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S HaIlon olF Sl 108 oo W Fs FEE ok 2 3 F, o A = Sl Al
&4 ol 38 PB-MNP-MAsE &2 0% 3jaigitt. webr & A7das vigow 45 9 87 A
ofoll ] 71sA FEA RS 9% 2 WS AT & Ao Vi

Abstract — Here, we develop a centrifugal microfluidic reactor with simple, fast, and high-throughput manner for the
generation of magnetic Janus micro-adsorbents (MAs). By using the multi-micronozzle consisting of two separate aligned
needles and centrifugal tubes, we have synthesized highly monodispersed Prussian blue- and magnetic nanoparticle-laden
micro-adsorbents (PB-MNP-MAs). The enhanced cesium (Cs") adsorption was demonstrated by conducting the adsorption
isotherm and kinetics experiment which can be contributed to the porous nature of the Ca-alginate networks with a high surface area
of embedded PB nanoparticles, resulting to perform rapid adsorption activity within 10 min. After Cs* adsorption process, the
as-synthesized PB-MNP-MAs were successfully harvested by introducing the external magnetic fields. Therefore, we believe that
our findings can be provided new direction towards the development of advanced functional adsorbents in biological and
environmental fields.
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2] FHIH O R flEoRM X&HH 07 Fdo] o
2k 1] o1& S0l 34 59 BEs Sl

3t 1 5(dye), 7] & (organic material), 5= < (heavy metal),
2131 YAV 591 ¥4 (radioactive isotope) =0 O] F1X] 3L Q)

HEA 0w Aol A AlolAl Ag Al et eks et
th2]. 283 Q.2 AR ofy 2 A djALS] o]
ol=# AWl Qb e] 2] Sl ARS|A] Al E o IAIXITE tiaEA 02
AR S99 2011 740 A Z3AAE A7 R ofo)
2 9-131(1), vHE-140(1"Ba), Al4-137('37Cs), 18] 2L FHebd-
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140("*'La) 5o sl5== F1E9.0H 4712k W] (half- 11fe)9}
=2 o] %A (mobility)Z B2 A4 = A RS £ Q1A
UHE-Z 55 o] EA0](mutation) B HA| 3 BH ZE] E]~
AR o]of] 7121 FAIE oA = UTH3,4]. 53] A&
7} oFol & o] <5 (alkali metal)o] ™ =of| th3t JQ—SHL:J]- l"—jr_
30.1d0) afgah= w715zt eEar Z4HE(2.03 A Rlsssh
o]} W73 (2.44 Ays 2b7| wizell QIAIU] Q541 dr Y-S Eet
A &A1 B Fo] 7hssE® ZPEs 07} H QlTHS5,6]. kA =
AR TR FA| FolA WA Tkl oist 9 E-S 43}
A7171 13l Algre] AL Dralolw, o] 52 AEA o & AlAs),
EASHA 85 & A= AR 5 Sl A7 E st
TH AL shdst] $18l B o} (membrane filtration)[7], SH
% (solvent extraction)[8], AF3}-3}-¢ (reduction-oxidation)[9], 3}
8+4 3% (chemical precipitation)[10], ©]< 1. ¥H(ion exchange)[11],
717] 3} Wk-g-(electrochemical reaction)[12], 33l (photocatalysis)[13]
18] 31 &2 (adsorption)[ 143} -2 theksh WS ARE-SEo 224
thekst o AAS AASH ik F2-2 dit R AT 3 &
AR o2 AR 1L glom AFER EAsh: 29wl
gt B2)7) 7Fsshar A A o 2 ARggh 9lo] A st
A3 7)zo)7] Wtol 7429 s 9Igh thaEAQ W o R
%}%E]ﬂ SQATH15]. 28] 31 vheket F 2R o)A FollA] AHg-ah=
2R €] Aol A elEstaL Qlom o] whe} X gfo] A%
% 5ol it} AR 71E SHAES B g AVNEES
3 WA o] v FAEES Ho|r, TR TS o7l
3t 221 7haS R R S A A EAH ] AlskaL Ak,
23t A1 S sidsl7] 918 E/d €k (activated carbon)[16], A<
O] E (zeolite)[17], LB 2L 2 rﬂﬂ(slhca) 18] 53 22 7154
F2HA| 2} X138+ sto] =2 Al (hydrogel)S AEAIA 171543 &
7o) o] Folx| 11 ]3‘31 ol ol H& vhaA, 4 4
A A B, 1|1 W A LE Al o E 514
| chst s 2ol AlA= AL hTH19,20].
=< A 7% (microfluidic technology)°] Bd¥ 24 t}
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It slo| =2 A4S ARl 75 FEA AR AT DS
218 E 31 Qe o] & B3l b A TREA HIE A UF-E 7]54
S 2A €] A e 2] 29 (encapsulation)©] 7Fs8kar, $Hd ¥ F2H1 2]
T 5 (monodispersity) S-S E3l 2ol Tofsh= 247l of
3] ]4[!114 S g egko 74 Ao tst HE=EE =)o)
2 =5 F25 S (adsorption efficiency)ys =& ‘i}ﬂr 21-23]. ¢
HEA O 7]#‘5] SHAE Ndslr] $l8l A=314d (Biodegradable),
14 (hydrophilic), 78] 11 F54d (Non-toxic) 52| A3 54 7}
%l X]‘j/} (gelatln) [24], €714 Halginic acid)[25], 7] EAK(chitosan)[26],
733 F¥ (pectin)[27] T2 == A A K(natural polymer)E
°o]-g-3l %LHO] o|F OV]JA UL}, elE 5o, 7|EAL 719k FEAIE
AAzE T WAUSS vFgo® giggite] 7hsshiks 3
UAIRE EH ﬂﬁﬂoﬂ o3t F2 SRR QIS FAHA g
2, A3 (acidic condition)ol A 2] w2 Ul 0. 7 9l&| S3)
a7 QIvh28,29]. 183 Y glAsto| B2 A 23
71573 FAAE e FEA o) it 3] 2 ARl dig A
TNEE JoE o) ¥uk ofve), AXE 2] AT 89 (soft-
lithography)[30], Z©] A4 A Al|(laser ablation)[31], 12] 1L 3%} X
R (3D printing)[32]} £ 7]&S B3l A& vAl-S-A) Hl”‘7]
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A 7
(microfluidic reactor)= AARE0] o] 31 Ex438F A2t 34 & w2
T FaAe] Eelssrd] Ao Fagel glof ARk <

Hirof| &Sk A7 EAISI o) & 3l sk ] S8 Viadisavijevié

FolA+= CNC ¥ Al (computer numerical control milling
machine)S E3l Al<E SHE f2] ZAE X ddste] AAL
£o] 7Fs 3t W37 AFsk om, oAl E e (Ti0,)2] $Ho]
o] Foizl g edl Zefo]F tho|okad g o] E(polyethylene
glycol diacrylate) o] =22 F2HA1E T T o2 vd @ B
(methylene blue) & 2HS 438} t}[33,34]. 12 1 Xuan 15l
A= 32kl 2R (3D printing) 7155 3l AE vHeE AR E
ARgsto] 129 (graphene) $¢lo] o150zl 7|5 SFEAIE A
sl o, ol ARel Wea EFe) Sol2 Axl v od
A (methyl orange) A& FH3FATH35]. WetA] 71573 &2
Az FAelM e 127} E o5k ]zrg ] sl §15717
ER1o 2 RE AR AN = ARE Fal AR 43
vl A WE3-7] o] SajE|ofof E}E}.

whEba] 2 ATt G E ZIRE v AAA jE 71 E S F3
71E ulAFA HES7] Akl digk sHAIE S dldsiglor o8 F
3l o2\ A E-2HAll (micro-adsorbents, MAs) 7S 438131t}
GAE 71 vl AR 9871 94 8 (centrifugal force)S: ©]-8-3]
A EF(flow)y= FE8 4= o] o] F o] §-FomM ARt
£ F(Prussian blue, PB)2} A 1 A (magnetic nanoparticle,
MNP)7} 5A] 891%] oFF2 1] 4] 24| (PB-MNP-MAs)E 3+
g Ak =3 o Vﬂ‘—zﬂr Zgol g4 7], &4t
ATA] 55, 24 78949 =, 283 A7) 345
L5 ek EElgetA Aol sal #H A sk WA vA &
272 A& SsIelth HFA 0w Al tish FEREAE
?2%4?}3&&1 97.93%°] 42k FA0] e SQlstlon o
e S AP SRR 841 S E 99% o)
9 3|57t 7FedE TRkl wheba Aol A §/3 % PB-
MNP-MAs= ATl 71540 52| 24 873 Al G-Zokell A WAt
A Zo)Yxo] 3t §3A 07 AA W 3|0 tjE] WS A
A& Ao F 7|ttt
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2-1. AR M=

Aol &4k 71Nk v A FRAE Y] A8l ARE-gk
&+71/K(Sodium alginate, C;HyNaO;) Thermo Fisher Scientific (MA,
US.A)IA 7438t 933} ZH(Calcium chloride, CaCl,, >93.0%),
3333 v A=K Carboxylate, 0.2 um, A, = 575 nm, A, = 610 nm and
Aex = 470 nm, A, = 505 nm), & A|QF E-F(Prussian blue, PB, Fe,™
[Fe(CN)g];-nH,0, n = 14-16), 2] a7 4F5}2 (iron (1) oxide, Fe,0s,
M.W. = 159.69 g/mol)> Sigma-Aldrich chemicals (MO, U.S.A)llA]
Q18I 1,000 mg/L =9 MlEF ¥ £ (cesium standard
solution):> Kanto Chemicals (Tokyo, Japan)ollX] {183 th. Bk
32 2T FHRT(18.2 MQ)YE AME-sho] mlA| 5-2hA)] A2 2l A
#F B89 34 At

ﬂi

2-2. OlMI=Al 2ES71 M=
oFF2 mAl FHA @3S 9% A= ZINE vARA| W)=
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2 Aol At vl AR RES71E HAAIA AZE T 36]
A= Z1HE vl A3 BES-715 A 91 A E (injector) 2} 3]
(collecton) T = H, JAAE = A &4 9 th5 ]/‘ﬂ‘f—#
T4 32 1.5 mL A4 E2] 5 E (Eppendorf AG, Germany)©ll
23-Gauge A+ (0.D.=0.64 mm, 1.D.=0.34 mm, KOVAX-NEEDLE®,
Republic of Korea)S Y AIA Al 2Hstch 50 mL 94 &2] /2
(SPL Life Sciences, Republic of Korea) 7 S4= 7= 2.2 2719]
AT (1 em x 1 em) W7ol A E 7 712 AR 120 °2
TH-E e mHeES TS AR S FEEkA 4d
o] ZZA] 42X (epoxy resin, Loctite, U.S.A.)E AMEstd 14815 tt.
HEA 0% 20 mL 93} Z T&Ho] FF Hof Ql= I
AAF(screw) G2 02 A Asho 24 ulAlF-A vk-s7] AlFkS ¢
Feh},

2-3. O+ O[Ml S2H &Y

WA ATAE A xSk 918l 4 wined] A%
5 wi%el] ZEAIRF BT 9 A e QIAE 12 A
AREBFGATE, 3] ell s o] Sl A (Ca) TEHS 5 wi%
SEEMN A2olM SR 34 T 1 ARE O]% Wk A|A A3}
Aok HEA O Z NE vAeE WFE ZHAIRF EF 9 2 o
LS A "‘}EJ &7k X*:rLXﬂE 747—} —Et—zro}?i w AAEE7]

71tk oA wlA F2HA 9 3Hd S 1000 rpmA 3| H&5Ee} 25
em?] thg wA =S 4 8 1A oA 3 Sk Al

AA 283t} EH4E PB-MNP-MAs:= 32 =H52 33] o|4F
A& Fal vike 2 Al s eH 54 1371 (FDU-1200,
EYELA, Republic of Korea)E 53l 24 A7t o] TAAZ AlA
HE e st

2-4. Mg &%

Al TS A8l AR Mg E2F £95 SRl 001,

0.1, 1, 5, 10, 50, 100, 28] 37 500 mg/LY] F5& 34X 7 A2

Aot EAHL 100 mg] PB-MNP-MAsE A2 ThE 59
2r

Al
& X3 golo] TAA 1500 rpme] WHEEEOIA] 24417k =33k
ek Wk o] whE Al FAES gRlak] Sl viAl S
9 %7W 7%50] 7}53F 100, 800, 121 3L 1500 rpm ANETS
Al 10 mg/L Al 57894 WA =33kl 2F d9AzhE &
Z-g-of *“j%g FASA AES 33] o] e vy FAAEE S 5
sl B538klom, 0.2 um AR FEE o] g3l A WEENE
o7} 5 100 ppbe] 912 FEZ SXAA 2 A Sekant A

21 7](Inductively coupled plasma mass spectrometer, ICP-MS,
ELANG6100, PerkinElmer, USA) 415 53l *Eshs Al 55
of theh Al ATk Algroll theh HeE F2 &2 of
g A (12 sl Artsisict

4= (Co-C)~ M
2o g = ¢ (min)oll A2 33 2 £ (mg/g), C,8F Ci

R
Al g 27) 9 AT T (mg/L), V= Al G2 ) (mL),
83 mE AR EEAS) A Lehict,

2-5. BM717|

B —E%’:Oﬂ*i 535 gt 9l o onAl= 2 Eelle el CCD
7+ 2HE3ISPMO05000KPA, ToupTek Photonics Co., Ltd., China)
= 2+ 333 n) 7 (Olympus, 1X73, Japan)S AH-ato] &n|7 &
3L E Qo] (ToupTek, ProSciTech, Australia)= &3l o]v]#| & A5}
S}, =3k 33 el (surface morphology) 412 AR A A} H o]
73 (scanning electron microscopy, SEM, S-4700, HITACHI, Japan)
2 %8 BTk, ZelAlek B 5l Ay vhegiae] A9
(crystalline structure)= 1313 =2] X-4 3] 7](X-ray diffraction,
XRD, X’Pert-PRO MRD, Philips, Netherlands)& ©]&3}o] 5413}
At Fo Mgk Aol E37)(FT-IR 6600, JASCO, Tokyo,
Japan)2 &3l 400-4000 cm™ 2] WL]ellA] 38t -Alo] o] Fol ]
o el o FAA Y] Y AIQE EF-9F A YA}
a9l Eel3kith. @4 g4 (Thermal stability) 27 1H= A5
2971 (thermogravimetric analysis, TGA, TG209F3, Netzsch, Germany) &
a3l 4393k ou;] Qlzte] slakal A e XA HEat 2347
(X-ray photoelectron spectroscopy, XPS):= Thermo Fisher Scientific
K-alpha system (U.S.A)< 3 7433t /35 o2 vl A
A2l A715= ImagelE o]-8-810] T8 s3It

3. 2u} ¥ nE

3-1. A J1HE DIMIGA H1E7| JHLS S8 oA OIMl &
ZiH| (PB-MNP-MAs) g
2 AT YY) QEEE Wl Tkt Al Y Wl e
ANgE ARESroZA Aile 7N AR vES71E
skt v AlGA W71 kst QalEe) 7] 22ks Fel
]

Hgol Sl
T 2 AR GHEE] FEs s E4)o] 9l o
TR oA U2 S5tk A7l 23S B a8
gAlo 7 o] o121 oF 2 (Janus) BERS] wIAl FHA o) 7t
531}, Fig. 1(a)2F 32o] oFF2s v A S| (PB-MNP-MAs)] &
3L ARl E Tl vl s 94 ¥ (centrifugal force, F,) W

centrifugation

Cal+
F lonic crosslinking‘

(b)

Magnetic Nanoparticle

Prussian Blue
(PB) (Fe?*, Fe*)

Fig. 1. Design and operation of the centrifugal force driven micro-
reactor. (a) Schematic representation of the strategy used to
generate Prussian blue laden magnetic Janus micro-adsorbents
(PB-MNP-MAs). (b) Schematic illustration of encapsulated
Prussian blue and magnetic nanoparticle at each side in single
Janus micro-adsorbent.
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O 2 v xFe) 5] s G 7RE WA Y] 55-S S5
o|Fo|A ] thg nM=E W] FAR oA AA o] T
(surface tension, F)XR.t} 723t A4 =S F3l 73 2] (spherical
dropletye B/3417 = vt FARI 0 2 5-E 8|7} o] Folxl o
AL ZHE(Ca?h) 8- Yol A o] 24 %(ionic crosslinking)S &
3 Al AF 22 (egg-box modelyS A3kl o] 5 F3) 331 ]
E9]71(3-dimensional network) W2 Z#A]QF B5-9} 2] L
U] BA] §HJo] o] Folzl 1F Q] wlA| FAAIE AARFO R ¥
238k = QUTh(Fig. 1(b)). & AellA A3 Tejalel B dal
A AR ZE 7 Q1o Ml o]} RiFo] H]
o] &g o] 2w hE Fal AEA FAbo] 7hssitt. o
T A e dzks GRS BT e EZH A

o 4AA N 9 27} 7hsslizIc wheba Q4 7k ulA|
3718 Bl st QAR 2F o2 ZeAIqk E5 4 2p
ez A EE obr 2 vlA F3A 39S a4 9l
O nA] F2A| FAAAREE 3 o|ZA RS AAH-S F5 o

PP 5B ek

]
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3-2. OFFA OIM| S22 5 &AM

vl FRAS) A2 e Ee AR 5 9lom o) Fal e
o 23e] AT A B B 581 GRAlE st 2

T ZHAIRF B9} AP WA ke d7ak AAE
ARgEHl o H F4d %l PB-MNP-MAs®] E2]24] 54& g}l
Fig. 2(a)¢} Zo] T ¥ PB-MNP-MAs= 27119] 33H4 8o 7 1}

13.45 ym2] 271% Zh= mlA S2A7E 949
T3k Fig. 2(b)e} 2ol 323 Av)d o|n=] &
o] mlA] F&2HA) Yol A& ok 7154 3}
o] o]FAH L Elet 4= Qluk. F71H4 0 7 Fig. 2(c)2} 2ol arHl
2 gt du|A oln|x] #YPS T3l T At SF T2 #;

(e)

200 510520 530 540 550 560 570 580 590
Size (um)

3 WheIR A E ) H e 7HA A 0= ERISHSIT Fig. 2(d)
9} 7ol 3/d ¥ PB-MNP-MAs®| &4 (coefficient of variance,
C.V)i 2.66%°] ™, ©]i= US National Institute of Standards and
Technology (NIST)®] A 715 §EQ1 3%k 0} U -3]0] 2
2 ThthHd 718l A3ehs S 7 AvH37]. Fig. 2(e)9} 2(H 2t
Zo] FA AR @A ofu]A] A4, 3/ ¥ PB-MNP-MAs+
&5t 7 A (interface)= 2t 732 FIA F&AoH o] & F
&l 3}8t4 gIRA)7} 7Fs e ERISIITE A tHE eyt
§3o] o]Foixl PB-MNP-MAst= AAWS 7|02 ZHAIRF &
F 9 2] Yegi Al dglo] P A 07 o] R H S-S MR T
EHYHE 9 T g Utk

U2 Yo} £ AARE U nAieE FARI T Zgo] &
Aol Ag], it A7Ae] w5, ZEF T84 w5, a8 9
AE]719 S AE T 2 vhofst YA Aol 228 5
& thaFdt 224 A A& zh= PB-MNP-MAs 3t o] 7}5a)t}
Fig. 3@)9} o] th& vAl=E AR 2 842 72 E 2.0 cm
A 3.5 emZ7HA] ST HAIA A FAA| AT B4 O 470.61 +
16.94 pmoll Al 550.59 + 7.50 pm=E 7|7} F71E = AEFES B
o] mA] FapA Q] P A1 A Bl 9-Fet A5 Sl
2.5 em% A 2AE 13T

U0 2= Fig. 3(b)2h 2ol A7 AA 9] =4S 53
thoFst & A|o] 7} o] F01 % PB-MNP-MAs §4d0] 7153k, gt
== A F&A 9] B2 M3 E (deformation, D)< 47 3F3
o w)A F2HAS] MEES T 2] (2)9)F 2ol Fe]Eh38].

_b-a
D7b+a 2)

a%} b= 7 E PB-MNP-MAs®] ©Z(short axis)Z} = (long
axisy& 2ujetth AF A LA AT 2 FE7F 4 wi%eol A
7 W% E 7S vl A F2A 9] "3 0.020 £ 0.013°14
0.317 £ 0.029% F7}=]= AEE RojFn o] Ar= - (sphere)ol

10 pm

L |

Fig. 2. Characteristics of the PB-MNP-MAs. (a) Optical and (b) fluorescence images showing encapsulations of different elements. (c) High-
resolution image of a single micro-adsorbent. (d) Size distribution of generated PB-MNP-MAs. The C.V. values are being less than 5%.
(e) Low- and (f) high-magnification SEM images of a single Janus micro-adsorbent and the interface between PB and MNPs.
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b BF7F Q1 A oFr viAl F2A| JE 9l o] F o] 83t 3
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=
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450 i

400 1 ! 1 1
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°
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«
2 520} {
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Fig. 3. Optimization of the PB-MNP-MAs generation. Relationship between physical characteristic and control parameters such as (a) distance
between micronozzle and CacCl, solution, (b) alginate concentration, (¢) CaCl, concentration, and (d) centrifugation speed (rpm). The

scale bars are 200 pm.

A ER A (ellipsoid)Z W8
ATA sEZ A= &
gk o)A Fal B+t Efzk
T4 el gt == 1)
A 222 4 wit% STE Zhe DA ATAAES EIskg o
A FAS oz nA 24
Fig. 3(c)9t o] 355 vlell Q= 2 5899 s=x2de 5
3l 313 A FEA 2 27 ER1 °
S = vlA EZA 2] 7] AAS FET IS delEitt
2 A Ik 2 o] 2] AE A
AP ATAES] Zhel dist Bl g EE &
T3 5 ASS gulsh 5 wi% o1/ 2
F2A S 7] ¥} asE S E3AE
ok

Ol 013—%@% omjgtt} vhAE, 3 wi%
w2 3} /\H;Hz% o7 oF
zﬂﬂ %“éﬂt} Gl

= OBL‘
0?
1o
=]
£
mloll

SAA F5 AES sl v R o R ] S
3= vlAl FHA ] A7)0 AU FEe] Ee et

(Fig. 3(d)). A8 A7} 3| AEEZS 500 rppmolA] 2000 rppm .2 Z7}
ANZATF 3= AARe] A7 942.98 +21.45 umol| 4] 328.52 +
6.32 umE 7HAEE= 434S ¥ oIFH | 750 rpm oakol|lA] HA =
u) A A 2] F7)F57tel| whE Bkt A1 g o2 <l
E A3 vA S2A7] S E-S 18T ¥ 1000 rpm ©]
el oAM= e wlAl FEA o) TFs e Gl
(C.V<3%). Wb & A3 npgoz P48 79t vjAlf-A) ks
7] WollA wlAl S2HA4] 9 8t H A9 27112 2.5 emd] tHE
A =Z T} 24 88 AT, 4 wit D7 ATEA, 5 wive 2

8, 1000 rpme] e HASEY L B1akaL o] F A A

go M

A vA F2A S T F Mg FEREAES FAESIT

U&T] Yolrt Fig. 4(a)9} 2o] e AIRF EF 9l 2P eqixprt
T oFE2 wA FEA e ?‘%‘QH?}%E gRlstr] s XA
34 A8 AT 2q #o) 17.17°, 24.40°, 34.82°, 39.14°,
43.09°, 53.62°, 1] 3L 56.50°04 ZEA|QF EF2] 54 T
(peak)E BQ1E 4= 1o m[39], A YAt 54 FJa9l
30.07°, 35.46°, 18] 3L 62.69°F &1 = 9l 0 B 2[40] 27119 A=
OE Y2 FHASS T8 AT Fig. 4(b)9k 2ol
Faof] Wgk Aol Bgs 3% Ay A EH-2S 1542, 1693,
3628 % 3733 cmlollA A ¥4 Elo] 7}ssh, o] 2zt &
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