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3UN 410 FUgWINGN SEM 283817 Mng sCag 5(H,PO,),*H,0(a) hazaynuiniinnuiou

MnCaP4O12 (b)

JUTNFUTIWINGIBY MngsCaps(HoPO,)H,0  WRAIAN ML TUITINUIULANUAS
Ingidrwanannuuiniy  wsasisenuduvasudsedyg v saaasaanUNan1TIATIZHR XRD
‘Lumngﬂiﬂﬁm@m’imwm MnCaP,0,, i’lmﬁuﬁmﬂuﬂq;\lﬁamadmgmﬂmm@LﬁﬂLLazlﬂty

Va3 m&mﬂﬂﬁﬂwmmﬁw NTINANIIWINNN
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gﬂ‘ﬁ 4.11 FUFIWINLT SEM 28381 Mng sFeq 5(HoPO,),*H,0 (a) uazaunuinisanuson
MnFeP4012 (b)

gﬂiwﬁmgmﬁmwaa Mn,Feqn(HoPO,)2H,0 ez MnFeP,Oy, LLa@ﬂugﬂﬁ 4.11
suazdiviepnanand1diasannsgatsain1Ianuian FUTNFUTIWINDBS
MnysFeq(HPO, ) 2H,0 Hanwaue luiidus1sfiuinan usaInsaunuswavesaymaLiuian

nius Il iadugIuwingaad MnFeP, 0y, ﬁLLamgﬂ‘a"'m%'mgmﬁvl&iﬁgﬂu,mJLLu',uauﬁ
usnanulnianlng)
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3UN 412 FUgUWINGN SEM 183817 Cop sFeg 5(HoPO,)2+2H,0(a) Uazauwuimianuian
CoFeP,04,(b)

gﬂiwaﬁmgmﬁwmmaa Cop sFeq 5(H,PO,),*2H,0 ez CoFeP,0;, LLﬁﬂdlugﬂ‘ﬁl 412
mumgﬂiwmgmﬂLmﬂ@mLﬁaaﬁnﬂmiamﬂéhmamméi”au FUTHFUFIWINDIDS
Mn;Feq5(HoPO,),*2H,0 ﬁé’nwmzvl,mﬂm"mﬁLLuuauLLawgmzw%”auﬁgw;uuuﬁuﬁa Auaasny
JwnuINavesaymMaLluiaunmLin lumngﬂinﬁmg’m’imnmm MnFeP,0;, Aaas3131s
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43 HANIPIATIERIABNAAEATLULWAWalBNasNaa

ANTILATICRIAUNAAIRASVBINITRANUAINIIAIINTOUVBIRNT TLATA
(Mo 52 5(H2PO,),*nH,0) ﬁLﬂ?isJuLLﬂmvl,ﬂLﬂuamgﬁuﬁ‘mamm%au do aslanzlalaaiaase
Waswa (MAP,O,,) TnmMI3tasnzfieasauns Kissinger (sun3 2.37) lagandammefin DTA
nmsnenes 4 é’@mmnﬁuqm%gﬁ fa 5, 10, 15 usy 20 K min nasluunsnwasng
FANDAINNIANLTauLIm 5 laLasanIany @8 MngsCag s(HaPO4)p"Ha0, Mg sFeq s(HPO4)p2H,0
WAE CogsFeqs(HoPO4)*2H,0 LLam"L’S'lugﬂﬁ' 4.13-4.15 ey wazinasluuninazlddaya
aqm‘muﬁﬁﬂﬁl,ﬁ@msamﬂé”ﬂmwiazﬂavlﬂﬁaa@ﬂﬁaaﬁuLL@iazé'mﬁm'nﬁwqm%Qﬁ Gatludon
NTINLEAIAMUFNRUTIEAINI InB T7) AL 1000/T @IURNNT Kissinger (FNN13 2.37) azler
meéTmam"Li’Lu;sﬂv"i 4.16-4.17 §1%TU Mng 5Cag 5(HoPOL)o*H0, Mng sFeg s(HoPO,),2H,0 e
CopsFeqs5(HaPOL)o*2H,0 MUEIAL NNANUFTNANWBTVBINTINUARZLFURINITOAUIARINA I
NIz (E,) wasAdNlIE AN NITY (A) vasmismslundaznalnasasudazfialdanainy
TULIZIAGAUNY Y Tagdle uaaal3luansen 4.7 lusiuvessuduvasmssansda (n)
RIIFUNNNFUNTVEI Ozawa MUENNTT T 2.49-2.50 NUFAIANNFURNUETRTNS mmma'ﬁ'ﬁ;@
ﬁanmamaaﬁﬂﬁqmﬁgﬁgaqm (AT) Ay gnpiivasiagigaudaznaln (To) vuidunW DTA
naflduansliluansneft 4.7 wwdeann

104
54
j—- 9 = - + =1
— - 5 Kmin
;_t‘ - — 10 K min"'
I 15 K min”
Q '10' — 20 K min"'
s 15 =
'20 T v T T T T
CHE 473 373 673

Temperature/K

311 4.13 Wa5luwnIy DTA 28981 Mng 5Cags(HoPO,),*H,0 naasM ANl 5, 10, 15,

-1 v
Waz20 K min luuia O,
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—— 5 K min"
——— 10 K min"
15 K min"
20 K min”

DTA/uV

373 423 473 523 573 623 673
Tempearature/K

311 4.14 W5 luuNTY DTA 289813 Mng sFeqs(HoPO,),*2H,0 naaTMaiugmnn 5, 10, 15,

-1 v
WAL 20 K min luuda O,

—5 K min"

- . =l
—— 10 K min
= T T |
15 K min

20 K min”

"5' T

373 473 573 673 773 873
Temperature/K
Eﬂﬁ' 4.15 1na3luunsy DTA 289817 CogsFegs(HoPO4),2H,0 ﬁé’m’mmﬁuqmﬁgﬁ 5, 10, 15,

-1 v
WA 20 K min  luuia O,
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-8.5

-9.04 4" step

r\lf-‘\ -9.5+

= -10.0-
=

st
1" step

-10.51

i a1
-11.04 6" step Ll

16 18 20 22 24 26

1000T/K "
c:' ™ % 6 . . o v
ET.I‘YI 416 ﬂiﬁWﬂ’J’]Nﬁ&lW%‘ﬁ@n&lﬁNﬂ’]'ﬁ Klssmger VBINIIFINYAINNNAINNUIDWVBIRIT
Mng 5Cag 5(H,PO,),°H,O
-8 8-
) .

924 I step
o {1 2~ step
= 96
(amS
= 100

-10.44

-10.84

T v 1 T 1

20 21 22 23 24 25 26 27
1000/T (K™
gﬂ‘ﬁ 417 NNANURFUWUTANUFNANT Kissinger 28INIRENLAINIIANNTOUVD
Mng sFeq 5(H2PO4)222H,0



70

-10.01
1 1™ step
- 10.4- 2 step
G 21084\
— | 3 step
e -11.2
- 1
—  -11.6-
-12.04
-12.4

1516 1.7 1.8 1.9 20 2.1 22 23 24
1000/T (K™
gﬂﬁ' 4.18 NINANMUFUNUTANFNANT Kissinger V8INITRA1AINIIANNTOUVDS
CopsFeqs5(HPO,4)22H,0

H [ 1 o a nf > U L% [
A15191 4.7 AUUTIRUNAAFAT A AFNUTZRNTNNTTU(A) WRIUNIZAU(E,) UAZAUALVDS

miamﬂé'h(n) NINTMIIINFUNIIVAY Kissinger Llaz Ozawa

813 7/3%@)@% Al Ea/ n R2
s’ kJmol”
Mng sCag 5(H,PO4),*H,0 1 1.41 x10°° 147.8 0.09 0.9929
2 6.55 x10 129.70 0.26 0.9942
9
3 4.48 x10 89.41 0.72 0.9996
4 4.04 x10"° 152.94 0.41 0.9995
. ) ) ] ]
6 1.01 x10°  236.97 0.14 0.9567
Mng sFegs(HaPO4),+2H,0 1 3.88x10" 115.19 2.56 0.9995
2 1.13 x10°° 192.54 2.06 0.9971
Cog sFe05(HoPO4),*2H,0 1 3.15x10" 131.38 0.39 0.9967
2 5.36x10° 92.82 0.21 0.9986

3 1.47x10" 149.50 0.63 0.9936
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4.4 wan1saziinaslalaniinduasnisaalrsainieanason
mydmmandsmanasivlawdngaunsadmamszinmanesiulawming

vald Gsannnsh 2.54-2.56 LLa:Naﬁvlﬁmﬂmiﬁﬂmmuama@ﬂ"l,ﬂumi'wﬁ 4.8 dreudlynlea

waasliifininna lnmsasnadudasdunausasmslansansmusiia ﬁwé’omuﬁﬁmﬁaaﬁi:q

AMUULANGIUDIRITUG RZTHA LD IT AL

M135190 4.8 WenzTwnaslulawdng Ao wasnudarsivy (AGY) wasnuewmall (AH* uay

ulNIIASYH vasnsaasavesansusznev e talasaunesinalaiasa

717 TUADY AG*/ AHY AS*/
kJ mol”’ kdmol'  Jmol K
Mng sCag 5(H2PO4)2°H,0 1 94.38 144 .65 130.34
2 99.64 126.35 66.18
3 119.53 85.50 -72.26
4 127.80 148.71 41.10

5 ] ] ]
6 155.59 231.85 123.73
Mng sFeq 5(H2PO4)222H,0 1 712.34 1119.78 105.46
2 931.60 1883.50 188.69
C0o.5F €0 5(HoPO,),*2H,0 1 59.85 127.79 157.90
2 121.98 89.93 -70.71
3 174.22 144.05 -45.98

4.5 HANMTAIWIUNAIIBEANIABSZAILINARBANIIANNI DN
nnmadansiiiienusensaninliaangiigigavesnissaisdiudaznaln an
wwuinasluwnsy DTG %38 DTA sndwissmwasnumsaaranusslundaznatn lasldaanis
2.64 udniwaIumssmeRusfidwmlain Wtsufdsunusfiveluvesasidow
MMM 5A0 5(H,PO,)nH,0 lthilu MAP,O,, 3nimafia FTIR vhldsunsaszumingasanyes
luanads 9 lunalnday ﬁ"azﬁlfﬁ’izqﬂavlﬂﬂﬁamﬂéﬁmamm%awnaamsﬁﬁﬂmf:I@mﬂﬂa 813
MosAos(HoPOs)nH,0 9z &ane lUitduw MAP,O,, laana'lnaevijiTun dehydration uas

deprotonated hydrogenphosphate faaafairunasNunNuszfidwinldaaglliluansen 4.9
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A1319N 4.9 am%nﬁqaq@mmmmmsléf'sl,wia:ﬂavlﬂ IIWIBAIDUATT NRIIBABTZNITFUIN

9 uU

MIAUWITH LA TIUBNUOLNTRY FIRILENT Mng 5Cag.s(HaPO,)p*H,0,
Mng sFeq 5(H,PO,4),22H,0, Cog sFeq 5(HoPO,),°2H,0

/13 %umu Tap/K eyl q CI(Dca|/Cm_1 Band assignment
Mng 5Cag 5(HaPO4)2°H,0 1 38556 268.07 6 1608 V,(H,0)
12 3217 V4(H,0)
13 3485 V;(H,0)
2 403.43 28049 6 1683 V,(H,0)
11 3085 V,(H,0)
12 3366 V;(H,0)
3 470.81 32732 2 655 V,s(PO,)
3 982 V,(PO,)
7 2291 B Band (H,PO,)
8 2946 A Band (H,PO,)
4 508.44 35347 3 1060 V, (H,0)
7 2474 B Band (H,PO,)
8 2828 A Band (H,PO,)
5 61617 42834 1 428 V4(PO,”)
2 857 Yon (P-OH)
3 1285 Oon (P-OH)
7 2998 A Band (H,PO,)
8 3427 V; (H,0)
Mng sFeq 5(H2PO4)222H,0 1 386 268 2 537 V(PO
4 1074 V,.s(PO,)
6 1611 V, (H,0)
9 2416 B Band (H,PO,)
11 2953 A Band (H,PO,)
12 3222 V; (H,0)
13 3490 V; (H,0)
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A1319N 4.9(61a) amunﬁgaqmaamiamméhl,l,@ia:ﬂavl,ﬂ FIIWIBADUATT NRIIBABTZNIITY

9 u

ANMIAWITE LA TINUBNUOLNITRY BIMILET Mng sCags(HoPO,)o*H,0,
Mng sFeg 5(H2PO,),22H,0, Cog sFeq 5(H,PO4),°2H,0

813 6009 TaK O q g fcm” I'Band
Assignment
Mng sFeq s(HPO4),*2H,0 2 504 350 2 701 V (P-Oy)
3 1051 V,(PO,)
5 1753 C Band (H,PO,)
7 2454 B Band (H,PO,)
9 3155 A Band (H,PO,)
CoypsFeq.s(HoPO,),+2H,0 1 377 262 6 1570 V, (H,0)
12 3140 V, (H,0)
13 3402 V; (H,0)
2 430 299 2 599 V (P-O,)
8 2396 B Band (H,POy,)
10 2995 A Band (H,PO,)
3 656 456 1 456 V (P-Oy)
2 912 V (P-O,)
5 2280 V (P-Oy)
7 3192 A Band (H,PO,)
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(Conclusion)

51 ayUuan13q9LaaeA (Synthesis results)

PMNNITFILATIZR bTLATATNTAAAE  Mng5Cag 5(HoPOL)oHo0, MngsFeos(HoP - Oy),
«2H,0, CoysFeqs(HoPO4)y2H,0 deaIadeuszuulaneasuaiue (CaCO; waz CoCO,) Way
lang(Mn Wz Fe) nunsawaawasnidudu 50-70% lasfiansainanaiu azdlaw waslad
dnand wunduinafiaNdne szain a5 wazbinaliiiansUaadssswia fa CO, waz H,

g; = dl aaa a J Id aaa (% a 1 =3 1 & a
Turwaawn1sasea ﬂﬂgﬂimm@mmﬂuﬂgmmmﬂm’msamuﬂ@"lu;mm Al nauaine
PUNAIBN RN TzaInaazdlanaaanuunisvad jiseuazilosnudaaddesuineang
FIUAaaN TIurvzraznazimaia U1 TeIuua 3196w luizﬁuqma’mmﬁuluamﬂm e
A o A a & oA v o o ' & o A P’
WalagsNieIouanlan laansIn1Iga1uaINIIANNTa% WUIIFIITNIRUARAT pefigmnnd
gaga 773 K nawlidulanslolaawmaszWemnafia MnCaP,0;,, MnFeP,0;; UazCoFeP,O;
L o d' A ‘3/ [ g; a o a 6 6 a 1 d'

nlashaminasondulenirue 6 i ldvinnsaainnziesddsznauazaausiiadie g tiva
s:qgmﬂuLaqamaomsﬁmﬂmﬁ@ Fanaa gmﬂuLaqaﬁvl@'fﬂdﬂﬁwvliﬁq AATUTR LA NANAAN |6
ﬁnﬂmim’%wmmmaamﬂuaaaﬂ@;uﬁa N§Y MngsCag 5(H2PO4)2*H,0, Mng sFeq 5(HzPO4),+2H,0
82 Coq sFeq 5(HoPO,),*2H,0 ﬁ%aﬂazmmﬁmagﬂs:mm 40-50 8IUE1INGN MnCaP,O»,
MnFeP,0;, W&z CoFeP,0,, JSasasnsuandszanm 80-90

> ¢ a 1 . . .
5.2 ﬁ‘gﬂwam‘smmﬁauLananﬂmmaamsﬁ'mmﬂuﬂma ¢) (Characteristic materials and
Identification method)
o & A A a & v a o« a & A
NAN1TATIIROULENAN B IR IRNTRaNLAToNT K LA ITHIS1AUNNTILATIN fB
SuduasMINATIEATIANUTEN TGA nuninansldasiagautananwainslasiaineeig
wnafiamadpuwifiend ufrenaseugduuunssunoluluana uazgaroanaseuglg
fouguinen waflldaansnagyldasit
5.2.1 #3UHANIIRTIVFDUNYANIINNWANNIDUVDIFS
ﬁ’]‘iﬁ’]ﬁJ‘Dﬁ@ ﬁa Mn0_5Ca0_5(H2PO4)2°H20, Mn0_5Feo_5(H2PO4)2'2H20,
CopsFeos(HPOL), +2H,0 udaziignsasie g fiu udnndnssaneanuiauuaznalnnmisanse’
NANUTOBUANAINUBEITALA® ABENT MngsCag s(HoPO, ) H,0 ANTaanaaInigninuian
d 5 ¥ P
6 nalndas Mlsznavlddonisgaduilulasindn 1 luana Mifadulugeinalnusn uaznis
gad 2 luana esansaanaaivesialalasiaunesnannngludnalndosnds uaz
punpiigagaraimiamadiaglszanm 700 K 3ananglUiluans MnCaP,0,,  d3uaN3
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Mno sF€0.5(H,PO,)p°2H,0 &an@a il MnFeP,0,, @R8nalntas 2 2uaak Llaunatnwin
gaudeiin 2 luana uaznalnfizesgidoin 2 luana asnnmasmeiuszvedlalalasian
Weamna ganniigegavasnisaaisad Ungi 700 K fMRIVFIAFAYing
CopsFeo s(HP0,),+2H,0 aauaa luilu CoFeP,0;, figmanniigiga 773 K lazriunalndas
9 a A a £ a Py
sunatn dsznaudiomagyidoi 2 luana Afiadulunalnuwsnuazmagaidoin 2 Tuanas
Aa &/ dl dll a a 6 A
atulunalnfigasuazanu itasnnmigyielalalasauemna annansdianziizaany
v 1 ¥ g; a o v a L v 1 a &/ ~a
JourasmnInguit Mimusiia MldeTuismssasdinsanuiewi ifiedu 2 ofla da 13
a & A a ' Aaa A o . . a 3
gadpihnolulasendn 71 Bond “UfASen@laiatu (dehydration reaction” waznmIgmyiFoin
Wasnsaanadazadialalasaunesinauanlasawudnianisaiuswluanazasnasine
SHIP Rl deprotonated dihydrogen phosphate reaction and polycondensation reaction”
5.2.2 ayUluanInsdauansmelasIaI DI
a 6 v a qu, o A 6 o 3 cql/ |
HamleTzdsmaianaidsiuuisiend Mlildzduuumaaeiuuifves
g; a & o a v a L%
sInInie 6 aila Jahundienilanaiie lasmadSeuifisuiudeyaunasgiuvesanslan:
WAe7fa M(H,PO,),+2H,0 wae M,P,O;, Lia M= Ca, Mn, Fe uaz Co laswuinansniassle de
Mn0'5cao'5(H2PO4)2'Hzo, Mn0_5Feo_5(H2PO4)2’2H20 LLa$C00.5Feo_5(H2PO4)2'2H20 133} MnCa-
P,012, MnFeP,0;, Uaz CoFeP,0;, Ajuuuunaidsnuuisdiand inllounumslanzido) udd
v { ] = o v U { &/ v g: v
anuiduzasfafiuandsiu Mliszylassafivsssnaiontuldnimue dlassassuazszuy
WAnmdaunuaslanzided MFundn “Isostructural compounds” Lilaifisudayau1asgIu PDF 39
FYTVUKANYRIINIMNG Aaszuuninuuy luluafiin(monoclinic) Nl space group 1u P2,/n
(Z = 2) ﬁ’]‘ﬁ%"l.l Mn0_5C30.5(H2PO4)2’H20, Mn0_5Feo_5(H2PO4)2'2H20 LR C00_5Feo_5 (H2P04)2 '2H20
luamaef MnCaP,0,,, MnFeP,0 a2 CoFeP,0,, Hszuunantdululuafin (monoclinic phase)
73l space group 1w C2lc (Z = 4) uazgdlamwimmaIaLlINInITas (lattice
AV oA v a o A . A ! A a £
parameters; a, b, ¢, B) wafladalnalfssnuaslanzi@oladaunn SynnuuandNiiadu
abunwlddpiadazaavaslansiuandranuiid ldussynelulasssirondniuies
5.2.3 &3UNANTIIATIVNANANHINUZIRVBINIIAUVDIAT
{ J v =3 1
f15Usznaunasantnle 6 1@ 2 N&u ABMngsCags(H;PO,)H,0,
Mn0_5Fe0_5(H2PO4)2°2H20 LR C00_5Feo_5(H2PO4)2°2H20 LLazaﬂﬂEj&Jaﬂ MnC3P4012, MnFeP4012
> QI/ v 1 ] '2
WAz CoFeP,0,, Lanansain1sauvadansusznavlddrsniiotes fa H,PO,” wanloaan way
& o { o ' ' -2
luanaii (H,0) Lananwalidsuandaiauveiniiotes H,PO, waulaaau fa mIdyluuunis
< Ao ' 1A« A <
FWNALAYS 2900-2800, 2400-2300, 1270-1230 &z 900-800 cm DI LUTHALDUNITIUVDY
=) QI/ '2 '2 QI/ =)
ThAULAUNNTAUAR A band (Vou HPO, ), B band (Vou HPO,”), M3auuuuiazluas yY(POH)
waz O(POH) ANNAGL LLa:ﬁaoﬁgﬂLmumﬁumaﬂuLaqaﬁ’]ﬁﬂszﬂauﬁw 3 3uuy fa MIFL
WUUBARARUURNNIAT(V,), NSIULUUEARARULBRNNIAT(VS) kazmIauuuladda(V,) lavas
< f -1 o ° % ' {
WUUDUNTEUUT9 3100-3146, 3200-3400 Waz1590-1700 cm aWIAL UazdMILAINGNT
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% < ' ' 4—
88908 MnCaP,0,,, MnFeP,0,,laz CoFeP,0;, dzilananuain1iauaadniiatasuad [P,0q,]
J 1 { -1 QI/ 1 a
wanlonan lagATIGIUNINT 1300-1100 cm ' 2zUsngRAnIIaULENaanuInIgaIia wialia
{ v v A °I4 - 1 v {
Wuiainisanuidugs Sadugluuunisauasd V,0P0 dalazlifiaanuidugsg 12
-1 g - ' ° ' { & o ' ' g a
1100-950 cm ' (uWAzad V,OPO dudadiunisnau azdudnualiduvassnnguit da tia
iAo ' 1 = < ° o 4= o
Aadndunibs 730 cm Lufiansau vipopP vhldlassainsvasuanleaan [P0, Nanwme
< 1 T Y v [ a 6 % % a
Juasldldiduass seaasasnuuaitanzimilassanidiomaiia XRD

5.2.4 d3UHANIIATINANHULAMFINING1VDIANT
FIRILNANIIATIZAR U IWINGNAIUNABIBIAAATAULLUFBINTIA(SEM) Wudanshl

a v g: = 1 = et et I 1 v I ,ﬁ' a 1 [
L@]sﬂwvl,@]‘ﬂﬂﬂN@NT%’]@I@%J}W@\II%@ LLﬂzNﬂqiﬁ]UﬂuLﬂuﬂﬂqNﬂau NW%N?TETiz vLNNEﬂLLU]Jﬁmg']%
P ' A P a A o = o v a o  ed ‘A
N b I(ﬂUﬁ']L%@JuﬁmzLuaﬁﬂqﬂL‘ﬂﬂuﬂﬂqilaﬁiﬂu‘ﬂ‘l"ﬁnf‘ni’J@L‘i’J ﬂqlﬁwa@ﬂmm‘ﬂqﬁ‘lwuﬂjqw

FULFNDY awu’mmgmﬂu,azﬁmim:mUamgmﬂﬁ"l,ajaﬁfﬂ

a I3 6 6
53 ayduamsianzieannamansuuuwanlalnmaiuas
[-% 1 Q a Qg = v
HANIA WAL TIAUNAMIATANTUUTZANTINTTUA)  WARINUNITZGU(E,) Uaz
DUALVBINIFANLAL (n) NRITIN IFNNFNNNTVLI Kissinger Uaz Ozawa Hib 81N1IAHINN
uunaiana lnnIIgaNaIN19ANNTaUaIRTT TRAAE MngsCags(HoPO4),*H,0,  MngsFegs
(HoPO4)2+2H,0 Uz CogsFeq s(HPO,),*2H,0 136 UINATWEINUNTZGU (E,) VBINTENLEIUG
azﬂa"lﬂﬁﬂﬁi:q"l,ﬁ’hWé’damﬁl’ﬁtﬁaamsImaqaﬁ%a'laaaumﬂiuiﬂida%”wamaaaﬁsﬁdmﬁ@u,u'cl
< ' [ & { ' ' ' -1
saniu 2 ngy Ae wasunsgydsluanainlulasindn Afd1agszning 60-150 kJ mol
a =1 :’ dl' a a
F waamumsgmﬂLasf[wLaqamLuaamﬂmmmﬂwuﬁﬂuvl,aaau"l,@"laimmuwamwm fen
' 1L ° o Aaaa o Y Ada ' = o A o
¥nNndn 150 kJ mol Iwl dmiuliseimssasarvasinnduinndmiena lnuaadwasem
Y il | e ] o s x> o { ' % :’
n3zdu (E,) Wi niafidngs niad Auagnuan1izuiadenfiuandranuvasluanavadsi
mululassaivmmu mnddganiusasifusidamntornudsiliifianissasdilden

> e a Qg 1 aaa ~ a yo e { 1
N1 A6 RIRANFNUTERNTNNITU (A) uwaﬂﬁaﬂgﬂsmmamm I@]UW%’]?M’]LGT%ﬂW&Gﬁﬁ@W

¥ v
o

WU 6 W38 7 RINANITNUADWHEIL0IVaILTINN ninaaudsdiandi uxasind)nsenis

s |$ [ g a a aaa . » o 1 1 aaa
amumvl,wuagﬂuﬂum Lﬂ@ﬂ‘;’]ﬂ‘iiﬂ “tight  complex ﬂ?ﬂ@l'JLLﬂ‘Jﬁﬂ']iﬂ\‘] LLE‘I@\‘]'J"I‘IJQT]‘JEI'W’I'W

(2
o

Qs |g 1 a a aaa o Qs 1 Qs a af 1
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Calcium dihydrogenphosphate monohydrate (Ca(H;PO4),-H,0) was prepared by a rapid and simple pre-
cipitation method using CaCO3; and H3PO4 in aqueous and acetone media at ambient temperature.
The thermal transformation of the synthesized Ca(H;PO4),-H,0 at 500°C was obtained to be CaP,0g
occurred through the dehydration and the phosphate condensation reactions, as revealed by thermoana-
lytical techniques (TG/DTG/DTA). The synthesized Ca(H,PO4),-H, O and its decomposition product CaP,0¢
were characterized by X-ray powder diffraction (XRD), Fourier transfer infrared (FTIR) spectroscopy

Key ‘l.vordS:. and scanning electron microscope (SEM). Thermal behavior and the morphology of the synthesized
Calcium dihydrogenphosphate . . . .
monohydrate Ca(H,P04),-H20 in aqueous and acetone media are compared with those of other works. The SEM micro-

graph of Ca(H,PO4),-H,0 show parallelogram-like microparticles containing small and large grain sizes.
The aqueous and acetone media are proposed to play an important role in the synthetic process of calcium

Aqueous and acetone
Rapid precipitation

Parallelogram-like particles

phosphates in exhibiting different physical properties, which are important for specific applications.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Calcium phosphate compounds have been investigated exten-
sively during the past 50 years. They are primarily used as bone
substitutes in the biomedical industry due to their biocompati-
bility, low density, chemical stability, high wear resistance, and
their compositional similarity with the mineral phase of bone
[1-10]. They are composed of ions commonly found in physiolog-
ical environment, which make them highly biocompatible. They
exist in different forms and phases depending on temperature,
partial pressure of water and the presence of impurities [7,8]. Differ-
ent forms and phases are used in different applications depending
upon whether a resorbable or bioactive material is desired [10].
For example, HAp, B-TCP, a-TCP, biphasic calcium phosphate (BCP)
[9], monocalcium phosphate monohydrate (MCPM) and unsin-
tered apatite (AP) are different forms of commercially available
calcium phosphates currently used in the biomedical industry.
In addition, they exhibit considerably improved biological affin-
ity and activity compared to other bioceramics such as alumina,
zirconia, coralline, ALCAP (aluminum calcium phosphate ceram-
ics), ZCAP (zinc calcium phosphate oxide ceramics), ZSCAP (zinc
sulphate calcium phosphate ceramics) and FECAP (ferric calcium

* Tel.: +66 7750 6422x4546; fax: +66 7750 6410.
E-mail address: kbbanjon@kmitl.ac.th.

0925-8388/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2009.03.157

phosphate oxide ceramics). Therefore, they are the materials of
choice in both dentistry and medicine nowadays [4-6]. In another
application, calcium phosphates are valuable phosphorus (P) and
micronutrient (Ca) fertilizer due to their solubility in soil [11]. When
calcined, they yield other forms such as calcium pyrophosphate
and calcium polyphosphate, which are used as pigments, cata-
lysts and fertilizers [11] For instance, an important production step
of phosphate fertilizers, such as calcium polyphosphates (CaP,Og
or Ca(P0Os3)y), is the acid thermal treatment of the phosphate
raw materials accompanied by condensation of the intermediate
acidic salts, mainly Ca(H;P0O4),-H;0. So far, calcium phosphates,
such as Ca(H;P0O4),-H,0 and Ca(POs),, were synthesized by sev-
eral methods: precipitation method [12], hydrothermal reaction
[13], template method [14], sol-gel method [15], microemulsion
synthesis [16], micelle synthesis [17], mechanochemical synthe-
sis [18], combustion method [19] and microwave irradiation [20].
Conventional precipitation method has some drawbacks in pre-
cisely controlling the stoichiometry, crystallinity, larger particle
size and morphology of products, which were improved via intro-
ducing surfactants as templates [14], ultrasound irradiation [20]
and microwave irradiation [21], microemulsion [14] and micelle
[16] as the reaction vessels. Most recently, the preparation of
some transition metal phosphates by different synthesis conditions
and medium agents had been reported, which give rise to final
metal phosphates with cost-effective method [22-24]. The prepara-
tion methods need to obtain well-defined chemical microstructure
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Fig. 1. TG/DTG/DTA curves of the synthesized Ca(H,PO4);-H>0 in aqueous acetone
media at a heating rate of 10°Cmin~" in static air.

depends mainly on the conditions of synthesis [22]. These are
obtained when the materials were synthesized using a solution-
based method. The main advantage is the molecular level mixing
which facilitates the formation of polycrystalline homogeneous
particles with improved properties.

Herein, the present paper reports the synthesis of
Ca(H,P04),-H,0 by a simple precipitation from calcium car-
bonate and phosphoric acid in aqueous and acetone media at
ambient temperature with the short time consumption (15 min).
The presence of acetone reduced hot reaction and prevented
the evolved CO, (g) in the precipitation process. This method
is a simple, rapid and cost-effective route for the preparation
of Ca(HyPO4),-H,0, which exhibits the significant difference of
physical properties with previous works [2,4,9]. The resulting
sample, its dehydration procedure and product were characterized
by TG/DTA/DTG, XRD, SEM, and FTIR.

2. Experimental

The Ca(H,PO04),-H20 compound was prepared by precipitation methods using
CaC0s3 (99.99%, Merck) and phosphoric acid (86.4%, w/w H3PO4, Merck) as starting
materials. In a typical procedure, 10 mL of acetone (99.9% Carlo Erba) was added to
1.0080 g of calcium carbonate and this mixed solution was referred to as suspension
A.Next, 81.02 mL of (86.4%, w/w H3PO4) was diluted in 18.98 mL of de-ionized water
and this solution was referred to as solution B. Then, 5 mL of the solution B was added
to the suspension A and the resulting mixture was mechanical stirred at ambient
temperature about 15 min. Finally, the white precipitation of Ca(H,PO4),-H,0 was
obtained, filtered by suction pump, washed with acetone until free from phosphate
ionand dried in air. Its final decomposition product seemed to occur at temperatures
above 500 °C (Fig. 1). The dried white precipitation then was calcined in a box furnace
at 500°C for 3 h in air. The final product was obtained as a white pink solid.

C3HgO
—

CaCOs(s) + 2H3PO4 + H,0 Ca(HP04),"H,0 (s) + 205> + 2H*

room temperature

Calcium content was determined by atomic absorption spectrophotometer
(Analyst 100, PerkinElmer). Thermal property of Ca(H2PO4),-H,0 was investigated
on a TG-DTA Pyris Diamond PerkinElmer Instruments. About 8-10 mg of sample
was heated over the temperature range from 30 to 800 °C with the heating rate of
10°Cmin~! and the O, flow rate of 100 mL min~'. The thermogram of sample was
recorded in open alumina pan using a-Al;03 as the reference material. The struc-
ture and crystalline size of the prepared sample and its decomposition product were
identified by X-ray powder diffraction using a D8 Advanced powder diffractometer
(Bruker AXS, Karlsruhe, Germany) with Cu Ko radiation (A =0.1546 nm). The Scher-
rer method was used to evaluate the crystalline size (i.e. D= KA/Bcos 6, where A is the
wavelength of X-ray radiation, K is a constant taken as 0.89, 6 is the diffraction angle
and g is the full width at half maximum (FWHM)) [25-27]. The morphology of the
selected resulting samples was examined with Scanning Electron Microscope (SEM)
using LEO SEM VP1450 after gold coating. The room temperature FTIR spectra were
recorded in the range of 4000-370 cm~! with 8 scans on a PerkinElmer Spectrum GX
FT-IR/FT-Raman spectrometer with the resolution of 4cm~" using KBr pellets (KBr,
spectroscopy grade, Merck).

3. Results and discussion

The TG/DTG/DTA curves of Ca(H,PO4),-H, 0 are shown in Fig. 1.
The TG curve shows the mass loss between 30 and 800 °C, which
are related to the elimination of water molecules in crystallization
water and an intermolecular phosphate condensation. The elim-
inations of water were observed in three areas: 97-151, 151-278
and 278-500°C. The weight losses in three stages are 3.80, 2.10 and
15.42%, which correspond to 0.53, 0.29 and 2.15 mol of water for
Ca(H,PO04),-H;0, respectively. The DTA curve show four endother-
mic and one exothermic effects over the temperature region at
117, 184, 383, 397 and 597 °C whereas the DTG curve show four
peaks at 117, 184, 383 and 397 °C. The thermal decomposition of
Ca(HpPO4),-H,0 in the range of 97-500°C is a complex process,
which involves the dehydration of the coordinated water molecules
(1 mol H,0) and an intramolecular deprotonated phosphate groups
or phosphate condensation (2mol H,0) as shown in equations

(1)-(4).
97-151°C

Ca(H,P04),*H,0” 2 “Ca(H,P04),°0.5H,0+ ~ 0.5H,0 1)

Ca(H,P04),°0.5H,0"' 2228 "“Ca(H,P04),°0.2H,0+ ~ 0.3H,0  (2)

278-500°C
—

Ca(H,P04),°0.2H,0 Ca(HP04),°0.2H,0+ ~ 0.3H,0  (3)

yCaP, 052 B-CaP, 05 (4)

A large number of intermediate compounds, such as
Ca(H,PO4),-nH,0(n=0.2 and 0.5), acid polyphosphate Ca(H,POy4)-,
acid condensed phosphate CaH; P, 07 and mixtures of intermediate
have been registered. Further, a small exothermic effect at 597 °C
without appreciable weight loss is observed in the DTA curve,
which can be ascribed to a transition phase from y-CaP,0¢ to
[3-CaP,0¢ form for the precipitate derived from acetone solution.
This result may be not in agreement with literature [4], which
reported higher temperature (>700°C) of this transition phase.
v-Calcium polyphosphate y-CaP,0g was found to be the products
of the thermal decomposition in the range of 500-597°C as
revealed by the TG curve. Total mass loss is (21.32%, 2.98H,0) for
CaCO0s3(c)-H3PO4 in aqueous and acetone media, which is closely
to the theoretical value (21.48%, 3.00H,0). In order to gain the
complete dehydrated Ca(H,PO4),-H,0 in aqueous and acetone
media, the synthesized Ca(H,PO4),-H,0 was heated in the furnace
at 500°C for 3 h and its dehydration product, CaP,0g (White pink)
was obtained and was further investigated by XRD and FTIR results.
The thermal behavior of synthesized Ca(H,P04),-H,0 in aqueous
and acetone media is significantly different from the dehydration
reaction of Ca(H,PO4),-H,0 reported in literatures [4,28]. This
result indicate that the medium reagents for precipitation have the
effects on the thermal transformation of Ca(H,POg4),-H>0.

The XRD patterns of the synthesized Ca(H,PO4);-H,0 and its
dehydration product, CaP,0g are shown in Fig. 2. All detectable
peaks of the obtained Ca(H,P04),-H,0 and CaP,0g samples are
indexed as Ca(HPO4);-H,0 and y-CaP,0g structures, which are
identified using the standard data of PDF # 0903047 and PDF #
500584, respectively. These results indicated that the two crys-
tal structures are in monoclinic system with space group P2{/n
(Z=2) for Ca(H,PO4)2-H,0 and Cc (Z=4) for CaP,0g. The average
crystallite size of 63 + 16 nm for Ca(H,PO4),-H,0 sample was cal-
culated from X-ray line broadening of the reflections of (020),
(001), (-=111), (120) and (040), using Scherrer equation (i.e.
D=0.89X/Bcos ), where A is the wavelength of X-ray radiation,
D is a constant taken as 0.89, 6 is the diffraction angle and 8 is
the full width at half maximum (FWHM) [25,26]. Similarly, the
average crystallite size of 38 + 16 nm for calcined sample (CaP,0g)
was calculated from X-ray line broadening of the reflections of
(022),(-131),(312),(313) and (—241). The lattice parameters
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Table 1
Average crystallite sizes and lattice parameters of Ca(H,PO4),-H,0 and CaP,0Og calculated from XRD data.
Lattice parameters Ca(HyP04)2-H,0 CaP,0¢
This work PDF #0903047 DIF. (this work-PDF) This work PDF #500584 DIF. (this work-PDF)
a(A) 6.27(4) 6.25 +0.02 9.45(0) 9.56(4) -0.11
b (A) 11.32(1) 11.89 -0.57 9.54(0) 9.50(1) +0.04
c(A) 5.94(2) 5.63 +0.31 10.59(0) 10.37(1) +0.22
B(°) 114.11(0) 114.20 -0.09 93.62(0) 93.47(0) +0.15
Average particle size (nm) 63.71+16 - - 38.34+16 - -

calculated from the XRD spectra are a=6.27(4)A, b=11.32(1)A,
c=5.94(2)A for Ca(H,P04),-H,O and a=9.45(0)A, b=9.54(0)A,
¢=10.59(0) A for CaP, 0. The lattice parameters of Ca(H,P0O4),-H,0
and CaP,Og are close to those of the standard data PDF # 0903047
and PDF # 500584, respectively. The crystallite sizes and lattice
parameters are also tabulated in Table 1.

The FT-IR spectra of the obtained Ca(H;P04),-H,0 and CaP,0g
samples are shown in Fig. 3 and found to be very similar to those
observed by Chapman [29], which are assigned relating to the fun-
damental vibrating units, H;PO4~, H,O and PO3~ ion (P,0g or
(PO3),), respectively. The highest site symmetry of H,PO4~ ion is
C,y, in the crystallographic unit cell (P21/n, Z=2)[29], however, the
four H,PO,4~ ions are located on the set of non-equivalent site sym-
metry of C;. A pair of H,PO4 ™~ ions is related to each other by a center
of symmetry. The four fundamental modes of the free phosphate
ion undergo factor group splitting [29]. The O-H stretching of the
H,PO4~ ion gives rise to a complex feature (the A, B, C trio) of which
only the two former components are clearly visible, the third com-
ponent (C) possibly contributing to the breath of the bands in the
water bending region (1850-1495 cm~!) and/or the multiple bands
in this region [29]. Two bands centered at 2953 and 2337 cm~! in
FTIR spectra are referred to as bands A and B, respectively. The third
component (band C) is observed around 1600cm~!. The intense
band at about 1241 cm~! is due to the in plane P-O-H bending (A,),
while the out of plane bending (A;) vibration is observed at about
887 cm~1. Vibrational spectra of present hydrate were assigned by
factor group analysis and derived from the same mode in the free
H,P0O,4~ ion [29]. A strong band at about 1113 cm~! in FTIR spectra
is assigned to PO, asymmetric stretching (Bq). The FTIR frequency
of the P(OH), asymmetric stretching (B,) shows the strong band
at about 958 cm~!. The weak band at about 866cm™! is assigned
to P(OH), symmetric stretching modes (A;). The medium band at
about 569cm™! is corresponding to PO, bending modes (B;). A
strong band appeared at about 506 cm~! is attributed to PO, rock-
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Fig. 2. XRD patterns of the synthesized Ca(H,PO4),-H,0 (a) and its decomposition
product CaP,0g (b).

ing mode (B; or A, vibrations), respectively. In addition, a weak
band in FTIR spectra is observed at around 392 cm~! according to
P(OH), bending mode (A1).

Unlike the H,PO4~ ion, two water molecules occupy general
position in the crystal [28,29]. The band of water vibrations are
illustrated in Fig. 3 as a broad band (1651 cm~1) contributes both to
the band Cand to the water bending region [30]. Aweak band occurs
in the FTIR spectra at approximately 682 cm~! is assigned to rock-
ing mode involving water molecules. The vgy stretching modes of
HOH inMn(H,P04),-2H,0 appear at3242cm~! (v;)and 3469 cm™~!
(v3). The bands associated with the vgy stretching frequencies in
H,PO,4~ ion are observed at about 2953 (band A) and 2337 (band
B)cm~! [31].

The FTIR bands of the CaP,0Og (Fig. 3b) are characterized based
on the fundamental vibrating units namely PO;~ anion. The P-O
stretching modes of the [PO3]~ anion are known to appear in the
1350-1000 cm~"! region [29]. The symmetric PO, stretching vibra-
tions (vsymPO3) for the CaP,0g sample are observed in the range
of 1106-1050cm~!, while the asymmetric stretching vibrations
(VasymPO3) are located at 1312cm~!. The asymmetric (VasymPOP)
and symmetric stretch (vsymPOP) bridge vibrations for this sample
are observed at 717 and 506 cm™!, respectively. The PO3; defor-
mation, rocking modes, the POP deformations, the torsional and
external modes are found in the 400-230 cm~! region.

The SEM micrographs of the obtained Ca(H;PO4),-H,0 and
CaP,0g samples are shown in Fig. 4. The particle shape and size
are changed throughout the whole decomposition product. The
SEM micrograph of Ca(H,PO4),-H,O (Fig. 4a) illustrates many
small and some large parallelogram-like crystals, having sizes of
about 0.25-2.0 um in length and 0.3-0.8 wm in width for small
parallelogram-like crystals and about 0 .5-5.0 um in length and
1.0-2.0 pm in width for large parallelogram-like crystals, respec-
tively. The SEM micrograph of the CaP,0g shows re-texturing
and coalescence in aggregates of irregularly shaped crystals of
different sizes (0.40-1 m) (Fig. 4b). The morphology of the pre-
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Fig. 3. FTIR spectra of he synthesized Ca(H,PO4),-H,0 (a) and its decomposition
product CaP,0g (b).
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Fig. 4. SEM micrographs of he synthesized Ca(H,PO4),-H,0 (a) and its decomposition product CaP,Og (b).

pared Ca(H,PO4),-H,0 and its decomposition CaP,Og particles
may indicate further nucleation/growth of the microcrystals inside
the powder. The morphologies of prepared Ca(H,P04),-H,0, and
CaP,0g particles obtained from this work are smaller and different
from non-uniform shapes of those in previous reports [1,4]. These
results indicate that the media reagents for precipitation have the
strong effect on the morphology of Ca(H,P04),-H,0 and CaP,0g.
The results of SEM experiments indicate that the grain sizes of
Ca(H,P04),-H,0 and CaP,0g are not consistent with the crystal-
lite sizes in the XRD analysis because the exact particle nucleation
and growth mechanisms are caused. The results are also in agree-
ment with that reported the media effect on preparation methods
in the literatures [1,4,24].

4. Conclusion

The Ca(H,PO4)2-H>0 samples were successfully synthesized by
a rapid and simple spontaneous precipitation from CaCO3 and
H3PO4 in aqueous and acetone media at ambient temperature with
short time consuming (15 min). The presence of acetone prevented
the evolving CO, gas and reduced strongly hot reaction between
CaC03 and H3PO4 and this route is referred to as soft solution prepa-
ration. Thermal behavior and morphology of Ca(H,POg4), -H,0 are
different from those of other works indicating that the media
agents are caused. The morphology of Ca(H;POg4);-H,0 shows
parallelogram-like crystals, as revealed by SEM data. This work
presents the simple, cost-effective, rapid time consumption and
environmental friendly synthetic method for the precipitation of
Ca(H,P04),-H, 0. The different media agents for precipitation affect
some physical and chemical properties of interesting materials,
which may be the alternative methods for its potential applications
such as catalytic, ceramic and the biomedical materials, etc.
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ABSTRACT

A new binary cobalt iron cyclotetraphosphate, CoFeP401, was synthesized through solid phase reaction
using cobalt carbonate, iron metal and phosphoric acid in the presence of water-acetone media with
further calcinations at the temperature of 500 °C. The particle size obtained from X-ray line broadening
is 65+ 24 nm for the CoFeP,01;. FTIR spectrum of CoFeP40+; is assigned based on the P40, ion in the
structure. The SEM micrograph of the synthesized CoFeP404; shows non-uniform microparticle, which
is important for specific application. Room temperature magnetization result shows superparamagnetic
behavior of the CoFeP401, powder, having no hysteresis loop in the range of 10,000 Oe with the specific
magnetization value of 14.243 emu/g. The XRD and FTIR results of the synthesized CoFeP401, appear
to be very similar to that of MyP401, (M =Co and Fe), which indicates the monoclinic phase with space
group C2/c.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The cyclotetraphosphates of some bivalent metals are rela-
tively stable compounds, both thermally and chemically [1-3].
They exhibit properties of colour, anticorrosion ability and lumines-
cence, which allow their application as special inorganic pigments
[4,5]. Additionally, these compounds are valuable phosphorus (P)
and micronutrient (Ca, Mg, Fe, Mn, Co, Ni) fertilizers due to their
solubility in soils. The new cyclotetraphosphates of some binary
divalent metals have been prepared in our laboratory and exam-
ined for many potential applications [1-3]. This work is of interest
because it appears economically advantageous to substitute a por-
tion of the divalent metal with a less costly divalent element that
could also improve, in many cases, potential pigments, selective
catalysts, phosphors, materials for corrosion-resistant coatings and
biocompatible and biodegradable in tissue [1-3]. Such a suitable
element, from our experiences, is iron, which alone does give both
a cyclotetraphosphate and polyphosphate [1-5]. In addition, the
binary cobalt iron cyclotetraphosphate has not been described in
the literature. Consequently, it is pertinent to synthesize binary
cyclotetraphosphate and its solid solution. By varying the compo-

* Corresponding author at: King Mongkut’s Institute of Technology Ladkrabang,
Chumphon Campus, 17/1 M. 6 Pha Thiew District, Chumphon 86160, Thailand.
Tel.: +66 7750 6422x4565; fax: +66 7750 6410.

E-mail addresses: kbbanjon@kmitl.ac.th, kbbanjon@gmail.com (B. Boonchom).

0925-8388/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2009.07.036

sition of the solid solution (within its homogeneity range), one can
change its useful properties. So far, other binary cyclotetraphos-
phates (M;_4AxP4012; M and A=Mg, Ca, Mn, Co, Ni, Zn, or Cu;
x=0-2) have been synthesized by the mixture of corresponding
metal cyclotetraphosphates, and then were melted together on
platinum dishes in an electric furnace at high temperature (>700 °C)
and long time consumption (>5h) [5-8].

In this work, we report for the first time the synthesis of a
new binary cobalt iron cyclotetraphosphate, CoFeP404, by solid
state route from cobalt carbonate, iron metal and phosphoric acid
in water-acetone medium. The presence of acetone reduced hot
reaction and prevented the evolved H;(g) and CO,(g) in the pre-
cipitation process. This method is a simple, rapid, cost-effective
and environmental friendly route for synthesis of CoFeP401;. The
synthesized sample was characterized by X-ray powder diffrac-
tion (XRD), Fourier transform infrared (FTIR), scanning electron
microscope (SEM) and a vibrating sample magnetometer (VSM)
techniques.

2. Experimental

In this study, CoCO3 (99.99%, Merck), Fe (c; complexometric) (99.99%, Fluka),
H5PO4 (86.4%, w/w, Merck) and acetone (99.99%, Merck) were used as starting
materials. The synthetic method of CoFeP40;, involves a two-step process (1-2).
Beginning procedure (1), 10mL of acetone was added to 1.1893 g of CoCO3 and
0.5584 g of Fe(c) (a mole ratio corresponding to the nominal composition of Fe:Co
ratio of 1.0:1.0) and this suspension referred to as suspension A. Then 5 mL of 70%
H3PO4 (86.4%, w/w H3PO4 dissolved in DI water) was added to suspension A. The
resulting suspension was continuously stirred at ambient temperature (10 min) and



690 B. Boonchom et al. / Journal of Alloys and Compounds 486 (2009) 689-692

the precipitate was obtained. The prepared solid was filtered by suction pump,
washed with acetone and dried in air. Final step (2), the prepared solid was heated in
the furnace at 500°C for 3 h and its final product, CoFeP401, was obtained and fur-
therinvestigated. The obtained compound (CoFeP405; ) is significantly different from
that prepared from CoCO3;-Fe(c)-H3PO4 (CoFeP,07) with water-methanol system
in our previous work [9].

1CoCO; + 1Fe + 2H3P0, acetone room temperature Cog sFeg s(H2P04),

+1H,0 4+ 1CO; + 1H, ©
Cog.sFep.5(H2P04), 500°C %COF€P4012 + 2H,0 (2)
_

The cobalt and iron contents of CoFeP401, were determined by dissolving
in 0.0126 M hydrochloric acid using atomic absorption spectrophotometry (AAS,
PerkinElmer, Analyst100). The phosphorus content was determined by colorimetric
analysis of the molybdophosphate complex. The room temperature FTIR spectrum
was recorded in the range of 4000-370cm~! with 8 scans on a Perkin-Elmer
Spectrum GX FTIR/FT-Raman spectrometer with the resolution of 4cm~! using
KBr pellets (KBr, spectroscopy grade, Merck). The structure and crystallite size
of the synthesized sample were studied by an X-ray powder diffraction using a
X-ray diffractometer (Phillips PW3040, The Netherlands) with Cu Ko radiation
(A=0.15406 nm). The Scherrer method was used to evaluate the crystallite size
[10]. The morphology of the prepared sample was examined with scanning elec-
tron microscope using LEO SEM VP1450 after gold coating. The magnetic property of
the CoFeP40;, was examined at room temperature (20 °C) using a vibrating sample
magnetometer (VSM 7403, Lake Shore, USA).

3. Results and discussion
3.1. Chemical analysis

The chemical analysis of the synthesized CoFeP,0, gives
15.83 wt% Coyora), 14.92 Wt% Feyora) and 33.20 Wt% Pyorq), SUggeSting
the molar ratio Co;gtar:Fetotal:Piota = 1.00:0.99:3.99. This indicates
that the general formula would be CoFeP4015.

3.2. FTIR spectroscopy

The FTIR spectrum of the calcined product CoFeP401; is shown in
Fig. 1, which is very similar to those exhibited in M;P4015 (M =Mn,
Co, Fe) [1-3]. The vibrational modes of P40,%~ ion observed in
the frequency range of 370-1400cm~! are assigned according to
the literature [4]. The anion contains the PO,2~ radical and the
P-O-P bride, which are interpreted the FTIR spectra from view-
point of the vibrations of these two groups. As the P-O bond
strength in the P-O-P bride is weaker than in the PO,2~ radical,
the stretching frequencies of the P-O-P bride are expected to be
lower than those in the PO,2~ radical. The asymmetric and sym-
metric stretching frequencies of the PO,2- radical are generally
observed in the areas 1350-1220 and 1150-1100 cm~, respectively.
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Fig. 1. FTIR spectrum of CoFeP40x,.
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Fig. 2. XRD pattern of CoFeP401;.

The P-O-P bride has its asymmetric and symmetric stretching fre-
quencies around 1000-900 and 900-700cm™!, respectively. The
bending modes are expected in the area 600-400cm~! (P02~
radical) and 400-370cm~! (P-O-P bride). The metal-O stretch-
ing usually appears in the bending mode region as the bending
modes of the P-O-P bride and absorption bands associated with
these vibrations are usually very weak. The observation of a strong
vsPOP band is known to be the most striking feature of cyclote-
traphosphate spectra, along with the presence of the v;;0PO~ band.
From X-ray diffraction data [11], it was shown that the crystal struc-
ture is monoclinic (space group C2/c) with a cyclic structure of the
[P4012]*" anion. This has been confirmed by the FTIR measure-
ments. On the basis of above results, the FTIR spectrum of CoFeP4015
is similar to those obtained from other binary M;_,AxP4012 (M and
A=Mg, Ca, Mn, Fe, Co; x=0-1)and individual M, P40, [1-4], which
confirm their isostructural properties.

3.3. X-ray powder diffraction

The XRD pattern of CoFeP40,; is similar to those obtained from
the individual MyP401, (when M = Co and Fe) in our previous works
[1-3], but the intensities are slightly different (Fig. 2). In the systems
of binary cobalt iron solid solutions (or cobalt iron cyclotetraphos-
phate), the electric charges of cations are equivalent, and the radii of
cations are close to each other, so the spectrum peaks are quite sim-
ilar. On the basis of above analysis, we can draw a conclusion that
the synthesized CoFeP40; is solid solution and not a mixture of the
individual ones. These results indicate that the binary M;_yAxP401>
and the single metal M,P401, (M =Mg, Mn, Co, Ni, Fe, Zn) types are
isostructural. All the detectable peaks can be distinctly indexed as a
pure monoclinic phase with space group C2/c (Z=4) for CoFeP401>,
which note to be similar to those of the standard XRD data (PDF no.
842208 for Co,P401, and PDF no. 782285 for Fe; P40, ). The average
crystallite size and lattice parameter of CoFeP401, were calculated
from XRD patterns and also tabulated in Table 1. Additionally, the
lattice parameters of the CoFeP401, are comparable to those of the
standard data (Co,P4015 (PDF no. 842208) and Fe;P401> (PDF no.
782285)) and the prepared single metal compounds in our previ-
ous works [1,2]. However, the crystallite size for the studied binary
compound in this work is larger than those from the single metal
compounds (40 & 10 nm for Co;P404, and 29 + 6 nm for Fe;P4013)
in our previous works [1-3].

3.4. Scanning electron microscopy

The SEM micrograph of CoFeP401; is shown in Fig. 3. The particle
shape and size are changed throughout the whole decomposition
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Table 1

Average particle size and lattice parameters of CoFeP401; calculated from XRD data.

Compounds Systems a(A) b(A) c(A) B () Average crystallite size (nm)
CoyP4012 PDF no. 842208 11.8 8.28 9.92 118.72 -
Ref. [2] 11.83(8) 8.22(6) 9.94(0) 118.51(1) 40+ 10
CoFeP,01, This work 11.69(3) 8.41(5) 9.77(2) 118.13(2) 65 + 24
Fe;P4013 PDF no. 782285 11.94 8.37 9.93 118.74
Ref. [1] 12.80(0) 8.80(4) 10.56(0) 118.67(4) 20+6

product. The morphology of CoFeP401, shows a high agglom-
erate of non-uniform particles, which is not similar to those of
M,P401, (M=Co or Fe) (Fig. 4b) in our previous works [1-3]. The
highly agglomerate of CoFeP40;, powder is possibly caused by
the process of dissolution and a rapid co-precipitation as well as
the decomposition process, subsequently. The different morpholo-
gies between of the single metal compounds (M;P4012, M=Co or
Fe) and the binary CoFeP401, indicate the presence of Co ions in
substitution position of Fe ions, which confirm the formation of
new binary cobalt iron cyclotetraphosphate CoFeP401;. The result
of SEM experiment indicates that the grain sizes of CoFeP401;
are not consistent with the crystallite sizes in the XRD analysis
because the exact particle nucleation and growth mechanisms are
caused.

Fig. 3. SEM micrograph of CoFeP401;.
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Fig. 4. The specific magnetization of CoFeP40+, as a function of field, measured at
20°C.

3.5. VSM magnetometer

The specific magnetization curve of CoFeP401, powder obtained
from room temperature VSM measurement is shown in Fig. 4. This
curve is typical superparamagnetic behavior without any hysteresis
in the field range of +10,000 Oe. Specific saturated magnetization
(Ms) value of 14.243 emu/g was observed for the CoFeP401, pow-
der. The result is lower than the saturated magnetization for Fe304
nanoparticles (in a range of 30-50 emu/g) [12,13]. It is seen that
magnetization of the CoFeP40q, is lower than that of Fe,P401>
(85.01 emu/g) but markedly distinct from the diamagnetic prop-
erties of Co,P401, [2,3]. This result indicates that the presence of
Co ions in substitution position of Fe ions has the strong effect on
the magnetic behavior of CoFeP401,. To our knowledge, it is worth
nothing that superparamagnetic property of the CoFeP401, sample
is reported for the first time in this study.

4. Conclusions

A single monoclinic phase of a new binary CoFeP401, was suc-
cessfully synthesized by solid state route from cobalt carbonate,
iron metal and phosphoric acid in the presence of water-acetone
media. FTIR, XRD, SEM and VSM results suggested the forma-
tion of a new binary CoFeP401,. The morphology of CoFeP401;
shows a high agglomerate of non-uniform particles. The synthe-
sized powder is polycrystalline, having crystallite size of 65 4+ 24 nm
for CoFeP4013, as estimated by XRD. The synthesized CoFeP401;
is superparamagnetic behavior, having no hysteresis loop in the
range of —10,0000e <H<10,000 Oe with the specific magnetiza-
tion of 14.243 emu/g at 10kOe. This work presents the simple,
cost-effective, rapid time consumption and environmental friendly
synthetic method for the precipitation of CoFeP4013. The new
binary CoFeP401, powder may be useful for potential applications
as super phosphate and micronutrient fertilizers, inorganic ceramic
pigments and corrosion-proof compositions.
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A new binary CoyoFe;;2(H2P04),-2H,0 was synthesized by a simple, rapid and cost-effective method
using CoCO3-Fe(c)-H3PO4 system at ambient temperature. Thermal treatment of the obtained Co;>Fey;
2(H2P04)»-2H,0 at 600 °C yielded as a binary cobalt iron cyclotetraphosphate CoFeP401,. The FTIR and
XRD results of the synthesized CoqFeq/2(H2PO4),-2H,0 and its final decomposed product CoFeP401,
indicate the monoclinic phases with space group P2,/n and C2/c, respectively. The particle morphologies
of both binary metal compounds appear the flower-like microparticle shapes. Room temperature
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1. Introduction

In recent years, a large number of inorganic natural or
synthesized phosphates have the incremented use in order to
supply the demands of industrial, commercial, scientific and heath
sectors due to valuable physical-chemical properties and reactivity
[1-4]. The metal phosphate compounds are divided by block unit as
P0O43~,HPO4%~,H,PO, ", P>0,4~ and P4O;>*" units, which have found
widespread applications in catalysts and adsorbents, ion-exchange
materials, solid electrolytes for batteries, in linear and non-linear
optical components, chelating agents, tooth powder and doughs,
artificial teeth and bones, corrosion-resistant coating, sewage
purifying agents, glass-ceramics, refratories, fire extinguishers,
cements, soap powders, biomaterials and implantates, forages for
animals, superinonic conductors, piezo- and ferroelectrics, gas and
moisture sensors, magnets, phosphors, detergents and high-quality
fertilizers [5-11]. Synthesis of these materials by solid state reaction

* Corresponding author at: King Mongkut’s Institute of Technology Ladkrabang,
Chumphon Campus, 17/1M. 6 Pha Thiew District, Chumphon 86160, Thailand.
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at ambient temperature and the morphology and architecture at
microscale and nanoscale levels is a significant challenge, which
attracts increased attention because of their conveniences and their
strong influence on material properties.

Metal dihydrogenphosphate (H,PO, ) group, one of the impor-
tant metal phosphates, has found widespread applications according
to above mentioned. Additionally, this metal dihydrogenphosphate
group is transformed to metal cyclotetraphosphate (P401,%") group
by dehydration and polycondensation reactions at high temperature,
which is advance material, such as ceramic pigment, catalyst and
fertilizer [12-17]. Both metal dihydrogenphosphate and metal
cyclotetraphosphate groups have received a great deal of attention
due to simple, nontoxic and cheap synthetic routes and their friendly
environment [5-11]. Consequently, in the last few years many
works have been a successful attempt in the synthesis of metal (II)
dihydrogenphosphate hydrates M;_,Ay(H;P04),-nH,O (M and
A =Mg, Ca, Mn, Fe, Co, Ni, Zn, or Cu; x=0-1; n=1-4) [12-17] and
metal (II) cyclotetraphosphates M,_,A,P40:> (y=0-2) [15-17].
However, it is pertinent to synthesize binary metal dihydrogenpho-
sphates, binary metal cyclotetraphosphates and their solid solutions.
By varying the composition of the solid solution (within its
homogeneity range), one can change its useful properties. So far,
binary metal dihydrogen phosphates were synthesized from
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corresponding metal(Il) carbonates (or metal oxides) and phosphoric
acid at low temperature (40-80 °C) with long time periods (>48 h)
[15-17]. While binary metal cyclotetraphosphate was synthesized
by mix of corresponding metal cyclotetraphosphates, then melting
them together on platinum dishes in an electric furnace at high
temperature (>900 °C) with long time consumption (>5 h). How-
ever, binary metal cobalt iron dihydrogenphosphate and it decom-
posed product has not been reported in the literature.

The purpose of this work is to prepare new binary CoqFey,
2(H,PO4)2-2H,0 by solid state reaction at ambient temperature
with short time consumption (<15 min). Thermal transformation
product of the synthesized sample is binary cobalt iron cyclote-
traphosphate CoFeP40;,. The synthesized powders of Coq;;Feq,
2(H;PO4)>-2H,0 and its thermal transformation CoFeP40;, with
flower-like microparticles and novel superparamagnetic proper-
ties were characterized by thermogravimetry-differential thermal
gravimetry-differential thermal analysis (TG-DTG-DTA), X-ray
diffraction (XRD), scanning electron microscopy (SEM), Fourier
transform IR (FTIR), and vibrating sample magnetometer (VSM)
techniques for the first time.

2. Experimental
2.1. Preparation

All chemicals (analytical grade or chemically pure grade) were
purchased from Fluka and Merck. Following procedure, 4 mL of
70% H3PO,4(86.4% (w/w)H3PO4 dissolved in DI water) was added to
1.1893 g of CoCO5 and 0.5593 g of Fe(c) (a mole ratio correspond-
ing to the nominal composition of Fe:Co ratio of 1.0:1.0), the
resulting suspension was continuously stirred at ambient tem-
perature until CO,(g) was completely evolved and the precipitates
were obtained. For this procedure, the increasing temperature of
the precipitates from exothermic process was cooled to room
temperature. The nearly dry sample was obtained and then 10 mL
of acetone was added to allow highly crystalline product to be
developed. The prepared solid was filtered by suction pump,
washed with acetone and dried in air.

2.2. Characterization

Thermal property of the studied compound was investigated on a
TG-DTG-DTA Pyris Diamond Perkin Elmer Instruments. The
experiment was performed in dynamic air at heating rate of
10 °C min~! over the temperature range from 30 to 600 °C and the
flow rate of 100 mL min~". Its final decomposition product seemed
to occur at temperatures above 500 °C (Fig. 1). In order to gain its
final thermal transformation product, the obtained CoyjFey;
2(H3P04),-2H,0 was heated in the furnace at 600 °C for 3 h and
the thermal transformation products was further investigated. The
cobalt and iron contents were determined by dissolving in 0.0126 M
hydrochloric acid using atomic absorption spectrophotometry (AAS,
Perkin Elmer, Analyst100). The phosphorus content was determined
by colorimetric analysis of the molybdophosphate complex. The
water content was determined by TG data. The structure and
crystallite size of the synthesized Co,Feq5(H2P04),-2H,0 and the
thermal transformation products were studied by X-ray powder
diffraction using a X-ray diffractometer (Phillips PW3040, The
Netherlands) with Cu Ko radiation (A = 0.15406 nm). The Scherrer
method was used to evaluate the crystallite size [18]. The
morphologies were examined with scanning electron microscope
(SEM) using LEO SEM VP1450 after gold coating. The room
temperature FTIR spectra were recorded in the range of 4000-
370 cm~! with 8 scans on a Perkin-Elmer Spectrum GX FTIR/FT-
Raman spectrometer with the resolution of 4 cm~! using KBr pellets
(KBr, spectroscopy grade, Merck). The magnetic properties were

Exa
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Fig. 1. TG-DTG-DTA curves of Coq2Feq2(H2P04),-2H,0.

examined at room temperature (20 °C) using a vibrating sample
magnetometer (VSM 7403, Lake Shore, USA).

3. Results and discussion
3.1. Thermal analysis

The TG/DTG/DTA curves of Coqj2Feq2(H2P04)2-2H,0 are shown
in Fig. 1. The TG curve shows the mass loss between 30 and 600 °C,
which is related to the elimination of water molecules in
crystallization water and an intermolecular phosphate condensa-
tion. The eliminations of water were observed in three areas: 45—
130, 130-300 and 300-450 °C. The mass losses in three stages are
12.80, 7.42 and 5.61%, which correspond to 2.04, 1.18 and 0.89 mol
of water for CoqjyFeq2(H2P0O4),-2H,0, respectively. The DTA curve
shows three endothermic effects over the temperature region at
60, 159 and 386 °C whereas the DTG curve shows three peaks at 60,
155, and 385 °C. Further, a small exothermic effect at 520 °C
without appreciable mass loss is observed in the DTA curve, which
can be ascribed to a transition phase from of CoFeP40;,. The
thermal decomposition of CoqFeq2(H2P04),-2H,0 in the range of
30-600 °C involves the dehydration of the coordination water
molecules (2 mol H,0) and an intramolecular dehydration of the
protonated dihydrogenphosphate groups (2 mol H,0) as shown in
Egs. (1)-(3):

CO]/zFe]/z(H2PO4)2~2H20 — CO]/zFE]/z(H2PO4)2 +2H,0 (1)
CoyoFer)2(HaPO4)2 — Coq/2(HaPOy) - [1/4Fe3P4012] + 1H,0  (2)

COl/z(H2P04) . [1 /4FezP4012} — 1/2COF6P4012 +1H,0 (3)

The intermediate compounds, such as acid polyphosphate Coy,
2F€]/2(H2PO4)2 and CO1/2(H2PO4)'[]/4F82P4012] and mixture of
both intermediates have been registered. Coq;3(H2PO4)-[1/
4Fe,P4013] is observed in Eq. (2) due to Fe;P4015 is formed at
lower temperature than Co,P40:,, which related to thermal
transformation of single dihydrogenphosphate dihydrate in our
previous works [19,20]. The intermediates were similarly observed
with single metal dihydrogen phosphate [9,10,12-15]. The binary
cobalt iron cyclotetraphosphate, CoFeP40; is found to be the final
product of the thermal decomposition at T > 500 °C. The total mass
loss is 25.83% (4.12 mol H,0), which is in agreement with those
reported for other binary dihydrogenphosphate dihydrate in the
literature (1 < mole of water <4) [9,10,12-15]. The thermal
stability, mechanism and phase transition temperature of the
studied compound in this work are significantly different from
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Fig. 2. XRD patterns of CojjyFeq2(HoP04),-2H,0 (a) and its decomposed product
CoFeP4013 (b).

those of the decomposition reactions of individual metal
compounds (Fe(H;PO4),-2H,0 [19] and Co(H,P04)2-2H,0 [20]).
These results indicate that the incorporation of Fe and Co metals in
the skeleton has the effects of thermal behaviors, which support
the formations of new binary dihydrogen phosphate Coq;Feq),
(H2PO4),-2H,0 and binary metal cyclotetraphosphate CoFeP4015.

3.2. X-ray powder diffraction

The XRD patterns of Coq,Feq;2(H2PO4),-2H,0 and its decom-
posed product CoFeP40;, are similar to those obtained from the
individual M(H,PO4),-2H,0 and M,P40;, (when M = Co and Fe)
but the intensities are slightly different (Fig. 2). The spectrum
peaks for the systems of binary cobalt iron solid solution and single
metal dihydrogen phosphate (or metal cyclotetraphosphate) are
quite similar due to the electronic charges and the radii of cations
are equivalent and close to each other, respectively [13-17].
According to the XRD analysis, we can draw a conclusion that the
synthesized CoqjzFeq 2(H2P04)2-2H,0 and its decomposed product
CoFeP40,, are solid solutions and not a mixture of the individual
ones. In addition, the result confirmed that new binary metal (Coy;
oFeq2(HoP04),-2H,0 and CoFeP4043) are isostructural to type
series of the single metal (M(H,P0O4),-H,0 and M,P40:5; where M
or A =Mg, Mn, Co, Ni, Fe, Zn). All the reflections can be distinctly
indexed as a pure monoclinic phase with space group P2/n (Z=2)
for CoqjoFeq2(H2P04),-2H,0 and C2/c (Z = 4) for the decomposed
products CoFeP401,, which noted to be similar to those of standard
data of M(H,PO4),-H>0 (PDF no 390698 for Co and PDF no 751444

Table 1

for Fe) and M,P401, (PDF no 842208 for Co and PDF no 782285 for
Fe), respectively. The average crystallite sizes and lattice para-
meters of CoqjpFeq2(H2PO4),-2H,0 and the decomposed product
CoFeP,40,, were calculated from XRD patterns and also tabulated
in Table 1. The lattice parameters of Coq ,Fe2(H2P04),-2H,0 and
the decomposed products CoFeP40;, are comparable to those of
the standard data of individual ones. The average crystallite sizes of
Coq2Feq/2(H2P04),2-2H,0 and the decomposed product CoFeP404,
were found to be 77 4 27 and 73 + 18 nm, respectively. However,
the crystallite sizes for the obtained compounds in this work are
larger than those from the single metal compounds (Table 1) in our
previous works [13,14,18,19].

3.3. FTIR spectroscopy

The FTIR spectra of CoqjFeq2(H2P04),2-2H,0 and the decom-
posed products CoFeP,0;, are shown in Fig. 3 and they are very
similar to those of M(H,PO,4),-2H20 and M;P40,> (M = Co or Fe),
which confirmed their isostructural. Vibrational bands are
identified in relation to the crystal structure in terms of the
fundamental vibrating units namely H,PO,4~ and H,O for Coy Fey;
2(H2P04),-2H,0 and [P4045]*" ion for CoFeP,0;,, which are
assigned according to the literature [9,10,12-15,21,22].

The FTIR spectrum of CoqzFeq;2(H2PO4),-2H,0 (Fig. 3a) is very
similar to those observed by Koleva et al. [10] and Boonchom et al.
[19,20]. The highest site symmetry of H,PO,4~ ion is Cyy, in the
crystallographic unit cell (P2¢/n, Z=2) [10], but the four H,PO,~
ions are located on the set of non-equivalent site symmetry of C;. A
pair of H,PO,~ ions is related to each other by a center of
symmetry. The four fundamental modes of the free phosphate ion
undergo factor group splitting [22]. It is known that the existence
of short OH---O hydrogen bonds in a variety of strongly hydrogen-
bonded solids is manifested by the appearance of the characteristic
ABC structure of the v(OH) vibrational bands [9,10]. The problem of
the origin of the ABC trio is discussed in many studies on acidic
salts, but an explanation of this behaviour of strongly hydrogen-
bonded systems is still to be found [9,10]. One of the most popular
interpretations of the ABC trio suggests a strong Fermi resonance
between the v(OH) stretching fundamentals and the overtones
[25(OH) and 2)(0H)] or combinations involving the §(OH) and
MOH) vibrations. Usually, the ABC bands are very broad and consist
of many ill-resolved components. Two bands centered at 3138 and
2427 cm™! in the FTIR spectra are referred to as bands A and B,
respectively. The third component (band C) is observed around
1749-1639 cm™ . The intense band at about 1260 cm™! is due to
the in plane P-O-H bending (A,), while the out of plane bending
(A;) vibration is observed at about 816 cm™'. Vibrational spectra of
present hydrate are assigned by factor group analysis and derived
from the same mode as in free H,PO,~ ion. A strong band at about

Average crystallite sizes and lattice parameters of CoqxFeq2(H,P04),-2H,0 and its decomposed product CoFeP40;, calculated from XRD data.

Compound Method a(A) b (A) c(A) B() Average particle sizes (nm)
Co(H,P04),-2H,0 PDF no 390698 7.27 9.88 5.33 94.86

Ref. [20] 7.21(3) 9.91(1) 5.29(5) 94.88(6) 26+2
C01jaFe15(HaP04),-2H,0 This work 7.30(0) 9.92(0) 5.35(1) 95.01(2) 77+27
Fe(H,P0.),-2H,0 PDF no 751444 7.30 9.92 534 95.14 -

Ref. [19] 7.25(1) 10.10(0) 5.32(0) 95.71(0) 28+4
CoyP404; PDF no 842208 11.8 8.297 9.923 118.72

Ref. [20] 11.83(8) 8.22(6) 9.94(0) 118.51(1) 40+10
CoFeP4015 (calcined 600°C) This work 11.77(3) 8.56(0) 9.63(1) 119.09(0) 73+18
Fe,P401> PDF no 782285 11.94 8.37 9.93 118.74 -

Ref. [19] 12.80(0) 8.80(4) 10.56(0) 118.67(4) 2946
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Fig. 3. FTIR spectra of CoqjFeq/2(H2P04)2-2H20 (a) and its decomposed product
CoFeP4015 (b).

1149 cm™! in FTIR spectra is assigned to PO, asymmetric
stretching (B;), while the other one at about 1045cm™!
corresponds to PO, symmetric stretching modes (A;). The FTIR
frequency of the P(OH), asymmetric stretching (B,) shows the
strong band at about 954 cm~!. The weak band at about 908 cm ™!
is assigned to P(OH), symmetric stretching modes (A;). The
medium band at about 562 cm™! is corresponding to PO, bending
modes (B;). Two strong bands appeared at about 516 and 471 cm ™!
are attributed to PO, rocking modes as B; and A, vibrations,
respectively. The bands of water vibrations are illustrated in Fig. 3a
as a doublet bands (1639 and 1573 cm™!) contribute both to the
band C and to the water bending band. A weak band occurs in the
FTIR spectra at approximately 634 cm™! is assigned to rocking
mode involving water librations. The vy stretching modes of HOH
in CoqxFeq5(H2PO4),-2H,0 appear at 3138 cm~ ! (v; or Aband)and
3315cm™! (v3). The bands associated with the voy stretching
frequencies in H,PO4  ions are observed at about 2850 and
2427 cm™ 1.,

The FTIR spectrum of the decomposed product CoFeP40:>
(Fig. 3b) is very similar to those obtained from the individual
M,P40:5 (M =Co and Fe) [13,14,18,19]. The band assignment is
identified in terms of the fundamental vibrating modes of P40;,%~
ion in the frequency range of 370-1400 cm~!, which are assigned
according to the literature [13,14,18,19]. The anion contains the
PO,2" radical and the P-O-P bride, where are interpreted the FTIR
spectra from viewpoint of the vibrations of these two groups. As
the P-O bond strength in the P-O-P bride is weaker than in the
PO,2~ radical, the stretching frequencies of the P-O-P bride are
expected to be lower than those in the PO, radical. The
asymmetric and symmetric stretching frequencies of the PO,2~
radical are generally observed in the areas 1325-1227 and 1151-
1100 cm ™!, respectively. The P-O-P bride has its asymmetric and
symmetric stretching frequencies around 1000-900 and 900-
700 cm !, respectively. The bending modes are expected in the
area: 600-400 cm~! (PO, radical) and 400-370 cm™! (P-O-P
bride). The metal-O stretching usually appears in the bending
mode region as the bending modes of the P-O-P bride and
absorption bands associated with these vibrations are usually very
weak. The observation of a strong v,POP band is known to be the
most striking feature of cyclotetraphosphate spectra, along with
the presence of the v,OPO~ band. From X-ray diffraction data [10],
it was shown that the crystal structure is monoclinic (space group
C2/c) with a cyclic structure of the [P401,]*~ anion. This has been
confirmed by the FTIR measurements.

N
3 _pm
I
Co,,Fe,,(H,P0,),2H,0
calcined at 600 °C

Fig. 4. SEM micrographs of CoqjFe;5(H2P04),-2H,0 (a) and its decomposed
product CoFeP404; (b).

3.4. Scanning electron microscopy

The SEM micrographs of CoqjFeq2(H2PO4),-2H,0 and the
decomposed product CoFeP40,, are shown in Fig. 4. The particle
shape and size are changed throughout the whole decomposition
product. The SEM micrographs of CoqoFeq2(H2PO4),-2H,0 and the
decomposed product CoFeP40;, show flower-like architectures,
having sizes of 15-20 wm. The morphology of Coq;Fey;
2(HoPO4)2-2H,0 (Fig. 4a) shows petal-bud-like microparticles,
which exhibit the different features from Co(H,PO4),-2H,0 and
Fe(H,PO4),-2H,0 in the our previous reports [13,14,18,19]. The
morphology of the decomposed product CoFeP,0; (Fig. 4b) shows
filament-like structures and porosity on the filament surface,
which are significant different grain from single metal cyclote-
traphosphate (M;P4012; M =Mn or Fe) in our previous reports
[13,14,18,19]. The different morphologies between the single
metal compounds (M(H2PO,4),-2H20 and M3P404,, M = Co or Fe)
and the binary metal compounds confirm the formation of Coy,
2Feq2(H2P04),-2H,0 and CoFeP4045, which support the presence
of Co ions in substitution position of Fe ions.

3.5. VSM magnetometer

The specific magnetization curves of CoqjFeq2(HyP04),-2H,0
and the decomposed product CoFeP,0,, obtained from room
temperature VSM measurements are shown in Fig. 5. All samples
demonstrate typical superparamagnetic behavior with negligible
coercivity and remanence, in accordance with the theory that
superparamagnetic behavior is often observed at room temperature.
The specific magnetization curves are typical superparamagnetic
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Fig. 5. The specific magnetizations of Coj;Fe;2(HoP04),-2H20 (a) and its
decomposed product CoFeP404; (b) as a function of field, measured at 293 K.

behavior without any hysteresis in the field range of 410,000 Oe.
Specific saturated magnetization (Ms) values of CoqjyFeq2(HoPO4),:
2H,0 and the decomposed product CoFeP40, are found to be 0.045
and 12.502 emu/g, respectively. Itis worth nothing that these saturated
magnetizations were compared with other magnetic materials (M; of
Fe304 is 10-50 emu/g) [23-25]. It is seen that magnetizations of the
CoqpoFeq2(HoPO4),-2H,0 and CoFeP40q, are lower than those of
Fe(H,PO4),-2H,0 (96.28 emu/g) and Fe,P401, (85.01 emu/g) [20] but
markedly distinct from the diamagnetic properties of Co(H,P0,4),-2H,0
and CoyP401» [19]. To our knowledge, it is worth nothing that
superparamagnetic properties of the Co,jFeq;(HoPO4),-2H,0 and
CoFeP401, samples are reported for the first time in this study.

4. Conclusion

Flower-like microparticle Coqj3Feq2(H2P04),-2H,0 was suc-
cessfully synthesized by solid state method from CoCO3;-Fe-H3PO,4
system at ambient temperature with short time consumption
(15 min). Coqp2Feq/2(H2P04)2-2H,0 decomposes in three steps
which correspond to the loss of water of crystallization in the
first step, subsequently to a continuous intermolecular polycon-
densation and elimination of water of constituent in anion (the
second and the third steps). The thermal behaviors, flower-like
morphologies, particle sizes and superparamagnetic properties of
Coq2Feq2(H2P04),-2H,0 and the thermal transformation products
CoFeP,40,; in this work are different from single metal compounds

in our previous reports. This work presents the simple, cost-
effective and short time consuming method for the preparation of
new binary metal Coqj2Fe;2(H,P04)2-2H,0 and CoFeP404, com-
pounds, which may be used in many important applications such
as catalytic, superinonic conductors, piezo- and ferroelectrics,
magnets, electrochemical, bioceramic and environmental pro-
cesses.
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Abstract The binary manganese and calcium dihydrogen
phosphate monohydrate Mng sCag s(H,PO,), - H,O was
synthesized by a rapid and simple co-precipitation method
using phosphoric acid, manganese metal, and calcium
carbonate at ambient temperature. Thermal transformation
shows complex processes and the final decomposed prod-
uct was the binary manganese calcium cyclotetraphosphate
MnCaP40O,,. The activation energies of some decomposed
steps were calculated by Kissinger method. Activated
complex theory has been applied to each step of the reac-
tions and the thermodynamic functions are calculated.
These values for transformation stages showed that they
are non-spontaneous processes without the introduction of
heat. The differences of physical and chemical properties
of the synthesized compound and its decomposed product
are compared with M(H,PO,), - HbLO and M,P,0,,
(M = Mn and Ca), which indicate the effects of the pres-
ence of Ca ions in substitution of Mn ions and confirm the
formation of solid solution.
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Introduction

Binary metal (II) dihydrogen phosphates have been con-
tinuously reported to be the important inorganic compounds
because they have been widely applied as fertilizers, pig-
ments for paint finishes for protection of metal, and fire
retardants in paints or plastics [1-6]. Many binary metal (II)
dihydrogen phosphates (M;_,A,(H,POy,), - xH,O; where
M and A = Ca, Mg, Mn, Fe, Co, Ni, Cu, or Zn) were
reported on the thermal analysis (TA) under quasi-isother-
mal and quasi-isobaric conditions to follow the mechanism
of dehydration [7-12]. They are transformed to binary
metal (II) cyclo-tetraphosphates (M;_,A,P,O;, where
0 < x < 2) by decomposition and dehydration reactions at
high temperatures [6, 10-13]. All compounds are a good
source for macro- (P) and micronutrients (Ca, Mg, Fe, Mn,
Co, and Ni) fertilizers due to their solubility in soils.
Additionally, M,_,A,P40;, compounds have been widely
applied as pigments, catalysts, and luminophore-supporting
matrices [13-17]. Both M;_,A(H,PO,), - xH,O and
M,_,AP,O >, compounds are isostructural with the singles
of the corresponding metal dihydrogen phosphates and the
corresponding metal (II) cyclo-tetraphosphates, respec-
tively. Consequently, they have similar X-ray diffraction
patterns and close unit cell parameters, which crystallize in
monoclinic space group P2,/n (Z = 2) for the dihydrogen
phosphate group and C2/c (Z = 4) for cyclo-tetraphosphate
group [18].

So far, single or binary metal dihydrogen phosphates
were synthesized from corresponding metal (II) carbonate
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and phosphoric acid at low temperature (313-353 K) with
long time periods (2 = 60 h) [6, 18]. Brandova et al. reported
the thermal transformation of Mng sCag 5(H,PO4), - xH,O to
MnCaP,O,, [9, 13] but the synthetic route was not repor-
ted. In this respect, the goal of this work was to synthesize
Mny 5sCag 5(H,PO,4), - HbO by a rapid co-precipitation
method at ambient temperature, which is a simple and cost
effective route. Thermal transformation of Mng;Cag s
(H,PO,), - H,O relates to the role of the water of crystal-
lization and influences the intermolecular interactions
(affecting the internal energy and enthalpy) and the crys-
talline disorder (entropy) [19-22], which influences the
free energy, thermodynamic activity, solubility, stability,
electrochemical and catalytic activity. Therefore, kinetic
(E, A) and thermodynamic (AH*, AS*, AG*) parameters of
thermal transformation steps of studied compound were
calculated by isoconversional kinetics of Kissinger method
and the activated complex theory, respectively. The phys-
ical meanings of kinetic and thermodynamic parameters
were discussed for the first time.

Experimental
Synthesis and characterization

The binary manganese and calcium dihydrogen phosphate
monohydrate Mng sCag s(H,POy4), - H,O compound was
prepared by solution co-precipitation method using the
corresponding metal sources (Mn(c; complexometric),
99.99%, Merck and CaCOj;, 99.99%, Merck) and phos-
phoric acid (86.4 wt% H3;PO,4, Merck) as starting materials.
Following the procedure, about 0.5494 of Mn(c) and
1.0080 g of CaCO; (a mole ratio corresponding to the
nominal composition of Mn:Ca ratio of 1.0:1.0) were dis-
solved in 70% H;PO, (86.4 wt% H;PO, dissolved in DI
water) with continuous mechanical stirring at ambient
temperature. The resulting solution was stirred until CO,(g)
and H,(g) were completely evolved (15-30 min) and the
nearly dry precipitate was obtained. Then 10 mL of acetone
was added to allow highly crystalline product to be devel-
oped. The pale gray solid of MngsCays(H,POy), - HO
product was filtered by suction pump, washed with acetone
until free from phosphate ion and dried in air. Thermal
analysis measurements (thermogravimetry, TG; differential
thermogravimetry, DTG; and differential thermal analysis,
DTA) were carried out by a Pyris Diamond Perkin-Elmer
apparatus by increasing the temperature from 303 to 773 K
with calcined a-Al,O3 powder as the standard reference.
The retained mass found to be occurred at temperatures
above 673 K, so the prepared solid was consequently cal-
cined in a box-furnace at 773 K for 2 h in air. The final
product was obtained as white pink solid of MnCaP,05.

@ Springer

The manganese and calcium contents of the synthesized
Mng 5Cag 5(H,POy), - H;O and the decomposed product
MnCaP,0,, were determined by atomic absorption spec-
trophotometer (AAS, Perkin-Elmer, Analyst100). The
phosphorus content was determined by colorimetric anal-
ysis of the molybdophosphate complex. The structure of the
prepared product and the calcined sample were studied by
X-ray powder diffraction using a D8 Advanced powder
diffractometer (Bruker AXS, Karlsruhe, Germany) with Cu
Ko radiation (4 = 0.15406 A). The room temperature FTIR
spectra were recorded in the range of 4000-370 cm™" with
eight scans on a Perkin-Elmer Spectrum GX FTIR/FT-
Raman spectrometer with a resolution of 4 cm™" using KBr
pellets (spectroscopy grade, Merck). The particle sizes
and external morphologies of the prepared sample and its
decomposed powders were characterized by scanning
electron microscope (SEM) using LEO SEM VP1450 after
gold coating.

Kinetic and thermodynamic functions

To evaluate the activation energies for the thermal decom-
position of Mng5Cag5(H,POy4), - H,O, a TG-DTG-DTA
Pyris Diamond Perkin-Elmer Instrument was used. The
experiments were performed in air atmosphere at heating
rates of 5, 10, 15, and 20 K min~! over the temperature
range from 303 to 873 K and the O, flow rate of
100 mL min~'. The activation energies for the thermal
transformation steps of MngsCags(H,POy), - HyO were
calculated from peaks on the DTA curves using the Kissinger
equation [23]:

B\ E AR
In (T—I%) = _R—Tp + IH(E—a) (1)

Here, f3 is the DTA scan rate (K min~ "), E, is the activation
energy for the phase transformation (kJmol "), R is the gas
constant (8.314 Jmol ! K_l) and T, is the phase transfor-
mation temperature peak in the DTA curve (K). The fact
that the T, values for various heating rates can be precisely
evaluated from non-isothermal data (DTA, DTG or DSC
curves) conferred to the Kissinger method to evaluate the
kinetic parameters a high popularity. The plots of In (5/T%)
versus 1/T, should give the straight lines with the best
correlation coefficients of the linear regression (R?),
which have been proved to give the values of activation
energy and pre-exponential factor by the slope and the
intercept for the different thermal transformation stages of
Mng 5Cay 5(H,POy), - HO. The advantage of Kissinger
equation is that the values of E and A can be calculated on
the basis of multiple thermogravimetric curves, which does
not require selection of particular kinetic model (type of
g(o) or flo) functions) [24-27]. In addition, the E and A
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values obtained by this method are usually regarded as
more reliable than those obtained by a single thermo-
gravimetric curve.

From the activated complex theory (transition state) of
Eyring [11, 12, 19-21, 26, 27], the following general
equation may be written:

_ (exksTap AS*
A = <h >exp< R (2)

where A is the pre-exponential factor A obtained from the
Kissinger method; e = 2.7183 is the Neper number; y:
transition factor, which is unity for monomolecular
reactions; kg: Boltzmann constant; /: Plank constant, and
T,p is the average phase transformation temperature peak
in four DTA curves (K). The change of the entropy may be
calculated according to the formula:

; Ah
AS* = RIn (eXkBTAp> (3)
Since
AH* = E* — RTyp, 4)
AG" = AH" — T4pAS” (5)

when E*is the activation energy E, obtained from the
Kissinger method. The changes of the enthalpy AH* and
Gibbs free energy AG* for the activated complex formation
from the reagent can be calculated using the well-known
thermodynamic equation. In this article we suggested the
relation between kinetic (E and A) and thermodynamic
(AH*, AS*, and AG*) parameters of the thermal transfor-
mation of MngsCags(Ho,POy), - HO based on Kissinger
method, which was attracted the interesting of thermody-
namic and kinetic scientists.

Results and discussion
Characterization results

The chemical analysis results of the synthesized sample
and its decomposed product found to be wt% of Mnyy:
Cayorar:Protar; 9-58:7.13:21.87 and 12.33:9.68:27.98, respec-
tively. These results give rise the mole ratio of Mnyy:
Caoral:Protar = 1.00:1.02:4.05 for the synthesized sample
and 1.00:1.08:4.02 for its decomposition product. The
water content of the synthesized sample was analyzed by
TG data and was about of 20.02 wt% (3.08 mol) H,O.
These results indicate that the general formula of the syn-
thesized sample and its decomposition product would be
Mn045Ca0_5(H2PO4)2 . Hzo and MnCaP4012.

The results of simultaneous TG-DTG-DTA analyses of
the prepared MngsCags5(H,PO,4), - H,O are shown in

DTG /pg min
DTA /uV

TG/ % mass loss

373 473 573 673 773 873
Temperature/K

Fig. 1 TG-DTA-DTG curves of MngsCagsH,PO,), - H,O in the
heating rate of 10 K min~!

Fig. 1. The TG curve of Mng 5Cag s(H,POy4), - H,O shows
seven stages of the mass loss in the range of 323-873 K,
which appear in the respective DTG and DTA as: 368, 381,
400, 465, 505, 527, and 621 K. A shoulder peak at 368 K
on DTG and DTA curves (first step) corresponds to a minor
mass loss in TG trace, which related to the loss of moisture for
Mn sCag 5(H,PO,), - H,O. The total mass loss is 20.02%
(3.08 mol H,0), which is close to the theoretical values
(21.42% (3.00 mol H,0) for Ca(H,PO,), - H,O, 25.27%
(4.00 mol H,0) for Mn(H,POy,), - 2H,O and 20.81%
(3.00 mol H,O) for Mng sCaq s(H,PO,), - H,O). This result
is in agreement with other binary metal dihydrogen phos-
phate hydrates (isostructural compounds) in literatures,
which reported the mole of water in the range of 1-4
[6-10]. The thermal decomposition of Mng sCag s(H,POy), -
H,0 is a complex process, which involves the dehydration
of the coordinated water molecules (1 mol H,O) and an
intramolecular dehydration of the protonated phosphate
groups (2 mol H,0), these processes could formally be
presented as:

Mn0_5Ca0,5 (H2P04)2 . HzO — Mn0,5Ca0,5 (H2P04)2
- 0.50H,0 + ~ 0.50H,0

(6)

Mn 5Cag 5(H,PO4), - 0.50H,O — Mng 5Cags5(H,PO4),
+ ~0.50H,0

()

Mny 5Cag 5(H,POy), — 1/2(MnH,P,0; - CaH,P,07)
+ ~H,0 (8)
(MnH,P,0; - CaH,P,07) — (1/2Mn,P,0,)
- CaH,P,07 + 0.50H,O
©)
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(1/2MI12P4012) . CaH2P207 — (1/2MI12P40]2)
- Ca(PO3),, + 0.50H,0

(10)
(1/2MH2P4012) . Ca(PO3)2 — 1/2MnCaP4012 (11)

The intermediate compounds; Mng sCag s(H,PO,4), - 0.50
HzO, MHO.SCEIO.S(H2PO4)2, MHH2P207 . CaH2P207 (Mnols
Cay sHyP,07), (MnyP4Oy2) - CaHyP207, (MnyP4Oy) - Ca
(PO3), and mixing intermediates of all have been regis-
tered. The decomposed processes and the presented inter-
mediates were similarly observed with other binary
dihydrogen phosphates [8§—12]. The binary manganese cal-
cium cyclotetraphosphate, MnCaP,0,, is found to be the
final product of the thermal decomposition at 7 > 673 K.
The different thermal behavior between the synthesized
MnOISCaO,5(H2PO4)2 . HzO and the individual MH(H2PO4)2 .
2H,0 [6, 9, 19] or Ca(H,POy4), - H,O [9] confirms the
formation of a binary MngsCags(H,POy), - H,O. Addi-
tionally, this synthesized compound shows different thermal
behavior from that of the Brandova research [9], which this
may be the differences of water content and preparation
methods. Based on these results, we can conclude that the
different thermal behavior is affected by the incorporation of
Mn and Ca metals in the skeleton, which the conclusion was
confirmed by XRD and FTIR data (Figs. 2, 3).

The XRD patterns of Mng sCags(H,POy), - H,O and
MnCaP,0,, are similar to those of Mn(H,PO,), - 2H,0 and
Mn,P,0,,, respectively (Fig. 2) [6, 19]. In the systems of
binary manganese calcium solid solutions and individual
metal dihydrogen phosphate (or metal cyclotetraphosphate),
the electric charges of cations are equivalent, and the radii of
cations are close to each other, so the spectrum peaks are
quite similar [6, 18, 19]. However, the XRD peaks of
Mn 5Cag 5(H,PO,), - H,O and MnCaP,O,, exhibit lower
intensity and broader peaks than those of Mn(H,PO,), -
2H,0 and Mn,P40,, which indicate poor crystallinity after

(110)
— (10-1)
}["t][J}

— (111}

=1
'

Intensity/a.u.
02)
1)

4

(-111)

Ca Nh]P_lOI ;

(-
22

10 20 30 40 50 60 70 80
2theta/(")

Fig. 2 XRD patterns of Mng sCaysH,POy), - H,O and MnCaP,0,,
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Fig. 3 FTIR spectra of Mng sCaysH,PO,), - H,O and MnCaP,O,,

obtaining the mixed binary products. Based on the above
analysis, we can draw a conclusion that the synthesized
Mng 5Cag 5(H,POy), - H;O and its decomposed product
MnCaP,0O,, are solid solutions that are not a mixture of
single phase of Mn and Ca. XRD results confirm that a
binary Mng sCags(H,PO,), - HbO and MnCaP,O,, are
isostructural with the type series of M(H,PO,), - 2H,0 and
M,P,0;, (M = Mg, Mn, Co, Ni, Fe, and Zn), respectively.
Consequently, all reflections can be distinctly indexed based
on a pure monoclinic of single phase with space group P2,/n
(Z = 2) for MII()A5C210.5(H2PO4)2 . HzO and C2/c (Z = 4)
for MnCaP,0O;,, which note to be similar to those of the
standard XRD patterns of Mn(H,PO,), - 2H,O (PDF#3500
10) and Mn,P,O,, (PDF#380314), respectively. The aver-
age crystallite sizes and lattice parameters of Mng sCag s
(H,PO,), - H,O and MnCaP40,, samples were calculated
from XRD line broadening and tabulated in Table 1. Their
lattice parameters are comparable to those of the standard
data as M(H,PO,), - nH,0, (PDF#350010 for Mn and
PDF#0903047 for Ca), Mn,P,0;, (PDF#380314) and
Ca(POs3), (PDF#500584), respectively.

The FTIR spectra of MngsCags(H,POy), - H,O and
MnCaP,O,, are shown in Fig. 3, which are very similar to
those of MH(H2PO4)2 . 2H20 and MH2P4012 [19, 28]
Vibrational bands are identified in relation to the crystal
structure in terms of the fundamental vibrating units namely
H2P04_ and HzO for MH()5C8.(),5(H2PO4)2 . Hzo and
[P4012]4_ ion for MnCaP40,, which are assigned according
to the literatures [19, 24, 25, 28, 29]. Vibrational bands of
H,PO, 2 ion are observed in the regions of 300-500, 700-
900, 1160-900, 840-930, 1000-1200, 2300-2400, 2800-
3120, and 3200-3500 cm™!. These bands are assigned to
the 6(PO3), y(POH), 6(POH), v(PO,(OH)), v(PO3), B band
(vog HPO,~?), A band (voi HPO,~?) and voy (v; and vs
H,0), respectively. The observed bands in 1600—1700 cm ™"
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Table 1 Average crystallite sizes and lattice parameters of Mn sCag sH,PO,), - HO and MnCaP,0, calculated from XRD data

Compound Method a (10%) b (10%) c (A) p(© Average crystallite
sizes (nm)

Mn(H,POy,), - 2H,0 PDF#350010 7.31 10.08 5.37 94.75 -

MnCa(H,POy), - H,O This work 7.92 (0) 10.62 (4) 5.79 (4) 94.68 (6) 27 £ 8

Ca(H,POy,), - H,O PDF#0903047 6.25 11.89 5.63 114.20

Mn,P,0,,» PDF#380314 11.88 8.59 10.14 119.21 -

MnCaP,0,, This work 12.27 (9) 8.87 (2) 10.49 (8) 120.00 (2) 30+ 9

Ca(PO3), PDF#500584 9.56 9.50 10.37 93.47

region are attributed to the water bending/C band. The P-O
stretching modes of the [P4012]47 anion are known to appear
in the 1150-960 cm ™" region [19, 28]. The one of the most
noteworthy features of the spectra is the presence of strong
bands in the ranges of 1350-1220, 1150-1100, 1080-950,
and 780400 cm™'. These bands can be assigned to
v,sOPO™, vOPO™, v,,POP, and v,POP vibrations, respec-
tively [19, 28]. The two doublet bands around 720 (ca. 734
and 717 cm_l)and 1280 (ca. 1306 and 1269 cm_l)cm_1 are
observed in the FTIR spectra of Mn,P,0O;, and MnCaP,O,,
and assigned to v,POP vibrations. The observation of a
strong v;POP band is known to be the most striking feature of
cyclotetraphosphate spectra, along with the presence of the
v,sOPO™ band, which is different from that of polyphos-
phate. From X-ray diffraction data [30], it was shown that the
crystal structure is monoclinic (space group C2/c) with a
cyclic structure of the [P,O 1»]*~ anion, which was confirmed
by the FTIR measurements.

The scanning electron micrographs of MngsCags
(H,POy4), - H,O and their final decomposition product
MnCa P40, show different morphological features and high
aggregates (Fig. 4). The SEM micrograph of MngsCag s
(H,POy4), - H,O shows roughness of many small and some
large boundary surfaces, which indicate amorphous mor-
phology by inferring from XRD evidence to be poorly-
crystalline Mng 5Cag s(H,POy,), - H>O. In addition, MnCaP,
0O, shows similarly morphological feature to that of
Ca(POs),, which illustrates more aggregate of small particles
and large spherical particles. Based on the SEM results,
the SEM micrographs of Mng sCags(H,PO,4), - H,O and
MnCaP,O,, powders appear to be highly agglomerated

Fig. 4 SEM micrographs of MngsCagsH,PO,), - H,O (a) and
MnCaP4012 (b)

caused primarily by the process of dissolution, a rapid
precipitation and decomposition process, respectively.
The particles sizes of MngsCags(H,PO,4), - H;O and
MnCa POy, appear smaller than those of the individual
M(H,PQy,), - 2H,0 and M,P40;,, which are well consistent
with the results of XRD [19, 28].

Kinetic and thermodynamic results

According to Kissinger method, the basic data of T
collected from the DTA curves of the decomposition of
Mng 5Cag 5(H,POy), - H>O at various heating rates of 5,
10, 15, and 20 K min~". Kinetics studies of MngsCay s
(H,PO,), - H,O were only analyzed five steps (1st, 2nd,
3rd, 4th, and 6th) because the 5th step were not observed in
the heating rates of 15 and 20 K min~'. According to the
Kissinger Eq. 1, the plots of In /T* versus 1000/T can be
obtained by a linear regression of least-square method.
Non-isothermal DTA method is desirable to analyze the
reaction mechanism and calculates the activation energy of
the solid state transformations [23, 31-33]. Several non-
isothermal techniques have been proposed which are
quicker and less sensitive to previous and next transfor-
mations. In addition, they can provide the more accurate
activation energy and crystal growth mode. From the
slopes of the Kissinger plots, the activation energy values in
five decomposed steps of the prepared Mng, sCag s(H,PO,), -
H,O were determined as shown in Table 2. These activation
energies are consistent with the former hypothesis that the
intermediate nucleate and crystallize as metastable phase
with adequate growth kinetics before the stable phase
MnCaP40O,. The last and third steps exhibit higher and
lower activation energies in comparison with the other ones,
respectively. The reason may be relevant to the strengths of
binding of water molecules in the crystal lattice. Hence,
different dehydration temperatures and kinetic parameters
are expected. The activation energy for the release of crystal
water lie in the range of 50-130 kJ mol_l, while the value
for coordinately bounded one are higher than this range
[20-22]. The energy of activation found in the range of
89-236 kJ mol ™' for the five decomposition reactions
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Table 2 Values of AS*, AH* and AG* for five decomposition steps of Mng sCaq 5(H,PO,), - H,O

Parameter Ist step 2nd step 3rd step 4th step 6th step

R? 0.9929 0.9942 0.9996 0.9995 0.9567

E, (kJmol™") 147.85 + 13 129.70 + 10 89.41 + 2 152.94 + 4 236.97 + 51
AGThH 1.41 x 10% 6.55 x 10'¢ 4.48 x 10° 404 x 10 1.01 x 10%
AS* (J mol™' K71 130.34 66.18 —72.26 41.10 123.73

AH* (kJmol™") 144.65 126.35 85.50 148.71 231.85

AG* (kJmol™") 94.38 99.64 119.53 127.80 155.59

Fifth step was not observed in the heating rates of 15 and 20 K min™

suggest that the water molecules are coordinately linked
water as well as crystal one. The five mass loss steps cor-
respond to the loss of water of coordinated-water in the first
two steps, subsequently to a continuous intermolecular
polycondensation and the elimination of water of constitu-
ent in anion in the last three steps [19, 22].

The pre-exponential factor (A) can be estimated from
the intercept of the plots of Eq. 1 (Table 2). All calcula-
tions were performed using a programs complied by our-
selves. The pre-exponential factor (A) values in Arrhenius
equation for solid phase reactions are expected to be in a
wide range (six or seven orders of magnitude), even after
the effect of surface area is taken into account [24, 25]. The
low factors will often indicate a surface reaction, but if the
reactions are not dependent on surface area, the low factor
may indicate a “tight” complex. The high factors will usu-
ally indicate a “loose” complex. Even higher factors (after
correction for surface area) can be obtained for complexes
having free translation on the surface. Since in many cases
the concentrations in solids are not controllable, it would
have been convenient if the magnitude of the pre-exponen-
tial factor can provide the information for the reaction
molecularity. Such a bulk decomposition, any molecule is as
likely as to react with any others; and no preference is shown
toward corners, edges, surface, defects or sites of previous
decomposition. On the basis of these reasons, the thermal
decomposition reaction of Mng sCag s (H,POy), - H,O may
be interpreted as “loose complexes” for 1st, 2nd, 4th and 6th
step and “tight complexes” for 3rd step, which correspond to
the proposed reaction in (Egs. 1-4 and 6).

As can be seen from Table 2, the entropy of activation
(AS*) values for all steps are positive values. It means that
the corresponding activated complexes had lower degrees of
arrangement than the initial state. Since the decomposition of
Mng 5Cag 5(H,POy), - H;O proceeds as five consecutive
reactions, the formation of the 2nd, 3rd, 4th, and 6th activated
complex passed in situ. In the terms of the activated complex
theory (transition theory), [11, 12, 19-21, 26, 27, 29] a
positive value of AS* indicates a malleable activated
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complex that leads to a large number of degrees of freedom
of rotation and vibration. A result may be interpreted as a
“‘fast’” stage. On the other hand, a negative value of AS*
indicates a highly ordered activated complex and the degrees
of freedom of rotation as well as of vibration are less
than they are in the non activated complex. These results
may indicate a ‘‘slow’’ stage [19-21]. In respect of
these results, 1st, 2nd, 4th and 6th decomposed steps of
Mng 5Cag 5(H,POy), - H;O may be interpreted as ‘‘fast’’
stages whereas 3rd decomposed step may be interpreted as
“slow” stage. The positive values of the enthalpy AH* are in
good agreement with five endothermic effects in DTA data.
The positive values of AH* and AG* for all stages show that
they are connected with the introduction of heat and are non-
spontaneous processes.

Conclusions

Mng 5Cag 5(H,POy), - H;O was successfully synthesized
by a rapid and simple precipitation using phosphoric acid,
manganese metal, and calcium carbonate at ambient
temperature. The different chemical and physical properties
of binary compounds (Mng sCag 5(H,PO,4), - H,O and MnCa
P,O;,) and the individual ones (M(H,PO,), - nH,O (M =
Mn and Ca) and Mn,P40;, or Ca(PO3),) were revealed by
FTIR, XRD, and SEM techniques. Kinetic analysis from non-
isothermal DTA applying KAS method results exhibits the
activation energies (E) in five decomposition steps, which
correspond to the loss of water of crystallization (the first two
steps), subsequently to a continuous intermolecular polycon-
densation and elimination of water of constituent in anion (the
last three steps). On the basis of correctly established values of
the apparent activation energy, pre-exponential factor and the
changes of entropy, enthalpy and Gibbs free energy, certain
conclusions can be made concerning the mechanisms and
characteristics of the processes. Thus, various scientific and
practical problems involving the participation of solid phases
can be solved.
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Floral-like microparticle of a binary cobalt iron cyclotetraphosphate CoFeP40;, was synthesized through
solid phase reaction using cobalt carbonate, iron metal and phosphoric acid with further calcinations at the
temperature of 500 °C. The XRD and FTIR results indicate that the prepared CoFeP401, has a pure monoclinic
phase without the presence of any phase impurities. The floral-like microparticle and superparamagnetic
behavior of the synthesized CoFeP40;, are important properties for specific applications, which were
revealed by SEM and VSM techniques, respectively. The dominant features of the synthesized CoFeP40;; in
this work are compared with M;P40;, (M =Co and Fe) and CoFeP40;, reported in our previous works.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, synthesis of the morphology and architecture of
inorganic phosphates at micro-/nanoscale levels is a significant
challenge, which attracts increased attention because of their strong
influence on the chemical and physical properties of materials [1-3].
Morphology influences not only the intrinsic chemical, optical, and
catalytic properties of micro-/nanoscale metal phosphates, but also their
relevant applications in electronic, biocompartible and biodegradable in
tissue [2,4]. As one of the members of phosphate material family,
transition metal cyclotetraphosphate micro-/nanoparticles can be used
in potential pigments, selective catalysts, phosphors, materials for
corrosion-resistant coatings and biocompartible and biodegradable in
tissue [5-8]. Several divalent including 3d metals, namely, Mn, Co, Fe,
Zn, Cuy, and Ni, are known to form the single metal cyclotetraphosphate
M,P401,, where M(II) stands for a divalent metal. The binary metal
cyclotetraphosphates M, _ ,AP401> (M and A= Mg, Ca, Mn, Co, Ni, Zn,
or Cu; x=0-2), isostructural with the single metal cyclotetrapho-
sphates M,P401,, were prepared by Trojan et al. [5-8] and Boonchom
etal.[9-11]. All these compounds have similar X-ray diffraction patterns
and close unit cell parameters, which crystallize in monoclinic space
group C2/c (Z=4) [12]. Various methods have been employed to
synthesize binary metal cyclotetraphosphates, including two-step
thermal method [5-8], hydrothermal synthesis [5] and the decompo-
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Chumphon Campus, 17/1 M. 6 Pha Thiew District, Chumphon, 86160, Thailand. Tel.: 466
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sition of binary metal (II) dihydrogenphosphates (M; —,A,(H>PO4)»
nH,0; where M and A = Ca, Mg, Mn, Fe, Co,Ni,CuorZn;y=0-1;n=1-
4) [9-11]. This work is of interest because it appears economically
advantageous to replace partially the divalent metal cations by some
cheaper divalent element which could also improve special properties
as above mentioned [1-4]. However, it is relevant to synthesize binary
cyclotetraphosphate and its solid solution because changing the metal
ratio influences its useful properties. Consequently, it is a major
challenge to synthesize binary metal cyclotetraphosphate micro-/
nanoparticles with its intrinsic shape-dependent properties and
resulting application. Recently, cobalt iron pyrophosphate CoFeP,0,
and cobalt iron cyclotetraphosphate CoFeP,0,, were prepared by
mixing of CoCOs, Fe and HsPO,4 in water-methanol and in water-
acetone, respectively [13,14]. The difference of media (solvents) in the
precipitation process leads to the obtaining different phosphates, as
revealed by XRD and FTIR data. Due to its solubility in water and its
ability to associate with metal ions in media, solvent has been used as a
binder cum gel for shaping materials (bulk, porous, micro- or
nanoparticles) and a matrix for entrapment of ions to generate a gelled
precursor which resulted in obtaining different material or same
material with different size and morphology after heat treatment. The
results obtained are also in agreement with other phosphate group
reported in literature [15,16]. In this work, we report for the first time
one step thermal synthesis of floral-like microarchitectures of binary
cobalt iron cyclotetraphosphate CoFeP401, by solid state reaction from
cobalt carbonate, iron metal and phosphoric acid without organic media
agent (or solvent). The different preparation routes of the CoFeP,0,
between this work and our previous report [ 14] affect the differences of
some physical and chemical properties such as morphology, particle size
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and magnetic behavior. The synthesized sample was characterized by X-
ray powder diffraction (XRD), Fourier transform infrared (FTIR),
scanning electron microscope (SEM) and vibrating sample magnetom-
eter (VSM) techniques.

2. Experimental

All the reagents used in this study were of A.R. grade. A binary cobalt
iron cyclotetraphosphate CoFeP40,, was prepared at laboratory
temperature. In typical procedure, CoCO; and Fe (complexometric)
were mixed together with mole ratio of 1.0:1.0 and then was ground for
10 min. Subsequently, 5 mL of 70 % H3PO, (86.4 % w/w H3PO, dissolved
in DI water) was added slowly to the mixed solid with mechanically
stirring at ambient temperature (10 min). Then, the mixed solution was
evaporated by heating in the furnace at 500 °C for 2 h. The obtained gray
pink precursor was crushed into powder and was washed repeatedly by
DI water until no POz~ was detected. Finally, the powder was washed
again for several times with methanol and dried at room temperature.
The reaction equation can be expressed as:

500°C
CoCOs(s) + Fe(s) + 4H;PO4(aq)—CoFeP,0,,(s) + 6H,0(g) + CO(g)

(1)

The cobalt and iron contents of CoFeP40,, were determined by
dissolving in 0.0126 M hydrochloric acid using atomic absorption
spectrophotometry (AAS, Perkin Elmer, Analyst100). The phosphorus
content was determined by colorimetric analysis of the molybdopho-
sphate complex. X-ray powder diffraction (XRD) was carried out by a
Phillips PW3040 X-ray diffractometer (The Netherland) utilizing Cu
Ko radiation (A=0.15406 nm) at 40 kV/200 mA. The Scherrer
method was used to evaluate the crystallite size [17]. The room-
temperature FTIR spectrum in the range of 4000-370cm™ ! was
recorded by a Perkin Elmer Spectrum GX FTIR/FT-Raman spectrom-
eter with 8 scans and the resolution of 4 cm™ ! using KBr pellets. The
morphology was examined with SEM picture by LEO SEM VP1450
scanning electron microscope. The magnetic property was examined
at room temperature (20 °C) using a vibrating sample magnetometer
(VSM 7403, Lake Shore, USA).

3. Results and discussion
3.1. Chemical analysis

The chemical analysis data showed that the cobalt, iron and
phosphorus mass percentage were 13.58%, 12.92% and 28.75%,
respectively. In other words, the molar ratio of Coyorai:Fetotar:Protal in
the synthetic product is equal to 1.00:1.00:4.03, which indicates that
the general formula would be CoFeP,40+5.

3.2. X-ray powder diffraction

XRD was used to characterize the phase the crystallographic
structure of the product (Fig. 1). The XRD pattern of as prepared
floral-like CoFeP40; is similar to that of non-uniform particle CoFeP,.
04, reported by our previous work [14] but the intensities are slightly
different. The lower and higher intensities of XRD peaks indicate the
differences of crystallization or amorphous phase as well as particle
sizes of these materials. In the hypothesis of isostructural, the spectrum
peaks for the systems of binary cobalt iron cyclotetraphosphate (solid
solution) and single metal cyclotetraphosphate (M,P40;,, M= Co and
Fe) are quite similar because of the equivalent electronic charges and the
close radii of cations. Consequently, all the diffraction peaks in the figure
are found to be in agreement with monoclinic M,P40, (PDF no. 842208
for Co,P401, and PDF no.782285 for Fe,P4045), space group C2/c (Z=4).
No characteristic peaks of other impurities (CoCO3 or Fe) were observed,
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Fig. 1. XRD pattern of CoFeP40,,

and all the reflections could be indexed to the pure monoclinic phase of
binary cobalt iron cyclotetraphosphate CoFeP404,. From XRD analysis
(Fig. 1), it can conclude that the as prepared floral-like CoFeP40+; is solid
solution, not a mixture of the individual phases and isostructural with
the single metal M,P,0,, (M= Co and Fe). According to the Scherrer
formula: D=K\/(3 cos 0), where D is particle diameter, K=0.89 (the
Scherrer constant), A = 0.15406 (wavelength of the X-ray used), Bis the
width of line at the half-maximum intensity and 0 is the corresponding
angle. The average crystallite size of product is estimated from the
strongest three diffraction peaks below 40° for 26 and found to be 49 +
20 nm. This crystallite size of the prepared CoFeP40;; in this work is
smaller than that obtained from our previous work (65 =+ 24 nm) [14]
but it is larger than those for the single metal compounds (40 + 10 nm
for CoyP4012 and 29 + 6 159 nm for Fe,P4015) in our previous studies
[9-11]. The lattice parameters calculated from the XRD spectra are
a=11.89(0), b=8.33(0), c=10.15(0) A and b= 119.09(0)°, which are
close to those of the standard data file (from PDF no. 842208 for
Co,P401, and PDF no.782285 for Fe,P401,) and the literature [9-11,14].

3.3. FTIR spectroscopy

The CoFeP40,, structure is characterized by a three- dimensional
framework with MOg (M = Co or Fe) polyhedral linked with P40, rings
by M-O-P. The basic structure unit is the centrosymmetric cyclote-
traphosphate ring P40, and therefore vibrational modes can consider it
as made up of the P,075 anion. The vibrational modes of P,0%5 ion
observed in the frequency range of 370-1400cm™! are assigned
according to the literature (Fig. 2) [18-20]. The many peaks split in these
regions indicate the different strength of the bond between cations
(M=Co?* and Fe?") and anion (P,40%3 ), which confirm the inserting
different cations in the skeletal as well as the formation of binary cobalt
iron cyclotetraphosphate. The anion contains the PO5™ radical and the
P-O-P bridge which differ in their bond strength. As the P-O bond
strength in the PO5~ radical is stronger than in the P-O-P bridge, the
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Fig. 2. FTIR spectrum of CoFeP4015,
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stretching frequencies of the PO3 ™ radical are expected to be higher than
those in the P-O-P bridge. The P-O bonds in the PO5™ radical show its
asymmetric and symmetric stretching frequencies around 1327-1237
and 1150-1000 cm™ !, respectively. The asymmetric and symmetric
stretching frequencies of the P-O-P bridge are observed in the regions of
1000-900 and 800-700 cm™', respectively. The symmetric P-O-P
bridge stretching modes occur at 736 and 714 cm™ .. These observed
bands are known to be the most striking feature of cyclotetraphosphate
spectra, along with the presence of the v,OPO~ band. From X-ray
diffraction data [12], it was shown that the crystal structure is
monoclinic (space group C2/c) with a cyclic structure of the [P4015]*~
anion. This has been confirmed by the FTIR measurements. The bending
modes are expected in the area 600-400 cm ™! (P03~ radical) and 400-
370 cm~ ! (P-O-P bride). The metal-O stretching usually appears in the
bending mode region as the bending modes of the P-O-P bridge and
absorption bands associated with these vibrations are usually very
weak. The weak FTIR band at 400 cm™! is probably due to metal-O
stretching mode.

3.4. Scanning electron microscopy

SEM micrograph of CoFeP40;, sample is shown in Fig. 3. It can be
seen that the sample is composed of floral-like structures. There is soft
agglomeration phenomenon among the particles of CoFeP401,, which is
attributed that the strong absorption of each other exists among
particles with the layered structure compound. The floral-like mor-
phology consists of similar petal-like flakes growing radically from the
centre as can be observed under a higher magnification (inset). The
different morphologies between the single metal compounds (IM;P4015,
M = Co or Fe) and the binary CoFeP,0;, indicate the presence of Co ions
in substitution position of Fe ions, which confirms the formation of
binary cobalt iron cyclotetraphosphate CoFeP401,. The result of SEM
experiment indicates that the grain sizes of CoFeP40, are not consistent
with the crystallite sizes in the XRD analysis indicating the influence of
media agents on particle nucleation and growth mechanisms. In
addition, the floral-like morphology of the prepared CoFeP40;; in this
work is different from the non-uniform particles of CoFeP,0,, reported
in our previous work [14]. These results indicate that the medium
reagents for precipitation have the strong effect on the morphology of
binary metal cyclotetraphosphate and are also in agreement with other
reported other phosphate groups [12-15].

3.5. VSM magnetometer
The room-temperature magnetization curves of the floral-like

microparticle CoFeP40;, displays typical superparamagnetic behavior
(Fig. 4). This curve is typical superparamagnetic behavior without any

Fig. 3. SEM micrograph of CoFeP,01,.
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Fig. 4. The specific magnetization of CoFeP401; as a function of field, measured at 20 °C.

hysteresis in the field range of -+ 10,000 Oe. Specific saturated magneti-
zation (M) value of the floral-like microparticle CoFeP401, (18.202 emu/
g) in this work is higher than that of non-uniform microparticle
CoFeP4015 (14.243 emu/g) reported in our previous work [14] because
of their small size. The result is lower than the saturated magnetization for
Fe304 nanoparticles (in a range of 30-50 emu/g) [21,22]. It is seen that
magnetization of the prepared CoFeP40;; is lower than that of Fe,P,01,
(85.01 emu/g) but markedly distinct from the diamagnetic properties of
Co,P4045 [9,10]. This result indicates that the presence of Co ions in
substitution position of Fe ions has the strong effect on the magnetic
behavior of CoFeP40;,. This study demonstrates that the floral-like
microparticle CoFeP405 is truly superparamagnetic, which is a unique
feature of magnetic materials. This material may be used in modern
technologies including magnetic resonance imaging contrast agents, data
lifetime in high density information storage, ferrofluid technology, and
magnetocaloric refrigeration [21-25].

4. Conclusions

Floral-like microparticle CoFeP40;, was successfully synthesized
by solid state route from cobalt carbonate, iron metal and phosphoric
acid at 500 °C. The floral-like morphology and higher magnetization
value of CoFeP401, in this work are different from those obtained from
other works indicating that this may be caused by the media agents.
The morphology of CoFeP,01, shows floral-like crystals, as revealed
by SEM data. The synthesized powder is polycrystalline, having
crystallite size of 49 420 nm for CoFeP40,, as estimated by XRD. The
synthesized CoFeP40;, is superparamagnetic, having no hysteresis
loop in the range of —10,000 Oe <H < 10,000 Oe with the specific
magnetization of 18.202 emu/g at 10 kOe. The results obtained are
necessary for elaboration of technology to produce the cyclotetrapho-
sphate of transition metals, which may be useful for potentially
applications as catalytic, ceramic and the biomedical materials etc.
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Kinetics and Thermodynamics of the Formation of MnFeP,0,,
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The kinetics and thermodynamics of dehydration and intermolecular polycondensation reactions of
Mn,,Fe »(H,PO,),*H,0 and Mn,,Fe,,,(H,PO,4), were studied under nonisothermal heating by thermo-
gravimetry (TG). On the basis of three calculation procedures and 24 kinetic mechanism functions,
kinetic triplets (E, A, kinetic model) using the Arrhenius equation were calculated for both processes.
The comparison of the results obtained with these calculation procedures show a strong dependence on
the selection of the mechanism function for the process. The thermodynamic functions (AH*, C,, AG*,
and AS*) of both reactions are calculated from differential scanning calorimetry (DSC) experiments.
Kinetic and thermodynamic results indicate that the polycondensation step has a lower rate and is a
stronger reaction than the dehydration step and corresponds to the breaking of the strong hydrogen-
bonded P—OH group, in connection with the polycondensation reaction, which confirms that the
decomposition product (manganese iron cyclotetraphosphate, MnFeP40O;,) was obtained.

Introduction

The cyclotetraphosphates of some bivalent metals are rela-
tively stable compounds, both thermally and chemically.' > This
phosphate group exhibits properties of color anticorrosion ability
and luminescence which allow their application as special
inorganic pigments.®”° Additionally, they are a good source for
macro- (P) and micronutrient (Ca, Mg, Fe, Mn, Co, Ni)
fertilizers due to their solubility in soils. They are formed by
the calcination of dihydrogenphosphates of bivalent metals or
by the calcination of a mixture containing phosphorus and
bivalent metal components in the corresponding ratio.””'* A
number of papers have dealt with the use of thermal analysis
(TA) under quasi-isothermal, quasi-isobaric conditions to follow
the dehydration reactions of some binary metal dihydrogen-
phosphate hydrates."*~ ' So far, however, no report has appeared
on the application of kinetic and thermodynamic methods to
the investigation of the important condensation products,
cyclotetraphosphates. The presence of water molecules of binary
dihydrogenphosphate hydrates influences the intermolecular
interactions (affecting the internal energy and enthalpy) as well
as the crystalline disorder (entropy) and, hence, influences the
free energy, thermodynamic activity, solubility, stability, and
electrochemical and catalytic activity.'®"?° Studies on the
thermodynamics, mechanisms, and kinetics of solid-state reac-
tions are a challenging and difficult task with complexity
resulting from a great variety of factors with diverse effects
such as reconstruction of solid state crystal lattices, formation
and growth of new crystallization nuclei, diffusion of gaseous
reagents or reaction products, materials heat conductance, and
static or dynamic character of the environment, physical state
of the reagents—dispersity, layer thickness, specific area and
porosity, type, amount, and distribution of the active centers

* Corresponding author. Tel.: +66-7750-6422ext 4565. Fax: +66-7750-
6410. E-mail address: kbbanjon @kmitl.ac.th.

* King Mongkut’s Institute of Technology Ladkrabang, Chumphon Campus.
* Faculty of Science, King Mongkut’s Institute of Technology Ladkrabang.
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on solid state surface, etc.' 22 The results obtained from such
studies can be directly applied in materials science for the
preparation of various metals and alloys, cements, ceramics,
glasses, enamels, glazes, polymers, and composite materials.*'

The aim of the present paper is to study the kinetic and
thermodynamic parameters of the formation of MnFeP,O, from
the decomposition of Mn,,Fe;,(H,PO4),*H,O and was followed
using differential thermal analysis—thermogravimetry (TG/DTG/
DTA), differential scanning calorimetry (DSC), X-ray powder
diffraction (XRD), and Fourier transform-infrared (FT-IR)
spectroscopy. This work seeks to characterize the thermal
decomposition processes of Mn,,Fe;,(H,PO,),*H,0, in relation
to its thermodynamic (AH*, C,, AS*, AG*) and kinetic (E, A,
mechanism and model) properties, which are discussed for the
first time.

Experimental Section

The starting binary dihydrogenphosphate hydrate Mn,,Fe,-
(H,POy4),*H,O (white—gray powder) was prepared in our labora-
tory from the Fe(c)—Mn(c)—H;PO, system in a water—acetone
medium at ambient temperature.”®> The qualities of the starting
reactant and decomposition product were confirmed by atomic
absorption spectroscopy (AAS, Perkin-Elmer, Analyst100), FTIR
spectrophotometry (a Perkin-Elmer Spectrum GX FT-IR/FT-
Raman spectrometer), X-ray diffraction analysis (a D8 Advanced
powder diffractometer, Bruker AXS, Karlsruhe, Germany), and
scanning electron microscopy.>> Thermal analysis measurements
(thermogravimetry, TG; differential thermogravimetry, DTG; and
differential thermal analysis, DTA) were carried out by a Pyris
Diamond Perkin-Elmer apparatus by increasing the temperature
from (323 to 673) K with calcined a-Al,O5 powder as the standard
reference. The experiments were performed in static air, at heating
rates of (5, 10, 15, and 20) K+min~'. The sample mass was between
(6.0 and 10.0) mg and placed into an alumina crucible without
pressing. Differential scanning calorimetry was carried out for
samples [(5 to 10) mg] in aluminum crucibles, over the temperature

© 2010 American Chemical Society
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Figure 1. TG—DTG—DTA curves of MHl/zFCI/z(H2PO4)2‘HZO at different

heating rates of (5, 10, 15, and 20) K-min~' in dynamic dry air.
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range of (303 to 823) K using differential scanning calorimetry
(DSC) (Perkin-Elmer Pyris One). The heating rate employed was
10 K-min~".

Results and Discussion

Sample Characterization. Figure 1 shows the TG—DTG—DTA
curves of the thermal decomposition of Mn,,Fe;,(H,PO,4),*H,O
at four heating rates. TG curves of Mn,,Fe;,(H,PO,4),*H,O
show two clearly distinguishable mass loss stages in the range
of (323 to 673) K. The two peaks in the DTG and DTA curves
closely correspond to the mass loss observed on the TG trace.
All TG—DTG—DTA curves are approximately the same shape,
which indicates that the mass loss is independent of the heating
rate. However, two decomposition stages were shifted toward
higher temperatures when the heating rates increase. The
eliminations of water are observed in two areas: (373 to 423)
K and (473 to 673) K. The average corresponding observed
mass losses of the four TG curves are (9.76 and 9.63) % by
mass, which correspond to (1.50 and 1.48) mol of water,
respectively. The total mass loss is 19.39 % (2.98 mol H,0),
which is in agreement with those reported for other binary
dihydrogenphosphate dihydrates in the literature (1 < mole of
water < 4).11 71425727 The retained mass is about 80.64 % for
all heating rates, compatible with the value expected for the
formation of MnFeP,O,,, which was verified by XRD measure-
ment. The decomposition reactions of Mn;,Fe;,(H,PO4),*H,O
are complex processes, which involve the dehydration of the
coordinated water molecules (1 mol H,O) and an intramolecular
dehydration of the protonated phosphate groups (2 mol H,0)
as shown in eqs 1 and 2

Mn, ,Fe,,(H,PO,), - H,O — Mn,,Fe, ,(H,PO,), + H,0
(D
Mn, ,Fe,,(H,PO,), — 1/2MnFeP,0,, + 2H,0 (2)

An intermediate compound (acid polyphosphate, Mn;,Fe;,
2(H,PO,),) has been registered. The decomposed processes and
the presented intermediates were similarly observed with other
binary dihydrogen phosphates.'' ~'**> Manganese iron cyclotet-
raphosphate MnFeP,0,, was found to be the product of thermal
decomposition at 7 > 550 K. To gain the complete decomposed
Mnl/zFCI/z(H2PO4)2 * H20, a sample of Mnl/zFel/z(H2PO4)2 ¢ H20
was heated in a furnace at 573 K for 2 h.

The DSC curve of Mn;,Fe,»(H,POy),*H,0 (Figure 2) shows
two endothermic peaks at (409 and 511) K (onset peak at (400,
506) K) which are due to the dehydration and the polyconden-

3.59Endo
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Heat Flow Endo Up(mW mg™)
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323 373

453 ' 4%3 l 5|23 l 5'|73 l 6&3 ' 6'I73
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Figure 2. DSC curve of Mn;Fe;»(H,PO4),+H,0 at the heating rates of 10
K-min~! in N, atmosphere.

Table 1. Values of Thermodynamic Parameters for Two
Decomposition Steps of Mn,,Fe;»,(H,PO,),-H,O Calculated from
DSC Data

parameter dehydration polycondensation
Ty (onset)/K 399.89 505.79
T/K 409.44 511.57
T>(end)/K 415.99 518.32
AS*J-mol!-K™! 74.42 11.85
C/(J+mol 'K 1885.01 484.20
AH*/J-mol™! 30348.72 6066.98
AG*/J+mol™! —121.04 435

sation reactions of this compound, respectively. The DSC peaks
are in good agreement with DTG and DTA peaks as shown in
Figure 1. According to the DSC curve, the heat of the
dehydration and the polycondensation reactions can be calcu-
lated and are summarized in Table 1.

The XRD patterns of Mn;,,Fe;»(H,PO,4),*H,0 and its dehy-
dration product (MnFeP,O,,) are shown in Figure 3. In the
systems of binary manganese iron solid solutions and individual
metal dihydrogenphosphate (or metal cyclotetraphosphate), the
electric charges of cations are equivalent, and the radii of cations
are close to each other, so the spectrum peaks are quite
similar."' ~'*?727 Therefore, all detectable peaks are indexed
as the Mn(H,PO,),°2H,0 and Mn,P,O;, compounds with
structure in standard data as PDF#350010 and PDF#380314,
respectively. These results indicated that the two crystal
structures are in the monoclinic system with space group P2,/n
(Z = 2) for Ml’l]/2FCl/2(HQPO4)2‘H20 and C2/c (Z = 4) for
MHFCP4012.25

FT-IR spectra of Mn;,Fe;»(H,PO4),*H,O and its dehydration
product (MnFeP,0,,) are shown in Figure 4. Vibrational bands
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Figure 3. XRD patterns of ('d) Mnl/zFel/z(HzPO4)2‘H20 and (b)
MnFeP,0O,,.
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Figure 4. FT-IR spectra of (a) Mn,,Fe,»(H,PO4),*H,O and (b) MnFeP,O,,.

are identified in relation to the crystal structure in terms of the
fundamental vibrating units, namely, H,PO,~ and H,O, for Mny,
2Fel/2(H2PO4)2°H20 and the [P4O]2]47 ion for MHFCP4012, which
are assigned according to the literature.”>2® Vibrational bands of
the H,PO,~ ion are observed in the regions of (300 to 500, 700 to
900, 1160 to 900, 840 to 930, 1000 to 1200, and 2400 to 3300)
cm™!, These bands are assigned to the 5(0,PO,), y(POH), d(POH),
1(PO,(Hy)), v(PO,), and v(OH) vibrations, respectively. The
observed bands in the (1600 to 1700) cm ™' and (3000 to 3500)
cm™! regions are attributed to the water bending/C band and
stretching vibrations/A band, respectively. Vibrational bands of the
[P,O1,]*" ion are observed in the ranges of (350 to 1220, 1150 to
1100, 1080 to 950, and 780 to 400) cm™!. These bands can be
assigned to the v,(OPO™), v((OPO"), v,(POP), and v,(POP)
vibrations, respectively. The observation of a strong v((POP) band
is known to be the most striking feature of the cyclotetraphosphate
spectra, along with the presence of the v,,(OPO™) band. From X-ray
diffraction data,”’ it was shown that the crystal structure is
monoclinic (space group C2/c) with a cyclic structure of the
[P,01,]*" anion, which was confirmed by the FTIR measurements.
Thermodynamics Parameters. Thermodynamic parameters,
i.e., enthalpy change (AH*/J-mol™'), heat capacity (C,/
Jemol~!-K™"), entropy change (AS*/J+mol~!+K™!), and Gibbs
energy change (AG*/J-mol™"), were calculated from the DSC
experiment. The enthalpy change was calculated directly from
the amount of heat change involved in each step per unit mass
of the test sample. AH* thus determined was implemented to
calculate the specific heat capacity (C,) using the following
equation®® !
AH
C, AT 3)
where AT = T, — Ty; T, is the temperature at which the DSC
peak begins to depart the baseline; and 75 is the temperature at

which the peak lands.?*** Subsequently, the changes of entropy
(AS*) and Gibbs energy (AG*) were calculated using the

following equations®~*!
AS* = 2.303C, log E 4
P8 T
AG* = AH* — T AS* )

On the basis of the DSC data, the values of AH*, AS*, C,,
and AG* for the activated complex formation from the reagent
can be calculated according to eqs 3, 4, and 5 and are presented
in Table 1.

The formation of the activated complex of the reagent reflects
in a specific way the change of the entropy (AS*). As can be
seen from Table 1, the entropy of activation (AS*) values for
the first and second steps are positive. A positive entropy value
indicates that the transition state is highly disordered compared
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with the initial state. It means that the corresponding activated
complexes have a lower degree of arrangement than the initial
state. Since the decomposition of Mn,,Fe,(H,POy),H,O
proceeds as two consecutive reactions, the formation of the
second activated complex passed in situ. In terms of the theory
of activated complexes (transition theory),*' >3 a positive value
of AS* indicates a malleable activated complex that leads to a
large number of degrees of freedom of rotation and vibration.
The result may be interpreted as a “fast” stage. On the other
hand, a negative value of AS* indicates a highly ordered
activated complex, and the degrees of freedom of rotation as
well as of vibration are less than they are in the nonactivated
complex. This result may indicate a “slow” stage.*> > There-
fore, the first and second steps of the thermal decomposition of
Mn,,Fe;»(HoPO,4),+H,O may be interpreted as “fast” stages.
On the other hand, the AS* value observed for the polycon-
densation step was lower than that of the dehydration step, which
is due to the necessity of more significant rearrangement in the
Mn;,Fe;»(H,POy), structure because the strength of the bond
between cation and anion is predominantly ionic. According to
our interpretation, in these cases the bonds would be strong
(large values of E), and more rearrangement would be necessary
(large absolute values of AS*) to break them for the formation
of the activated complex of the reagent. For the enthalpy AH*,
positive values are in good agreement with two endothermic
effects in the DTA and DSC data. The negative and positive
values of AG* indicate spontaneous and nonspontaneous
processes for the dehydration and polycondensation stages,
respectively. The AG* values indicate that the second step needs
a higher-energy pathway than the first step. That means that
the rate of the second step is lower than that of the first step of
the dehydration and indicates that the second decomposition
step occurs with more difficulty than the first decomposition
step according to the breaking of the strong hydrogen-bonded
P—OH group in this structure.

Kinetic Parameters. Kinetic analysis of heterogeneous solid-
state reactions always starts with the general formula for the
reaction:'®"%* A (solid) — B (solid) + C (gas). The kinetics of
such reactions is described by various equations taking into
account the special features of their mechanisms. The reaction
can be expressed through the temperatures corresponding to
fixed values of the extent of conversion (ot = (m; — m)/(m —
my), where my;, m,, and my are the initial, current, and final sample
mass, at moment time #) from experiments at different heating
rates (f3).

da

PGy (®)

The temperature dependence of the rate constant k for the
process is described by the Arrhenius equation

k=A exp(—RET) )

where A is the pre-exponential factor (s™!); E is the apparent
activation energy (kJ+mol™!); T is the absolute temperature (K);
and R is the gas constant (8.314 J+mol~!-K™!). Substitution of
eq 7 in eq 6 gives

do _ _E
a4 eXp( RT)f(a) ®)
When the temperature increases at a constant rate
% = 3 = const 9)

Therefore
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= o[-l (10)

The conversion function f{a) for a solid-state reaction depends
on the reaction mechanism. The solutions on the left-hand side
integral depend on the explicit expression of the function f{o)
and are denoted as g(o). The formal expressions of the functions
g(0) depend on the conversion mechanism and its mathematical
model. The latter usually represents the limiting stage of the
reaction—the chemical reactions; random nucleation and nuclei
growth; phase boundary reaction or diffusion. Algebraic expres-
sions of functions of the most common reaction mechanisms
operating in solid-state reactions are presented in the litera-
ture.'’ 20

Several authors'®~?* have suggested different ways to solve
the right-hand side integral. The integral methods of the
Coats—Redfern (CR),36 the Madhysudanan—Krishnan—Ninan
(MKN),*” and the Tang et al. (TL)*® have been predominantly
and successfully used for studying the kinetics of dehydration
and decomposition of different solid substances.'®”** For the
present study, calculation procedures were based on the CR,
MKN, and TL equations. Data from the TG curves in the
decomposition range 0.1 < o < 0.9 were used to determine the
kinetic parameters of the process in all used calculation
procedures.

The Coats and Redfern (CR) equation36

Table 2. Algebraic Expressions of Functions g(o) and f(at) and Their Corresponding Mechanism

) o ) ()
T BE E, BE,
Ea)
(ﬁ (11)
The Madhysudanan—Krishnan—Ninan (MKN) equation®’

In 8@ _ [1 AE

orms = |In g 3772050 - 1921503 In £] -

0.1 2()3947, (12)

Tang et al. (TL) equation®®

g(@) ZPAE

In 71894661 BR

+3&WM%—1@%mm4—

1'00145033ﬁ" (13)

These equations were used to estimate the most correct
mechanism, i.e., g(a) and f{or) functions. The activation energy,
pre-exponential factor, and the correlation coefficient can be
calculated from the CR (eq 11), MKN (eq 12), and TL (eq 13)
equations combined with 24 conversion functions (Table 2).'¢~%°
Equations 10 to 12 imply that there are differences in the
calculated values of the activation energy and pre-exponential
factor A in the Arrhenius equation, even with the same g(o)
function. The value of the coefficient of determination in the
linear regression R? for eqs 11 to 13 was used as a criterion for

16—20

rate-determination

no. symbol name of the function floy g(a) mechanism
1. Chemical Process of Mechanism Noninvoking Equations

1 Fis one-third order 32)(1 — a)?? [1—-0a—-w chemical reaction

2 Fay three-quarters order 401 — o) [1—0a—w"™ chemical reaction

3 Fip one and a halt order 2(1 — a)*? [1—-0a—-aw -1 chemical reaction

4 F second order (1 — o)? 1-o'—1 chemical reaction

5 F, nth-order kinetics (n £ 1) (1 — o) [1 = (1 —a)™/(1 —n) chemical reaction

2. Acceleratory Equations

6 Pip Mampel power law 2/3)ao? o nucleation

7 Pip Mampel power law 207 ol”? nucleation

8 Pis Mampel power law 3023 ol nucleation

9 P Mampel power law 4o al# nucleation

3. Sigmoid Rate Equations or Random Nucleation and Subsequent Growth

10 A, F Avrami—Erofeev equation (1 — o) —In(l — o) assumed random nucleation and
its subsequent growth, n = 1

11 Asp Avrami—Erofeev equation 3/2)(1 — a)[—In(1 — )] [ —In(1 — a)]*? assumed random nucleation and
its subsequent growth, n = 1.5

12 A, Avrami—Erofeev equation 2(1 — a)[—In(1 — )] [—In(1 — a)]"? assumed random nucleation and
its subsequent growth, n = 2

13 A; Avrami—Erofeev equation 3(1 — a)[—In(1 — o)]*? [~In(1 — a)]'” assumed random nucleation and
its subsequent growth, n = 3

14 A Avrami—Erofeev equation 41 — o)[—In (1 — a)]** [—In(1 — a)]" assumed random nucleation and

its subsequent growth, n = 4

4. Deceleratory Rate Equations

4.1 Phase Boundary Reaction

15 Ry, Fy, P, Power law 1 —a)° o one-dimensional advance of the reaction
interface, power law or zero-order
kinetics

16 R,, Fi,  Power law 2(1 — a)'”? [1 =1 —a" contracting area (cylindrical symmetry)
or one-half-order

17 Rs, Fo3  Power law 3(1 — a3 [1 —In(1 — )] Contracting volume (spherical symmetry)
or two-thirds order

4.2 Based on the Diffusion

18 D, Parabola law (o0 = kt'?) 1200 o? One-dimension diffusion

19 D, Valensi equation [—In(1 — o)]™! a+ (1 —on(l — Two-dimension diffusion

20 D; Jander equation B2)(1 — a1 — 0 —wP [1— 1 — )P Three-dimension diffusion

21 Dy Ginstling—Brounstein equation B2)A — o) B —=1]7! [1 — @23)a — (I — )] Three-dimension diffusion

22 Ds Zhuravlev—Lesokhin—Tempelman equation (3/2)(1 — o)*¥/[1 — (1 — o)™"] [(1 — )™ = 1]? Three-dimension diffusion

23 Dy Komastsu—Uemura or anti-Jander equation (3/2)(1 + a)”¥/[(1 + a)'® — 1] [(1 + o)'® — 1]? Three-dimension diffusion

24 Dy Anti—Ginstling—Brounstein equation G2 + o)™ = 1] [1+ (2/3)oc — (1 + 0)*?] Three-dimension diffusion
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Table 3. Values of Kinetic Parameters for Two Decomposition Steps of Mny,Fe;,;(H,PO,);sH,0 Calculated from TG Data using Different

Methods
calculation procedure
parameter CR MKN TL
Dehydration of MHI/ZFCI/Z(H2P02)4'H20
kinetic model Fs» Fs» Fsp
R? 0.99652 0.99653 0.99654
E/kJ+mol™! 136.48 136.73 136.75
A/min™! 1.87-10% 2.01+10% 2.02-10%
Deprotonated Hydrogen Phosphate of Mn,,Fe;,(H,PO,),

kinetic model Ds Ds Ds
R? 0.97495 0.97502 0.97505
E/kJ+mol™! 244 .45 244.55 244.55
A/min~! 2.26+10° 4.00-10% 2.34+10°

the estimation of the three calculating procedures aiming to find
the most suitable one. For the calculations of the kinetic
parameters, a computer program was developed for all the data
manipulations.

At the constant condition of other parameters, the TG curves
for dehydration and decomposition of Mn,,,Fe,,,(H,PO,),*H,0
in dynamic dry air at various heating rates [(5, 10, 15, and 20)
K+min~'] are shown in Figure 1. According to the CR, MKN,
and TL methods, the basic data of o and 7T collected from Figure
1 are illustrated in Table 3. These data were processed according
to the three calculation procedures and the kinetic equations
shown in Table 2, aiming to obtain a maximum value of the
coefficient of determination R? (Table 3). As can see from Table
3, the possible conversion function of the dehydration reaction
is F3, (three-halves kinetic order), which has a higher coefficient
of determination than the other functions. Thus, it can be stated
that the mechanism function with integral g(a) = 2[(1 — a)'/?
— 1] and differential form f) = (1 — o)*? belongs to the
mechanism of chemical decomposition reaction (mechanism
noninvoking equation). Concerning the second step of decom-
position, the better coefficient of determination was obtained
with mechanism function Ds (Zhuravlev, Lesokin, Tempelman
equation), which corresponds to three-dimensional diffusion with
integral g(a) = [(1 — )" — 1]? and differential form (o)) =
32)(1 — a)*3((1 — o)~ — 1)~ The values of the correlation
coefficient and kinetic triplets (E, A, kinetic model) obtained
with the three equations were quite close which did give enough
grounds to select the most suitable kinetic function model. These
were considered enough to conclude that the kinetic triplet
parameters of nonisothermal decomposition of Mn,Fe,
2(H,PO4),*H,0 can be reliably calculated with the correctly
chosen g(a) function. However, the kinetic triplet parameters
of the two decomposition processes are different. The dehydra-
tion reaction of Mn;,Fe,»(H,PO,),+H,0, however, is character-
ized by significantly lower values of E, and A compared to the
polycondensation reaction relative to the formation of an
intermediary higher molecular mass compound. Similar ten-
dency is observed in the kinetics of dehydration and decomposi-
tion of Mn(H,PO4),*2H,0.% When solid-state reactions of the
same type occur, it was found that large values of A correspond
to large values of E. The large E values are usually connected
with the higher strength of the chemical bond (bonds) which is
to be broken. The significantly lower values of £ and A observed
for thermal dehydration of Mn,,Fe;,(H,PO4),*H,O compared
to those of thermal decomposition of Mn,,Fe,(H,PO,), showed
that the bond strength between H,O molecules, cations,
and anions was lower than that between cations (Mn>", Fe?*)
and anions (H,PO,™ ion). This was confirmed from the higher
temperature of the decomposition stage (Figure 1), which
indicates that the presence of very strong hydrogen bonds of

MH] /2FC| /2(H2PO4)2 is higher than that of MH] /zFel /2(H2PO4)2 'HZO.
The result is consistent with the TG/DTG/DTA (the true scheme
1 and 2) and DSC results, which explains the elimination of water
molecules in crystallohydrate for the first step and the elimination
of water molecules from dihydrogenphosphate ion for the second
step. The big difference between the values of the pre-exponential
factor A for the processes of dehydration and decomposition of
the studied compound is interesting. The values of the pre-
exponential factor A in the Arrhenius equation for solid phase
reactions are expected to be quite wide ranged (6 or 7 orders of
magnitude), even after the correction of the surface area effect. 4>
The empirical first-order pre-exponential factors may vary from
(10° to 10'®) s7'. The low factors will often indicate a surface
reaction, but if the reactions are not dependent on the surface area,
the low factor may indicate a “tight” complex. The high factors
will usually indicate a “loose” complex. Even higher factors (after
correction of the surface area) can be obtained if the complexes
have free transition on the surface. Since the concentrations in solids
are not controllable in many cases, it would be convenient if the
magnitude of the pre-exponential gives an indication of the reaction
molecularity. This appears to be true only for nonsurface-controlled
actions having low (<10° s7!) pre-exponential factors. On the basis
of these reasons, the first and second steps of the thermal
decomposition of Mn,Fe;»(H,POy),*H,O may be interpreted as
loose complexes. This may most likely occur on a surface where
the complex extends itself from the surface and perhaps rotates
parallel to the surface. For this unimolecular case, the complex is
expected to expand in size and hence interact more intensely with
its neighbors. On the basis of the results, the thermal analysis and
kinetic and thermodynamic results are consistent and indicate the
breaking bonds of water molecules and a true P—OH, in connection
with the polycondensation reaction,'' ™ '**® which confirm that the
decomposition product, manganese iron cyclotetraphosphate
MnFeP,01,, was obtained.

Conclusions

On the basis of the studies carried out, the thermal decom-
position of Mn,,Fe;,(H,PO4),*H,0 was found to occur in two
processes: the dehydration and the deprotonated dihydrogen-
phosphate reactions. The dehydration reaction of Mn;,Fe,
2(H,PO4),+H,0 involves the elimination of water molecules of
crystallohydrate, while the deprotonated dihydrogenphosphate
reaction of Mn,Fe;,(H,POy), involves the breaking bond of a
true P—OH and polycondensation reaction of phosphate groups.
The parameters characterizing the kinetics and thermodynamics
of two thermal transformation reactions of the studied compound
were different because the nature of chemical units (cation,
anion, and water molecules) exerts significant effects on electron
density and, hence, on the strength of its bond to structure. On
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the basis of correctly established values of the apparent
activation energy, pre-exponential factor, and the changes of
entropy, enthalpy, and Gibbs energy, certain conclusions can
be made concerning the mechanisms and characteristics of the
processes. The results can be applied to the production of
MnFeP,O,,, which plays a large role in industrial applications.
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Abstract The manganese iron cyclotetraphosphate (Mn
FeP,0,,) was synthesized through one-step thermal syn-
thesis at 700 °C using the mixing of manganese and iron
metals and phosphoric acid in the presence of water—
acetone media. Both FTIR and XRD results indicate the
cyclotetraphosphate (P,O 1*7) structure and a pure mono-
clinic phase with space group C2/c (Z = 4). The morphol-
ogy and crystallite size for the MnFeP,4O;, obtained from
SEM data and X-ray line broadening show non-uniform
particles and 30 & 9 nm, respectively. The magnetic study
of the synthesized MnFeP,O;, shows superparamagnetic
behavior, which is important for specific application. Some
physical properties of the synthesized MnFeP,0;, powder
presented for the first time are comparable with those from
individual M,P40;, (M = Mn and Fe) and a binary metal
compound as CoFeP4O,.

Introduction

The metal(Il) phosphates have considerable industrial
interesting properties such as ceramics, catalysts, fluores-
cent materials, dielectrics, metal surface treatment agents,
detergents, food additives, fuel cell materials, pigment, etc.
[1-4]. Metal cyclotetraphosphates M,P,O;, and binary
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metal cyclotetraphosphates M,_,A,P,O, (M and A =
Mg, Ca, Mn, Co, Ni, Zn, or Cu; 0 < x < 2), are isostruc-
tural, were examined for potential applications as special
inorganic pigments [5, 6]. All these compounds have
similar X-ray diffraction patterns and close unit cell
parameters, which crystallize in monoclinic space group
C2/c (Z = 4) [7]. They were first described by Trojan et al.
[6, 8, 9] and prepared by mixing starting materials, fol-
lowed by calcination, crushing, and adjusting their color
[9-11]. Many methods have been employed to synthesize
single or binary metal cyclotetraphosphate, including two-
step thermal method [6, 8, 9], hydrothermal synthesis [5],
and the condensation of binary metal(Il) dihydrogenphos-
phate hydrates (M;_,A,(H,PO4),-nH,O0 where 0 <y < I;
1 <n<4)[12, 13]. In our previous work, the MnFeP,0,
prepared by the calcinations of Mng sFeq s(H,PO4),-nH,O
at 500 °C uses several processes [12]. These previously
reported methods were long time consuming (>5 h) with
high temperature (800-1000 °C) and were the evolved
toxic gases (NO, and CO,). These works are of interest
because it appears economically advantageous and envi-
ronmentally friendly to substitute a portion of the divalent
metal with a less costly divalent element, which influences
many properties, for example, the color of pigments,
thermally and chemically stable compounds [6, 8], anti-
corrosion ability, and luminescence [8, 9, 14, 15]. How-
ever, it is relevant to synthesize binary cyclotetraphosphate
and its solid solution because changing the metal ratio
influences its useful properties.

Herein, we report for the first time the synthesis of a
binary manganese iron cyclotetraphosphate, MnFeP,O,
by one-step thermal synthesis using solid state route of
manganese and iron metals and phosphoric acid in water—
acetone medium. This method is a simple, rapid, cost-
effective, and environmental friendly route for synthesis of
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MnFeP,0,,, exhibiting the differences of some physical
and chemical properties from those in our previously report
[12, 16, 17]. The synthesized sample was characterized by
X-ray powder diffraction (XRD), Fourier transform infra-
red (FTIR), scanning electron microscope (SEM), and a
vibrating sample magnetometer (VSM) techniques.

Experimental
Reagent and apparatus

The starting reagents are Mn, Fe, H;PO,4, and acetone. All
chemicals were of p.a. quality (Merck). As metal sources
we use crystalline Mn and Fe metals since they display: (i)
a moderate stability at storage (with respect to bond oxi-
dation to Fe(Il) and Mn(Il) and dehydration, which ensures
an exact stoichiometry in the final product; (ii) appearance
of reducing gaseous products (H,, H,O, CO, or CO,)
during the calcination process. The manganese and iron
contents of MnFeP,0,, were determined by dissolving in
0.0126 M hydrochloric acid using atomic absorption
spectrophotometry (AAS, Perkin Elmer, Analyst100). The
phosphorus content was determined by colorimetric anal-
ysis. The room temperature FTIR spectrum was recorded in
the range of 4000-370 cm™' with 8 scans on a Perkin-
Elmer Spectrum GX FT-IR/FT-Raman spectrometer with
the resolution of 4 cm™' using KBr pellets (KBr, spec-
troscopy grade, Merck). The structure and crystallite size
of the product were studied by X-ray powder diffraction
using a X-ray diffractometer (Phillips PW3040, The
Netherlands) with Cu Ke radiation (4 = 0.15406 nm). The
Scherrer method was used to evaluate the crystallite size
[18]. The morphology of the product was examined with
scanning electron microscope using LEO SEM VP1450
after gold coating. The magnetic study of the product was
examined at room temperature (20 °C) using a vibrating
sample magnetometer (VSM 7403, Lake Shore, USA).

Preparation of manganese iron cyclotetraphosphate
MHFCP4012

Typical procedure, 0.5494 g of Mn (c), 0.5584 g of Fe (c),
and 10 mL acetone were put in a beaker with mechanical
stirring. The mixture was added by 5 mL of 70% H;PO,
(86.4% w/w H3PQOy4 dissolved in DI water) with continuous
stirring at ambient temperature (10 min). The reactant
mixture was transferred to a crucible, which was heated in
the furnace at 700 °C for 2 h in an air atmosphere. The
obtained pale gray powder was crushed and washed
repeatedly with water until no PO,>~ was detected in fil-
trate. Then, the powder was washed again for several times

@ Springer

with methanol and dried at room temperature. The reaction
equation can be expressed as:
Mn(s) + Fe(s) + 4H3PO4(aq)

Acetone, 700 °C in air atmosphere

MnFeP4015(s) +4H>0(g)
+2H,(g) (1)

Results and discussion
Chemical analysis of MnFeP,O,,

The chemical compositions of the synthesized MnFeP,0,,
were analyzed according to the discussed methods. The
data showed that manganese, iron, and phosphorus mass
percentages were 14.55, 14.30, and 31.92 wt%, respec-
tively. In other words, mole ratio of Mn:Fe:P in the syn-
thetic product is equal to 1.03:1.00:4.02. This indicates that
the general formula would be MnFeP,O,.

XRD analysis of MnFeP,0,,

Figure 1 shows the XRD pattern of the product MnFeP,O,
obtained at 700 °C. The higher intensities of XRD peaks
observed indicate crystallization as well as particle sizes of
the product. On the basis of isostructural, XRD patterns of
the individual M,P,O;, (when M = Mn and Fe) and the
binary M;_,A,P4,O,, are quite similar due to the electric
charges of cations are equivalent, and the radii of cations
are close to each other. Consequently, we can draw a
conclusion that the synthesized MnFeP,0O,, is solid solu-
tion and not a mixture of the individual ones. All the
detectable peaks in the figure are found to be in agreement
with monoclinic phase, space group C2/c (Z = 4) from
PDF card 380314 for Mn,P,O;, and PDF card 782285 for
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Fig. 1 XRD pattern of MnFeP,0;,
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Table 1 Average particle size and lattice parameters of MnFeP,O,, calculated from XRD data
Compounds Systems a (10%) b (/&) c (/&) p(©) Average
crystallite
size (nm)
Mn,P,0,, PDF no 380314 11.88 8.588 10.137 119.21 -
Ref. [16] 11.784(0) 8.913(4) 10.055(6) 119.95(3) 29+9
MnFeP40,, This work 12.02(0) 8.23(0) 10.57(0) 118.89(2) 30+9
Ref. [12] 12.02(8) 8.42(2) 10.10(4) 119.11(5) 69 + 21
Fe,P,01, PDF n0.782285 11.94 8.37 9.93 118.74
Ref. [17] 12.80(0) 8.80(4) 10.56(0) 118.67(4) 29+ 6

Fe,P,0;, and the XRD pattern of the prepared sample is
in agreement with that of MnFeP,O,,, obtained by the
thermal transformation of Mng sFeq 5(H,PO,4),-nH,O at
500 °C. According to the Scherrer formula: D = 0.89//
fcosf), where D is crystallite diameter, A = 0.15406 nm
(the wavelength of X-ray radiation), 0 is the diffraction
angle, and f is the full width at half maximum (FWHM)
[18]. The crystallite size of the product are estimated from
the strong peaks below 40° fro 20. The resulting crystallite
size of the product is 30 & 9 nm. The lattice parameters
determined from the XRD spectra are very close to the
standard data file (from PDF no. 380314 for Mn,P,0,, and
PDF no. 782285 for Fe,P,0,,) and MnFeP,O,, reported in
the literature (Table 1) [12, 16, 17].

FT-IR spectroscopic analysis of MnFeP,0,

The FTIR spectrum of the product MnFeP,O, is seen in
Fig. 2. The crystal structure is a three-dimensional frame-
work of MOg (M = Mn or Fe) polyhedral linked with
P40, rings by M—O-P. The vibrational modes of PO
jon observed in the frequency range of 370-1400 cm™" are
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Fig. 2 FTIR spectrum of MnFeP,0,

assigned according to the literature [16, 17, 19]. The strong
band at 1226 cm™' is due to the asymmetric stretching
frequency of the PO,”~ radical, while the bands at 1100—
100 cm™! to the symmetric stretching frequencies of the
PO,*~ radical. The bending modes are expected in the area
600—400 cm™" (PO,*~ radical) and 400-370 cm ™' (P-O-P
bridge). The metal-O stretching usually appears in the
bending mode region as the bending modes of the P-O-P
bridge and absorption bands associated with these vibra-
tions are usually very weak. One strong band at 970 cm™'
is assigned to the asymmetric of the P-O-P bridge. Three
bands between 800 and 700 cm™' are due to symmetric
stretching frequencies of the P-O-P bridge. The observa-
tion of a strong v;POP band is known to be the most
striking feature of cyclotetraphosphate spectra, along with
the presence of the v,;OPO™ band, which indicate the
cyclic structure of the [P,O,,]*" anion. This FTIR result is
consistent with X-ray diffraction data [5].

SEM analysis of MnFeP,0,,

Figure 3 shows the SEM micrograph of MnFeP,O,,
product. The whole thermal transformation phase changed

Fig. 3 SEM micrograph of MnFeP,0O;,

@ Springer
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particle shape and size of the product composed of a high
agglomerate of non-uniform particles, which is not similar
to those of M,P,O;, (M= Mn or Fe) (Fig.3) and
MnFeP,0,, obtained by thermal condensation of Mng s
Fe( 5(H,PO,4),-nH,0 in our previous studies [12, 16, 17]
The highly agglomerate of MnFeP,0,, powder is possibly
caused by the process of the decomposition process in
acetone medium. There is strong agglomeration phenom-
enon among the particles of MnFeP40O;,, which is attrib-
uted that the each other absorption exists among particles
with the layered structure compound. The SEM result
indicates that the grain sizes of MnFeP,O,, are not con-
sistent with the crystallite sizes in the XRD analysis
because the exact particle nucleation and growth mecha-
nisms are caused.

VSM magnetometer

Magnetization curve (M—H loop) for MnFeP,O,, powder
obtained from room temperature VSM measurement is
illustrated in Fig. 4. Magnetization did not reach saturation,
even at maximum applied magnetic field in range of
410,000 Oe, and no hysteresis was found, which indicated
that the studied product is superparamagnetic [20]. Specific
saturated magnetization (M) value (14.09 emu/g) for
the studied MnFeP,O;, powder [12] is close to that of
CoFeP40, (14.24 emu/g)[15]. But the superparamagnetic
property for the studied compound is significantly different
from the ferromagnetic properties for Fe,P,0;, (85.01
emu/g) [17] and MnFeP,O,, (13.14 emu/g) [12] (obtained
from thermal condensation of Mng sFeq s(H,PO4),-nH,0 at
500 °C) and the diamagnetic property for Mn,P,O, [16].
Compared with the M; of Fe;0, bulk (92 emu/g) and Fe;0,4
nanoparticles (in a range of 30-50 emu/g), the M, of

15 -

10 -
)
=
g 5
L
g
2 04
3
g s
&
<
= .10 -

-15 4

1 1 v I
-10000 -5000 0 5000 10000
Applied Field (Oe)

Fig. 4 The specific magnetization of MnFeP,O;, as a function of
field, measured at 20 °C

@ Springer

MnFeP,O,, was lower, which might be attributed the
nature of samples; crystal structure, shape, and particle size
[21]. If Mn(I) is inserted to Fe,P,0O;,, the magnetism
would decrease significantly, since the effective metal
radius of MnFeP,0O,, was different from its core radius of
Fe,P,0;,. This result indicates that the different magnetic
property of MnFeP,O, is caused by the presence of Mn
ions in substitution position of Fe ions in the skeleton. This
study demonstrates that the synthesized MnFeP,O, is truly
superparamagnetic, which is a unique feature of magnetic
materials. This material may be used in modern technolo-
gies including magnetic resonance imaging contrast agents,
data lifetime in high density information storage, ferrofluid
technology, and magnetocaloric refrigeration [19-21].

Conclusions

This research has successfully achieved a simple one-step
thermal synthesis of a monoclinic binary MnFeP,O, in the
presence of water—acetone media. FTIR, XRD, SEM, and
VSM results suggested the formation of a binary manganese
iron cyclotetraphosphate MnFeP,0O,,. The FTIR and XRD
data confirmed the most feature of cyclic polyphosphate
anion, which indicated the dominant cyclotetraphosphate of
P,O,*" anion. The morphology and crystallite size of
MnFeP40O;, show a high agglomerate of non-uniform par-
ticles and polycrystalline having crystallite size of 30 +
9 nm, as estimated by SEM and XRD, respectively. The
magnetic analysis of the synthesized MnFeP,O;, shows
superparamagnetic property, having no hysteresis loop in
the range of —10,000 Oe < H < 10,000 Oe with the spe-
cific magnetization of 14.09 emu/g at 10 kOe. This research
displays that the simple, cost-effective, rapid time con-
sumption, and environmental friendly method is necessary
for elaboration of technology and academic scientist to
produce the cyclotetraphosphate of transition metals, which
may be useful for potentially applications as super phos-
phate and micronutrient fertilizers, inorganic ceramic pig-
ment, catalyst, fuel cell material and corrosion-proof
compositions.
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This paper reports the synthesis of binary CogsFegs5(H2P04)2-2H20 by a simple, rapid and cost-effective
method using CoCO3—Fe(c)—H3P0O4 system in water—acetone media at ambient temperature. Thermal
transformation of the synthesized powder was investigated by TG/DTG/DTA and DSC techniques, which
indicate that its final decomposed product was a binary cobalt iron cyclotetraphosphate CoFeP401;. The
FTIR and XRD results of the synthesized CogsFegs5(H2P04)2-2H,0 and the decomposed CoFeP401; indi-
cate the pure monoclinic phases with space group P2{/n and C2/c, respectively. The morphologies of
CogsFegs5(HoPO4)2-2H20 and CoFeP40q1; powders appear non-uniform particle shapes and high
agglomerates, which are different from the cases of the single compounds M(H,P04)2-2H,0 and M3P401;
(where M = Co, Fe). The magnetic properties of the studied compounds are superparamagnetic behav-
iors, which are important for specific applications. The physical properties of the studied powders are
comparable with those reported in our previous study, affected by medium and condition of preparation

Non-uniform particles method.

© 2010 Elsevier Masson SAS. All rights reserved.

1. Introduction

Binary metal phosphates with the general formula
M'xM"”1_x(HaPO4),-nH0 (M'or M” = Mg, Ca, Ba, Mn, Co, Ni, Fe, Zn;
X =0—1; n=1-4) have the incremented use in order to supply the
demands of high modern technology [1—3]. This phosphate group is
transformed to the corresponding binary metal(Ill) cyclo-
tetraphosphate group M'y,M";_,P4012 (y =0-2) in the reactions of
dehydration and deprotonation of dihydrogenphosphate groups at
higher temperatures [4—6] Both M'yM”;_x(H2PO4);-nH20 and
M'yM”>_,P4012 compounds are isostructural with the single metal
dihydrogenphosphate (M’(H2PO4)2-nH,0) and single metal(Il)
cyclo-tetraphosphate (M’;P4013) groups, respectively [8—10].
Consequently, they have similar X-ray diffraction patterns and close
unit cell parameters, which crystallize in monoclinic space group
P21/n(Z = 2)for the dihydrogenphosphate group and C2/c(Z = 4) for
cyclo-tetraphosphate group. Both binary metal phosphate groups
canbe used in awide range of applications: catalysts and adsorbents,

* Corresponding author. King Mongkut's Institute of Technology Ladkrabang,
Chumphon Campus, 17/1 M.6 Pha Thiew District, Chumphon 86160, Thailand. Tel.:
+66 7750 6422x4565; fax: +66 7750 6410.

E-mail address: kbbanjon@kmitl.ac.th (B. Boonchom).

1293-2558/$ — see front matter © 2010 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.solidstatesciences.2010.10.012

ion-exchange materials, solid electrolytes for batteries, in linear and
non-linear optical components, chelating agents, tooth powder and
doughs, artificial teeth and bones, corrosion-resistant coating,
sewage purifying agents, glass-ceramics, refratories, fire extin-
guishers, cements, soap powder, biomaterials and implantates,
forages for animals, superionic conductors, piezo- and ferroelectrics,
gas and moisture sensors, magnets, phosphors, detergents and high-
quality fertilizers [1,4,5,11,12] Therefore, the design, synthesis and
characterization of the field of these phosphates have been very
active during the twentieth century. However, the development of
the chemistry of these phosphates was very slow, spreading along
almost a century. So far, there were reports on the synthesis, the
thermal analysis (TA) under quasi-isothermal and quasi-isobaric
conditions of binary metal(ll) dihydrogenphosphate hydrates
M'xM”1_x(H2PO4),-nH0 (M'or M” = Mg, Ca, Ba, Mn, Co, Ni, Fe, Zn;
x=0-1; n=1-4) [1,4,5,8—12]. Recently, Viter and Nagornyi [13],
Antraptseva et al. [4] and Koleva and Mehandjiev [12,14] reported
the synthesis at low temperature (40—80°C) with long time
consumption (2—90 days) of M1_xNiy(H2P04),-2H,0 (M = Mg, Mn,
Co, Zn), Mnq ,XZHX(H2PO4)2~2H20 and M(H2P04)2~2H20 (M =Co, Nj,
Mn, Fe), respectively. Most recently, our research group reported the
rapid synthesis (10—20min) of M(H;PO4);-2H,0 and
M1 _xAx(H2PO4),-nH20 (M and A= Ca, Mn, Fe, Cu, Co) at ambient



78 B. Boonchom et al. / Solid State Sciences 13 (2011) 77—81

temperature [1,2,15,16]. However, it is obstacle to synthesize binary
metal dihydrogenphosphates, binary metal cyclotetraphosphates
and their solid solutions, which vary the composition of metal
cations for obtaining homogeneity ranges and modified useful
properties.

In this work, binary CogsFeps(H2P04),-2H,0 was prepared by
solid state method at ambient temperature with short time
consumption (<10 min), which is a simple and cost-effective route.
Thermal transformation of CogsFegs(H2P04)2-2H20 was investi-
gated by thermogravimetry/differential thermal gravimetry/
differential thermal analysis (TG/DTG/DTA) and differential scan-
ning calorimetry (DSC) techniques and its final decomposed
product is CoFeP401,. Furthermore, the synthesized CogsFegs5(Ha-
PO4)2-2H;0 and its decomposed product CoFeP401, were charac-
terized by X-ray powder diffraction (XRD), Fourier transform
infrared (FTIR), scanning electron microscope (SEM) and vibrating
sample magnetometer (VSM) techniques.

2. Experimental

Phosphoric acid (H3PO4, Fluka, 86.4% w/w), cobalt carbonate
(CoCO3, Merck, AR grade), iron metal (Fe, Merck, AR; c; com-
plexometric) and acetone (CH3CH,OCH3CHj, Merck, AR grade)
were used as precursors for phosphorous, Co(Il), Fe(Il) and media
agent, respectively. Typically process, 2.00 mL of distilled water was
added to 8.00 mL H3PO4 and then H3PO4 solution was added to
2.40 g of CoCO3 and 1.12 g of Fe(c) (a mole ratio corresponding to
the nominal composition of Fe:Co ratio of 1.0:1.0) in the presence of
15 mL acetone. This resulting suspension was continuously stirred
at ambient temperature for 10 min and the prepared solid was aged
for drying at room temperature. The presence of acetone reduced
strong exothermic reaction and prevented the evolved Hy(g) and
COy(g) in the precipitation process and developed the highly
crystalline product. This method is a simple, rapid, cost-effective
and environmental friendly route for synthesis of CogsFegs(Ha-
POy4),-2H,0. The prepared solid was recovered by filtration (suction
pump), washed with acetone, and dried in air.

Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) was carried out in a flow of air (100 mLmin~') with
a heating rate of 10 °C min~! over the temperature range from 30 to
800 °C using a TG—DTG—DTA Pyris Diamond Perkin Elmer Instru-
ments. Its final decomposed product seemed to occur at tempera-
tures above 600 °C, so the prepared solid was calcined at 700 °C for
3 h. Differential scanning calorimetry was carried out for a sample
(5—10 mg) in an aluminum crucible, over the temperature range of
303—823 K using differential scanning calorimetry (DSC), Perkin
Elmer Pyris One. The heating rate employed was 10 Kmin~. The
cobalt and iron contents of the prepared solid and its final decom-
posed product were determined by dissolving in 0.0126 M hydro-
chloric acid using atomic absorption spectrophotometry (AAS,
Perkin Elmer, Analyst100). The phosphorus content was determined
by colorimetric analysis of the molybdophosphate complex. The
structure and crystallite size of the synthesized sample and its
decomposed product were studied by X-ray powder diffraction
using an X-ray diffractometer (Phillips PW3040, The Netherlands)
with Cu Ke radiation (A =0.15406 nm). The Scherrer method was
used to evaluate the crystallite size [17]. The photographs of scan-
ning electron microscope (SEM) were obtained by LEO SEM VP1450
after gold coating. The room temperature FTIR spectra were recor-
ded in the range of 4000—370 cm~! with 8 scans on a Perkin—Elmer
Spectrum GX FT-IR/FT-Raman spectrometer with the resolution of
4cm~! using KBr pellets (KBr, spectroscopy grade, Merck). The
magnetic properties of the prepared solid and its decomposed
product were examined at room temperature (20°C) using
a vibrating sample magnetometer (VSM 7403, Lake Shore, USA).

3. Results and discussion
3.1. Chemical analysis

According to chemical analysis data, the P/(Co + Fe)=2.13 and
H,0/P = 1.92 molar ratios in the synthesized phosphate differed very
little from those calculated for binary metal dihydrogenphosphate
with the general formula CoqoFeq2(HoPO4)z-2H,0. Similarly, the P/
(Co + Fe) = 2.01 molar ratio in the decomposed product practically
corresponds to the CoFeP401> stoichiometry, where Co(II) and Fe(II)
stand for divalent cations.

3.2. Thermal analysis

Fig. 1 shows the TG/DTG/DTA curves of Cog sFeg 5(H2P04)2- 2H,0.
The TG trace shows three mass loss stages in the range of
30—600 °C. In the first stage between 45 and 140 °C, the mass loss
of 11.62% corresponds to the elimination of 1.87 mol water (H,0) of
crystallization. The mass losses of 9.15% for the second stage
(140—275 °C) and 5.85% for the third stage (275—600 °C) relate to
the eliminations of 1.47 and 0.54 mol water of the deprotonated
dihydrogenphosphate groups, respectively. Three endothermic
effects in the DTA curve show over the temperature region at 119,
174 and 402 °C, which relate to three peaks in DTG curve at 114, 165,
and 400 °C and closely correspond to the observed mass loss on the
TG trace. Further, a small exothermic effect at 712 °C without
appreciable mass loss is observed in the DTA curve, which can be
ascribed to a transition phase form of CoFeP4013. The thermal
transformation of CogsFegs(H2P04)2-2H50 involves the dehydra-
tion of the coordination water molecule (2 mol H,0) and an
intramolecular dehydration of the protonated dihydogenphosphate
groups (2 mol H0) as shown in Eqgs. (1) and (3).

Coop.sFeq 5(H2P04)2-2H20 — CogsFeps(H2PO4)2 + ~2H20 (1)
Cop.sFeq 5(H2P04)2 — Cog.5(H2P207)0.5- Feg s(H2P207)o5 + ~H20 (2)

Coo.5(H2P207)0.5-Feo s(HaP207)0.5 — 1/2CoFeP4012 + ~H,0 (3)

An unstable intermediate compounds, such as acid poly-
phosphate Cog 5Feq.5(H2PO4)2 and Cog 5(H2P207)o.5-Feo5(H2P207)0.5
and mixtures of intermediate of both have been registered and
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Fig. 1. TG/DTG/DTA curves of CogsFegs(H2PO4),-2H,0 at the heating rate of
10 °Cmin~" in air atmosphere.
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were similarly observed with the single hydrogen phosphates and
other binary metal dihydrogenphosphates [2—8]. The binary cobalt
iron cyclotetraphosphate, CoFeP401> is found to be the final product
of the thermal decomposition at T> 600 °C. The total mass loss is
26.62% (3.88 mol H,0), which is in agreement with those reported
for other binary dihydrogenphosphate dihydrate in the literature
(1 < mole of water <4) [4,12—16]. The thermal stability, mecha-
nism and phase transition temperature of the studied compound in
this work are significantly different from those from the single
metal compounds (Fe(H,POg4),-2H20 [18] and Co(H,PO4);-2H,0
[19]). The different thermal behaviors were considered to be due to
the different locations of the incorporation of Fe and Co metals in
the skeleton and water constitution, which affect to the strengths of
water molecule bonds in the studied compound.

The DSC curve of CogsFegs5(H2PO4)2-2H20 (Fig. 2) shows four
endothermic peaks at 121,167, 215 and 402 °C (onset peak at 98,162,
204 and 389 °C) which relate to the dehydration reactions for the
first two peaks and the polycondensation reactions for the last two
peaks, respectively. Three endothermic peaks at 121,167 and 402 °C
in the DSC curve are in good agreement with DTG and DTA curves
as shown in Fig. 1. According to DSC experiment, the heat of
dehydration reactions and the polycondensation reactions of this
compound can be estimated and were found to be 154.80, 7.80,
20.98 and 34.04 ] g, respectively.

3.3. X-ray powder diffraction

Fig. 3 shows the XRD patterns of the CogsFeg5(H2P04)2-2H20
sample and its final decomposed product, which are very similar to
those obtained from the single metal compounds of M
(H2PO4)2-2H20 and M3P401; (when M = Co and Fe), respectively.
Compared with the published XRD data of the individual metal
compounds (Co(H;PO4),-2H,0 (PDF no 390698), Fe(H,P04),-2H,0
(PDF no 751444), Co,P4012 (PDF no 842208) and Fe,P401, (PDF no
782285)), both studied samples can be assigned to the
CopsFep5(HaPO4)2-2H20 and CoFeP401, products. According to
hypothesis of isostructural, the systems of binary cobalt iron solid
solutions and individual metal dihydrogenphosphate (or cobalt
iron cyclotetraphosphate) show quite similarity of the XRD peaks
because the electronic charges of cations are equivalent and the
radii of cations are close to each other. Consequently, we can draw
a conclusion that the synthesized CogsFep5(H2P04),-2H20 and its

225

o Endo

2.00

DSC/mw mg”

50100 150 200 250 300 350 400 450 500 550
Temperature/’C

Fig. 2. DSC curve of CogsFeqs(H;P04);-2H,0 at the heating rate of 10 °Cmin~' in N,
atmosphere.
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Fig. 3. XRD patterns of CogsFeps(H2PO4)2-2H,0 (a) and its decomposed product
CoFeP401; (b).

final decomposed product are solid solutions and not a mixture of
the individual ones. On the basis of XRD results, all the reflections
can be distinctly indexed as pure monoclinic phases with space
group P2¢/n (Z=2) for Cog s5Feq5(H2P04)2-2H,0 and C2/c (Z = 4) for
CoFeP401. The average crystallite sizes and lattice parameters of
both samples were calculated from the XRD patterns and were
summarized in Table 1. The lattice parameters and crystallite sizes
of Cog sFeg5(H2P04)2-2H,0 and CoFeP401, are comparable to those
of the single metal compounds reported in the standard data and
our previous works [18,19]. As can seen from Table 1, the crystallite
sizes for both binary compounds in this work are larger than those
from the single metal compounds in our previous reports [18,19].

3.4. FTIR spectroscopy

The FTIR spectra of CogsFeps(HPO4)-2H,0 and its final
decomposed product CoFeP4013 are shown in Fig. 4. On the basis of
isostructural, the FTIR spectra peaks of the binary metal and single
metal of dihydrogenphosphate (or cyclotetraphosphate) are quite
similar. Consequently, vibrational bands are identified in relation to
the crystal structure in terms of the fundamental vibrating units
namely H,POz and H0 for CogsFeos(H2P04)2-2H,0 and [P4012]*~
ion for CoFeP401,, which are assigned according to the literature
[4,12—16]. The FTIR spectrum of Cog sFeg 5(H2PO4)2-2H,0 (Fig. 4a) is
very similar to those observed by Koleva and Mehandjiev [12] and
Boonchom et al. [18,19] The highest site symmetry of H,POz ion is
Cyy, in the crystallographic unit cell (P21/n, Z = 2), but the four H,POz
ions are located on the set of non-equivalent site symmetry of C1. A
pair of H,POg ions is related to each other by a center of symmetry. It
is known that the existence of short OH---O hydrogen bonds in
a variety of strongly hydrogen-bonded solids is manifested by the
appearance of the characteristic ABC structure of the »(OH) vibra-
tional. Usually, the ABC bands are very broad and consist of many
ill-resolved components. The strongest band (A) is located in
the 3100—2700 cm™! region, the B band appears about 2600—
2400 cm ™! and the Cband around 1700—1600 cm ™. The problem of
the origin of the ABC trio is discussed in many studies on acidic salts,
but an explanation of this behavior of strongly hydrogen-bonded
systems is still to be found. One of the most popular interpretations
of the ABC trio suggests a strong Fermi resonance between the »(OH)
stretching fundamentals and the overtones [26(OH) and 2y(OH)] or
combinations involving the 6(OH) and y(OH) vibrations. The IR
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Table 1

Average crystallite sizes and lattice parameters of CogsFegs(H2PO4)2-2H,0 and its decomposed product CoFeP404; calculated from XRD data.

Compound Method alA b/A c/A B/° Average crystallite sizes/nm
Co(HPO4),-2H,0 PDF no 390698 7.27 9.88 5.33 94.86

Ref. [19] 7.21(3) 9.91(1) 5.29(5) 94.88(6) 26+£2
Cog.sFeq5(H2P04),-2H,0 This work 7.29(0) 9.90(0) 5.35(0) 95.10(0) 59+13
Fe(H,P04),-2H,0 PDF no 751444 7.30 9.92 5.34 95.14 -

Ref. [18] 7.25(1) 10.10(0) 5.32(0) 95.71(0) 28+4
Co,yP4012 PDF no 842208 11.8 8.297 9.923 118.72

Ref. [19] 11.83(8) 8.22(6) 9.94(0) 118.51(1) 40+10
CoFeP40;, This work 11.62(1) 8.30(0) 9.65(2) 119.17(4) 62+15
Fe;P4012 PDF no 782285 11.94 8.37 9.93 118.74 —

Ref. [18] 12.80(0) 8.80(4) 10.56(0) 118.67(4) 29+6

spectrum of CogsFegs(H2P04)2-2H20 in the region of the OH
stretching modes is characterized by the appearance of a complex
broad band between 3600 and 1600 cm~ .. Two bands centered at
3145 and 2431 cm™! in the FTIR spectra are referred to as bands A
and B, respectively. The third component (band C) is observed
around 1744—1640 cm™~ . The intense band at about 1260 cm™! is
due to the in plane P—O—H bending (A,), while the out of plane
bending (A;) vibration is observed at about 815 cm™". A strong band
at about 1141 cm™! is assigned to PO, asymmetric stretching (B),
while the other one at about 1043 cm~! corresponds to PO,
symmetric stretching modes (A1). The FTIR frequency of the P(OH),
asymmetric stretching (B;) shows the strong band at about
945 cm™ L. The weak band at about 906 cm ™! is assigned to P(OH),
symmetric stretching modes (A1). The medium band at about
560 cm™! is corresponding to PO, bending modes (B;). Two strong
bands appeared at about 520 and 470 cm~! are attributed to PO,
rocking modes as By and A, vibrations, respectively. The bands of
water vibrations are illustrated in Fig. 4a as doublet bands (1640 and
1568 cm™!) contribute both to the band C and to the water bending
band. A weak band occurs in the FTIR spectra at approximately
638 cm™! is assigned to rocking mode involving water librations.
The voy stretching modes of HOH in Cog 5Feg 5(H2P04)2 - 2H,0 appear
at 3145 cm™~! (»7 or A band) and 3322 cm™~! (v3). The bands associ-
ated with the yoy stretching frequencies in HyPOz ions are observed
at about 2929 and 2431 cm ™.

The FTIR spectrum of CoFeP401; is shown in Fig. 4b, which are
very similar to those obtained from the individual M;P4012 (M = Co
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Fig. 4. FTIR spectra of CogsFeps(HyP04);-2H,0 (a) and its decomposed product
COFEP4O12 (b)

and Fe) [18,19]. The vibrational modes of P,0%5 ion observed in the
frequency range of 370—1400 cm™~" are assigned according to the
literature [20,21]. One of the most noteworthy features of the spectra
is the presence of strong bands in the ranges of 1332—1227,
1150—1100, 1080—959, 780—700 and 600—400 cm .. These bands
can be assigned to v,sOPO~, vsOPO~, v,sPOP, v, POP and metal—O
vibrations, respectively. The observation of a strong »sPOP band is
known to be the most striking feature of cyclotetraphosphate
spectra, along with the presence of the v,;OPO~ band. From X-ray
diffraction data [20,21], it was shown that the crystal structure is
monoclinic (space group C2/c) with a cyclic structure of the
[P4012]*" anion. This has been confirmed by the FTIR measurements.

3.5. Scanning electron microscopy

The SEM micrographs of Cog sFeg 5(H2PO4),- 2H,0 and CoFeP4012
are shown in Fig. 5. The particle shape and size are changed
throughout the whole decomposition product. The SEM micrographs
of CogsFegs(HoPO4)2-2H2,0 and CoFeP4O1; show non-uniform
particles and high agglomerates, which are different from those of
the single metal compounds M(H,P04), - 2H,0 and M3P4012 (M = Co
or Fe) [18,19]. Additionally, the particle sizes and surface morphol-
ogies of both compounds in this work are significantly different from
those of these binary compounds (CoqpFe1p(HaPO4)2-2H20 and
CoFeP14012) reported by our previous work [22,23]. The different
morphologies of the single metal compounds (M(H,P04)>-2H,0 and
M,P4012, M = Co or Fe) and these binary compounds indicate the
presence of Co ions in substitution position of Fe ions and the
different conditions of preparation method, respectively.

3.6. VSM magnetometer

Fig. 6 shows the specific magnetization curves of CogsFeq 5(Ha-
PO4)2-2H,0 and CoFeP401, obtained from VSM measurements
measured at 20°C. Both samples demonstrate typical super-
paramagnetic behavior without any hysteresis in the field range of
+10,000 Oe, which is in agreement with the theory of super-
paramagnetic behavior, is often observed at room temperature.
Specific saturated magnetization (M) values of 25.61 and 11.89 emu/
g are observed for the CogsFegs(HoPO4)2-2H20 and CoFeP4O01o,
respectively. The superparamagnetic behaviors of the studied
compounds are different from the ferromagnetic properties of Fe
(H2PO4),-2H20 and Fe,P401; and the diamagnetic properties of Co
(H2POy4)2-2H;0 and CoyP401;. In addition, it is seen that magnetiza-
tions of the CogsFegp5(H2P04)2-2H20 and CoFeP401; are lower than
those of Fe(H,PO4),-2H,0 (96.28 emu/g) and Fe;P4012 (85.01 emu/
g)[18]. The M of Cog sFeg 5(H2PO4)2 - 2H20 in this work is higher than
that of CoyjpFeq2(HaPO4)2- 2H0 (0.045 emu/g) prepared from other
method and reported by Boonchom et al. [23]. But the Mg of
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Fig. 5. SEM micrographs of CogsFeqs(H2PO4),-2H,0 (a) and its decomposed product
CoFeP4012 (b)

CoFeP401; in this work is smaller than that of the calcined CoyjyFey,
2(HaPO4)2-2H0 (12.502 emu/g) precursor at 700°C and the
obtained CoFeP401; (14.243 emu/g) in our previous study [22,23].
These results confirmed that the differences in magnetic properties
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Fig. 6. The specific magnetizations of Cog sFeqs(H,PO4),-2H,0 (a) and its decomposed
product CoFeP40+; (b) as a function of field, measured at 293 K.

for the synthesized Cog sFeg 5(H2P04),-2H20 and CoFeP4012 depend
on the medium and condition for preparations.

4. Conclusion

CopsFep5(HaP04)2-2H20  was  successfully  synthesized by
a simple solid state method using CoCOs3—Fe—H3PO4 system at
ambient temperature with short time consuming (10 min).
Thermal transformation of CogsFegs(HaPO4),-2H,0 was investi-
gated by TG/DTG/DTA and DSC techniques, which indicate the
dehydration and the deprotonated dihydrogenphosphate reactions
and its final decomposed product is CoFeP401;. The structures,
morphologies and magnetic properties of CogsFeg5(H2PO4),-2H20
and its decomposed product CoFeP401, were investigated. The XRD
patterns and FTIR spectra suggest the formation of pure monoclinic
phases of CogsFegs(HaP04)2-2H,0 and CoFeP401,. Both samples
are superparamagnetic at room temperature, having no hysteresis
loop in the range of —10,000 Oe < H < +10,000 Oe. This work
presents the simple, cost-effective and short time consuming
method for the alternative preparation of CogsFegs5(H2PO4)2-2H20
and CoFeP401, compounds, which may be used in many important
applications such as catalytic, superionic conductors, piezo- and
ferroelectrics, magnets, ceramic and electrochemical performance.
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Soft Synthesis Route and Characterization of Superparamagnetic Mn, »-
Fe,,2(H>PO,4), - 2H,0 and Its Decomposed Product
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ABSTRACT: The superparamagnetic Mn, ,Fe;,,(H,PO,),:2H,0 was synthesized by a soft synthesis method using a Mn-
(c)—Fe(c)—H3PO, system in water—acetone medium at ambient temperature. The synthesized Mn, ,Fe; ,(H,PO,),-2H,0
decomposed through the dehydration and the phosphate condensation reactions at high temperature and yielded binary manganese
iron cyclotetraphosphate MnFeP,0,. The XRD and FTIR results of the synthesized Mn, /,Fe,,(H,P0,),-2H,0 and the
decomposed MnFeP,O;, indicate the pure monoclinic phase with space group P2,/n and C2/, respectively. The thermal behaviors
and superparamagnetic properties of Mn, ,Fe;/,(H,PO,),-2H,0 and MnFeP,O,, in this work differed from the single
compounds (M(H,PO,),2H,0 and M,P,0,,, where M = Mn, Fe) and the binary compounds (Mng sFeg s(H,PO,), - xH,0)
reported in previous works. The kinetic and thermodynamic functions for thermal decomposition of Mn, /,Fe, /,(H,PO,), - 2H,0
were studied and confirmed as reaction mechanisms. Vibrational frequencies of breaking bonds in two thermal transformation stages
were estimated and assigned by comparison with the observed FTIR spectra.

1. INTRODUCTION

Binary metal(II) dihydrogenphosphate hydrates M;_,A,-
(H,PO,),-nH,0 (M and A = Mg, Ca, Mn, Fe, Co, Ni, Zn, or
Cu; x=0—1;n=
years and have been widely applied as potential pigments,
selective catalysts, phosphors, and materials for corrosion-
resistant coatings, and they are biocompatible and biodegrad-
able in tissue.' ” This phosphate hydrate group is trans-
formed to binary metal(II) cyclotetraphosphate group
M, ,AP,0p, (y = 0—2) via the reactions of dehydration
and deprotonation of dihydrogenphosphate groups as well as
polycondensation at high temperatures.'”'® Both phosphate
groups are good sources for macro- and micronutrients (P,
Mg, Ca, Mn, Fe, Co, Ni, Zn, Cu) required by plants.3_13
Consequently, these phosphate materials have been become a
hot research topic in materials science in recent years.

Some binary metal M, _,A,(H,P0O,), nH,0 were prepared
for the first time by Trojan et al. using corresponding metal
carbonates and phosphoric acid at low temperature (313—353 K)
with long time periods (2—60 h),' '® and releasing toxic gas
(CO,). Recently, M, Ni,(H,PO,), - xH,O (M = Mg, Mn, Fe,
Co, Zn, and Cd) were prepared by corresponding metal carbo-
nates and phosphoric acid at 293 K for 2—90 days.” More recently,
Mn,_,A,(H,PO,), xH,0 (A = Ca, Fe, Co, Ni, and Cu) were
prepared by metal sources (Mn (c; complexometric) or MnCO4
and A(IT) = CaCO3, Fe, CoCO3, NiCO3, or CuCOs) and phosphoric
acid H3PO, at ambient temperature for 20 s. These procedures
were strong exothermic reactions and evolved gases (CO,
and H,)."”~*' However, a limited dose of M; A, (H,PO,),"
nH,O could be synthesized without toxic gases.

1—4) have been investigated for over 30

W ACS Pub”cations ©2011 American Chemical Society

Synthesis of transition phosphates by a soft solid state reaction
in media agents (ethanol, acetone, and water, etc.) at ambient
temperature has received a great deal of attention due to their
conveniences, cost-effectiveness, and that they are environmen-
tally benign.**~** Because of its solubility in water and its ability
to associate with metal ions in media, solvent has been used as a
binder cum gel for shaping materials (bulk, porous, micro- or
nanoparticles) and as a matrix for entrapment of ions to generate
a gelled precursor, which resulted in obtaining different material
or the same material with different size and morphology. The
presence of media agent (solvent) reduces strong exothermic
reaction and protects the evolved gases, which will be necessary
for elaboration of technology to produce transition metal phos-
phates. The use of solvent simplifies the process and would
provide another alternative process for the environmental and
economical synthesis of transition phosphate with different
particle size and morphology.

Herein, this work reports the fabrication of Mn, ,Fe; -
(H,PO4),*2H,0 through a soft solid state reaction from metals
of manganese and iron with phosphoric acid in water—acetone
medium at ambient temperature with short time consumption
(<30 min). The synthesized Mn, /,Fe, ,(H,PO,)-2H,0 de-
composed to binary manganese iron cyclotetraphosphate MnFe-
P,O,, at 773 K. Consequently, kinetic (E,, A) and thermo-
dynamic (AH*, AS*, AG*) functions of thermal transformation
of Mn;,Fe;;»(H,PO,), 2H,0 playing an important role in
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theoretical study, application development, and industrial pro-
duction have also been reported for the first time. The synthe-
sized sample and its decomposed product were characterized by
X-ray powder diffraction (XRD), Fourier transform infrared
(FTIR), scanning electron microscope (SEM), and vibrating
sample magnetometer (VSM) techniques. The Mn, ,Fe ,-
(H,PO4),+2H,0 and MnFeP,O1, may be useful for fertilizers,
(Mn- and Fe-micronutrients and P-macronutrients), ceramic
pigments, magnetic materials, etc., in the future.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Characterization. The starting reagents
are Mn (c; complexometric) (99.99%, Merck), Fe (c; complex-
ometric) (99.99%, Fluka), and phosphoric acid (86.4% w/w
H;PO,, Merck). Following this procedure, 1.0988 g of Mn(c)
and 1.1186 g of Fe(c) (a mole ratio corresponding to the nominal
composition of Mn:Fe ratio of 1:1) were crushed into fine mixed
powders using a mortar and pestle. Subsequently, 10 mL of
acetone was rapidly added to the fine mixed powders, and then
10 mL of 50% H;PO, (86.4% w/w H;PO, dissolved in DI water)
was added slowly to the resulting suspension with continuous
stirring at ambient temperature until the cooled crystalline
product was developed (30 min). The prepared solid was filtered
by a suction pump, washed with acetone, and dried in air.

Mn(s) + Fe(s) +4H;3PO,

C3HO

+2H20 2Mn1/2Fe1/2(H2PO4)2-2H20(s) +2H2

(1)

The water content was investigated by the TG curve in
Figure 1, which reveals that its final decomposed product,
MnFeP,0;,, seemed to occur at temperatures above 673 K.
The dried white gray precipitation then was calcined in a box
furnace at 773 K for 3 h in air atmosphere. The manganese and
iron contents of Mn, j,Fe, ,(H,PO,),*2H,0 and MnFeP,O,,
were determined by dissolving in 0.0126 M hydrochloric acid
using atomic absorption spectrophotometer (AAS, Perkin-
Elmer, Analyst100). The phosphorus content was determined
by colorimetric analysis of the molybdophosphate complex. The
structure and crystallite size of the synthesized sample and its
decomposed product were studied by X-ray powder diffraction
using an X-ray diffractometer (Phillips PW3040, The Nether-
land) with Cu Ko radiation (4 = 0.15406 nm). The Scherrer
method was used to evaluate the crystallite size.” The morphol-
ogies of the prepared samples were examined with a scanning
electron microscope (SEM) using LEO SEM VP1450 after gold
coating. The room temperature FTIR spectra were recorded in the
range of 4000—370 cm ' with eight scans on a Perkin-Elmer
Spectrum GX FT-IR/FT-Raman spectrometer with the resolution
of 4 cm™ " using KBr pellets (KBr, spectroscopy grade, Merck). The
magnetic properties of the Mn,,Fe,/»(H,POy), 2H,0 and
MnFeP,O,, were examined at room temperature (293 K) using
avibrating sample magnetometer (VSM 7403, Lake Shore, U.S.).

2.2. Kinetic and Thermodynamic Studies. To evaluate the
activation energies for the thermal decomposition of Mn, /,Fe, -
(H,PO,),-2H,0, a TG-DTA Pyris Diamond Perkin-Elmer
Instrument was used. The experiments were performed in
dynamic dry air, at heating rates of S, 10, 15, and 20 K min~*
over the temperature range from 303 to 673 K and the O, flow
rate of 100 mL min ™ '. The sample mass of about 6.0—10.0 mg

room temperature
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Figure 1. TG-DTG-DTA curves of Mnl/zFel/z(H2P04)2- 2H,0.

was filled into an aluminum crucible without pressing. The
thermogram of sample was recorded in an open aluminum
crucible using at-Al,O; as the reference material. Decomposition
of crystal hydrates is a solid-state process of the type®®™ >
A(solid) — B(solid) + C(gas). The kinetics of such reactions
is described by various equations taking into account the special
features of their mechanisms. The activation energies for the
thermal transformation steps of Mn,,Fe;/,(H,PO,),2H,0
were calculated from two peaks on the DTA curves using the
Kissinger equation:™*

In <ﬁz> - -5 (AR) 2)
T, RT, E,
Here, 3 is the DTA heating rate (K min~ '), E, is the activation
energy for the phase transformation (kJ mol '), R is the gas
constant (8.314 J mol ' K™ '), and Ty, is the phase transforma-
tion temperature peak in the DTA curve (K). The fact that the T},
values for various heating rates can be precisely evaluated from
nonisothermal data (DTA, DTG, or DSC curves) conferred to
the Kissinger method to evaluate the kinetic parameters a high
popularity. The plots of In(3/T>) versus 1/ T}, should give the
straight lines with the best correlation coefficients of the linear
regression (R*), which have been proved to give the values of
activation energy and pre-exponential factor by the slope and the
intercept for the different thermal transformation stages of Mn; /,-
Fe, /,(H,P0O,),2H,0. The advantage of Kissinger equation is
that the values of E, and A can be calculated on the basis of
multiple thermogravimetric curves and do not require selection
of particular kinetic model (type of g(o) or (1) functions).** 3!
In addition, the E, and A values obtained by this method are
usually regarded as more reliable than those obtained by a single
thermogravimetric curve.
The thermal decomposition mechanism could be determined
from the shape factor (1) of ethe ndothermic peak represented
by the following equation:>*

25 Tp
" T AT'EJR

(3)

where 7 is the Avrami constant, and AT is the full width at half-
maximum of the endothermic peak; T}, is the average tempera-
ture at different DTA curves; and E, is the activation energy of
the Kissinger method.
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From the activated complex theory (transition state) of
Eyring,** ™’ the following general equation may be written:

2= (Hale) o (A3) (@

As¥ = R1n<’:—;'kBTap> (s)

Because
AH* = E, —RT, (6)
AG* = AH* — T,,AS* (7)

where A and E, are the pre-exponential factor and the activation
energy, respectively, obtained from the Kissinger method; e =
2.7183 is the Neper number; y is the transition factor, which is
unity for monomolecular reactions; kg is the Boltzmann con-
stant; h is the Planck constant; and T,, is the average phase
transformation temperature peak in DTA curves (K). The
changes of the enthalpy AH* and Gibbs free energy AG* for
the activated complex formation from the reagent can be
calculated using the well-known thermodynamic equation. In
this Article, we suggest the relation between kinetic (E,, and A)
and thermodynamic (AH* AS*, AG*) parameters of the thermal
transformation of Mn, /,Fe;,(H,P0,),-2H,0 based on the
Kissinger method and attract the interest of thermodynamic and
kinetic scientists.

The specificity of the thermal decomposition was character-
ized by identification of the bonds to be selectively activated due
to energy absorption at vibrational level.”® These bonds were
assigned by comparing the calculated wavenumbers with the
observed wavenumbers in the IR spectra. These breaking bonds
are assimilated with a Morse oscillator”**”® coupled nonline-
ar’”3® with the harmonic oscillators of the thermic field. Follow-
ing a theoretical treatment developed by Vlase et al,”® the
relationship between the average phase transformation tempera-
ture peak in four DTA curves (T, K) and the wavenumber of
the activated bond is given as follows:

w = %Tap = 0.695T, (8)
where c is the light velocity. Because the breaking bond has an
unharmonic behavior, the specific activation is possible also due
to more than one quanta, or by a higher harmonic: wg, = g0, g
€ N=1,2,3.., where wg, is the assigned spectroscopic number
for the bond supposed to break, which relates to the evolved gas
in the thermal decomposition step. In this Article, we suggested
the maximum peak temperature Ty, in the DTA curve for the
calculated wavenumbes (wsp) according to eq 8. Therefore, the
use of T, (DTA) will be an alternative method for the calculated
wave numbers for identification in each thermal transition step of
interesting materials.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization. According to the
chemical analysis data, the P/(Mn + Fe) = 2.01 and H,0O/P =
1.82 molar ratios in the synthesized phosphate differed very little
from those calculated for binary metal dihydrogenphosphate

3330~
3103+
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Figure 2. FTIR spectra of Mn, /,Fe; /5(H,PO,4),2H,0 (a) and MnFe-
P40y, (b).

with the general formula Mn, /,Fe;,,(H,PO,),2H,0. Simi-
larly, the P/(Mn + Fe) = 1.98 molar ratio in the decomposed
product practically corresponds to the MnFeP,O;, stoichiome-
try, where Mn(II) and Fe(II) stand for divalent cations.

Figure 1 shows the TG-DTG-DTA curves of Mn; ,Fe;,-
(H,P0O,),:2H,0. The TG curve of Mn, ,Fe,/,(H,PO,),:
2H,0 relating to the elimination of water molecules shows
two well-defined mass loss stages in the range of 303—873 K.
These two steps in the TG curve observed in the ranges of
373—423 and 473—673 K appear in the respective DTG and
DTA as two endothermic peaks (383 and 499 K). The corre-
sponding observed mass losses of 11.86 (1.89 mol of H,O) and
11.73 (1.86 mol of H,O) % by mass are assigned to the
dehydration of coordination water molecules (eq 9) and an
intramolecular dehydration of the protonated dihydogenpho-
sphate groups (eq 10), respectively. The total mass loss of
23.58% (3.74 mol H,0) is in agreement with those reported
for other binary dihydro§enphosphate dihydrate in the literature
(1 < mole of water < 4)."* The thermal decomposition process
of Mn, /,Fe, ,(H,PO,), - 2H,O could be formally presented as:

373 —423 K

Mnl/zFel/z(H2P04)2'2H20 Mnl/zFel/z
(H,PO,), +2H,0 9)
473 —673 K
Mnl/zFel/z (H2P04)2 1/2MnFeP4012 + 2H20

(10)

A stable intermediate compound, acid polyphosphate Mn, ,Fe; ,-
(H,PO,),, has been registered. This intermediate is similarly
observed with other binary dihydrogen phosphates, as it is
isostructural.'~® The plateau formed between 673 and 873 K
on the TG curve indicated the formation of binary manganese
iron cyclotetraphosphate, MnFeP,O,, as the final decomposed
product. The thermal stability, mechanism, and phase transition
temperature of the synthesized Mn, /,Fe, /,(H,PO,4),-2H,0 in
water—acetone medium of this work are significantly different
from those of Mn(H,PO,),-2H,0,* Fe(H,P0,),-2H,0,*"
and Mng sFeq s(H,PO,),-xH,0"® synthesized without media
agents. The obtained results are similar to those of the Mn-
(H,PO,), - 2H,0% synthesized by water—acetone medium repor-
ted in our previous works. On the basis of thermal results, we can
conclude that the different thermal behaviors are caused by the

2023 dx.doi.org/10.1021/ie101424z |Ind. Eng. Chem. Res. 2011, 50, 2021-2030
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different interaction and position of Mn and Fe metals in the
skeleton, the medium reagents, and reaction condition for
precipitation.

The FT-IR spectra of Mn, /,Fe, ,,(H,PO,), - 2H,O (Figure 2a)
and MnFeP,O,, (Figure 2b) are very similar to those of
M(H,PO,),-2H,0 and M,P,0,, (M = Mn or Fe), respec-
tively.">'®?>*%*! The band position are shifted to the values
between those of individual M(H,PO,),:2H,0 and M,P,0,,
(M = Mn or Fe), and sharp or weak bands are observed,
indicating the inserting of different metal cations (Mn and Fe)
in the skeleton. Consequently, vibrational bands are identified
in relation to the crystal structure in terms of the funda-
mental vibrating units, H,PO, and H,O for Mn;,Fe; -
(HZPO4)2-2H20 and [P,0,,]* ion for MnFeP,O,, and are
assigned according to the literature."”'®* 1t is known that
the existence of short OH- - -O hydrogen bonds in a variety
of strongly hydrogen-bonded solids is manifested by the appear-
ance of the characteristic ABC structure of the ¥(OH) vibration.
Usually, the ABC bands are very broad and consist of many
ill-resolved components. The strongest band (A) is located in
the 3100—2700 cm™ ' region, the B band appears at about
2600—2400 cm ™', and the C band is around 1700—1600
cm” . The problem of the origin of the ABC trio is discussed
in many studies on acidic salts, but an explanation of this behavior
of strongly hydrogen-bonded systems is still to be found. One of
the most popular interpretations of the ABC trio suggests a
strong Fermi resonance between the ¥(OH) stretching funda-
mentals and the overtones [20(OH) and 2y (OH)] or combina-
tions involving the (OH) and y(OH) vibrations."*'®** The
second type of characteristic vibrations is associated with the
phosphate groups. The stretching P—O and bending OPO
vibrations of the phosphate groups appear in the ranges of
920—990 cm ' (v;), 990—1160 cm ' (v3), 460—375 cm ™"
(v,), and 460—650 cm ™' (v,). In addition to the internal PO,
vibrations, other vibrations involving OH motions are the
characteristic of the protonated phosphate ions (H,PO, ), both
out-of-plane 6(OH) and in-plane y(OH) bending P—O—H
vibrations, which appear at 1252 and 801 cm ™!, respectively. The
third spectra feature in the FTIR spectrum (Figure 2a) of
Mn, /,Fe, ;,(H,PO,),2H,0 is the water molecule vibrations.
The Vo stretching modes of HOH appear at 3105 cm™ ' (v, or
band A) and 3330 cm ™' (v;). The doublet bands (1642 and
1570 cm ') contribute both to the band C and to the water
bending band.” A weak band around 639 cm™ ' could be tenta-
tively assigned to the rocking mode involving water librations.

The vibrational modes of P,O,*" ion observed in the
frequency range 370—1400 cm ' (Figure 2b) are assigned
according to the literature.”*®** The P,O,," anion contains
the PO,” radical and the P—O—P bridge, which are interpreted
in the FTIR spectra from the viewpoint of the vibrations of these
two groups. As the P—O bond strength in the P—O—DP bridge is
weaker than in the PO, radical, the stretching frequencies of
the P—O—P bridge are expected to be lower than those in the
PO,”” radical. The asymmetric and symmetric stretching fre-
quencies of the PO, radical are generally observed in the areas
of 1350—1220 and 1150—1100 cm™ ', respectively. The
P—O—P bridge has its asymmetric and symmetric stretching
frequencies around 1000—900 and 900—700 cm ™, respectively.
The bending modes are expected in the area of 600—400 cm ™'
(PO,”" radical) and 400—370 cm ' (P—O—P bridge). The
metal—O stretching usually appears in the bending mode region
as the bending modes of the P—O—P bridge and absorption
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Figure 3. XRD patterns of Mn,,Fe;/,(H,PO,),2H,0 (a) and
MnFeP,0,, (b).

bands associated with these vibrations are usually very weak. The
observation of a strong ¥,POP band is known to be the most
striking feature of the cyclotetraphosphate spectra, along with the
presence of the v,;OPO " band, which confirmed that the crystal
structure is monoclinic (space group C2/c) with a cyclic structure
of the [P40,,]* anion.*?

Figure 3 shows the XRD patterns of Mn,,,Fe;,,(H,-
PO,),2H,0 and the decomposed product MnFeP,0,,, which
are similar to those obtained from the individual compounds
(M(H,PO,),-2H,0 and M,P,0;, (M = Mn and Fe)"#?240#
and the binary compounds (MngsFeys(H,PO,), xH,O and
MnFeP,0,,) in our previous work,'® but the intensities are
slightly different. The lower and higher intensities of XRD peaks
indicate the differences of crystallization or amorphous phase as
well as particle sizes of these materials. According to the
hypothesis of isostructural, the systems of binary manganese
iron solid solutions and individual metal dihydrogenphosphate
(or manganese iron cyclotetraphosphate) show quite a similarity
of the XRD peaks because the electronic charges of cations are
equivalent and the radii of cations are close to each other. As
compared to the published XRD data of the individual metal
compounds (Mn(H,PO,),-2H,0 (PDF# 350010), Fe(H,-
PO,), 2H,O (PDF# 390699), Mn,P,0,, (PDF# 380314),
and Fe,P,0,, (PDF# 760223), both studied samples can be
assigned to the Mn, /,Fe,,,(H,P0,),+2H,0 and MnFeP,O,,
product, which are solid solutions and not a mixture of the
individual ones. Consequently, all the reflections can be distinctly
indexed as a pure monoclinic phase with space group P2,/n (Z=2)
for Mn, j;Fe,,,(H,P0,),2H,0 and C2/c (Z = 4) for the
decomposed MnFeP40,, which noted that these XRD patterns
agreed well with those of standard data of M(H,PO,),:2H,0
and M,P,0,, (M = Mn or Fe), respectively. The average cry-
stallite sizes and lattice parameters of Mn, ,Fe;,(H,-
PO,), 2H,0 and the decomposed product MnFeP,O,, were
calculated from XRD patterns and also tabulated in Table 1. The
lattice parameters of Mn,,Fe;/,(H,PO,),2H,0 are larger
than those of the standard data of Mn(H,PO,),*2H,0 (PDF#
350010) and Fe(H,PO,),-2H,0O (PDF# 390699). However,
the lattice parameters of the decomposed MnFeP,O, are found
to range between those of the standard data of Mn,P,O;, (PDF#
380314) and Fe,P,0,, (PDF# 760223). The average crystallite
size of Mn, ,Fe; /»(H,PO,),2H,0 is larger than that of the
calcined MnFeP,O,, which resulted from two decomposition
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Table 1. Average Crystallite Sizes and Lattice Parameters of Mn(H,PO,), - 2H,0, Mn, ,Fe, ,,(H,PO,),*2H,0,
Fe(H,PO,), 2H,O0, and the Calcined Product MnFeP,O,, Calculated from XRD Data

compound a (A) b (A) c(A) B (deg) average crystallite size (nm)
PDEF# 350010 7.32 10.08 5.37 94.75
(Mn(H,PO,),-2H,0)
this work 7.90(0) 11.03(6) 610 (3) 95.04 (6) 79411
(Mnl/ZFel/Z(HZPO4)2 N Hzo)
PDF# 390699 7.31 9.94 5.37 95.24
(Fe(H,PO,),-2H,0)
PDF# 380314 11.88 8.59 10.14 119.21
(Mn,P,0,,)
this work 12.06(8) 8.48(2) 10.12(4) 119.12(5) 62+ 13
(MnFeP,0O,,)
PDF# 760223 11.94 8.37 9.94 118.77
(Fe;P4015)
20

Figure 4. SEM micrographs of Mn, ,Fe; /,(H,PO,),-2H,0 (a) and
MnFeP,O,, (b).

processes. The crystallite sizes of 79 &= 11 nm for Mn, ,Fe; /»-
(H,PO,),:2H,0 and 62 + 13 nm for MnFeP,O, in this work
are smaller than those prepared from Mn(c)—Fe(c)—H;PO,
without the medium system reported by Boonchom et al. (81 +
14 nm for Mn, ,Fe; ,>(H,PO,),-xH,0 and 69 £ 21 nm for
MnFeP,0,,).'* However, the crystallite sizes for both binary
compounds in this work are larger than those from the single

MnuFeu(HIPO AI:'ZHIO

Magnetization (emu/g)

MunFeP J1:!"

2 ee——————————————————
-10000 -7500 -5000 -2500 0 2500 5000 7500 10000
Applied Field (Oe)

Figure S. The specific magnetizations of Mn, /,Fe, ;,(H,PO,), - 2H,0
and MnFeP,O1, as a function of field, measured at 293 K.

metal compounds (52 & 14 nm for Mn(H,PO,),-2H,0,28 + 4
nm for Fe(H,PO,),*2H,0, 29 & 9 nm for Mn,P,0;,,and 27 &
6 nm for Fe,P,0,,) in our previous studies.”>*** These results
confirmed that the differences in the crystallite sizes for the
synthesized Mn, ;,Fe, ,(H,PO,),*2H,0 and MnFeP,O,, de-
pend on the medium, water, and metal compositions and the
condition for precipitations.

The SEM micrographs of Mn, ;,Fe; ,»(H,PO,),2H,0 and
MnFeP,0;, are shown in Figure 4. The particle shape and size
are changed throughout the whole decomposition product. The
SEM micrograph of Mn, ,Fe;,,(H,P0O,),-2H,0 (Figure 4a)
shows nonuniform particles, which appear as high agglomerates.
The morphology of Mn, /,Fe,,,(H,PO,), 2H,0 exhibits fea-
tures different from those of Mn(H,PO,), - 2H,0, Fe(H,PO,), "
2H,0, and Mn sFe( s(H,PO,), xH,O reported in our previous
works.'##%* The morphology of MnFeP,O,, shows a high
agglomerate of nonuniform particles, which is not similar that
for MyP4,O;5, (M = Mn or Fe) (Figure 4b) in the work
previously reported.'®***' The high agglomerates of Mn, /-
Fe,,,(H,P0,), 2H,0 and MnFeP,O,, powders are possibly
caused by the process of dissolution and a rapid coprecipitation
as well as the dehydration process.

Magnetization curves (M—H loop) of Mn,,Fe;,,(Ha-
PO,), 2H,0 and the decomposed MnFeP,0,, powders ob-
tained from room temperature VSM measurements are shown in
Figure S. Both samples demonstrate typical superparamagnetic
behavior with negligible coercivity and remanence, in accordance
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Table 2. Values of Thermodynamics, Kinetics, and Spectroscopic Data for Two Decomposition Steps of

Mnl/ZFel/Z(H2P04)2 2H,0

step  AG*/kJmol ' AH*/lJmol ' AS*/Jmol 'K ! Afs! E,/kJ mol " R Tp/K w1 g qWeg/cm ' band assignment
1 712.34 1119.78 105.46 3.88 x 10*° 115.19 0.9995 386 268 2 537 v, (POST)
3 805 v (OH)
4 1074 v, (PO,)
6 1611 v, (H,0)
9 2416 B band (H,PO, )
11 2953 A band (H,PO, ")
12 3222 v, (H,0)
13 2490 v, (H,0)
2 931.60 1883.50 188.69 1.13 x 10 19254 09971 504 350 2 701 v (P—0y)
3 1051 v, (PO,)
S 1753 C band (H,PO, ")
7 2454 B band (H,PO,")
9 3155 Aband (H,PO,")
10 -8.84
H 924 1" step
-104 o 2 step
2 04 & 961
== . (==
= on
ﬂ -30 £ -0
Q INE
404 3 — 5 K min" 104
390 — 10 K min™ =104+
-501 v 15 K min"
604 n — 20K min” -10.84

L) T T T T T
323 373 423 4713 523 513 6B 673
Temperature/K

Figure 6. DTA curves of the synthesized Mn, ,Fe, ;,(H,PO,), - 2H,0
at four different heating rates (5, 10, 15, and 20 K min™ ).

with the theory that su};el:‘paramagnetic behavior is often observed
atroom temperature.4 “* The specific magnetization curves are
typical superparamagnetic behavior without any hysteresis in the
field range of +10000 Oe. From the magnetization curves,
specific saturated magnetization (M) values of the Mn, /,Fe; ,-
(H,PO,),-2H,0 and MnFeP,0,, are 15.097 and 17.459 emu/g,
respectively. The superparamagnetic solid solutions formed in
Mn, s,Fe, ,(H,PO,),-2H,0 and MnFeP,O,, system in this
work are different from ferromagnetic for Fe(H,POy4),*2H,0
(96.28 emu/g) and FeP,O,, (85.01 emu/g),41 and Mn, /;Fe; /»-
(H,PO,), - xH,0 (25.63 emu/g) and MnFeP,O, (13.14 emu/! )8
and diamagnetic for Mn(H,POy,),*2H,0 and MnP,0,,.% It
found that the tendency of M to increase is consistent with the
enhancement of crystallinity or particle sizes, and the saturation
values of M for Mn, /,Fe, ,(H,PO,),-2H,0 and MnFeP,O,,
are observed due to the obtained microstructure. These results
indicate that the medium reagents for precipitation have the
strong effect on the magnetic behaviors of Mn, ,Fe; -
(HZPO4)2- 2H,0 and MnFeP,O;,. Superparamagnetic proper-
ties of the Mn,/,,Fe;,,(H,PO,),:2H,0 and MnFeP,O,,
samples reported for the first time are important for specific
applications because the magnetic materials may be syn-
thesized to have the multifunctions that can be applied
in magnetic resonance imaging contrast agents, data lifetime
in high density information storage, ferrofluid technology,

20 21 22 23 Ej-l 25 26 27
1000/T (K™)
Figure 7. Kissinger plots indicating the activation energies involving

two transformation steps from the synthesized Mn, /,Fe; /»(H,PO,),"
2H,0 to MnFeP,O15.

lithium batteries, magnetocaloric refrigeration catalytic, and/
or adsorption processes.*’

3.2. Kinetic and Thermodynamic Results. The nonisother-
mal DTA method is desirable to analyze the reaction mechanism
and calculate the activation energy of the solid state.”* > Several
nonisothermal techniques have been proposed, which are quick-
er and less sensitive to previous and next transformations. The
basic data of T were collected from the DTA curves of the
decomposition of Mn, ,Fe; ,(H,PO,),2H,0 at various heat-
ing rates (5, 10, 15, and 20 K min~ ') (Figure 6). Figure 7 shows
the Kissinger plots of two transformation steps of the prepared
Mn, /,Fe; »(H,PO,),-2H,0. From the slopes of the curves
(Figure 7), the activation energy values in two decomposi-
tion steps of the synthesized Mn, /,Fe; ,(H,PO,), - 2H,O were
determined as 115.19 and 192.54 kJ mol ', respectively. The
activation energies of two decompositions of Mn; ,Fe; -
(H,PO,),+2H,0 are different from those of Mn(H,PO,),
2H,0 (105—104 kJ/mol for the first step and 199—200 kJ/
mol for the second step) and Fe(H,PO,), - 2H,0 (136—137 kJ/
mol for the first step). These activation energies are related to the
vibrational frequencies and are the indication of the energy of
the breaking bond of intermediate species. The reason may
be relevant to the strengths of binding of water molecules in
the crystal lattice. Hence, different dehydration temperatures
and kinetic parameters are expected. The two mass loss steps
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Table 3. Comparing Physical and Chemical Properties of the Studied Materials in the Present Work and in the Literature

ref no.

this work

17

18

19

20

21

22

40

41

ref no.

this work
17
18
19
20
21
22
40
41

ref no.

this work
17
18
19
20
21
22
40

41

ref no.

this work

17
18

19

20

21
22

materials

Mn, ),Fe, »(H,PO,),-2H,0 and MnFeP,O,,
Mng sCoqs(H,PO,), - 2H,0 and MnCoP,O,
Mng sFeos(H,PO4), - 2H,0 and MnFeP,O,,

Co, ,Fe; /»(H,PO,),2H,0 and CoFeP,O,,

Mng sCus(H,PO,), 1.5H,0 and MnCuP,0,,

MnygsCags(H,PO,4), H,O and MnCaP,O,,
Mn(H,PO,),2H,0 and Mn,P,0;,
Mn(H,PO,),-2H,0 and Mn,P,0,,

Fe(H,PO,),:2H,0 and Fe,P,0,,

different synthesis route

prepared by Mn(c)—Fe(c)—H;PO, system in water—acetone medium at ambient
temperature for 30 min, and its final decomposed product was obtained at 773 K

prepared by MnCO;—CoCO;—H;PO, system at ambient temperature for 15 min,
and its final decomposed product was obtained at 773 K

prepared by Mn(c) —Fe(c)—H;3POy, system at ambient temperature for 30 min, and its
final decomposed product was obtained at 773 K

prepared by Fe(c)—CoCO3;—H;3PO, system at ambient temperature for 15 min,
and its final decomposed product was obtained at 773 K

prepared by Mn(c)—CuO—H;PO, system at ambient temperature for 15 min, and
its final decomposed product was obtained at 673 K

prepared by Mn(c)—CaCO3;—H;3PO, system at ambient temperature for 30 min,
and its final decomposed product was obtained at 673 K

prepared by Mn(c)—H;3POy, system in water—acetone medium at ambient temperature
for 15 min, and its final decomposed product was obtained at 773 K

prepared by Mn(c)—H;PO, and MnCO3;—H;PO, systems at ambient temperature
for 15 min, and its final decomposed product was obtained at 673 K

prepared by Fe(c)—H3PO, system at 313 K for 30 min, and its final decomposed product
was obtained at 773 K

materials different thermal behavior
Mn, /,Fe, »(H,P0,),2H,0 and MnFeP,O,, well-defined two thermal transformation steps in the range of 353—873 K
Mng sCogs(H,PO,), - 2H,0 and MnCoP,0,, four thermal transformation steps in the range of 273—873 K
Mn sFeg s(H,PO,), - 2H,0 and MnFeP,O;, three thermal transformation steps in the range of 273—773 K
Co, oFe; /»(H,PO,), - 2H,0 and CoFeP,O,, three thermal transformation steps in the range of 273—873 K
Mn sCugs(H2PO,), - 1.5H,0 and MnCuP,O,, well-defined two thermal transformation steps in the range of 353—673 K
Mng sCays(H,PO,),H,0 and MnCaP,O,, six thermal transformation steps in the range of 353—873 K

Mn(H,P0,),-2H,0 and Mn,P,0,,
Mn(H,PO,), 2H,0 and Mn,P,0,,
Fe(H,PO,),2H,0 and Fe,P,0,,

materials

Mn, ;,Fe, »(H,P0,),-2H,0 and MnFeP,O,,
Mnyg sCops(H,PO4), - 2H,0 and MnCoP,O,,
Mng sFeos(H,PO,), - 2H,0 and MnFeP,O,,
Co,/2Fe; /2(H,PO,), 2H,0 and CoFeP,O,,
Mng sCugs(H,PO,),  1.5H,0 and MnCuP,0,
Mny sCags(H,PO,), - H,0 and MnCaP,O,,
Mn(H,P0,), 2H,0 and Mn,P,0,,
Mn(H,PO,),2H,0 and Mn,P,0,,

Fe(H,PO,4),*2H,0 and Fe,P,0,,
materials

Mn, ;,Fe; »(H,PO,),2H,0 and MnFeP,O,,

MnygsCog.s(H,PO4),+2H,0 and MnCoP,0,,
Mng sFeos(H,PO,), - xH,0 and MnFeP,O,

Co, ,Fe; /»(H,PO,),2H,0 and CoFeP,O,,
Mg sCtig s (HyPO,), - 1.SH,0 and MnCuP,4O1

Mny sCags(H,PO,4), - H,0 and MnCaP,O,,
Mn(H,PO,),2H,0 and Mn,P,0,,

well-defined two thermal transformation steps in the range of 353—1073 K
more than three thermal transformation steps in the range of 353—773 K

three thermal transformation steps in the range of 353—773 K
different morphologies

high agglomerates of nonuniform particles for both samples
rod-like shape and nonuniform particles
rod-like tetrahedral shape and small spherical particles with high agglomerates
flower like shape for both samples
many small and some large rod like and spherical shapes
roughness of many small and some large boundary surfaces and small and large spherical shapes
small rod like shape and retexturing and coalescence in aggregates of irregularly shape
large nonuniform polyhedral shape and retexturing and coalescence in aggregates
of irregularly shape

coalescence in aggregates of irregularly shapes for both samples
different magnetic properties

superparamagnetic properties (M, = 15.097 emu/g for Mn, /;Fe, »(H,PO,),*2H,0 and
M, = 17.459 emu/g for MnFeP,0,,

not reported

ferromagnetic properties (M, = 25.63 emu/g for Mng sFey s(H,PO,), - xH,O and
M, = 13.14 emu/g for MnFeP,0,,)

superparamagnetic properties (M, = 0.045 emu/ g for Co, ,Fe; 2(H,POy), - 2H,0 and
M, = 12.502 emu/g for CoFeP,O;,)

not reported

not reported

not reported
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Table 3. Continued

different magnetic properties

ferromagnetic properties (M, = 96.28 emu/g for Fe(H,PO,),xH,0 and M; = 37.78 emu/g

different nonisothermal decomposition kinetic data (E,, A, n)

ref no. materials
40 Mn(H,PO,),2H,0 and Mn,P,0;, not reported
41 Fe(H,PO,),*2H,0 and Fe2P,0,,
for Fe,P,01,)
ref no. materials
this work  Mn, ,Fe; /,(H,PO,),2H,0 and MnFeP,O,,

115.19 kJ mol 7, 3.88 x 10" s~ %, 2.56 for first step and 192.54 k] mol *, 1.13 x 10%°s™*, 2.06 for
second step
E, values for four steps as 100.55, 88.90, 90.58, 308.58 k] mol respectively

E, and n values for two steps as 99.75, 202.84 kJ mol ' and 1.34, 1.93, respectively
E, values for five steps as 147.85, 129.70, 89.41, 152.94, 236.97 kJ mol respectively, A values for

five steps as 1.41 x 10%°, 6.55 x 10'°, 448 x 10°, 4.04 x 10", 1.01 x 10%, respectively

E, values for two steps as 86.45, 187.92 kJ mol ', respectively

E, value as 136.85 kJ mol '
different thermodynamic data (AH*, kJ mol~'; AG*, kJ mol '; and AS*, J mol ' K™ ')

1119.78, 712, 105.46 for first step and 1883.50, 931.60, 188.69 for second step

144.65, 94.38, 130.34 for first step, 126.35, 99.64, 66.18 for second step, 85.50, 119.53—72.26 for

third step, 148.71, 127.80, 41.10 for fourth step, and 231.85, 155.59, 123.73 for sixth

17 MnysCogs(H,PO,), - 2H,0 and MnCoP,O;,
18 Mng sFeos(H,PO,), - 2H,0 and MnFeP,0,, not reported
19 Co, /5Fe; /»(H,PO,), - 2H,0 and CoFeP,O,, not reported
20 Mny sCugs(H,PO,), 1.5H,0 and MnCuP,0,,
21 Mny sCags(H,PO,),H,0 and MnCaP,0,,
2 Mn(H,PO,),+2H,0 and Mn,P,0,,
40 Mn(H,P0,),2H,0 and Mn,P,0,, not reported
41 Fe(H,PO,), 2H,0 and Fe,P,0,,

ref no. materials
this work  Mn, ,Fe; ,(H,P0O,),2H,0 and MnFeP,0,,
17 Mny sCogs(H,PO,), - 2H,0 and MnCoP,O,, not reported
18 Mng sFeos(H,PO,), - 2H,0 and MnFeP,O,, not reported
19 Co,5Fe;/2(H,PO,), - 2H,0 and CoFeP,O,, not reported
20 Mnyg sCugs(H,PO,), 1.5SH,0 and MnCuP,O;,  not reported
21 Mn sCags(H,PO,),H,0 and MnCaP,O,,
22 Mn(H,PO,),-2H,0 and Mn2P,0,, not reported
40 Mn(H,PO,),2H,0 and Mn,P,0, not reported
41 Fe(H,PO,), 2H,0 and Fe,P,0,, not reported

correspond to the loss of water of coordinated water in the first
steps, subsequently to a continuous intermolecular polycondensa-
tion and the elimination of water of constituent in anion in the
second step.”®”*® The second step exhibits higher activation energy
in comparison with the first step, and this is understandable because
this step relates to true P—OH bond breaking, in connection with
the polycondensation reaction.””'%*** These activation energies
are consistent with the former hypothesis that the intermediate
nucleates and crystallizes as metastable phase with adequate
growth kinetics before the stable phase MnFeP4O,. This result
is consistent with TG-DTG-DTA data as shown in eqs 9 and 10.

The pre-exponential factor (A) can be estimated from the
intercept of the plots of eq 2 (Table 2). All calculations were
performed using a program compiled by ourselves. The pre-
exponential factor (A) values in the Arrhenius equation for solid-
phase reactions are expected to be in a wide range (6 or 7 orders
of magnitude), even after the effect of surface area is taken into
account.’* > The low factors will often indicate a surface
reaction, but if the reactions are not dependent on surface area,
the low factor may indicate a “tight” complex. The high factors
will usually indicate a “loose” complex. Even higher factors (after
correction for surface area) can be obtained for complexes having
free translation on the surface. Because in many cases the
concentrations in solids are not controllable, it would have been
convenient if the magnitude of the pre-exponential factor could
provide the information for the reaction molecularity. With such
bulk decomposition, any molecule is as likely to react with any

others, and no preference is shown toward corners, edges,
surface, defects, or sites of previous decomposition. On the basis
of these reasons, the thermal decomposition reaction of Mn ,-
Fe, /»(H,P0,), - 2H,0 may be interpreted as “loose complexes”
for the first and second steps, which correspond to the proposed
mechanism in eqs 9 and 10.

The value of the Avrami exponent provides information
regarding the morphology of the growing crystal.'”>°~>>3>3*
The value of n reflects the mechanism dominating crystallization.
Here, smaller n values indicate that the crystallization is dominated
by a surface crystallization or that the crystallization dimension is
low. On the other hand, larger n values are expected only in case
of increasing nucleation rates. For Mn, /,Fe; 2(HyP0O,),-2H,0,
the n values are 2.56 for the first and 2.06 for the second
decomposition steps, which are random nucleation and growth
of nuclei for both decomposition steps.

As can be seen from Table 2, the entropy of activation (AS*)
values for all steps are positive values. It means that the
corresponding activated complexes had lower degrees of arrange-
ment than the initial state. Because the decomposition of Mn; /»-
Fe, »(H,P0,),-2H,0 proceeds as two consecutive reactions,
the formation of the second activated complex passed in situ. In
terms of the activated complex theory (transition theory),** ™" a
positive value of AS* indicates a malleable activated complex that
leads to a large number of degrees of freedom of rotation and
vibration. A result may be interpreted as a “fast” stage. On the
other hand, a negative value of AS* indicates a highly ordered
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activated complex, and the degrees of freedom of rotation as well
as of vibration are less than they are in the nonactivated complex.
These results may indicate a “slow” stage.”* >° With respect to
these results, the first and second decomposed steps of Mn, /»-
Fe, /,(H,PO,4),+2H,0 may be interpreted as “fast” stages. The
positive values of the enthalpy AH* are in good agreement with
two endothermic effects in the DTA results. The positive values
of AH* and AG* for two stages show that they are connected
with the introduction of heat and are nonspontaneous processes.
The results of the kinetic and thermodynamic parameters of the
second steps are higher than those of the first step, which
correspond to that the second step needs a higher energy
pathway and a lower rate reaction than the first step.

To corroborate the calculated data with the spectroscopic
ones, we drew up the FT-IR spectra of the studied compound
(Figure 2). Table 2 shows the comparison of the @, values with
the g, values determined from this compound, together with
the assignments of the corresponding vibrational modes in the
literature."* These wavenumbers are close to the vibrational
modes of water of crystallization and dihydro%en phosphate
group (H,PO, ) reported in the literature.’®”** The results
confirm that the loss of the water of crystallization and depro-
tonated dihydrogen phosphate group in the first step is followed
by a continuous intermolecular polycondensation for the second
step.”” ** The studied compound exhibited a very good agree-
ment between the calculated wavenumbers from average T,
(DTA) and the observed wavenumbers from IR spectra for the
bonds that were suggested to be broken.

4. CONCLUSION

The superparamagntic Mn, /,Fe; 2(H,PO,), - 2H,0 was pre-
pared by a soft solution solid-state reaction from the Mn(c)—Fe-
(c)—H3PO, system in water—acetone medium at ambient
temperature with short time consumption (30 min). Mn, ,-
Fe,»(H,P0,),-2H,0 decomposes in two steps, which corre-
spond to the loss of water of crystallization in the first step,
subsequently to a continuous intermolecular polycondensation
and elimination of water of constituent in anion (the second
step). Thermal kinetic study results indicate the activation
energies, which relate to the vibrational frequencies of the
breaking bond of thermal transformation of Mn;Fe; ;-
(H,PO,),2H,0. The thermal behaviors, morphologies, particle
sizes, superparamagnetic properties, kinetic and thermodynamic
data of Mn, /,Fe, /,(H,PO,), - 2H,0, and its thermal transformation
product (MnFeP,0,,) in this work are different from those of
single metal and binary metal compounds in our previous reports
(Table 3). The study results obtained are necessary for elaboration
of technology to produce the dihydrogenphosphate and cyclote-
traphosphate of transition metals, which may be useful for potential
applications as catalytic, ceramic, and biomedical materials, etc.
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MnCO, + H PO, system

Mn + H PO, system
Mn -+ H PO, system in water-acetone media

% Weight loss

100 200 300 400 500
1)
Temperature (C)

~ 2 =~ ) Y A A Vo
31.]7] 1 !'ﬂaiiul!ﬂiumﬂq MH(H2P04)2'2H20 ﬂgﬂlﬁiﬂuqﬂiuﬁﬂ13$ﬂ1ilﬁ5ﬂllcﬂu9’lﬂﬂ1\1ﬂu

k4
Ugnsewaasna lnmsaaedrvesarsaail Ao

Mn(H,PO,),*2H,0(s) »  Mn(H,PO,),*H,0(s) + H,0(g) (1
Mn(H,PO,)*H,0s) =~ ————»  Mn(H,PO,),(s) + H,0(g) @)
Mn(H,PO,),(s) ——————%  MnHP,0,) + H,0(g) ?3)
MnH,P,0, (s) —  » 12MnPO,(s) + HO(g) @)

I A ' A A IS
vmes lunsugdn 1 a3118731 @15 Mn(H,PO,),+2H,0(s) Mw3 119105201 MnCO, + H,PO, aziinaln
Y
msaateAIaeandsnunalnie 4 na'lndnauy uanINASe9IN5ZVY Mn + H,PO, 18z Mn + H,PO, Tu
v Y Y v
dnarahuazezdlaw szlinalnmsaats 3 duaeu Tasduasudl (1) uaz (2) waswiy wazlums

a Hq Yo D) A N A Iy ¥ a o Y A o
WlﬁfJiJVIGLGIf@]'JﬂaNﬁ]Z1“5@‘ﬂ!WﬂNLN1ﬁ1ﬂ31lWﬂﬂlﬁqﬂﬁ15Wﬁﬂﬂﬂ!”ﬂﬁ:ﬂ“lmﬂ G) Mn213‘4012 Iﬂﬂlﬁﬂﬂﬁﬁuﬂﬁuu

u

A Ay ) A1 @ o quny A o &
ﬂﬂ6ﬂWilﬁiﬂuﬂjﬂﬁqijﬁullagﬁﬂ']'lz‘ﬂ@n\?ﬂuﬂ']cl,ﬁMlﬂﬁqjﬂﬂmu']ﬂ@klﬂ1ﬂﬁ1qﬂuuu!ﬂ\j (Boonchom, 2008)

a oy S Y 1 o & oy v a o ¢y A wa ;
w']ﬂﬂ'lilﬂﬁﬂuﬂ?ﬂﬁ’]i@mﬂuﬁ’]\iﬂuﬂﬂzﬁﬁWatlwllﬂﬁ'ﬁWa@]ﬂﬂ‘lc]/]qﬂﬂ’]ﬂﬂﬂﬁnﬂ@]ﬂ’mﬂﬂ/‘lﬂ’m@ﬂ'm

Y v o [l

J [ [l a o a ] < < aw
UANANNU LFU YUIADYNIA TUUANIILA mam‘lﬂﬁw guUALUHan 1WUAYN AAI081991UIBVY

v Y v v
dud uiuAs (Maensiri et al., 2007) areranmsith hlgmsdenldasasduimmzauiozily1dnseu

asawiideans Taojaliluduazain dseudanazduar Tassziludeyafiziirlidrgnszuauns
nand linelMinaanziiluiudedunadon susniuilse Tomisdrsduiiorih lszgndldnuasalu
v 9 a

o 9 3 1 Y a [ o Y
MAYATIHNITY LW51$ﬂ']ﬁﬁﬁ']f]@]TV]1\1ﬂ'J']llﬁ'E]‘Ll"ll'E'Nﬁ?iﬂ1ﬂﬂqnﬂﬂiﬁ!ﬂﬂllﬂﬁwyaﬂﬂﬁﬂﬂﬁﬂ\?cl“]fqmﬂalqu?

y 1 o o QJQSI g ' Y a 9 ] o 1 aaan
lumswsouiannzandu mldaunlaesaldaelunmsasumswaalidie sudedialfnsernis

o -7 dy
aaeaIvesasaa il



UNANN 713 1N @3 31, U9 38 atiun 3 327

600-1,000 DaFEAIFIE

MCO,(s) »  MOG) + CO,p) (5)
400 oIFIFATOE

M(NO,),(s) — > MOG)  + 2NO(g) + %O, ©)
600-900 DA BT

MSO,(s) —  » MOGs)  + SO, +%0, 0
600-1,000 A ST

MC,0, (s) —  » MO(s) + 2C0, ®)

Tagh M = Ca, Ba, Mg, Mn, Fe, Co, Ni, Zn, e DU (Koga and Yamane, 2008)

o A Y3 d ' & a ] S v ' A
Tagnalpusamsaaredrnuaaslimuilunalnsin ualuanuiluasauds asasduuaazyiia

A A

1 9 v Y
vziina lndosueamsaasdINTANURIILINLII MUUATHAVDINTAIANITY 9 datiy eNzdAnvas

]
= o

9 =2 dy = A T v 9 A A Y a 3 9/051]
mlfl%mwugmmﬁgmﬂmmmﬁmﬂanmmmu m‘ammm%'ﬁiiwymmmm'ﬁm@mmmmhuu

A3

LS Y = A ¢ v S Y o
TIHUINAVTICADIANHINAD IAUNAAITAT Lla$ﬂavlﬂﬂ'liﬁﬁ']ﬂ‘ﬂ']\jﬂ'I]Niﬂu"llf]\iﬁ']jﬁ\i@]uﬂ\‘]ﬂa']? Iﬂﬂ

I = aaa ' 3 A~ ] I o w1
AumsfinelaTendng o vesasluaouzvedanlanuenuazsugseu tagaziluilsg lemidiagyse
U @ < 1 a a a a (]
msauauileivvesmsaoiuzuowis 1dun vinauands manawagmaauTavesiundod MsUNsAIY
@ o A o @ A a 2
yownaluansasdunazasnandual oo IMIMATHIUIAZVUIATHTY ANUWINVOIFUAIT NMITNTZIY
o < & o Ao o A A Y a 9
f1ve301unIn wazmauniufeIvedignia Ndagdnisems aemsdnlanganssun1anuisuves
o { & Py o & o o A A ¢ ) '
mssadunaztulsz Tominonsinlddluaisdadulumswsouarsarouniase Texiuinni lded
v A = y & g A ¥ o ] ' Y a o @ Y
gnAe WedAnywdudeyai Idezgmirlily Tasezneldinannulasads mslsendanazanuguen
M a A o 29 Y9 ¥ o o Yy o s A v
ludupeumsnaaiszamisorilllszgnald ldTasassdumamsouarsnsduiaqmeaas o 1d

mnzaufumMs IFnuauag

Hanms
J o 9 =} J 1 3 Y = @
ﬂauwaﬁ']ﬁ@]ﬂlagﬂﬁllﬂ"llﬂﬁﬂ?ﬁﬁa]ﬂﬁﬂﬂ?@ﬂ??ui@uﬂlﬂﬁﬁ'ﬁlﬂllﬂqu@nﬁ q uu"lmmﬁﬁﬂ}nﬂu
afimms'wawiuaﬁmuﬁﬁwﬁu (Vlaev et al., 2008; Jankovi¢, 2008; Boonchom and Danvirutai, 2008;

Boonchom, 2008; Maensiri et al., 2007; Koga and Yamane, 2008; Li et al., 2004). Tagmatianlgany Ao

]
A o w 1

1Y a Jd a a o a

HANMINATIEITFIANNT U (thermal analysis; TA method) Tagnaia Ay LFU N85 IUATIINAT
a Ja A s
(thermogravitry; TG) msunsiegnaniedea gunutie mesuea (Differential scanning thermal analysis;
a 7 A ) . . . . g a A

DTA) uazanimosiGoa aunuila Asao3was (differential scanning calorimetry; DSC) Fauilumaianls
9 Aa a s A ) Yo A o d o A U o
"uayami'vma’r:m/mm‘vnwﬂt’nmamLwam"lﬂ%mmmmammuﬂi NIAUNAMENT OUFTINI AT

Vv
o a o o 1 o o
MITUFIAUNAATHT (kinetic triplet parameters) au'lﬁ'uﬂ Wmﬂuﬂﬁﬂixéfuﬂlaﬂmiﬁmﬂ@n (activation



328 KKU Science Journal Volume 38 Number 3 Review

v A a

energy; E) OUAUYDINIAAIYAD (order of reaction; n) Hangumsaarsd@inesunena lnvseriams
aaefIdedtlsnendiamans (kinetic function; go) or f(0)) Tﬂaﬂ%qﬁuﬁ“laj@%mﬁw 35 andundn
(Vlaev et al. 2005, 2008) Ty fiaunsmaauwamans v aatod a1 douii Gon i
vaunamansuuuueule Tsmesuea (non-isothermal Kinetics) H911851 MIANYINIIAUNAMAAT T
aawﬁamamm?aummmﬂuaamsﬁumwfmﬁgﬁﬂﬁuiuﬁmazﬁqmwgﬁﬂajmﬁ (Koga and Yamane, 2008)

Aq Y= P A v /A s 2 aaa o
ﬁumiw%ﬂﬂm%auwamﬁmuu AIULTUAUIINTAUNITDITIIUYT NITU %”Iﬂﬂ{]ﬂifﬂﬂ”lﬁﬁﬁ?f]ﬁ’wnﬁﬂ'ﬂﬂ

9
Fouvod
A(solid) B (solid) + C (gas)
a2 ldaums
do
—=k(Df(x) 9
dt

& & Qo e & 2 9
e o = (m-m)/(m-m), o m, m taz m, Wwhuinvesnsnanzisuau anznala 9
uazhanzgameluan1izdnsimsinguyiaig 9 (heating rates ;)
o
NAUNT0155410d (Koga and Yamane, 2008)
Ea
k= Aexp| ——— (10)
RT
A A o a o . -1 a & 2, : : -1
19 A Ao duUszANEMITU (pre-exponential factor/s’) E A9 NAINUNTEAY (activation energy/k] mol )

A a 7 A A o a -1 =
T fo Qmﬁ{]uﬁ“yjim (K) ag R ﬂ@ﬂ’]ﬂ\jwma\ulﬂﬁqﬂuﬂﬁ (8.314 kI mol K ) nuUaun1sn (10) 114 aung

OREGE
17104 E
—=dexp| —— | f(&) (11
dt RT
iipguuUNINNAIBOATIAIN,
da
e ﬂ — const, (12)
dar
AU
o A E
—=—exp| =/ | /(&) (13)
dr RT

o do g ) v A a a o g

Hladdu fo) duiladdumsaaedifesuienalansoriamsaaisdivesansaniuzveuiadie
fulsnandinmeans 95118¥HAY0UJN381AY (Chemical reactions) maauTavesiid lnduazmsine
1INROFUIVVEN (random nucleation and nuclei growth) UHATIMIVBIBUVBVIAIYNIANTONITUNS

(phase boundary reaction or diffusion)
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=~ S N a 7 ' Y o = P A 4
Tﬂﬁlﬂ"lﬂ?fllf‘ﬂi‘l/] (13) Hu lluﬂ’l‘l/]fﬂ?ﬂﬁﬁiﬁﬁ1ﬂ1/nuIlﬂﬂ?ﬂ?‘iﬁﬂHWLLaSLLﬂﬁllﬂWiﬂ?ﬁﬂmﬂﬁWﬁﬂi
Yo A q9 = ¢ ¢ Aad o~
!Lagmlﬂlﬂlﬁu@ﬁllﬂ'lﬁ!Wﬂal,“lfcluﬂ'liﬁﬂ]ﬂ'lﬂauwaﬁWﬁﬁi LLUUUE]UMI@I%W]E]?JJE]ﬁ Iﬂﬂﬁllﬂ1i°ﬂllclfﬂlﬁﬂ\ulﬂ$
& AYo @ [y @ 1 ] AadA A o T a a
Wunginuaz snusutiligivedaunsvats Iveisonia 11 aumsuuudase (model-free) 019131
IS
TUN13 Ozawa, Kissinger, Friedman, Coats and Redfern, Freeman and Carrol L@ Achar dludu (Vlaev et al.,
2008) wazdaiiaumshiimsiannonaunmslueda udausonFediaunasunudud U Tugsoauns
1MUY AUNT Flynn, Wall and Ozawa (FWO) uag Kissinger, Akahira and Sunose (KAS) uazlaumsi
ANEULARYAUNUANATVDY Coats and Redfern UAISEAFODNLLY Ao Madhysudaman, Krishnan and Ninan
(MKN), Tang et al., la2 &N Wanjun et al. (TW) (Vlaev et al., 2008)

qdUN13 Ozawa (Vlaev et al., 2008)

AE,,

E
—2.315—0.4567(—“) (14)
Rg(Q) RT

logﬂ =log

“@UN135 KAS (Vlaev et al., 2008; Jankovié¢, 2008; Boonchom and Danvirutai, 2008; Boonchom, 2008)

In (ﬁ) e (15)

T’ RT E
P

a

#1N15 Coats and Redfern (Boonchom, 2008; Maensiri et al., 2007; Koga and Yamane, 2008)

a AR 2RT E AR E
e e e R P a6
T PE E RT PE, RT

a a

@UN19 Friedman (Boonchom, 2008; Maensiri et al., 2007; Koga and Yamane, 2008)
da dol E
1{—)51{,8—) :ln(Af(a))—(—aj (17)
dt dT RT

@UN1T Freeman and Carroll (Maensiri et al., 2007; Koga and Yamane, 2008)

Am(ﬂj:nAm(l—a)—(E—ajA(l) (18)
dT RT T
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#UN13 Achar (Boonchom, 2008; Maensiri et al., 2007; Koga and Yamane, 2008; Li et al.,2004).

ln[;d_a) _ h{ﬂ} _(Ea j %)
f(a) dT Rg(a) RT

UM Flynn, Wall and Ozawa (FWO) (Vlaev et al., 2008; Jankovi¢, 2008; Boonchom and Danvirutai, 2008;

Boonchom, 2008)

Ing =1In AE, —5.3305—1.0516[ EJ (20)
Rg(a) RT

#UN1T Kissinger, Akahira and Sunose (KAS) (Boonchom, 2008; Maensiri et al., 2007)

o(8) {2
T ), g(a@)R ) \RT

#uN15 Madhysudaman, Krishnan and Ninan (Vlaev et al., 2008)

g AE,, E,
In =| In +3.772050-1.921503lnEa -{ 0.120394——

. (22)
1.921503 ﬁR T
AUNIT Tang et al. (Vlaev et al., 2008)
g() 4E,, E,
In =| In +3.63504095—1.8946611n E —| 1.0014533—— (23)
1.894661 a
PR RT

#UN13 Wanjun et al. (Vlaev et al., 2008)

g() AE,, E,
In N =In - — (24)
T ﬂ(l.00198882Ea +1.87391198RT) RT
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Temperature/’C

51 2 mes Tuunsuves Mn(H,PO,),-2H,0 imsnaass luanmusseleustemaALazoas1IMsiu

QUUQN 5 10 15 uag 20 pIAULAIFoe/ U1 (111: Boonchom, 2008)
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1 E4
1037 2 UFATeIMITa18aIves Mn(H,PO,),-2H,0 328 2 naln desel1d

—_

Mn(H,PO,),2H,0 Mn(H,PO,), + 2H,0 (25)

—_
Mn(H,PO,),

1/2Mn,P,O, + 2HO (26)

nniedeanalnvesmsaatsdininnuiou aunsadiamndsnunszduusinmsaatedd lundas
Gﬁumullé’ IﬂﬂﬁWnﬁﬂi"]ﬁf)’c’mmi Ozawa; Kissinger; Friedman; Flynn, Wall and Ozawa (FWO) Llaze@un1s
Kissinger, Akahira and Sunose (KAS) (Vlaev et al., 2008; Jankovi¢, 2008; Boonchom and Danvirutai, 2008;

I Vv
.. U ' . I~
Boonchom, 2008; Maensiri et al., 2007) FAAUMTIMA (39ANTUMNT “Isoconversional method” (T UANAT
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y o 1 a dw 4 o o o o
ﬂ]ﬁ“lﬂ‘ﬁ 1 frogailensuvsg f(o) uag g(a) lﬁﬂcl"lsfkluﬂﬁﬂ'lu’)mW?WQﬂ%uﬂﬁﬁﬁ1ﬂﬂ’J"Uﬂ\‘1ﬁﬁ

(ﬁiﬂ: Vlaev et al., 2008; Jankovi¢, 2008; Boonchom and Danvirutai, 2008; Boonchom, 2008)

No. f(o) g(o)

Kinetic function name

1. Acceleratory equations

12 32
Py, a 2/3) a
P, o 20
p o 301

2. Chemical decomposition process or mechanism non-invoking equations

F,, 2(1- )'? [1-(1- )" ]
F,, 331- ™ [1-(1- o) ]
F (1- o 2[1-(1- o) ™")/(1-n)

3. Sigmoid rate equations or random nucleation and subsequent growth

ALF (1- o) -In (1- @)

A,, (1- o)f-In (1- 012 G2 (1- )™’
A, (1- o)[-In (1- 001" 2[-In (1- )]

4. Deceleratory rate equations

R, P, (1- @)’ o

R,F,, (1- " 21-(1- '™

R,F,, [n(1- )] 3[1-In(1- 0]’
D, 1/ a a’2
D, [1/In(1- ov)] o +(1- o)In(1- o)
D, (1- o) /[1-(1- )" G2)[1-In(1- )"
D (- " /1-(1- ' G2)[1-2/3) o -(1- a)™]

Power law (Ol :ktm)

Power law (Ol =kt2)

Power law (0L =kt3)

Reaction order (n =1/2)

Reaction order (n =1/3)

n-th-order kinetics (n+ 1)

Avrami-Erofeyev ( n=1)

Avrami-Erofeyev (n = 1.5)

Avrami-Erofeyev (n = 2)

One-dimensional advance

One-half order

Two-thirds order

1/2

One-dimension (Ol =kt °)

Two-dimension diffusion

Two-dimension diffusion

Three-dimension diffusion
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(Cyclotetraphosphate for ceramic coating )
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Abstract

Metal cyclotetraphosphates were reviewed in this article, prepared for inorganic ceramic
pigments and used for the replacement of ceramic pigment in the class of metal oxides. Firstly, the
importance of materials, crystal structures and basic principle of metal cyclotetraphosphates were
presented. Secondly, the metal cyclotetraphosphates proposed by previous researchers were
reviewed, especially the synthesis method and its characterization. Their crystal structures were
determined by Fourier transforms infrared spectroscopy (FTIR) and X-ray powder diffraction
(XRD). The color hue was explained by UV-Vis Near IR spectrophotometer. Finally, the

interesting of metal cyclotetraphoshpates were discussed and compared with other materials.

Keywords: Ceramic pigment, Cyclotetraphosphate, Binary cyclotetraphosphate
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