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Kinetics of the oxidative hydroxylation of tetraphosphorus in the presence of copper(Il)
chloride modified by humic (fulvo-) acid

Abstract. It was established that in mild conditions (50-70 oC, PO2 = 1 atm) white phosphorus effectively
is oxidized by oxygen in water-toluene solutions of copper(Il) chloride modified by humic (fulvo-) acid to
give mainly phosphoric acid. Humic (fulvo-) acid was extracted from brown coal of domestic deposit Ki-
yakty. For determination of optimum parameters of fulvo-acid extraction the laboratory experiments were
carried out using the method of experiment planning. The kinetics, intermediate and final products, optimum
conditions of new catalytic reaction of P4 oxidation by oxygen in water medium were defined by kinetics,
volumometry, redox-potentiometry, 31P{1H} NMR spectroscopy and titration.
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Introduction

Phosphorus-containing inorganic derivatives, in
particular, phosphorus acids play important role in
the vital development and exchange and found ap-
plication in inorganic and organic synthesis, as re-
ducers, in production of heat-resistant plastic, fodder
and technical phosphates, in food, medical and war
industry. As an initial material for industrial produc-
tion of valuable acids of phosphorus rather cheap
and available yellow phosphorus (P,) is used. Raw
materials for obtaining valuable phosphorus-con-
taining compounds in the industry using traditional
technology are chlorine-containing derivatives of
phosphorus PCL,, PCI,, POCI,, POCI,. Multiphase
industrial process is accompanied by the yield of
a large amount of hydrogen chloride, causing ad-
ditional expenses on its neutralization and decrease
in yield of target products, and also creates serious
environmental problems. Selective disclosure of tet-
rahedral molecule P, and its direct functionalization
gains the increasing value in connection with search
of new non-polluting processes of obtaining phos-
phorus products. In turn, the Cu(Il) complexes are
widely used as reversible catalysts of oxidation of a
number of inorganic and organic compounds by mo-
lecular oxygen with formation of oxygen-containing
compounds [1, 2].

The purpose of this work is the development of
effective catalysts of an oxidizing hydroxylation of
tetraphosphorus in the presence of the copper(Il)
chloride modified by humic (fulvo-) acid, extracted
from brown coal of domestic deposit Kiyakty for the
purpose of obtaining phosphoric acid.

Materials and methods

The process of P, catalytic oxidation by oxygen
in the aqueous environment carried out in the closed
isothermal system with intensively stirred up reac-
tor, supplied with the electrometric device and con-
nected to gasometrical burette with oxygen. Deute-
rium oxide (D,0) (Aldrich) for NMR experiments
and CuCl,-2H,O are used without additional clean-
ing. Phosphinoxide TPPMSO is used as an internal
standard in a nuclear magnetic resonance experi-
ments, and was synthesized by a known technique
[3]. Particles of P, weighed under water, and then
dissolved in toluene (PhMe) at 45-50°C. Concentra-
tion of P, in the obtained toluene solution was deter-
mined by iodometric titration [4]. For determination
of optimum parameters of fulvo-acid (FA) extrac-
tion the laboratory experiments were carried out us-
ing the method of experiment planning [5].

The matrix of the 4th factorial of experiment
planning at the 4th level was constructed and optimal
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conditions of transfer to alkaline solution of fulvo-
acid from coal of a Kiyakty field were determined.
The optimal conditions of extraction of fulvo-acid:
X -extraction temperature — 80°C; X, — duration of
experiment — 45 mines; X, — concentration of alkali
— 1,0 %; X, — ratio of coal and alkali 1:25 solution.
The experiment realized in these conditions was
coordinated with sampled data. Determination of
phosphoric and humic (fulvo-) acids concentration
was carried out by acidic-alkaline titration accord-
ing to a technique given in [6].

Results and discussion

It was established that in anaerobic conditions
white phosphorus is oxidized in water-toluene so-
lutions of CuCl, and Cu(MeCO,), at 90°C to give
a mixture of deuterated phosphorous Ila (5-21 %),
hypophosphorous Ia (27-75 %) and phosphoric I11a
(20-62 %) acids (1-3). At introduction of P, in water
solutions of green CuCl, and Cu(MeCO,), the black-
ening of solutions is observed that indicates Cu(II)
reduction to Cu(0) by white phosphorus.

P, +6CuX,+12D,0 — 4P(O)D(OD)2 + 6Cu + 12DX (1)
Ia

P, +2CuX,+8D,0 — 4P(O)D2(OD) +2Cu +4DX 2)
Ila

P, + 10CuX,+ 16D,0 — 4P(0)(OD), + 10Cu + 20DX

IIla

3)

Oxidation of P, proceeds in the biphasic system
P,/PhMe-D,O where the dissolved phosphorus is in
the upper organic layer, and D,O - in the bottom lay-

er. In table 1 the conditions and yields of products
of P, oxidation by CuX, complexes are given in the
inert atmosphere in water toluene solutions at 90°C.

Table 1 — Oxidation of P, by the CuX, complexes at a ratio [Cu(II)]:[P,] = 3,3 in water toluene solutions in the inert at-

mosphere
1 0,
Experiment [;1111)1%1], ©h Moo % = Yield of ;ﬁzducts, % —
| CuCl,
0,8 1 96 75 5 20
28 0,8 1 100 44 8 48
3be 0,8 1 72 68 12 21
4 Cu(MeCO,),
, 1 100 35 12 53
52 0,8 1 77 27 11 62
6°° 0,8 1 100 40 21 39
Conditions of reaction, mmol: [P,] = 0,24; [D,0] = 55,3; [PhMe] = 9,4; 90°C; argon. * [D,0] = 83. " [Py] = 9,9. ¢ with-
out PhMe.

3P NMR spectra of reactive solutions after 1
h at 90°C under condition of a complete reduc-
tion of CuCl, and Cu(MeCO,), by white phos-
phorus to Cu(0) are completely identical and con-
tain the signals indicating three deuterated acids
Ia, IIa and IIla. The triplet 1:1:1 in the weak
field with the center at 5,7 ppm with coupling
constant 'J (P-D) = 102,5 Hz corresponds to Ia,
a nonbinominal quintet at 13,54 ppm with cou-
pling constant 'J (P-D) = 85,6 Hz - Ila acid, and
sharp singlet at 0,32 ppm of - to IIla product.

ISSN 1563-0331

Singlet at 36,49 ppm match the internal TPPMSO
standard.

In the picture 1 the *' P{'"H} NMR spectrum of
CuCl-D,0-P,-TPPMSO solution is presented at
20°C (experimental conditions 2 in table 2). The
total yield of phosphorus acids after reaction with
CuCl, and Cu(MeCO,), was 70-100 % (table 1, om.
1-6). Irrespective of composition of reactionary so-
lution the main product of reaction was Ia with the
maximum yield of 75 % (table 1, exp. 1). Acids I1a
(5-21 %) and Illa (20-62 %) are formed with lower
yields.
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—*'P{'"H} NMR spectrum of solution CuCl, (0,8 mmol) — D,O (55,3 mmol) - P, (0,24 mmol) —

TPPMSO (0,048 mmol) at 90°C (conditions of experiment 2 in table 2)

In the presence of oxygen the reactions (1-3)
become catalytic. It was found that at oxidation of
P, by oxygen in water solution of copper(Il) chloride
at 50-70°C phosphoric acid is formed:

P, + 50, + 6H,0 — 4H,PO, )

The concentration effect of components of the
reactive medium and temperature for process ve-
locity (1) is studied. The obtained experimental
data are presented in picture 2 and given in table 2.
In the absent of copper(Il) chloride and fulvo-ac-
id the oxidative hydrolysis proceeds with smaller
velocity. The reaction conditions and products
yields of tetraphosphorus oxidation by oxygen in
water solution of CuCl, are presented in the table.

The green water solution CuCl, (2,1 mmol) at
60°C after addition of P, aliquote (0,08 mol) gradu-
ally changes color to brown, redox-potential is dis-
placed in the cathodic side from 0,69 to the 0,32

V. Simultaneously the pressure decreasing occurs
in the closed system and absorption of oxygen be-
gins. At the beginning of experiment the velocity
of O, absorption is small, then increases, passes
through a maximum, and by the end of experience
reduces to zero. After attaining the point of a maxi-
mum, the redox-potential defined by pair of Cu(Il)/
Cu(I) starts to come back to the anodic side, com-
ing nearer to initial value, the quantity of absorbed
O, corresponds to a stoichiometry of reaction (4)
(picture 2).

The addition in a reactive mixture of water solu-
tion of fulvo-acid (0,03 mol) promotes the increase
of reaction velocity. The increase of fulvo-acid con-
centration from 0,03 to 0,14 mol is accompanied
by increase of reaction velocity and initial potential
systems (picture 2). The yield of phosphoric acid is
81-100 %. Temperature decrease to 50°C and in-
crease to 70°C at C, 0,08 mol is accompanied by
decrease of reaction velocity.

Ka3¥V xabaprubicel. Xumus cepusicel. Ned (68). 2012



Zh K. Kairbekov et al. 73

Table 2 — Oxidation of P, by oxygen in water solutions of CuCl,

exp. [CuCl,-2H,0] [FA], max W ,-10 Q10 Yield of H,PO,, %
No mmol (g) mol (ml) (mol/(1-min)) (mol/T)
12 2,1 0,08 (3 ml) 0,6 5,0 81
2 2,1 0,08 (3 ml) 1,1 5,2 92
3P 2,1 0,08 (3 ml) 0,4 4,6 95
4e 2,1 0,08 (3 ml) 0,6 2,3 92
54 2,1 0,08 (3 ml) 1,5 8,0 93
6 2,1 0,03 (1 ml) 0,8 5,3 99
7 2,1 0,06 (2 ml) 0,8 5,4 87
8 2,1 0,11 (4 ml) 1,1 5,5 87
9 2,1 0,14 (5 ml) 0,7 5,5 95
10 0,8 0,08 (3 ml) 1,0 4,7 92
11 4,2 0,08 (3 ml) 1,0 5,7 100
The note - [P,] 8,3 mmol; [H,0] 9 ml; [C.H,] 1 ml; 60°C; P, 1 atm; reaction time 20-40 min. * 50°C. *70°C. [P,]
1,3 mmol. ¢[P,] 4,2 mmol.

x10%, mol/(1-min)

W,
<o
(O8]

1

<o
o
1

Reaction conditions, mol: [CuCL ] 2,1x107; [P,] 8,3x107; [H,0] 22,2-50; 60°C; P

o,V

0,8-
0,7
0,6-
0,5-

0,4

0,3+

0 10 20 30 40

T, min

1 atm; [FAJ: 1 —0;2—0,03;3 —

02

0,06; 4—-0,08;,5-0,11; 6 —0,14.

Figure 2 — Kinetic (a) and potentiometric (b) curves of oxidative hydrolysis of P, by oxygen in the presence of
copper(Il) chloride modified by humic (fulvo-) acid extracted from brown coal of domestic deposit Kiyakty

Conclusion

Thus, the promoting influence of an added humic
(fulvo-) acid obtained from brown coal of domestic
deposit Kiyakty, on velocity of an oxidative hydrox-
ylation of P, in the presence of copper(II) chloride
is revealed. Optimum conditions of oxidation of a
tetraphosphorus with formation of phosphoric acid
are: temperature 60°C; P, = 1 atm; H,O = 60 vol.
%; FA =30 vol. %; toluene = 10 vol. %; CuCL/P, =
1:4; FA/P, = 10.
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JK.K. Kanpbexos, JI.H. Axbaesa, XK.T. Emosa
I'ymun (¢pyabpBo-) KbIIKbLIbIMeH Moguuuupiienren moic (II) xsopuai KaTbichIHA
TeTpadochopabl TOTHIKTHIPA THAPOKCHIMPJICYAiH KHHETHKACHI

Kymcax xarmainapaa (50-70°C, P, = 1 atm) cynbi-Tosyonns! epitinainepne ak Gpochop rymu (QynbBo-) KbIIKbLI-
napeiMen Momudummpiienrer Meic (I1) xmopuai KaTeickiHIa GochOop KBIITKBUIBIH TY3€ OTTEKIEH THIMIi TOTHIFATHIHBI
aitkerHAanasl. ['ymuH ((ynpBo-) KeIIKbUTE KHUSKTH KeH OpHBI KOHBIP KOMipiHeH 06 TiHIN anbHAbL. | yMUH KBIIIKBUIIAPBIH
Geim amymblH KOJAaWibl dmicTepi TOXKIpMOEHI BIKTHMANIbl OOMbKay ofici KOJAAHBUIBIN KYpriziiai. Bomomomerpus,
penokc-norenipoMerpusi, IMP 3'P {'H} -crieKTpoCKOIHsl, KHHETHKA, TUTPJIEY dIICTEPIMEH apaliblK )KOHE COHFBI OHIMIED
MEH IPOLECC KMHETUKACKI 3EPTTEIIIL, CYIIbI EPITIHALIEPAE P, OTTEKNEH TOTHIKTHIPY/IBIH KaHa KaTaIM3IiK PEKIHSANIaPbIHBIH
KOJIaJIbl JKaFiailiapbl aHbIKTAJbI.

Tyutin co30ep: ak hochop, TOTBIFY, OTTEK, TyMUH ((PyIbBO-) KBIIIKLIBI, THAPOKCUIILY, GOCHOp KBIIIKBLIbI, KHHETHKA,
KOJIalJIbl Karaainap.

K .K. KaunpGexos, JI.H. Axbaesa, X.T. Emosa
KuHeTnka oKHCJIHTENBHOTO THAPOKCUINPOBAHNS TeTpadocdopa B npucyrcreuu xjaopuaa meau(Il),
MOAUG(HIHMPOBAHHOIO T'YMHHOBOI ((PyJ1bBO-) KHCJI0TOI

YCTaHOBIIEHO, YTO B MATKHX ycnosusx (50-70°C, P = 1 atm) Genbiit pochop 3pPeKTHBHO OKUCIISAETCA KHCIOPOIOM
B BOJHO-TOJIyOJIbHBIX pactBopax xsopuna wmeau(Il), momuduumpoanHoro rymuHOBOW ((ynbBO-) KHCIOTOH, C
NPEeUMYIIECTBEHHBIM 00pa3oBanueM (ochopHoii kucnorel. 'ymMuHOBast (QyspBo-) KHCIOTa ObLIA BBIJEICHA U3 Oyporo
YISl OTEYECTBEHHOTO MecTOpokaeHHst Kuskrel. Jlist onpeesieHns: ONTUMaIbHBIX 1apaMeTPOB W3BJICUEHHSI T'YMHHOBBIX
KHCIIOT IPOBECHBI Ta00paTOPHBIE OMBITHI C UCTIOIh30BAHUEM METO 12 BEPOSTHOCTHO-/IETEPMUHUPOBAHHOTO TNITAHUPOBAHHSI
JKCIepuMeHTa. MeToJaMi KHHETHKH, BONIOMOMETPUH, pemokc-moteHumomerpun, SAMP *'P{'H}-cnexrpockonuu u
TUTPUMETPUH HCCIIEIOBAHbI KMHETHKA, IIPOMEXYTOYHbIE W KOHEUHBIC TPOAYKTHI, ONPEAEICHB! ONTHMAIBHBIC YCIOBUS
HOBBIX KaTaJIUTHYECKHX PEAKIM OKHUCIIEHHs P, KNCIIOpOsIOM B BOJHBIX Cpejiax.

Knrwouesvie cnosa: 6enviii Gocdop, okuciieHne, KUCIOpoa, TyMUHOBast ((QyabBO-) KUCIOTa, TMAPOKCHIMPOBAHHUE,
(ocdopHas KkucnoTa, KHHETHKA, ONITUMAJIBHBIE YCIIOBHSI.
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