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Synthesizing copper phosphide in interacting of elemental phosphorus
with copper (II) oxide in aqueous solutions

The article deals with a possibility of the copper phosphide synthesis by interaction of copper (II) oxide and
elemental phosphorus in the water solutions. The method of multifactorial experiment planning was used for
more complete assessment of the influence of various factors on the copper phosphide yield, in particular, the
concentration of phosphoric acid, the solution temperature, the process duration, the stirring rate and the
weight ratio of copper oxide and phosphorus. The target product was identified by the chemical, X-ray phase
and electron-optical analyses. Based on the experimental data, taking into account the significant particular
functions, a multifactorial generalized equation for the output of copper phosphide was obtained. The equa-
tion is used to find the optimal conditions for the copper phosphide synthesis. The partial point dependences
of the product yield on the studied factors show that they have a real impact on the process, and the mathe-
matical models are adequate. The yield of copper phosphide is 95.1 %, which is in good agreement with the
calculated data (96.5 %). The proposed method of obtaining copper phosphide in interacting of elemental
phosphorus with copper (II) oxide in aqueous solutions can be used for industrial large-tonnage synthesis of
copper phosphide and phosphoric acid. In this case, the proposed method does not involve appreciable costs
for the production re-equipment.

Keywords: elemental phosphorus, copper phosphide, mathematical planning, generalized multifactor equa-
tion.

Introduction

Copper-phosphorus alloys are widely used in a number of technological processes in non-ferrous metal-
lurgy. They are used to deoxidize copper, to make phosphorous bronzes, to obtain solders, as well as modifi-
ers of silumin. Today according to some data the demand for copper phosphide in the world market is esti-
mated at 20-30 thousand tons per year [1].

Traditionally copper phosphide is mainly obtained by direct action of copper powder on elemental red
phosphorus at very high temperatures [2; 205; 3, 4; 158-161]. However direct fusion of metals with phos-
phorus is hampered by the high elasticity of phosphorus vapor that causes contamination of the resulting
phosphides with the components of the crucible material and the furnace lining.

It is known that at present copper phosphide is obtained in interacting of the copper sulfate solution
with phosphate sludge according to the method described in [5].

The basis for obtaining copper phosphide is the reaction of phosphorus interaction with the copper sul-
fate solution that is represented in equation (1)

4P + 6CuSO, + 9H,0 — 2Cu;P + 2H;PO,4 + 6H,SO, 1
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However despite the simplicity of the technological design this method has several disadvantages: first-
ly, copper phosphide obtained by this method contains sulfate sulfur, the presence of which affects dramati-
cally the quality of the product obtained; secondly, the secondary waste is generated in the form of a mixture
of sulfuric and phosphoric acids in the filtrate requiring respectively further processing that is associated with
additional operations and costs.

In this regard the development of fundamentally new, cheap, and environmentally friendly technologies
for synthesizing metal phosphides is a very topical issue.

In order to obtain pure copper phosphide and to simplify the process we carried out preliminary exper-
iments and showed the possibility of obtaining copper phosphide in interaction of elemental phosphorus with
copper (II) oxide in the solution of phosphoric acid.

Method

For a more complete assessment of the various factors influence on the yield of copper phosphide stud-
ies were carried out according to the method of rational experiment planning [6; 37; 7; 116].

We studied the effect of various factors on the yield of copper phosphide, in particular, the concentra-
tion of phosphoric acid, the solution temperature, the process time, the stirring rate and the weight ratio of
copper oxide and phosphorus (Table 1).

Table 1
Factors studied and their levels
Level
Factor 1 3 3 4 5
X, is the concentration of phosphoric acid, g/l 50 100 150 200 250
X, is the temperature ¢, °C 45 55 65 75 85
X;is duration, h 0.5 1.0 1.5 2.0 2.5
X, is the stirring rate, W, rev/min 800 900 1000 1100 1200
X; is the weight ratio, CuO/P 2.5 3.0 35 4.0 4.5

The experiments were carried out in a thermostated cell with the capacity of 300 ml equipped with an
agitator with the adjustable rotation speed. Elemental white phosphorus and copper (II) oxide were intro-
duced into the heated phosphoric acid solution and mixed using a mechanical stirrer.

In accordance with the planning matrix for 5 factors there were carried out 25 experiments for each fac-
tor with variations at 5 levels. The experiment plan and results are shown in Table 2.

Table 2

Experiment plan and results of elemental phosphorus interaction with copper (II) oxide
in the phosphoric acid solution

No. X] X2 X3 X4 X5 YE Yp
1 50 45 0.5 800 2.5 0.73 0.74
2 50 65 L.5 1000 3.5 0.80 0.79
3 50 55 1.0 900 3.0 0.81 0.82
4 50 85 2.5 1200 4.5 0.89 0.84
5 50 75 2.0 1100 4.0 0.82 0.86
6 150 45 1.5 900 4.5 0.66 0.65
7 150 65 1.0 1200 4.0 0.82 0.78
8 150 55 2.5 1100 2.5 0.83 0.85
9 150 85 2.0 800 3.5 0.89 0.88
10 150 75 0.5 1000 3.0 0.87 0.88
11 100 45 1.0 1100 3.5 0.79 0.79
12 100 65 2.5 800 3.0 0.84 0.83
13 100 55 2.0 1000 4.5 0.84 0.83
14 100 85 0.5 900 4.0 0.79 0.82
15 100 75 1.5 1200 2.5 0.78 0.77
16 250 45 2.5 1000 4.0 0.76 0.76
17 250 65 2.0 900 2.5 0.74 0.77
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Continuation of Table 2

No. X] X2 X3 X4 X5 YE YP
18 250 55 0.5 1200 3.5 0.74 0.79
19 250 85 1.5 1100 3.0 0.89 0.83
20 250 75 1.0 800 0.90 0.82
21 200 45 2.0 1200 3.0 0.79 0.76
22 200 65 0.5 1100 4.5 0.75 0.83
23 200 55 1.5 800 4.0 0.87 0.86
24 200 85 1.0 1000 2.5 0.88 0.83
25 200 75 2.5 900 3.5 0.76 0.76

Note. X;... X5 are the factors studied; Yy is an experimental value of the recovery degree; Yp is calculated according to
Protodyakonov’s equation.

The phosphorus sample mass in all the experiments was constant and equal to 0.8 g. After a specified
period of time the solid and liquid phases were separated by filtration and residual copper was determined in
the filtrate, copper and phosphorus in the sediment [8; 715, 865].

Results and Discussion

According to X-ray phase, electron-optical and chemical analyses the product of the reaction is copper
phosphide.

Electron microscopy of copper phosphide shows that the maxima in the electron diffraction pattern of
phosphide at 2.68; 2.40; 2.17; 1.75; 1.57 coincide with the X-ray phase analysis data 2.17 (26); 2.40 (23);
1.75 (34) (Fig. 1, 2).

Figure 1. Electron-diffraction pattern (a) and microphotography (b) of copper phosphide (x7000)
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Figure 2. Bar X-ray pattern of copper phosphide

The partial point dependences of the target product yield on the studied factors are presented in Fig-
ures 3—5. The equations describing their coefficients are listed in Table 3. The 7> 2 signification shows that
all the factors studied have a real impact on the process, and the resulting mathematical models are adequate
[6;37;7; 116].
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Figure 4. Copper phosphide yield dependence on the duration (@) and the stirring rate () of the process
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Figure 5. Copper phosphide yield dependence on the copper oxide/phosphorus ratio

The nature of the obtained partial dependences can be explained as follows. With increasing the con-
centration of phosphoric acid to 200 g/l (Fig. 3a) the copper phosphide yield increases by the reaction
H;PO,
4P + 5CuO + 3H,0 — CusP, + 2H;PO,. 2)
Further increasing the concentration of electrolyte leads to decreasing the product yield. This is proba-
bly due to the fact that solubility of copper oxide in concentrated solutions of phosphoric acid decreases with
increasing the concentration [9; 283-285].

Table 3
Correlation coefficients R and their significations tg for private functions
Function equations R IR Function signification
Y, =3.64x X" -3.17 0,77 3,36 >2 significant
Y, :—1,85><104‘><X22 +0,0296x X, —0,292 0,98 3,61>2 significant
Y, =-5,31xX; +0,14+0.736 0,78 3,78>2 significant
Y, =9,62x107 x X;** +0,766 0,80 3,83>2 significant
)’5=—9,61><X52+1,19><X5—2,79 0,73 3,33>2 significant
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As the results of chemical analysis show one half of the initial phosphorus is bound to copper to form
copper phosphide, and the remainder goes to the solution in the form of phosphate ions.

As it can be seen from Figures 35, 4b the maximum dependence of the copper phosphide yield on the
temperature and stirring rate is at the temperature of 65 °C and the stirring rate of 1100 rev/min. Further in-
creasing the temperature and stirring rate does not increase the yield of the target product.

The degree of copper phosphide formation dependence on the duration of the process is also maximum
when the duration of the process is 1.5 hours (Fig. 4a).

With increasing the duration of the process the degree of copper phosphide formation falls. Decreasing
the product yield is apparently caused by partial dissolution of freshly formed copper phosphide.

As it can be seen from Figure 5 increasing the weight ratio of copper oxide when phosphorus is more
than 3.5-4.0:1 is not advisable, since there is no significant increase in the product yield. Based on the exper-
imental data taking into account the significant particular functions a multifactor generalized equation for the
output of copper phosphide is obtained:

Y=Y,+Y,+Y,+Y,+Y,-3,25. 3)

After substituting partial dependences, the generalized equation has the form:

Y. =3.64x X" —3.17-1.85x107* x X7 +0.0296x X, —

-0.292-5.31x107 x X; +0.14+0.736+9.62x10% x X} + 4)

+0.766—9.61x107 x X7 +1.19x X, —2.79-3.25.

The obtained generalized multifactor equation was used to find the optimal conditions for obtaining
copper phosphide. The calculated optimal process conditions had the following values: the phosphoric acid
concentration 200 g/I, the temperature 65 °C, the process time 1.5 hours, the stirring rate 1100 rev/min,
CuO:P weight ratio was 3.5:1. Under these conditions the calculated yield of copper phosphide is 96.5 %.

To test the multifactor equation a control experiment was performed in the optimal mode.

The yield of copper phosphide is 95.1 %, which is in good agreement with the calculated data.

According to the results of the tests it was established that the use of copper oxide as a copper donor
eliminates all the main disadvantages inherent in the above mentioned vitriol technology [5]. Below there are
given the component compositions of copper phosphide samples obtained by the vitriol and the proposed
oxide technologies (Table 4).

Table 4

Data of the component compositions of copper phosphide samples
obtained by the vitriol and the proposed oxide technologies

Requlremgnts . The average component composition in (%) | The average component composition in (%)
of standard specifications . . L . . )
113-25-04-06-88. of copper phosphide obtained by the vitriol | of copper phosphide obtained by the oxide
Mass. share, % technology technology
Grade A B 1 2 3 4 5 1 2 3 4 5
Cu 50-80 | 50-80 | 53.87 | 54.04 | 54.56 | 52.02 | 53.25 | 53.02 | 53.42 | 59.21 | 58.20 | 53.40
Py 7-14 | 6-14 5.1 9.49 10.1 | 11.18 6.2 13.82 | 14.05 | 14.10 | 13.90 | 14.01
Snomore | 1,0 8,0 2.63 2.45 2.47 2.99 221 | 0.084 | 0.079 | 0.095 | 0.089 | 0.065
F 1-3 8,0 0.12 0.17 0.23 0.37 0.30 | 0.048 | 0.039 | 0.055 | 0.042 | 0.051
Fe 1,0 1,6 0.42 0.26 0.24 0.29 0.32 0.04 0.03 0.05 0.03 0.04
Conclusions

Thus according to the method of rational experiment planning there was studied the impact of various
factors on obtaining copper phosphide in interacting of elemental phosphorus with copper (II) oxide in the
solution of phosphoric acid. It is shown that the yield of copper phosphide really depends on the concentra-
tion and the temperature of the solution, the duration of the process, the stirring rate and the copper ox-
ide/phosphorus weight ratio.

The proposed method of obtaining copper phosphide can be successfully used for industrial large-
tonnage synthesis of copper phosphide and phosphoric acid wherein the proposed method does not involve
appreciable costs for the production re-equipment.
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B.I1I. Capcembaes, K.C. Moumes, M.M. Jlocriae

CyuJnbl epitingisiepae sj1ementapibl ¢pocdopast mbic (II) TOTbIFBIMEH
dpekerTecTipy apKbLIbl MbIC pochuain axy

Maxkanana anemeHTapisl GochopasiH cyisl epitinainepinge Mbic (II) TOTBHIFBIMEH 03apa opeKeTTecyi apKbLIbI
MBIC (OCOUIIH aTy MYMKIHAIr 3eprrenreH. Meic (GochuIiHIH MBFRIMBIHA OPTYPIi (AaKTOPIApIbIH, aTan
aiftkanga (ocop KBIIKBUIGIHEIH KOHIEHTPAIMAICHl, CPITIHAI TEMIepaTypachl, IPOIECTIH Y3aKTHIFHI,
apajacThlpy JKbULIAMJBIFBI JKOHE MbIC OKCHII MeH (OC(OpABIH CaIMAKThIK apaKkaThIHACBIHBIH CEPiH
TOJIBIFBIpAK Oaranay YHIH ToXipuOeHI MaTeMaTHKalblK IKOCHapiayAblH KemdakTopibl dmicTemeci
KOJIIAHBLIAbl. MakcaTThl ©HIM XHUMHSJIBIK, PEHTreH(pa3alblK JKOHE 3JIEKTPOHABI-ONTHKAJIBIK aHAIM3AEp
apKbUIbI aHBIKTANABL. MaHbI31bI XKeKe (YHKIHMIIAP/Ibl €CKePE OTBIPHII, TOXKIPUOEIIK AepeKTep HeTi3iHAe MbIC
(ochuai IMBFBIMBIHBIH KOM(AKTOPIBI JKaINbUIaMa TEHACYiH aniablK. OJ eHIMAI adyAblH ONTHMAIIBI
JKarFIaillapelH aHBIKTAy YIIH KoJiaHsuiibsl. KapacTeipburran (akropiapra MbIC (HOChuIi MIBIFBIMBIHBIH
TOYeIIUTIKTeP]l OJIApABIH HPOLECKe HAKTHI oCepiH JKOHE MAaTEeMaTHKAIBIK YJITiHIH IYPBICTBIFBIH KOPCETTI.
Msic ¢ochuminiy mereMEl 95,1 % Kypamsl, Oyn ecenTeydik Jepekrepre coiikec kenenmi (96,5 %).
¥YcpiHbUIaTHIH MbIC (Gochumin amy oaici Mmbic ¢ocdumin xaHe (Gocdop KHIIIKBUIBIH OHEPKACINTIK ipi
TOHHAXIbI CHHTE3CYy YIUiH KOJgaHbutybl MyMkiH. CoHbIMEH Katap, Oysl eHmipicTi Kaiita jkaOmplKTayra
eJieyJIi IbIFBIHAAPABI TaJlall eTHeH .

Kinm cesoep: snemenrapnsl gocdop, Meic dochumi, MaTeMaTHKAIBIK JKOCIapiay, >KaibliaMma
KoM(aKTOPIIBI TEHJEY.

B.II. Capcembaes, K.C. U6umes, M.M. [locniaes

Cunre3 dochuna mean npu B3anMoeiicTBUM 3j1eMeHTapHOTO docdopa
¢ okcuaom meau (II) B BOZHBIX pacTBOpax

B craTtbe nccnenoBana BO3MOKHOCTb IMONTydeHUs Gochuia Memu pu B3aHMOICHCTBHH IeMeHTapHOTO (oc-
tdopa c okcuom mMean (I1) B BogHbIX pacTBopax. s Goiee TONHOM OICHKU BIIMASHUS Pa3IMYHBIX (PAKTOPOB
Ha BBIXOJ (ochuna MeIu, a IMEHHO: KOHIEHTpanuu (HocHOopHOI KUCIOTHI, TEMIIEPaTyphl pacTBOpa, Mpo-
JOJDKUTEIBHOCTH MPOLECCa, CKOPOCTH MEpEMEIINBAaHNS  BECOBOIO COOTHOIIECHHS OKCHaa Menu u ¢ocdopa
UCTIONIB30BAJIM METOIMKY MHOTO(AKTOPHOIO MAaTeMaTH4ecKOro IUIaHMPOBAaHUS SKcrepuMmeHTa. lleneBoit
HPOJYKT HACHTUPUIMPOBAIH C MOMOIIBI0 XHUMHYECKOr0, PEHTIeHO()Aa30BOr0 M 3JIEKTPOHHO-ONTHYECKOTO
aHanu30B. Ha 0CHOBaHHHM 3KCHEPUMEHTAJIBHBIX JaHHBIX C yY€TOM 3HAYMMBIX YaCTHBIX (yHKIHI ObLIO MOIy-
YeHO MHOTO(aKTOpHOE 0000IIeHHOEe ypaBHEHHE BbhIXxoa hocduma Meau, KOTOPOe UCTIOIB30BAIIM ISl HAX0-
JKJICHHSI OTITUMAJIBHBIX YCIIOBUH IOJTy4eHUsS MPOAyKTa. YacTHBIC TOYCUHBIC 3aBHCUMOCTH BbIXoaa (ochuia
MEJIM OT PAacCMOTPEHHBIX (aKTOPOB MOKA3aIl UX JEHCTBUTEIBHOE BIMSHUE HA MPOIECC U aJJICKBATHOCTh Ma-
TeMaTHueckoil Moaenu. Beixon mpoaykra cocraBui 95,1 %, 4To XOpoIIo coryiacyercsi ¢ pacyeTHbIMH JIaH-
HbIMH (96,5 %). Tlpennaraemblii Hamu Metoq nosydeHust pocduna Mean MoxeT OBbITh HCIOJIb30BaH IS
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HPOMBIIIICHHOTO KPYITHOTOHHAXXHOTO cuHTe3a Gocduna meau u GpochopHoii kucinoTsl. [Ipu 3TOM OH HE Tpe-
OyeT CyIIeCTBEHHBIX 3aTPaT Ha epeoOopy10BaHNE MPOU3BO/ICTBA.

Kniouesvie cnosa: »nementapueiii ¢pocop, hochun Mean, MaTeMaTHdecKoe IUIAHUPOBaHHE, 00OOLIEHHOE
MHOTO(aKTOpHOE ypaBHEHHE.
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