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Cobalt and Nickel Ferrocyanide-Functionalized Magnetic
Adsorbents for the Removal of Radioactive Cesium
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Cobalt ferrocyanide (CoFC) or nickel ferrocyanide (NiFC) magnetic nanoparticles (MNPs) were fabricated for efficient
removal of radioactive cesium, followed by rapid magnetic separation of the absorbent from contaminated water. The Fe,O,
nanoparticles, synthesized using a co-precipitation method, were coated with succinic acid (SA) to immobilize the Co or
Ni ions through metal coordination to carboxyl groups in the SA. CoFC or NiFC was subsequently formed on the surfaces
of the MNPs as Co or Ni ions coordinated with the hexacyanoferrate ions. The CoFC-MNPs and NiFC-MNPs possess
good saturation magnetization values (43.2 emu-g' for the CoFC-MNPs, and 47.7 emu-g™' for the NiFC-MNPs). The fabri-
cated CoFC-MNPs and NiFC-MNPs were characterized by XRD, FT-IR, TEM, and DLS. The adsorption capability of the
CoFC-MNPs and NiFC-MNPs in removing cesium ions from water was also investigated. Batch experiments revealed that
the maximum adsorption capacity values were 15.63 mg-g' (CoFC-MNPs) and 12.11 mg-g-' (NiFC-MNPs). Langmuir/
Freundlich adsorption isotherm equations were used to fit the experimental data and evaluate the adsorption process. The
CoFC-MNPs and NiFC-MNPs exhibited a removal efficiency exceeding 99.09% for radioactive cesium from *’Cs solution

(18-21 Bg-g™). The adsorbent selectively adsorbed '*’Cs, even in the presence of competing cations.
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FeCl, - 6H,0
FeCl, - 6H,0
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Fig. 1. Synthesis of adsorbents for the removal of cesium ion.

(@)

(©

Fig. 2. TEM images of the (a) SA-MNPs, (b) CoFC-MNPs, and (c) NiFC-MNPs.

Table 1. Size distribution and zeta-potential values for the adsorbents in
water

Average diameter (nm)  Zeta-potentials (mV)
SA-MNPs 162.9 +5.001 -17.5+0.377
CoFC-MNPs 274.6 + 13.840 -10.3£0.502
NiFC-MNPs 255.6 £ 6.005 -11.3£0.447

& 8 (morphology)E TEM #4-& 53l #2359t} Fig. 2
(a)°ﬂ YERA TEM o|m| A& &3l SA-MNPs7} 7+ FE| ¢S
golstglom, Hit 10.04 + 2.67 nme] AE A7 S ZH=
Aoz Bt} ek, AZ2E SA-MNPs7} Eof 24hs]
A& WY BF d=A71E yYeble FA 84 d(hy-
drodynamic diameter)2] Z7]& DLS £4& F3 A3}
ek, 54 23, Table 13} 2o] F&-H oA o] {4 %8H4]
% =7]&= 162.9£5.001 nmo|w, TEM ZA3} o i Bk
e 92k =719 10.04+2.67 nm Ko} & kS 2t

Fl
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Fig. 3. X-ray diffraction patterns of the SA-MNPs using a
RigakuD/max-RB apparatus and a Cu Ka source (A = 0.154 nm).
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% Transmittance

SA-MNPs
CoFC-MNPs
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3000 2000
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4000

Fig. 4. FTIR spectra of the SA-MNPs, CoFC-MNPs, and NiFC-MNPs.
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1690 em™ S1H A= 8 727} ekt o 247}
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9] C=0 vibration& 1690 cm oA YeEh}E Aog 24d
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C=0 vibration $JX]7} shift=] 7] wj&Eo|cH21], &3k &
oAl SA-MNPs7} 7FA= AE} A2 (zeta-potential) =7
A7 -17.5 + 0.377mVE &9] 34-& YeR=d], o] FT-IR
o] AtollA HHslgd=o] SA-MNPse] FHLE 722217
£ 7HAE sAR FH o] a1, &AM 7t2 54717} 7}
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9] FT-IR 2 AE} 29 z@ A5 53] Fe,0, AU =]

H
Aho] EWo) sA7H A B A 0% TRHITHE AL el ¥ 5

ruSL'

2l

20

100
98 { N\
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" \\
c i
5 % X
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Fig. 5. TGA curves of the SA-MNPs, CoFC-MNPs, and NiFC-MNPs.

2T}, SA-MNPsoll 385 o] 3= SAS} Fe,0,9] & TGAE
Sall £t} SA-MNPsE 900°C 7HA] A7 §-714
T2 B EEvE Ho] )R ol A e, o7
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Fig, 52] TGA A}ojlA e} 2-0] 900 74A] 914 F,96.33w1%
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a1 SA%FEo] 3.67wi% S o3t}

==

3.2 CoFC-MNPs$%} NiFC-MNPs¢| A=
=4 24

SA-MNPs= 54;0]-23} 733} coordinative affinity S 7}

A= 2 BAIE 74 G, AT, NI, Co¥, G, Ph? 5
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0] F+= pH (pH of zero
point Charge pH,, )%k 452 784 2] pHZ} pH,, #AE
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= g AJal= pH 2319 pH 8914] Cost Ni o] &o] 7}z =
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Fig. 6. Magnetization curves of the SA-MNPs, CoFC-MNPs, and NiFC-
MNPs at room temperature.
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Fig. 7. (a) A well-mixed CoFC-MNPs in the absence of an external
magnet; (b) the separated solution after placing a magnet adjacent
to the original well-mixed CoFC-MNPs solution .

Table 2. Sorption constants for Langmuir and Freundlich isotherm models

Langmuir
A (Mgg™) b R?
CoFC-MNPs 15.63 0.441379 0.9898
NiFC-MNPs 12.11 0.513043 0.9676
Freundlich
K, (mgg™) n R?
CoFC-MNPs 5.48 4315926 0.9595
NiFC-MNPs 6.18 3.947888 0.8368
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0.98983} 0,9676¢]3L, Freundlich adsorption isotherm-&
Aget e mWel RE2 22 0.95959F 0.8368%, CoFC-

MNPs2} NiFC-MNPs9] &2t #%-& Langmuir adsorption
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Fig. 8. Adsorption isotherm data obtained from the CoFC-MNPs. The curve fits were obtained from the (a) Langmuir and (b) Freundlich isotherm models.
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Fig. 9. Adsorption isotherm data obtained from the NiFC-MNPs. The curve fits were obtained from the (a) Langmuir and (b) Freundlich isotherm models.
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Table 3. Removal of radioactive cesium from water by the CoOFC-MNPs and NiFC-MNPs (A, initial activity; A final activity after treatment)

Adsorbent Salt
Adsorbent concentration (500 ppm) A Ar R DF
0.1 mg'mL~! - 18.68 0.16 99.15 116.75
0.2 mg-mL~! - 18.84 <0.04 >99.79 > 471
CoFC-MNPs
0.1 mg:mL-! Na* 20.57 0.21 98.98 97.95
0.1 mg'mL~! K 20.42 0.45 97.80 45.38
0.1 mg-mL~! - 18.75 0.17 99.09 110.29
0.2 mg'mL-! - 20.35 <0.04 >99.80 >508.75
NiFC-MNPs
0.1 mg'mL-! Na* 20.32 0.25 98.77 81.28
0.1 mg'mL! K* 20.51 0.59 97.12 34.76
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