commonly distributed in soils around the world,
including China, India, the USA, and Europe®’—°. Previously, manganese-oxidizing
cultures have been identified as species of Leptothrix, Crenothrix, Streptomyces, and
Hyphomicrobium*'2, This is the first report of manganese removal by Streptomyces
violarus and Chryseobacterium cucumeris.

Streptomyces violarus strain SBP1 (SBP1), Streptomyces violarus strain SBP3
(SBP3), and Chryseobacterium cucumeris strain SBP7 (SBP7) were investigated for
manganese removal efficiency and bacterial growth (as MLSS) in synthetic groundwater.
After 36 h of the experiment (at an initial manganese concentration of 5 mg L and MLSS
of 10.61-23.31 mg L), SBP1 provided the highest manganese removal (45.05 + 2.11%)



and bacterial growth (as MLSS) (163.33 + 6.70 mg L™*) while SBP3 and SBP7 gave
manganese removal efficiencies of 41.70 + 1.02 and 9.23 + 0.60%, respectively.

Bacterial growth and metal removal by the selected isolate
The bacterial growth kinetics of the selected isolate, Streptomyces violarus strain SBP1
(SBP1), was estimated following the Monod model. Manganese removal efficiencies and
bacterial growth under initial manganese concentrations of 1 to 100 mg L™ are presented in
the supplementary material (Fig. S1). For the manganese concentrations of 1, 5, 10, 15, and
20 mg L, the kinetic coefficients were fit using a Lineweaver-Burk plot with R? = 0.969
(Fig. 2A); Hmax 0f 0.069 h' and Ks of 0.057 mg L™ were estimated. Previously, two
consortia enriched from biofilters were observed to remove manganese with pmax 0.017 and
0.050 h! and Ks 0.030 and 0.313 mg L™}, respectively®:32. This indicates that the selected
isolate from this study grew well in the manganese-contaminated environment, resulting in

During the experiments with higher manganese concentrations (30-100 mg L), self-
substrate inhibition took place. This result is consistent with prior works about manganese
toxicity”°. The estimations of the self-substrate inhibition kinetic models, including the
Haldane, Andrews, Edwards, Aiba, and Yano models, are presented in the supplementary
material (Tables S1 and S2 and Fig. S2). Among the models, the Aiba model gave the best
fit with pmax, Ks, and inhibitory constant (Kj) of 0.095 h'%, 0.453 mg L%, and 37.975 mg L,
respectively (Fig. 2B).

Metal removal in synthetic and natural groundwater by SBP1 was demonstrated.

For synthetic groundwater, SBP1 provided manganese, iron, arsenic removal efficiencies of
45.93, 81.21, and 38.11%, respectively (metal removal efficiencies are shown in
supplementary material, Table S5). For the natural groundwater treatment, SBP1 could
remove manganese in the natural groundwater (up to 23.10%) (manganese removal
efficiencies are shown in supplementary material, Table S6). Even though the selected
natural groundwater with high hardness (790 mg L as CaCO3) and low dissolved organic
carbon contents (0.43 mg L), SBP1 achieved manganese removal. The result
demonstrated that SBP1 could survive and remove manganese in the real environment.

Manganese removal mechanism by the selected isolate

SEM-EDS analysis

The bacterium SBP1 was characterised by SEM-EDS. SBP1 is rod-shaped and
approximately 0.1 um in width and 0.4 um in length (Fig. 3). After the 2-d manganese
removal experiment, SBP1 morphology did not change. The bacterial sample was observed
using EDS with the aim of detecting manganese attached to the bacterial cells. No
manganese was detected (Fig. 3). This result contrasts with previous work that identified
manganese adsorption (60%) based on EDS observation of Serratia marcescens in an
initial manganese concentration of 40 mg L™ %, In this study, however, a lower manganese
concentration (5 mg L) was applied to simulate contamination conditions in the field.
Based on EDS, it is inconclusive whether manganese adsorption on the cell surface took
place. Advanced measurement was required for determination of the manganese removal
mechanism.

XPS and XAS techniques



The XPS technique was performed to detect manganese and determine its oxidation state
on the surface of the cell sample after the manganese removal experiment. The XPS survey
spectrum is presented in Fig. 4A. Oxygen, nitrogen, phosphorus, and carbon was found in
the sample. The high resolution of the XPS spectrum of Mn2p peaks in Fig. 4B includes
two major distinct peaks at binding energies of 641.8 and 653.8 eV, which correspond to
Mn2ps2 and Mn2p1., respectively. Along with the Mn2ps/, the shake-up satellite peak at
646.6 eV was also observed. The observed satellite feature at 646.6 eV is only present for
MnO, representing Mn?*.

SBP1 was characterised after the manganese removal experiment by X-ray
Absorption Near Edge Structure (XANES) and Extended X-ray Absorption Fine Structure
(EXAFS) to investigate manganese valence state and local structure. Fig. 5A shows the
normalized XANES spectra at manganese K-edge of the SBP1 sample compared with
manganese standards, including MnO, Mn,Os, and MnO, referred to as Mn?*, Mn3*, and
Mn*, respectively. Fig. 5A reveals different positions of absorption edge energy for the
references and sample. To compare absorption edge energy among the sample and
references, the derivative XANES spectra was performed (Fig. 5B). The absorption edge
energy of the SBP1 sample was between those of MnO and Mn20Os. This indicates that the
oxidation state of SBP1 comprises Mn?" and Mn**. The local structure around manganese
atoms in the SBP1 sample was investigated by EXAFS as shown in the supplementary
material (Fig. S3 and Table S7). A peak position of the main peak between 1 and 2 A is
consistent with the binding of manganese to oxygen®3. In this study, the peak position (1.5
A) of the main peak corresponds to Mn-O bonding. EXAFS fitting revealed that manganese
is surrounded by four oxygen atoms at interatomic distances of 2.14 A.

Discussion

The result from this study found numerous manganese-tolerant bacteria in the environment.
Typically, manganese is a required element as a co-factor for bacterial cells. Manganese is
involved in transcriptional regulation, developmental and metabolic processes, and
protection of the bacterial cell against oxidative stress. Previous studies have isolated
manganese-oxidizing bacteria from soil and water treatment systems, including filters,
water pipes, and sediment in groundwater wells in the USA, China, and South Africal’°.
Bacterial cultures including Pseudomonas putida strain MnB1, Leptothrix spp., Bacillus
spp., and Acinetobacter sp. strain LB1 were reported based on these studies as effective
manganese-oxidizing microbes. SBP1 well removed manganese compared to previously
reported cultures (Table 2). In addition, this is the first report on enrichment of manganese-
tolerant bacteria in Thailand. The cultures isolated here can withstand a typically toxic
environment (manganese concentration of 100 mg L™).

The manganese removal performance by the selected isolate (SBP1) presented in this
study was comparable to those previously reported for manganese-oxidizing cultures.
Adams and Ghiorse!* reported manganese removal by Leptothrix discophora of
approximately 90 % in 24 h (initial manganese concentration of 3 mg L™). Recently, Zhao
et al.®® found manganese removal efficiencies by Brevibacillus brevis MO1 and



Brevibacillus parabrevis MO2 of approximately 40-65% during 10-d experiments with an
initial manganese concentration of 5.5 mg L.

This bacterium, SBP1, was previously investigated manganese removal in synthetic
groundwater with low organic carbon supplement®’. The previous report found lower
biological manganese removal performance (the efficiency of up to 11%). Main removal
process reported earlier was adsorption by biochar. The result well correlated to the result
by natural groundwater (low organic carbon). This indicated that the organic carbon content
play an important role for manganese removal by SBP1. Moreover, SBP1 could remove
iron and arsenic. The result well correlated to prior works*'*®, Manganese-oxidizing
bacteria including strains in genera Leptothrix, Crenothrix, and Metallogenium successfully
removed iron and manganese. This is because the bacteria contained enzymes related to
metal oxidation. In addition, it was reported arsenic removal along with manganese and
iron bio-oxidation®. The result presented in this study stated that SBP1 effectively removed
manganese, iron, and arsenic. Further work on metal removal mechanism by SBP1 should
be performed.

For manganese removal kinetics by SBP1, previous studies have also reported that
self-substrate inhibition kinetics followed the Aiba model, such as studies of alcohol
fermentation, ammonia oxidation, and benzene degradation®®#2. This study is the first
report on manganese biotransformation. It could be stated that the Aiba model fits well for
a wide range of substrates and microbial cultures.

Manganese removal mechanism could be described by the synchrotron-based
analysis. The XPS result (Fig. 4A) represent the typical composition of microbial cells?,
Manganese was also observed on the surface of the sample after the manganese removal
experiment. The observed satellite peak at 646.6 eV (Fig. 4B) indicated the presence of
manganese (Mn?*) on the cell surface?. The bacterial adsorption mechanism is consistent
with previous findings where living and dead cells were tested for manganese bio-
sorption?.

The XANES result confirmed that the manganese removal by SBP1 occurred via
adsorption and biotransformation, resulting in the observation of Mn?" and Mn®". In
addition, the ratio of Mn?* and Mn®" was calculated based on absorption edge energy. SBP1
comprised Mn?" and Mn3" at 20% and 80%, respectively. Normally, microorganisms are
known to be a natural sorbent in the environment?*. In this work, the proportions of Mn?*
and Mn*" based on the XANES result identified manganese biotransformation by SBP1 as
a major manganese removal mechanism. Mn®* is not stable in the environment and may
convert to Mn?* or Mn** *2, During the experiment, Mn?* accumulation was not noticed;
Mn®" would be further oxidized to be Mn** later on.

Overall, the advanced spectroscopic techniques clearly indicated that SBP1
successfully removed manganese from contaminated water via adsorption and oxidation
processes. Fig. 6 shows proposed manganese removal mechanism by SBP1. Manganese
adsorption occurred all over the bacterial cells, whereas oxidation was not present at the
cell surface. Even though oxidation was the main process, complete oxidation (formation of
Mn**) did not take place. The adjustment of environmental conditions to facilitate complete
oxidation should be further studied.



Conclusions

Twenty-one pure bacteria were isolated from manganese-contaminated sites. Isolate SBP1
provided the highest manganese removal (46%). The isolate well removed iron and arsenic.
During manganese removal experiments under initial concentrations of greater than 30 mg
L, growth of SBP1 was inhibited. Self-substrate inhibition kinetics followed the Aiba
model. Based on synchrotron techniques, Mn?* was observed on the cell surface. The
XANES result showed a mixture of Mn?* and Mn®*", which indicates a combination of
manganese adsorption and bio-oxidation by SBP1. SBP1 shows promise for future
application as an augmented microbial culture for biological manganese removal.

Methods

Bacterial medium and synthetic groundwater

For preliminary screening, a bacterial medium was modified from Cerrato et al.!®. The
medium (pH of 6.8) contained 0.308 g L* (or 0.0154 g L™ for long-term cultivation) of
MnSQ4-H,0, 0.001 g L of FeSO4-7H,0, 2.383 g L of HEPES buffer, 1 g L™ of peptone,
and 0.25 g L! of yeast extract. The medium for bacterial isolation and long-term cultivation
provided 100 and 5 mg-manganese L, respectively. For a solid medium, agar (1.5% w/v)
was added.

The synthetic groundwater contained 0.0001 g L™ of K2HPOa4, 0.01 g L™ of Na;SOs,
0.008 g L of NaHCOs3, 0.0154 g L of MnSQ4-H,0, 0.00005 g L of FeSO4-7H0,
0.00067 g L of CaClz-2H,0, 0.02 g L of MgSO4-7H20, 0.002 g L™t of NH4Cl, 1 g L? of
peptone, and 0.25 g L™ of yeast extract. For demonstration of other metal removal
experiments, synthetic groundwater contained similar compositions with iron (or arsenic)
of 1 and 5 mg L (more information shown in supplementary material). All chemicals were
purchased from RCI labscan (Thailand), Hi-media (India), Ajax finechem (Australia),
QReC (New Zealand), and Sigma-Aldrich (Singapore) via local chemical suppliers.

Manganese-oxidizing bacterial enrichment and isolation

Samples of soil and filter medium that had experienced manganese contamination were
collected from Ban Phai district (16°4°42”N, 102°38°40”E) and Kranuan district
(16°4°42”N, 102°38°40”E), Khon Kaen, Thailand. The soil and filter medium samples were
air-dried at room temperature overnight. Then, 10 g of each air-dried sample was
inoculated in 100 mL of bacterial medium. The samples were incubated at room
temperature on an orbital shaker at 150 rpm for 1 week. The samples were sub-cultured into
fresh medium 6 times to obtain stable mixed cultures. Bacterial cultures were isolated using
spread and streak plate techniques.

The isolated bacteria were evaluated for 1) manganese oxidation potential using the
leucoberbelin blue (LBB) method and 2) manganese removal efficiency. It is noted that the
LBB assay was performed in the solid medium while manganese removal efficiency was
carried out in the liquid medium. The LBB method was applied to distinguish dissolved
manganese and oxidized manganese (Mn®" and Mn*")*. The LBB reagent (0.04% (w/v) in
10 mM acetic acid) was prepared and dropped on isolated colonies in agar medium. Then,
the isolated colonies were incubated in the dark at room temperature for 1 h. The agar



medium turned from colorless to blue in the presence of oxidized manganese (positive).
Five replicates were performed to confirm manganese oxidation?. The isolates with
positive results from the LBB method were selected for the subsequent experiments.
Triplicate manganese removal experiments were performed by the selected. The
isolates of 10 mL were inoculated in the bacterial medium with an initial manganese
concentration of 5 mg L. The isolates were shaken at 150 rpm and maintained at room
temperature for 168 h. The manganese concentration in the water samples was analysed.
The manganese removal efficiency was calculated by equation shown below.
Mn; — Mn,
Mn;

Manganese removal efficiency (%) = x 100 1)

where Mn; and Mn; are the initial and remaining manganese concentrations (mg L™?),
respectively. The isolates with the three highest efficiencies were selected for further
experiments.

Manganese-oxidizing bacteria selection

Three bacterial isolates from the previous section were identified by the 16S rRNA genes.
The isolates were cultivated in the bacterial medium agar for 2 days. The samples were sent
for 16S rRNA gene identification (Macrogen, Korea). The full-length 16S rRNA gene
sequences were amplified using polymerase chain reaction amplification with two universal
primers (27f: 5"-AGA GTT TGA TCM TGG CTC AG and 1492r: 5°-TAC GGY TACCTT
GTT ACG ACT T) and aligned using BioEdit 7.2.6 and compared to sequences from the
NCBI BLAST GenBank nucleotide sequence database. A phylogenetic tree of the three
isolates compared to other related sequences was constructed. The Maximum Likelihood
method based on the Tamura-Nei model was applied using MEGAT74. The tree with the
highest log likelihood (-9324.80) was applied. There were a total of 1,217 positions in the
final dataset.

The three isolates were investigated for their manganese removal performance and
growth in synthetic groundwater. For the manganese removal performance test (triplicate
experiments), the isolates were inoculated in the synthetic groundwater (10% inoculation)
with an initial manganese concentration of 5 mg L. Initial cell numbers of approximately
10* CFU/mL (equal to MLSS of 100-200 mg L) were applied. The isolates were shaken at
150 rpm at room temperature for 48 h. The manganese concentration in the water samples
was analysed. The manganese removal efficiency was calculated following equation
provided in earlier sub-section. The isolate with the highest removal efficiency was selected
for the kinetic growth experiment.

Bacterial growth and metal removal

Triplicate experiments for bacterial growth and metal removal investigation were
performed. The selected bacterium (10 mL) was inoculated in 100-mL aliquots of synthetic
groundwater with manganese concentrations of 1, 5, 10, 15, 20, 30, 50, and 100 mg L.
The bacterium was shaken at 150 rpm at room temperature for 48 h. Water samples were
collected at 0, 12, 24, 36, and 48 h. Bacterial cells were measured as mixed liquor
suspended solids (MLSS). Specific growth rates were calculated based on bacterial cell



data. The bacterial growth kinetics (ut) were then estimated following the Monod model.
The kinetic parameters were replotted and calculated using a Lineweaver-Burk plot. The
specific growth rate, Monod model, and Lineweaver-Burk plot equations were as follows.

T =t @

S
L = HUmax m (3)

(4)

X is bacterial cell concentration (mg-MLSS L™?); tis time (h), p is specific growth
rate (h}), pmax is maximum specific growth rate (hl); S is manganese concentration (mg L-
1y; and K is half-velocity constant (mg L™). Alternatively, the self-substrate inhibition
kinetics were estimated following the Haldane, Andrews, Edwards, Aiba, and Yano models
(based on the microbial growth rates under different initial manganese concentrations)®.

To confirm the metal removal performance by the selected isolate, metal removal
experiments were demonstrated. The manganese, iron, and arsenic removal at the initial
metal concentrations of 1 and 5 mg L™ and the selected isolate of 100 mg-MLSS L were
tested in the synthetic groundwater (synthetic groundwater formulation shown in
supplementary material, Table S3). For manganese removal from natural groundwater by
the selected isolate, natural groundwaters with different characteristics (2 locations) were
obtained. The groundwater characteristics and information are shown in supplementary
material, Table S4. The selected isolates of 200 or 500 mg-MLSS L* were inoculated. The
batch reactors were shaken at 150 rpm and room temperature for 48 h. The metal removal
efficiency percentage was calculated.

Microscopic and synchrotron-based spectroscopic techniques

Microscopic and synchrotron-based spectroscopic techniques including SEM-EDS, XPS,
and XAS were used to characterise the bacterial cells to elucidate the mechanism of
manganese removal. Bacterial samples were collected before and after the manganese
removal experiment with a manganese concentration of 5 mg L. SEM-EDS was used to
investigate microbial cell morphology and elemental composition in the samples. The
samples were also observed using a field emission scanning electron microscope coupled
with a focused gallium ion beam (FIB-FESEM) (Thermo Fisher, USA). The bacterial cell
samples were dehydrated followed Taweetanawanit et al.*®.

The XPS technique was used to study the chemical composition and confirm the
oxidation state of elements on the bacterial surface. The XPS measurement was carried out
using a PHI5000 Versa Probe Il (ULVAC-PHI, Japan) at the SUT-NANOTEC-SLRI Joint
Research Facility (SLRI, Thailand). For investigating the oxidation state of elements and
species of neighbor atoms for the entire bacterial cells, XAS techniques were selected:
XANES and EXAFS, respectively. Manganese K-edge XANES and EXAFS were detected
on BL5.2: SUT-NANOTEC-SLRI XAS Beamline SLRI, Thailand*’*8, The bacterium



sample for XPS and XAS was taken at 2 d, then filtered on cellulose acetate membrane
(0.45 pm, Filtrex, USA) and dried in an oven at 70°C for 1.5 h.

Analytical procedures

Manganese analysis using nitric acid digestion was performed following standard method
3030E*°. After filtering a 25 mL water sample using a nylon filter (0.22 pm, Agela
Technologies, USA), the sample was digested on a hot plate in a fume hood until reaching a
sample volume of 5 mL. The digested sample was mixed with 10 mL nitric acid (conc.)
(RCI labscan, Thailand). Then, the mixture was boiled until reaching a sample volume of 5
mL. The final 5-mL sample was adjusted to 25 mL by adding deionized water. The
digested sample was analysed using an Atomic Absorption Spectrophotometer (AAS)
(AAnalyst™ 800, Perkin Elmer, Singapore).

The bacterial cells (as MLSS) were measured using the gravimetric method following
standard method 2540D*. Water samples of 100 mL were filtered through a GF/C glass
microfiber filter (1.2 um, Whatman, UK). The filtered sample was dried in an oven at
105°C for 1.5 h.
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Table 1.

B

spot test

Size

Colony morphology at 48 h

Environmental

LBB .
Name 1 2 3 4 5@MmMm) Form Colour Elevation Margin medium Location
SBP1 + + + + + 1 Circular White Umbonate Entire Soil Ban Phai
SBP2 + + + + + 1 Circular White Umbonate Entire Soil Ban Phai
SBP3 + + + + + 1 Circular White Umbonate Entire Soil Ban Phai
SBP4 - - - + - 1 Irregular  Yellow Flat Undulate Soil Ban Phai
SsBP5 - - - - - 1 Circular Yellow Convex Entire Soil Ban Phai
SBP6 - - - - - 15 Circular Yellow Convex Entire Soil Ban Phai
SBP7 + 1 Circular  Yellow Convex Entire Soil Ban Phai
SBP8 - - - - - 03 Circular Yellow Convex Entire Soil Ban Phai
FBP1 - - - - - 05 Circular Orange Convex Entire Sand filter Ban Phai
FBP2 - - - - - 15 Circular Yellow Convex Entire Sand filter Ban Phai
FBP3 + + + + + 1 Circular White  Convex Entire Sand filter  Ban Phai
FBP4 - - + - - 15 Circular Yellow Convex Entire Sand filter Ban Phai
FBP5 - - - - - 05 Circular Yellow Convex Entire Sand filter Ban Phai
FBP6 - - - - - 1 Circular Yellow Convex Entire Sand filter Ban Phai
FBP7 - - + 1 Circular Brown Pulvinate Entire Sand filter Ban Phai
FBP8 - - - - - 05 lIrregular  Yellow Flat Undulate Sand filter Ban Phai
FBP9 - + - + - 1 Circular Brown Pulvinate Entire Sand filter Ban Phai
SKN1 - - - - + 05 Circular Yellow Convex Entire Soil Kranuan
SKN2 - - - - - 05 Circular White  Convex Entire Soil Kranuan
SKN3 + + + + + 1 Circular White  Convex Entire Soil Kranuan
SKN4 - - - - - 05 lrregular Yellow  Flat Undulate Soil Kranuan
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Table 2.

Manganese
Strain Source Country conceqtrathn Rgmpval Reference
during isolation efficiency
(mg L™)
Arthrobacter sp. Manganese  New York, - 60% at initial 34
nodule USA manganese
0.15mg L?
Citrobacter freundii Manganese  Peloponnese, - 50 % at initial %
concretion Greece manganese 0.4
mg L?
Brevibacillus brevis Activated Harbin, 30 65 % at initial 3%
strain MO1 and sludge China manganese 5.5
mg L?
Brevibacillus Activated Harbin, 30 66 % at initial 36
parabrevis strain MO2 sludge China manganese 5.5
mg L?
Bacillus SG-1 Marine California, 50 65 % at initial 13
sediment USA manganese 55
mg L?
Leptothrix discophora Metallic New York, 100 90 % at initial 14
SS-1 surface film USA manganese 3
mg L?
Streptomyces violarus Soil Khon Kaen, 100 45 % at initial ~ This study
strain SBP1 Thailand managanese 5
mg L?
Streptomyces violarus Soil Khon Kaen, 100 41 % at initial ~ This study
strain SBP2 Thailand managanese 5
mg L?
Chryseobacterium Soil Khon Kaen, 100 9 % at initial  This study
cucumeris strain SBP7 Thailand managanese 5
mg L?
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