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Among the family of spinel ferrites, nickel ferrite NiFe,O, obtained by ce-
ramic technology was widely studied due to its tremendous properties such
as high electromagnetic performance, excellent chemical stability and me-
chanical hardness, and moderate saturation magnetization, making it as a
good contender for the application as soft magnets and low-loss materials at
high frequencies. The structure, mechanical, magnetic, electrical, and die-
lectric properties of nickel ferrite are dependent on several factors includ-
ing the method of fabrication, sintering time and temperature, chemical
composition, type and amount of dopant, grain structure. The sol—gel pro-
cessing with autocombustion (SGA) technique was used for the synthesis of
NiY Fe, O, (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5) ferrite nanoparticles. The
mixed solution was dried at temperature around 403 K. During evapora-
tion, the solution becomes viscous and finally formed as a xerogel. At fur-
ther elevation of temperature, the organic constituents are decomposed
with the generation of gases such as CO,, N, and H,0O; therefore, the xero-
gel automatically ignited. The autocombustion was completed within a few
seconds, yielding the nanopowders of nickel-yttrium ferrites. The XRD re-
sults confirm single-phase formation of the as-prepared NiFe,O, sample.
The powders substituted with Y3* ions, except the spinel-type phase, contain
additional o-Fe,O; and Y,0; phases too. The powder sizes decrease from 43
nm to 17 nm with increase in amount of Y®* ions. The EDX results confirm
the presence of Ni, Fe, Y, and O elements in Ni—Y-ferrite powders. The in-
frared (IR) spectra were recorded at the room temperature in the range
from 400 cm™ to 4000 cm™; they confirm the spinel structure. As found,
the adsorption capacity of Ni—Y ferrite increases, while the substitutions
with Y3* ions increase. The adsorption process increases with increasing pH,
has a maximum at pH =7, and depends on the dye type.

Cepen depuriB 3i cTpyKTypoio mminesi BaactuBocti depury uHikmao NiFe,O,,
OJIePsKaHOTO 3a KepaMiuHOI0 TEeXHOJIOTi€l0, € MIMPOKO BUBYEHi, OCKiJIbKU BiH
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Ma€ BHCOKY eJIeKTPOMAarLeTHy IPOAYKTHUBHICTH, BiAMiHHI xeMiuHYy cTabiib-
HicTh 1 MexaHiUHY TBepZicTbh, a TAKOM IIOMipHY HaMarHeTOBaHIiCTh HACHUTY,
10 PoOUTH HMOTr0 XOPOIIMM MPETEeHAeHTOM JJSA 3aCTOCYBaHHS SAK M AKOIrO
MarHEeTHOTO MaTepifsy 3 HUBbKMMM BTpaTaMM Ha BUCOKUX yacTorax. CTPyK-
Typa, MexXaHiuHi, MarHeTHi, eJJeKTPUYHI Ta JieJleKTPUUHI BJIacCTUBOCTL depu-
Ty HIKJIIO 3ajie;KaTh BiJl MeKiMTbKOX UMHHUKIB, BKJIOUAIOUN CIIOCI0 IIPUTOTY-
BaHHdA, 4ac i TeMIlepaTypy CIiKaHHSA, XeMiuHUI CKJIa[, TUI 1 KiJbKicTb Je-
I'yBaJIbHOI JOMIINIKM Ta 3€epPHUCTY CTPYKTypy. HamouacTuHKU Qdepurin
NiY, Fe, O, (x=0,0, 0,1, 0,2, 0,3, 0,4, 0,5) Oysim cuHTE30BaHi 3a MOIOMO-
TOI0 METORM 30JIb—Telb 3a yuacTio aBroropimua (3['A). Omep:xaHW PO3UMH
Oys0 BucyIieHo 3a temneparypu 0ausbko 403 K. Ilig uac BumaproBaHHS po-
3YMH IIOCTYIIOBO CTaBaB B’A3KHM, B Pe3yJbTaTi 4oro chopMyBaBCS KCEPO-
TeJdb. 3a TMOAAJBINIOTO IIiABUINEHHS TeMIIepATypPU OPraHiuHi CKJIagoBi pPO3K-
Janucsa 3 yTBOpPeHHAM rasiB, Takux Ak CO,, N, i H,0. IIpomec aBromaTuu-
HOTO B3TOPaHHA KCEPOTeJI0 3aBEPIINBCA IPOTATOM AEKiIbKOX CEKYHJ, IIIo
IIPUBEJIO 10 YTBOPEHHSA HAHOIOPOIUIKIB HiKeab-iTpiifioBux (epuriB. Pesyib-
Tatu X-IPOMEHEeBUX IOCIiIKeHb IIiATBEPAKYIOTh YTBOPEHHS OZHO(pAa3HOTrO
spaska NiFe,0,. Samimeni ftomamu Y*" mopomxkwu, kpim dasu mmizemri, mic-
TATH TaKOK HomaTkoBi dasu a-Fe,O; i Y,0;. I3 36inbmmenuam kinbkocTu i#o-
HiB Y*" posmipu mopomkie depuriB smenmIyorbes Bim 43 M g0 17 M. Pe-
gynabratu EDX-amarisu migTBepAKYIOThH HadBHicTh enemeHTiB Ni, Fe, Y i O
y mopoikax Ni—Y-gepuris. IndpauepBoHi CIIeKTpU peecTpyBaan 3a KiMHa-
THOI TeMIlepaTypu B Aiamasoni Binm 400 cm ! mo 4000 cM '; BOHM TaKoxk IifT-
BEPIKYIOTh, IO MOPOIIKW MAalOTh CTPYKTYpy InmmiHesi. BcTraHoBiIeHO, III0
amcopoOIitina smatHicTh Ni—Y-depuris spocrae, B TOl Uac AK 3aMillleHHSA
ftomamu Y*" 36inmpmryernca. ITpomec ancop6mii spocrae 3i 36igbIIeHHAM piB-
Ha pH, € MmakcumaabauM npu pH = 7 i 3ajme:xuTh Bif Tumy 0apBHUKA.

Cpenu (eppuTOB CO CTPYKTYPOH IIIMHEJINW CBOHCTBA (eppuTa HUKEIS
NiFe,0,, IOJIy4eHHOTO IO KepaMUYeCKON TeXHOJOTUHU, IMIUPOKO M3YUEHBI, TaK
Kak OH 00JaJaeT BBLICOKOM 3SJIEKTPOMATHUTHON IIPOBOAMMOCTBLIO, OTJIHYHON
XUMHUYECKON CTAOMJIBHOCTHIO U MEeXaHUYEeCKOM TBEPIOCTHIO, 4 TaKiKe yMepeH-
HOM HAMarHWMYeHHOCTHIO HACBLIIIIEHUS, YTO eJIaeT e€ro XOPOIINM MPeTeHeH-
TOM [JIsI IPUMEHEHUA KaK MATKOI0 MATHHUTHOTO MAaTeprayia ¢ HUSKMMM IIOTe-
pAMH Ha BBICOKHX udacToTax. CTPYKTypa, MeXaHW4YeCKue, MAarHUTHbBIE, 9JIEK-
TPUYECKHNE M OUIJIEKTPUUYECKHe CBOMCTBa (eppuTa HUKENIA 3aBUCAT OT He-
CKOJIBKMX (DAKTOPOB, BKJIOUYAA CIOCO0 IPUIOTOBJIECHUS, BPEMsS M TEMIEpPaTy-
Py CIleKaHusA, XUMUYECKUI COCTAB, TUI ¥ KOJUYECTBO JIETHPYIOIIEH IIpuMe-
cHU, 3€pHUCTYI0 CTPYKTypy. Hamouactumsr ¢deppuroB NiY, Fe, O, (x=0,0,
0,1, 0,2, 0,3, 0,4, 0,5) 6BLIM CHHTE3UPOBAHLI C IIOMOIILI0 METOAA 30Jb—TeJb
¢ yuactuem aBrocropauus (3['A). IlonydueHHBIHT PACTBOP OBLT BBICYIIIEH IPU
remmeparype okosio 403 K. Bo Bpems BbIapuBaHUSA PaCTBOP ITOCTEIIEHHO
CTAHOBUJICSI BSSKMM, B pesyJbTare 4ero cQopMuUpoBajcsa Kceporesb. Ilpum
JajJbHENINeM IIOBBIIIEHUN TEeMIEePATyPhl OPraHNYECKHE COCTABJIAIOIINE pas-
JIOKUJINCH ¢ o0pas3oBaHmeM ras3oB, Takux Kak CO,, N, u H,0. IIpomecc aBTo-
MaATHUUYECKOI'0 CrOPaHUSA KCeporejieil 3aBepIIMICS B TeUeHHEe HECKOJLKUX ce-
KYHJ[, 4TO IIPHUBEJIO K OOPa30BAHMUIO HAHOIOPOIIKOB HUKEIb-UTTPUEBBIX (ep-
pUTOB. Pe3yibTaThl PEeHTIEeHOBCKUX MCCJIEIOBAHUN IOATBEPKIAIOT 00pas3oBa-
Hue oxHO(MasHoro obpasma NiFe,O,. Bameménnble moHaMu Y°© IOpOIIKH,
KpoMe (pasnl INMUHEJN, COAEePIKAT AOMOoJHUTENAbHBIe (asbl a-Fe,0; u Y,0,. C



Ni-Y FERRITE NANOPOWDERS FOR SOLVING ENVIRONMENTAL PROBLEMS 427

yBeJMueHHeM KOJMJYecTBa MOHOB Y°' pasMephl IIOPOIIKOB (DEPPUTOB YMeHb-
matorcss oT 43 HM g0 17 M. Pesynbrarsi EDX-amanmsa HOATBEpP:KIAIOT
Hanuuue sjaemeHTOB Ni, Fe, Y u O B mopomkax Ni—Y-deppuror. UuDpa-
KpacHbIe CIIEKTPHI PEeruCTPHUPOBANIN IIPKM KOMHATHON TeMIepaType B Auara-
soHe or 400 cm ! mo 4000 cm!; OHM Tak’Ke IIOATBEPIKIAIOT, UTO IIOPOIIKIU
UMEIOT CTPYKTYPY IIIIMHENN. ¥ CTAHOBJIEHO, UTO aJfCOPOIIMOHHAS CIOCOOHOCTH
Ni—Y-(eppuroB pacTéT, B To BpeMsA KaK 3aMelljeHHe moHaMu Y°' yBermumBa-
erca. IIporecc amcop6Iiu Bo3pacTaeT ¢ yBeauueHueM ypoBHA pH, aBidercs
MaKCUMAaJbHBIM IIpu pH = 7 1 3aBUCUT OT THNA KPACUTEJI.

Key words: ferrite, nanopowder, EDX analysis, IR spectroscopy, adsorp-
tion capacity.

Karouosi cimosa: ¢epur, Hamomopoinok, EDX-amaniza, IY-cmexkTpockoris,
BOMpPHA 3MaTHICTh.

KaroueBsie caoBa: hepput, HaHomOopotok, EDX-ananuns, UK-cnekTpockonus,
abcopOIMOHHAA CIIOCOOHOCTD.
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1. INTRODUCTION

The development of society is inextricably linked with the increase
in volumes of toxic waste that the environment cannot reprocess.
With wastewater from industrial enterprises, a significant amount
of pollution enters in the environment that is environmentally in-
appropriate. The most dangerous pollutants are highly toxic heavy
metal ions. In recent years, the adsorption process in conjunction
with magnetic separation technology is widely used to remove dyes
from sewage. In this case, nanosize magnetic materials are used for
production magnetic nanosorbents [1].

Recently, several works [2, 3] have been published, in which the
removal of dyes from sewage by means of spinel oxide materials is
investigated. The ferrites with spinel structure are widely used as
refractory materials, catalysts or carriers of catalysts, humidity
sensors, microwave dielectric and ceramic capacitors [4, 5].

The nanopowder spinel oxide materials have high mechanical
strength, good thermal stability, and firmness to chemical influ-
ences. They are also durable and inexpensive. Nanosize spinel mag-
netic particles are effective adsorbents in connection with them
large surface area. Since, ferrites with a spinel structure exhibit
good magnetic properties their unique advantage is the easy separa-
tion under the action of an external magnetic field. This leads to
their widespread use, in particular for the separation of dyes.

The nickel ferrite NiFe,O, is a soft magnetic material, which
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crystallizes to the cubic mixed spinel structure with space group
Fd3m [6]. This compound is represented as (Ni2'Fel",)[NiZ*Fe’’ ]0,,
where cations inside the round and square brackets occupy A-sites
and B-sites, respectively, and 6 (degree of inversion) depends on
thermal history and preparation condition. Its magnetic ordering
temperature is of about 580°C [7] that is far above the room tem-
perature. It exhibits moderate saturation magnetization, excellent
chemical, thermal and structural stability at room temperature [8].
Hence, this material is a promising candidate for a wide variety of
technological applications at room temperature such as drug deliv-
ery, magnetic sensors, actuators, memory and high frequency de-
vices [9].

The magnetic behaviour in this material is governed by the spin
coupling of the unpaired 3d electrons of the Ni* and Fe®' cations
presented at the A and B sites. Among these superexchange interac-
tions, the interaction between moments at the A and B sites is the
strongest one, which mainly controls the magnetic behaviour of the
NiFe,0,.

The physical properties of nickel ferrite nanoparticles depend up-
on its size and composition. The size of the particle can be con-
trolled by restricting particle rate of the nucleation and its subse-
quent growth with introducing a large strain at the lattice site by
incorporating suitable substituent element [10]. Rare earth elements
(Y?*, La*, Gd*, Sm*®', etc.) have larger ionic size than that of the Ni
and Fe ions. Substituting of rare earth cations at the Ni and/or Fe
sites will create a large strain at the lattice site, which may restrict
the rate of the nucleation of the particle and its subsequent growth.

The synthesis of rare earth cations substituted spinel ferrite by
solid state route suffers from drawbacks like phase segregation of
metal monoxides, hematite and orthoferrites even for very low con-
centration of rare earth cations substitution [11]. However, the syn-
thesis of rare-earth substituted nanocrystalline spinel ferrites in
single-phase form is possible using chemical route despite having
big difference in ionic radius of rare-earth cations and Ni*" or Fe®"
cations.

Hence, the present report is aimed to synthesis the nickel ferrites
substituted by Y?' cations using SGA-technique and investigates
their structural, chemical, and adsorption properties.

2. EXPERIMENTS

Yttrium (Y?*") substituted nickel ferrite compound with empirical
formula NiY Fe, O, (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5) has been syn-
thesized by SGA-technique. The nickel nitrate (Ni(NO,),-6H,0), iron
nitrate (Fe(NO,);-9H,0), yttrium nitrate (Y(NO,),-6H,0), and citric



Ni-Y FERRITE NANOPOWDERS FOR SOLVING ENVIRONMENTAL PROBLEMS 429

acid (C4Hz0,-H,0) supplied with 99.9% purity were used as starting
materials.

The x-ray diffraction patterns were recorded at room temperature
on DRON 7 x-ray diffractometer using CuK, radiation. The mor-
phology of nickel-manganese ferrite powders were observed by
scanning electron microscopy (SEM) with a Hitachi S-4700 electron
microscope operating at 20.0 kV. The atomic weight composition
(%) of the constituent elements in the as-prepared samples was car-
ried out by energy dispersive x-ray spectroscopy (EDX) performed
on the EXPERT 3L atomic composition analyser.

Infrared spectra (IR) for the gel precursor and the SGA powder
were recorded on a NICOLETIS 10 spectrophotometer in the range
400-4000 cm™ by the KBr pellet method. Processing of the results
was carried out in software OMNIC 8.1. The surface absorbance ca-
pability of NiY,Fe, ,0, nanoparticles were determined using
Brunauer—Emmett—Teller (BET) surface-area technique using N,
adsorption/desorption studies. The specific surface area of the sam-
ples was calculated for a linear graph of dependence
1/[W(R,/P)-1] on P/P, in the area of adsorption isotherm in lim-
ited range of P/P,=0.05-0.35.

3. RESULTS AND DISCUSSION

3.1. X-Ray Diffraction (XRD)

The XRD pattern recorded at room temperature for the samples
NiY,,Fe; 40;, NiY, ,Fe, 0, NiY, ;Fe, ;0,, NiY, ,Fe, O, and
NiY,;Fe, 0, are shown in Fig. 1. The diffraction patterns consist of
well-resolved peaks, which have been indexed to Fd3m space group
in cubic symmetry. The peaks can be indexed to (111), (220), (311),
(222), (400), (422), (511) and (440) planes.

For NiFe,O,, it has not been observed any additional peaks [4].
The powder doped with Y®' ions, except the spinel-type phase, con-
tains additional phases of a-Fe,O; and Y,0;. The x-ray diffraction
patterns of NiY,:;Fe, 0, powder confirm the presence of an addi-
tional phase of a-Fe,O; because these powder has peaks at 24.50°,
33.44°, 36.30°, 41.62°, 49.72°, 54.33°, 57.46°, 62.05°, 64.06° from
crystallographic planes (012), (104), (110), (113), (024), (116),
(018), (214), (300). For NiY, Fe, O, powder, corresponding peaks
are observed at 24.29°, 33.29°, 35.90°, 41.16°, 49.64°, 54.25°,
57.17°, 61.83°, 63.85°. Thus, for NiY, Fe, ,O, spinel with height x,
there is a slight shift of Bragg’s peaks to the right, indicating a
change in the lattice parameter a. It is also worth noting that the
increase in the content of Y®' ions in ferrites increases the amount
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Fig. 1. X-ray spectra of NiY, Fe, ,O0, powders, where m corresponds to the
spinel phase; * and e correspond to a-Fe,0; and Y,0;, respectively.

of a-Fe,0; and Y,0; oxides.

In addition, one could observe closely from the above XRD pat-
terns that intensity of the diffraction peaks decreases, and the
peaks become broader by substitution of Y** ions in place of Fe ions.
For the clarity of the apparent peak broadening and decrease in
peak intensity, the zoom plot of intense peak (311) has been depict-
ed in Fig. 2. It indicates a related decrease of the crystallite size
and/or presence of lattice strain.

The average size of coherent scattering regions (CSR) in the pow-
ders of nickel-yttrium ferrites was found from the most intense
peak (311) of spinel phase using the Scherrer relationship:

5000

4000

3000

Intensity, a.u.

2000

1000

35.1 354 357 360 36.3
20, deg.

Fig. 2. The comparison of the (311) peak for the NiY, Fe, ,0, samples with
x=0.0 and 0.5.
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- BcosH’

where B is the effective half-width of the diffraction peak for x-
rays with wavelength A at an angle 20. The average size of CSRs of
powders was in the range 17-43 nm.

The lattice parameters for the NiY Fe, ,O, samples (x=0.0, 0.1,
0.2, 0.3, 0.4, 0.5) were obtained from x-ray data analysis. It has
been observed that the lattice constant decreases slightly with sub-
stitution of Fe* by Y*" ions. The radius of the octahedral site is
larger than the tetrahedral site in the spinel lattice. The ionic radi-
us of the Y*" ion (0.091 nm) is large enough for octahedral site. One
can assume that small amount of Y*" cations can be substituted for
Fe®' cations, which enter into the octahedral sites by redistribution
of cations between the tetrahedral and octahedral sites to minimize
the free energy of the system. It appears that there is a partial mi-
gration of Ni*" ions (0.069 nm) from B sites to A ones accompanied
by an opposite transfer of equivalent number of Fe®' ions (0.0645
nm) from A sites to B ones in order to relax the strain at the octa-
hedral sites.

The decreasing of lattice constant is also evident from Fig. 2, be-
cause the Bragg peak position for NiY, Fe, ;0, is shifted a little to
the right of the NiY,,Fe, O, ferrite samples. The increase in dif-
fraction angle means a decrease in the lattice constant for the Y?**
substituted samples.

3.2. Morphology Study

SEM micrographs of as-prepared ferrite powders are given in Fig.

-4 p

Fig. 3. SEM micrograph of Ni-Y ferrites: a—NiY, ;Fe;,0,; b—
NiY, ;Fe, ;0,.
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3. Figure 3, a, b shows the surface of the NiY,,Fe;,O, and
NiY, ;Fe, 0, samples. Both samples have been characterized by SEM
microscopy to study their morphology, size, shape and agglomera-
tion. The SEM image of NiY, Fe, 0, (Fig. 3, b) reveals that the
morphology of the particles was dispersed uniformly with a wider
range of particle sizes, whereas grain growth was apparent in
NiY,Fe, (O, (Fig. 3, a). The particles are agglomerated due to in-
teraction between magnetic nanoparticles. This is a typical charac-
teristic feature of spinel ferrite nanoparticles synthesized by sol—gel
method [12, 13].

3.3. Elemental Analysis

A typical EDX spectrum of the as-prepared NiFe,O, and
NiY,;Fe, 0, samples are depicted in Fig. 4. As it was expected, the
Fe*" concentration is the highest one for x =0.0. The percentage of
Fe®" decreases as the Y*' substitution increases. The contents of the
metals in the resulting spinel ferrites are close to the theoretical

30000

60000
Fe — 0.0 Fe —— 0.3
——0.1 24000 | M IR
45000 F —o0z( v 0.5
& RS
.*5 2 18000 |
530000 - Ni g
1
E g 12000 -
DY
15000 ¢ - A 6000 L - - Y
Ni ¥ 1
0 J A A 0 J _A
3 é SI? ll2 ll5 18 3 6 9 12 15 18
Energy, keV Energy, keV
a b
Fig. 4. ED spectra of NiY, Fe, ,0, samples: a—0.0<x< 0.2; b—
0.3<x< 0.5.

TABLE 1. The chemical formula of the Ni—-Y ferrites.

x Theoretical Experimental
0.0 NiFe,0, Ni; g3Fe;.9104.06
0.1 NiY, ,Fe, 40, Ni; 02Y0.10F€1.8604.04
0.2 NiY, Fe, 0, Ni; 02Y0.20F€1.7304.05
0.3 NiY, ;Fe, ;0, Ni; 03Y0.28F€1.6504.03
0.4 NiY, ,Fe, O, Ni; 02Y0.40F€1.5604.02
0.5 NiY, ;Fe, ;0, Ni; 05 Y0.50F€1.4204.06




Ni-Y FERRITE NANOPOWDERS FOR SOLVING ENVIRONMENTAL PROBLEMS 433

TABLE 2. Atomic weight composition of the constituent elements of the
NiY, Fe, 0,.

El ¢ Theoretical Experimental

* emen wt. % | at.% wt. % | at.%

(0] 27.31 57.14 28.03 58.05

0.0 Fe 47.65 28.57 45.91 27.24
Ni 25.04 14.29 26.06 14.71

(6] 26.93 57.14 27.32 57.67

0.1 Fe 44.64 27.14 43.46 26.28
’ Ni 24.69 14.29 25.33 14.57

Y 3.74 1.43 3.89 1.48

(6] 26.56 57.14 27.07 57.80

0.2 Fe 41.71 25.71 40.43 24.73
' Ni 24.35 14.29 25.15 14.64

Y 7.38 2.86 7.35 2.83

0 26.20 57.14 26.61 57.61

0.3 Fe 38.86 24.29 38.03 23.59
' Ni 24.02 14.29 25.01 14.76

Y 10.92 4.28 10.35 4.03

(6] 25.85 57.14 26.02 57.39

0.4 Fe 36.09 22.86 35.34 22.34
’ Ni 23.70 14.29 24.15 14.52

Y 14.36 5.71 14.49 5.75

(6] 25.51 57.14 26.19 58.00

0.5 Fe 33.38 21.43 31.94 20.27
' Ni 23.39 14.29 24.20 14.61

Y 17.72 7.14 17.87 7.12

values as shown by EDX analysis. The theoretical and experimental
chemical formulas of the Ni—Y ferrites are listed in Table 1.

The theoretically expected stoichiometric molar amounts of vari-
ous elements of the samples are comparable with the wvalues ob-
tained by the EDX analysis (Table 2). For example, for nickel fer-
rite, the atomic composition ratios of Ni, Fe and O were found to be
14.71%, 27.24% and 58.05%, respectively. For NiY, Fe, 0, fer-
rite, the atomic composition ratios of Ni, Y, Fe and O were found to
be 14.61%, 7.12%, 20.27% and 58.00% , respectively, which match
well the amount of Ni, Y and Fe used in the respective precursors.

3.4. IR Spectroscopy

The IR spectra of the ferrite materials are an important tool to de-
scribe the various ordering problems, also, in the investigation of
the structural properties of the mixed ferrites. They give infor-
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mation not only about the positions of the ions in the spinel lattice
crystal, but also about their vibrational mode. The vibrational spec-
tra can be indicated to the valance state of the ions and their occu-
pation in the spinel lattice crystal. Application of the IR spectros-
copy to the ferrite materials is to detect the completion of the solid-
state reaction, the cations distribution, and the deformation of spi-
nel structure [14].

The IR spectral adsorption bands mainly appear due to the vibra-
tions of the oxygen ions with the cations corresponding to various
frequencies in the unit cell. In a certain mixed spinel ferrite mate-
rials, as the concentration of the divalent metal ions increasing, it
gives rise to a structural change or cation distribution in the spinel
crystal lattice without affecting the spinel ferrite structure. The
structural changes brought about by the metal ions that are either
lighter or heavier than divalent ions in the ferrites strongly influ-
ence the lattice vibrations. The vibrational frequency depends on
the cation mass, the cation oxygen distance and the bonding force.

Figure 5 shows the IR spectra of the nickel ferrite. The dried gel
shows the characteristic bands at about 1300, 1600 and 3250 cm™
corresponding to NO® ion, carboxyl —COO- group and the O-H
group, respectively. The existence of the characteristic bands of
NO?* indicated that the NO® as a group exists in the structure of
citrate gel during the gelation of the mixed solution formed from
nitrates and citric acid. The band at about 3050 cm™ is assigned to
the stretching vibrations of the O—H groups of hydrogen bonding at
short distances [15].

The spectrum of the as-prepared powder gives a significant band
at 560 cm ™, which is the characteristic band of ferrite. The absence
of spectroscopic band corresponding to the carboxyl group and ni-
trate ion at 1600 and 1300 cm™, respectively, suggests that these
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Fig. 5. IR-spectra of the dried gel and as-prepared NiFe,O, powder.
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groups take part in the reaction during the combustion process.
Therefore, the combustion can be considered as a thermally induced
anionic redox reaction of the gel wherein the citrate ion acts as a
reductant and the nitrate ion acts as an oxidant. This autocombus-
tion reaction forms the spinel structure of ferrite with the evolu-
tion of heat.

3.5. BET Surface Area

The specific surface area values were obtained by BET isotherms
with N, adsorption. The surface area of NiY,Fe, 0, (31.8 m?/g)
was found to be higher than that of NiFe,O, (7.2 m?/g). High sur-
face area of NiY,;Fe, 0, is due to the smaller particle size of the
sample, which is confirmed by XRD. Thus, the surface area increas-
es with addition of Y®' ions’ content in the Ni—Y ferrites due to de-
creases of particles’ size. This dependence of the specific surface
area on the particles’ size has been already observed in Ref. [16].
From this, it is expected that the high surface area of NiY,;Fe, ;O,
could enhance the catalytic and adsorption properties, than that of
NiFe,0,.

Figure 6 shows nanopores’ size distributions obtained from the
adsorption branch of nitrogen sorption isotherms, using Barrett—
Joyner—Halenda (BJH) analysis. All samples show relatively narrow
pore size distribution with pore size varied from 2 to 5 nm, thus, in
the mesoporous range (2—50 nm) according to IUPAC classification.
The experimental result showed that nanopores with a radius of
about 3 nm exercise the main contribution to the total pore volume
for sample with x =0.5 and, for sample NiFe,O,, 4 nm.
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Fig. 6. Nanopores’ size distribution for NiY, Fe, ,O, powders.
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3.6. Adsorptive Properties

At present, the study of the adsorption properties of magnetic spi-
nel nanomaterials in relation to a variety of synthetic organic dyes
is enough actual. Adsorption studies are aimed at determining the
adsorption capacity of the adsorbent (spinel nanomaterial), pH in-
fluence, mixing time, output concentration of dye on the adsorption
process, data analysis of adsorption isotherms, and include kinetic
and thermodynamic calculations.
Adsorption capacity q,, (mg/g) is calculated by the formula:

_ (G -C,)V
m b

ads (2)
where q,, is the adsorption capacity, in mg of dye per 1 gram of
dry adsorbent (mg/g); C,—initial concentration of dye in solution
(mg/l), C,—final or equilibrium concentration dye in solution
(mg/1); V—volume of the investigated solution (1), m—mass of ad-
sorbent (g).

The efficiency of synthesized spinel nanoparticles as adsorbents
for removal of various organic dyes from solutions was investigat-
ed. Adsorption studies of methylene blue and Congo red dyes were
performed at pH =7 and at temperature T = 20°C. The results of the
adsorption studies are presented in Table 3.

The NiY,;Fe; ;0, has the highest adsorption capacity among the
above spinel ferrites, in particular, it is by 1.84 (for methylene
blue) and 2.35 (for Congo red) times greater than that of NiFe,0,.
This is explained by the decrease in the particle size, on the one
hand, and the partial inversion of the structure that is the location
of bipartite cations in the A and B positions of the spinel lattice, on
the other hand. Thus, the distribution of cations in the spinel fer-
rites can be one of the important factors influencing their adsorp-
tion capacity.

The influence of the initial concentration of dyes on the adsorp-
tion capacity of Ni—Y ferrites was investigated. The increase in the

Table 3. The adsorption capacity of magnetic spinel nanosorbents.

x| Dye 1 Guss» mg/g | Dye 2 Guis» ME/E
0.0 131.2 96.8
0.1 142.1 123.5
0.2 methylene blue 162.4 Congo red 156.3
0.3 190.7 189.7
0.4 225.9 216.3

0.5 240.8 227.2
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initial concentration of dyes by 3 times (from 50 to 150 mg/l) re-
sults an increase in the adsorption capacity of the ferrite nanopow-
ders by 40% . For example, for NiY,;Fe, ;O, sample, adsorption ca-
pacity increases from 189.7 mg/g to 265.6 mg/g.

Thus, the adsorption process is very much dependent on the ini-
tial concentration of the solution. It is important a simple and fast
separation of adsorbed dyes from nanoferrite spinel that can be
achieved by the action of an external magnetic field.

4. CONCLUSION

The NiY, Fe, ,0, ferrites were synthesized by the SGA technology.
Except NiFe,0,, the samples were non-phase and contain additional
of a-Fe,O; and Y,0; phases. The size of powders was found to be in
the range of 17 nm to 43 nm. The addition of Y*' ions contributes
to the more uniform and causes to decrease particle size. The room
temperature infrared spectra of yttrium-substituted nickel ferrite
confirm the presence of cubic spinel ferrite phase. All the doping
samples clearly show the ferrite formation at 560 cm™.

Thus, Ni—Y ferrite nanomaterials are promising adsorbents for
the removal of organic dyes from sewage. These materials have high
chemical resistance, thermal stability and durability, and, conse-
quently, longer lifetimes, unlike traditional adsorbents. The study
of adsorption kinetics indicates that the mechanism of adsorption
depends on the nature of the adsorbate and adsorbent. It can be
concluded that on the adsorption capacity of spinel ferrites affects
the distribution of cations between the A and B positions, the pH
value of the solution, and the initial concentration of the organic
dye.
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