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Abstract: Here, we present a custom-built nozzle injector that produces multifunctional adsorbents. The nozzle injector
consists of spatially oriented three channels and a single outlet operated by syringe pump using programmed on and off
sequences. Multifunctional adsorbents are continuously generated in a high-throughput manner. Through a combination
of simple operations, we have generated single-, bi-, and tri-functionalized adsorbents. In addition, various investigations
were accomplished to demonstrate the stable encapsulation of functional nanoparticles in each part of alginate hydrogel.
In order to verify the excellence of our proposed device, Prussian blue (PB), hydroxyapatite (HA), and magnetic nanopar-
ticles (MNP) encapsulated multifunctional adsorbents, which exhibited three independent properties, are produced and
evaluated for their excellent spatially dependent cesium and lead simultaneous adsorption and magnetic actuation per-
formances. Therefore, we believe that our proposed strategy adopted to design multifunctional materials contributes to
the development of smart materials with novel synergistic properties.
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FoIR| L Q. G714 sto]| =22 9E (extrusion),”’ 7]
WAL 9l 27185 (electrospinning and electrospraying),” -
A F(glass capillary),”? 28] VA %=Z (micronozzle)=}> 7
< TS T8l FE FHEH AASHE 71 Fal o] Fo
A= &8sst Aloj7t o] Folxint. sHAIRE HF 4xH| ALY
tefet 7164 et S7HCEA olo] wE mAlRA v
37198 B 1AL JoBE AR AYger A8S
et Hdo] WolR| AL Q= Adselt). uEbA A1) 52
EA Aojstar AXZEe R Tddt AR 284S FIY
T AT PAIRAl ¥-87] shEe] A&F o R F g st

2 Aoli s Aol faAlol7E E5iA ol Fod e
=2 AEE JEge g el 3 e et
(et =2 B AR TE fAY] FIFe iETE
d=e] lom AR HrE 3l thgst g7 AAES]
AEFA0] Thssles AAE k. ARAH =5 1A
HERE wj&d H2S Zg 789 Holx] Axkez
gto] o]FoR| 3L Faze] /0 2 Y Ao]E 53
A (single), ©]5-(double), 12| 3L A5 (triple) 7822 FAH
I FERAIE AT ATk BN olEt =2 QIAE]
A ol EE FEAG 3o 24 3 EelE 2]
Aol st HEH o7 2|9k B2 (Prussian blue,
PB), 54311314 (hydroxyapatite, HA), 28] 3 A3 W=
Z}(magnetic nanoparticle, MNP)Z /3 ¥ PB-HA-MNP t}
71578 FAAE T EA tEA FELAU Aat
oll ek AntE FaA| =X 287 ASsidnh. o
2 2 ATE S o 23S 2e A AnE
ANEE o= &4, vlolQ, o8, a8l 2t
o2& BIEY AlEe] WS 7|t

roofN 4

4
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Z43A1= Dow Corning(Midland, MI, USAPIA +4&1ich. &
712+ Sodium alginate, CéH;NaO,)#F -2 2 X5 (Chloroform,
CHCL;, 99.8%)2 Thermo Fisher Scientific(MA, U.S.A.)°lA]
TUsEATE 93t Z(Calcium chloride, CaCl,, 293.0%), 3
Ao B-F(Iron(Ill) ferrocyanide, Fe,"[Fe"(CN)s]s'nH,0,
n=14-16), $-4+3}213]4] (hydroxyapatite, HCasO,;P;), 28] 3L
2F8}4 (Iron (IM) oxide, Fe,05, M-W=159.69 g/mol)> Sigma-
Aldrich Chemicals(MO, U.S.A)ell4 F+431% . 1000 mg/L
B9 Mg g 3 89 (standard solutiony Kanto Chemicals

Polym. Korea, Vol. 49, No. 1, 2025



8 A7 - A

(Tokyo, Japan)oll A —* A gj}xﬂq A
X7} F7-8 0] 54
&3t Zgaiart.

TE QAME HME. == JAE = AZE 22T (soft-
lithography) 345 &3l Alzte] o] Fo Xk, wkg7]e] A=
3D CAD A2 E9o{(Inventor 2022, Autodesk Inventor Fusion,
Autodesk Inc., San Rafael, CA, USA)E 53f =3=H, 0|2 &
3 4 F=F FHFE $XA o (computer numerical control,
CNC) ¥H™A(TOOLI-34H, David Motion Technology, Incheon,
Republic of Korea)ell YEAIA #|2kS 3519 a3
0.5 mm 37AS 2= A= (IREM 005 020 S04, JJTOOLS,
Seoul, Republic of Korea)Z} 1 mm<] A== (1REM 010 050
S06, JJTOOLS, Seoul, Republic of KoreayS- 53l 300 mm/min
o] A} &% (cutting velocity)Z XY™ o5 F3l o=
e 7o 24 wiAE E=(master mold) A2 $ESH
o}, Z2|YuE A= polydimethylsiloxane, PDMS) &3} A

ZE 93l Sylgard 1849} 7 3}HA| (curing agent)E 10:12] H]
E= 4o o]& dAAoE (desiccator) HollA 1417+ &<F

o)
H
O A3 A
= ]'J_Z‘ﬂ?‘l‘

7] (degassing) H8S AX 71ES ]74;}oﬂu} 0] mpx
B 2= 9|Z PDMS ¢S &5 F 70 T ElA 67
7k o) EAsE s, Ad2ollA 1A]7E OW g3l &
XA =5 A B=E 72 A&l HEH R
7} wp=o] HIE 98l 1:1 A S 2= PDMS/ZEEE

& HHAAE ARsle] 7 v AW =¥ F 70 T 2

BolA 6A17F o)A &
Hehs AAlskich

C|sM PB-HA-MNP &, PB-HA-MNP g4 28
Sk Al THEE 2R 5 wi%] E71AE =89 Uof z+
ZF 5 wt%e2] Z#AIQE B 5 wt% ARSI, 28] 5
wt% A GRS 55 - 128%F o) wRIAA A8t
Atk 28T 5 wi% E‘.D(C )_/‘I:.Q.oﬂ O Areof|A A7) 9]
g WA Az A2 O AEATE S0l A
A (syringe)E =& UAH —??Q—‘%"ﬂ 19-Gauge®] UES <
AAFHoH, ME Fro] §42 90 mL/hrZ I TOZH
2/ AlojE F3l s :6:% %E 9 olm|z] FEAANE
Azt F2A A st F4 E 27] AlojE P8 &
AP AT FEE L, 2,3, 4, zap 5 Wi%2 AZs o,
AR H= {25 10, 30, 50, 70, 90, Z#] 3L 110 mL/heS
2 Z7MA AEE FYsIATE G A s e
B2A)¢] & E(deformation, D) o}l 2] (1)S Baf At
ElSsi= A

AN A E22ZE A A L PDMS

¢

O
™ o

D=r (M

B 4olA o} b B

°o]& yehddt.

= P TR 9 L g3
o]% 3= PB-HA-MNP= "|HH3-E A A

Zan, 41494 A13, 20253

ol AHstaom $4 A%
B8 24417}

£ 98l 33 SRTE 33
(FDU-1200, EYELA, Republic of Korea)E
4 AR B R 2RSSR
E*“é?:.*. TS 1, 10, 50, 100, L8] 500 mg/Le]
¥ 10 mLe] Alg & 84 el 100 mg®]
PB-HA-MNP §2A|E &F35t 24417F &<t 30 rppm®] 3]
W HE7](RT-10, DAIHAN Scientific Co., Ltd., Republic of
Koreays &3l 525 sHeth 521 5 JoBBle Algat @
FToE S A% ST 27 E477](Inductively coupled
plasma mass spectrometer, ICP-MS, ELAN6100, PerkinElmer,
USAYE Alg-3le] BT, & Ago ALes B &
g o) 4 (22 B3 AL,

I
]

4.=(C-C)r. @)

2 HolM g (minpllAe] HE S2EFH(mg), Cot C
= 89 27] 2 FF Fx(mgl), V= &9 FI(mL),
T3 mE ARERE FEA Y] A (o) 1/}5}"”13} At &
o gt F252 F2Is] $I8] Langmuir 2 Freundlich &
g 7 52 FAHEES RS Langmuir S22H2

2AF F2A B0 Al olLe) RS FH4L et
e g2 o2y ol 4 (3),,]_ Zro| Ae)si)
qmaxKI,Cc
© 1+K.C ®)

A7 q= B FHEH(mge), gues FEAIL AT F
2 (mg/g), Ki= Langmuir 47, 22831 Caz T8 7ol
A F2E9] HYE 5 (mgL)yS ZH2F e} Freundlich 5

SR N2 O F2 UAE 2 F3A el i

Thzo] £38 713 mulA o w2y 2] (4)9} o] BTt
KFCI/n (4)
B 2AolA K= Freundlich A<F, 1/mE& 229 X4+E 7t

7} oJm g,

=47|7]. 5% PB-HA-MNPOI| th&t 33} o|n) A= &
352l CCD 71 2HE3ISPMO05000KPA, ToupTek Photonics
Co., Ltd., China)E zk= &v|7 (Olympus, 1X73, Japan)yS A}
£3)o] du) AZEo](ToupTek, ProSciTech, Australia)s
53| onRE E53IATt. A AR} )l (scanning electron
microscopy, SEM, S-4700, HITACHI, Japan)3} ol|u]x] &-Akg
XA —‘?—J*Xﬁ] (energy dispersive X-ray spectrometer, EDS)S

F3ll 3 el (surface morphology) BEX7 A4 ARENS
T Zerlet £, asIRISIY, -] A vhie
A} st A4 :rLZ:(crystallme structurey= A= L] XA
3] 7](X-ray diffraction, XRD, XPert- PRO MRD, Philips
Netherlands)S- ©]-8-3to] FA3IT) F2AE +38HL U=



s 2GR S 91 -0 A% = QAE i 79

hud l

B o] AHEAS 93l FEol Wsk A9 B47](FTIR
6600, JASCO, Tokyo, Japan)S &3l 400-4000 cm™<] % <]
Wl Al 3 BA4E Fastth. €4 M4 4 (Thermal
stability) 3 7H= €5 % 4] 7](thermogravimetric analysis,
TGA, TG209F3, Netzsch, Germany)S =3 24&}31th. ot
7157 SAAS 271 58 B thitMd SRl Image] 4%
E 9 o] (http://imagej.net/ij )= AR5t B35St

2t ¥ EE

TE QMK JieE S CPIsY S3H &Y. & d+
NME &/ Aoj7} 7Fs3 PDMS 7]8F =2 QIAEIE 7Y
WA th(Figure 1(a)). =5 IHH= AZE A0y ¥
AL Fall AAE 7 s=o] JES T8l AlRET 371¢] |
AlAde] st AR FRo|AL 2/ AojE Fek A
A A o] Fo] Thsaith. el FYE= AA
o] Hyf& 24e FalA 288 27 (size)e} M 24
(composition)°] THFSH E7IAF 719k A A4 (droplet) B
do] 7Fs3ttt. o] % EHE (surface tension, Fy)X.th 7Jsh
9 (gravity, F)°] G 33l == UAE Y viETEHE

-
Y

KN

8
=]
rO
o flo

Jo] 7Fsat =& QIAEe} 4% Hzo
g F3l Alof 7Fsetth =Y ATAES A
2 &8l miEE 125 Tl A=Ee
B2 A5 (wetting)2 F3 A2 HFEF Al 7Hretention
timeyS 7RI CEZN AME TR fAl9] HES 53 739
NAS A 4= dthFigure 1(e)). LHEES 2= AA)
ol ME tE Al /79 716748 Y= il tist
Agte] HAFHT FrxHeE He FHolEZ 4 (Reynolds
number)l] 23} FFE FIATCEN ths 789 Yo A
AEE AA7re g Zeldd 4= ltk(Figure 1(e), inset). ©]%
4 78 ellA mE o] 2w dhs 55 7huE FE 1Y
slgoay o] FAE PYA R §A 7Fs3itt. wEbA
2 AFA ARbeRE =F AAHE B8l A= TE 7154
Wedz2t 99 shte] 18 AT A 02 #UsH
E 4 9o 71E f3Kemulsification) 37304 235k
AR A (surfactant)} 7] &7 (organic solvent)S A3}
A Fo 2 FIARI 22 A o] B8R Frke A
zh=t}, Rk ofleg} HdE AAES FEA 1) MiS
gk odo] WA EA] efom =YE FERAEN ARgo] 7

st

m

oo [

g
4

4D

s

offl nlo

B

L
[€)

227} o] FoIX| A, g T8 oA SR 3k 3
3 YAE 95T F Ut w2 2 A dAUES v
o2 geFst 715748 U] w41 gl 7hse il
4 FHAIE skt

2 AolA st =& JAEE A ols g ul
E7E TAAEY ZF 2 mme] EolE Z=t(Figure 1(b), (c)).
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ik yle] AEE &S T M= T HA 8
Adell FYstem, AHsste P S dAERE St
NZAFE EE FEAE HaF o E 1111.22421.90 um
(Figure 2(a)), 1419.35+26.48 um(Figure 2(b)), 1778.98+35.56 um
(Figure 2(c)& 717} 57FhE g1kt o|& Fall A+

oX, ok

o ¥ rok

(a)
Ca™ Prussian Blue (PB)
I Hydroxyapatite (ILA)
lonic

crosslinking Magnctic nanoparticle (MNP)

(d)

Figure 1. (a) Schematic representation for the generation of multifunctional adsorbents, where F; and F, indicate surface tension and gravity,
respectively. Design of nozzle injector consisting: (b) top; (c) bottom. Bright field images showing; (d) introduction of different alginate-based
precursors; (e) formation of single alginate droplet. The inset in (e) shows a side view image of PB-HA-MNP encapsulated alginate droplet.

Polym. Korea, Vol. 49, No. 1, 2025



80

A g wAgle] G FHoE T, o|F, 123 AT F
ZAE 3ol 7Fssi s8H AR % 2] A7t 7Fs
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WA el 7Rsste. olo] ek Sl S8 FAh
A Avl7 olulA] #4743, T FAAE e B0

TEog FEEHAeH ste] FEA WA MR T v
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3(a)). 283 oA w4k XA B34 (Energy dispersive
spectrometer, EDS) #2418 43310, A8 43} th7]sA4
FHARE QA(P), A (Fe), 2H2(0), L2152 FENYE 22 7.52,
4.19, 10.3, Z12]3L 5.19%9] X H&E zhet)h g F4
AARE 71E0 2 AR T2 715 4R el mE &
H A7l gt xfo]E T F o2 ERIE 4 ATk(Figure
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(Figure 3(d)-()).

Figure 4(a)2} 7o) MZ ThE 7154 YAke] e A<l &
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A3}, PB-HA-MNP 32A1= 874, 1097, 1226, 2913, 12]3L
2978 cm ZHER|A] G7lAto] Zh= A I (peak)S &
o18k &= glom 37 2126 & 631 em’= ZEAISH B-F2] C=N
Astat FAE0134 9] P-0 2EH A XI5 YER) 4
563 cmolA 2 Yie=dAke] Fe-0 Aol W 7et &5
HEE wWolFErh ! B3 Figure 4(b)eF 7o) XA 34 HA
A3} 17.5°, 23.9°, 22]3L 43.1°%04 Al 7)o 34 9=a2= &
e F= lom o= zhz; &7lAte] FFEAL TRIA(110),

T2 ©914)(200), 22122 H174 2 (amorphous) FEIE 9

=2

(c)

(f)

015
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Deformation (1Y)
Diameter (pm)

()
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SEEEEEEREE
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Figure 2. Generation of various adsorbents by syringe pump using programmed on and off sequences: (a) single-; (b) bi-; (¢) tri-compartment
adsorbents loaded with PB (blue), HA (white), and MNP (brown). The scale bars represent 500 um. Relationship between physical char-
acteristic and control values such as; (d) alginate concentration; (e) precursor injection speed; (f) the size distribution showing PB-HA-MNP

adsorbents. The C.V. values are being less than 3%.
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Figure 3. Morphological characterization of multifunctional adsorbent: (a) SEM image and its corresponding; (b) elemental mapping com-
posite image showing distributions of different functional nanoparticles. SEM images of the interface of PB-HA-MNP adsorbent; (d) PB-;

(e) HA-; (f) MNP- encapsulated compartments at high magnification.
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Figure 4. (a) FTIR spectra of the PB-HA-MNP adsorbent, in which red and dark indicate single adsorbent and Ca-alginate particle, respec-
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