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CHLORINATION OF IRON PHOSPHIDE WITH CHLORINE AT THE PRESENCE OF
OXYGEN TO PRODUCE PHOSPHORUS (V) OXIDE AND IRON (II, IIT) CHLORIDES

Abstract. This paper examines the research results on predicting the production of phosphorus (V)
oxide and iron (II, IIT) chlorides from Fe P, which is a basic component of electrothermal ferrophosphorus.
The research methods were thermodynamic modeling using the HSC-6.0 software package based on the
minimum Gibbs energy and second-order rotatable designs (Box-Hunter). The aim of the research was to
determine the thermodynamic possibility of obtaining gaseous iron chlorides and phosphorus (V) oxide from
iron phosphide. The temperature in a range of 300-1500°C and chlorine amount effect on the behavior of iron
and phosphorus in a 2Fe,P — mCl, — 2.50, system was determined at pressure of 1 bar. It was found that the
temperature of the onset of iron chloride sublimation depends on the amount of chlorine and decreases from
804 to 693°C (for FeCl)) and from 777 to 412°C (for FeCl,) with an increase in the amount of chlorine from
4.0 to 6.7 kmol; the complete iron chloride sublimation occurs at 4.5-6.0 kmol of chlorine in the temperature
range of 1040-1100°C; the complete transition of phosphorus from Fe P to P,O  is in the temperature range
of 730-840°C and the amount of chlorine of 4.0-6.0 kmol; the minimum chlorine transition degree into a gas
phase (up to 0.1%) with simultaneous complete transition of phosphorus into P,O, and the iron extraction
degree from Fe P into its gaseous chlorides of 91,8% occurs at 4.0-4.3 kmol of chlorine in the temperature
range of 1090-1125°C.

Key words: ferrophosphorus, iron phosphide, chlorination, chlorine, oxygen, thermodynamic modeling,

iron chlorides, phosphorus oxides

Introduction. Ferrophosphorus is a by-product of the production of elemental phosphorus by the
electrothermal method [1]. Each ton of the phosphorus gives from 100 to 600 kg of ferrophosphorus
(depending on the amount of iron in a charge and a mode of consumption of electrodes) [2]. It contains 15-
28% of phosphorus, 1-15% of Si, 1-15% of Mn, 0.3-2,2% of Ti, 0.2-0.8% of V, up to 2% of C, the rest is Fe
[1,3,4]. Ferrophosphorus is used in the production of special grades of steel as an alloying additive and in the
foundry industry as an additive to cast iron to improve its casting properties [1].

However, recently, despite the introduction of the grade for ferrophosphorus [3], the problems with its
sale have arisen, which are associated with an increase of requirements to the ferrophosphorus quality [5].
For these reasons, at present, there is an excess of electrothermal ferrophosphorus in relation to its need
for metallurgy [6]. This problem primarily applies not only to the main world producers of phosphorus:
China (84%), Kazakhstan (6%), the USA (5%), the Netherlands, but also to a number of other countries
producing phosphorus in a smaller volume (Vietnam, Germany, etc.) [7].In world practice, there are several
directions for the processing of ferrophosphorus to obtain iron phosphate, phosphoric acid, monocalcium
phosphate and iron oxide, phosphorus and iron oxide, iron phosphate and iron oxide, phosphorus oxides,
mineral fertilizers, iron metal and calcium phosphate, ferrosilicon and calcium phosphide, ferrosilicon and
phosphorus, phosphorus chloride, iron chlorides and elemental phosphorus [8-16]. From the point of view
of enterprises producing phosphorus and its compounds, it is rational to process ferrophosphorus at the same
enterprises to obtain phosphorus-containing products as well as other products in demand on the market.

The purpose of this work was to determine the possibility of using iron phosphide Fe2P (the main
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component of ferrophosphorus) to obtain gaseous phosphorus (V) oxide — a raw material for the production
of phosphoric acid [17], the world production market of which will grow by almost 4% per year [18], as well
as iron chlorides — reagents for natural and waste water treatment. At the end of the last century, the world
annual production of iron chlorides was about 250 thousand tons. Currently, only in Russia, iron chlorides are
produced by more than 20 enterprises, for example: LLC SiNOR, LLC LANHI, OJSC Brom, PJSC Brom,
Shostka, CJSC Ekros-Engineering, OJSC Khimprom, KEMIRAOYJ, LLC NPF Nevsky Khimik, and also by
foreign companies, for example, Hawkins (USA), Biochem (France), Wasser Hygiene Chemie (Germany),
Dongda (China).

Methods and materials. A prerequisite for studying the Fe, P chlorination process was our preliminary
calculation of AG, using the HSC-6.0 program (Reaction Equations option) [19] for obtaining phosphorus
(V) oxide and iron chlorides according to the reactions:

2Fe,P+4C1+2,50,=4FeCl +P,0,, (1)

2Fe,P+6C1,+2,50,=4FeCl+P,0.. )

As follows from table 1, from a thermodynamic point of view, the formation of iron chlorides and P,O,
from Fe P takes place already at 300°C.

Table 1 — Temperature effect on the changing AG® (kJ) for the reactions of Fe,P chlorination with
chlorine at the presence of oxygen

Reaction # Temperature, °C
300 500 700 900 1100 1300 1500
1 -1382,3 -1380,1 -1377,1 -1373,3 -1368,6 -1363,1 -1356,7
2 -1660,5 -1609,0 -1554,7 -1500,5 -1445,3 -1389,1 -1331,9

A more thorough study of the process was carried out using a complete thermodynamic analysis by means
the HSC-6.0 software package developed by the Finnish metallurgical company Outokumpu and based on
the Gibbs energy minimization (Equilibrium Compositions option) [19]. The influence of temperature and the
amount of chlorine on the behavior of iron and phosphorus in a 2Fe,P - mCl, —2.50, system was determined.
The equilibrium distribution degrees of phosphorus, iron and chlorine were determined according to the
algorithm developed by us, which has the status of intellectual property [20]. During the research, the
possibility of the formation of the following compounds in the systems was considered: Fe, P, Fe,P, FeP, FeP,,
FeCl,, FeCl,, FeCl (g), FeCl(g), FeP, Fe O,, Fe,O,, FeOCl, FePO,, gaseous PO, PO,, P,O,, P,O,, P,O,, P,O,,
PO, PO,PO.,PO,,PO,, POCIL, PCL,PCl, PCl, PCl and also the equilibrium distribution degrees (o,
%) of phosphorus, iron and chlorine in these compounds were calculated.

Results and discussion. Fig. 1 shows the effect of temperature and the amount of chlorine (4.0, 5.0 and
6.0 kmol) on the equilibrium quantitative distribution of the substances in the 2Fe P — 2,50, — mCl, systems.

Temperature C Temperature C
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Figure 1 — Effect of temperature and amount of chlorine on the quantitative distribution of the
substances in the 2Fe P —2.50,— mCl, system
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As follows from the fig.1, in the temperature range of 300-1500°C, depending on the amount of chlorine,
the main substances are FePO,, FeCl,, FeCl,, FeOCl, Fe, Fe,O,, POCL,, P,O,, and P O.. In addition, iron
phosphate is formed at 300°C, and its quantity increases with an increase in the chlorine amount from 4.2 to
6.0 kmol. Gaseous iron chlorides (FeCl, and FeCl,) in the systems are in the temperature range of 400-1500°C.
Moreover, at first (at the low temperatures) FeCl, is formed, and then FeCl,. The beginning temperature of the
iron chlorides formation (i.e. the temperature of 1% of their formation) T, depends on the amount of chlorine

introduced in the system (Table 2) and decreases as the chlorine amount increases.

Table 2 — Effect of the chlorine amount on the temperature of the beginning of the FeCl, and FeCl,
formation

Cl,, kmol 4 4,2 4,5 4,7 4,9 5,1 5,6 6 6,25
T,(FeCl), °C 804 756 744 732 724 717 712 707 705
T, (FeClL), °C 777 604 545 522 509 474 440 427 414

The temperature and chlorine amount effect on the equilibrium iron distribution degree in gaseous
chlorides is represented in Fig.2.

100 a 100 b 100 c
80 3 80 1 80 g
= 60 1 e 60 s 60
o By A
59
3 40 B 40 5 40
20 20 20
2
0 0 0
300 600 900 1200 1500 300 600 900 1200 1500 300 600 900 1200 1500
T,°C T,°C T,°C
100 d 100 100 £
80 1 80 80 |
x 60 < 60 < 60
& g o
S 40 S 40 S 40
2
20 20 20
0 0 0
300 600 900 1200 1500 300 600 900 1200 1500 300 600 900 1200 1500
T,C T,C T,0C
100 g 3 100 h 3 100 i 3
80 1 80 1 80 1
S 60 e 60 S 60
3 5 g
3 40 5 40 S 40
2
20 20 2 20 2
0 0 0
300 600 900 1200 1500 300 600 900 1200 1500 300 600 900 1200 1500
T,C T,C T,C

1 —FeClZ, 2 —FeCl3, 3- FeCl2+FeC13
m values: a-3.8, b-4.0, c-4.3, d-4.7, e-4.9, f-5.1, g-5.6, h-6.0, i-6.25
Figure 2 — Effect of temperature and amount of chlorine (m, kmol) on the iron distribution degree in
gaseous iron chlorides in the 2Fe ,P — 2.50 —~ mCl, system.

The maximum of the curve of the iron distribution degree (a) in gaseous FeCl, (Fig. 2) is associated
with the decomposition of FeCl, into FeCl, and Cl, [21]. The maximum iron transition into gaseous FeCl,
increases to 95.5% at 900°C and changing the chlorine amount in the system from 3.8 to 6.25 kmol. On
the contrary, the maximum of the iron transition into gaseous FeCl, at the growth in the amount of chlorine
decreases at 1500°C from 96.9% to 73.5%. The total iron transition degree from Fe,P into gaseous FeCl, and
FeCl, (a , Fe) increases with the growth of temperature and chlorine amount (Fig. 3). Thus, at 1000 °C, the
increase in the amount of chlorine from 4 to 6.7 kmol leads to the increase in the total iron transition into its
gaseous chlorides from 57.2% to 99.5%.
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Figure 3 — Effect of temperature and amount of chlorine (m, kmol) on the total iron distribution degree
into gaseous FeCl, and FeCl, for the 2Fe P — 2.50 -~ mCl system.

Based on the data in Fig. 3, using the second-order rotatable planning technique [22], a two-factor
research matrix was developed. The matrix independent variables were the amount of chlorine (m, kmol) and
temperature (T, °C), the output parameter was the total iron distribution degree in a kind of gaseous FeCl, and
FeCl,. On the basis of the matrix results, the following adequate regression equation was obtained:

o, Fe=-1238,35 +258,89-m +1,08-T - 8,78-m* - 7.02-10°-T> - 0,15-m-T 3)

Using this equation according to the method [23], volumetric and planar dependences o Fe =f(T, m)
were constructed. Fig.4 shows the influence of the amount of chlorine and temperature on the shape of the
response surface — o, Fe and its horizontal sections. As follows from the fig.4, the complete iron chlorides
formation can be realized along the technological line fu, i.e. in the range from 4.5 to 6.0 kmol of chlorine in
the temperature interval from 1040 to 1100°C.
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Figure 4 — Effect of temperature and chlorine amount on the shape of the response surface a , Fe and its
horizontal sections.

The next stage of the research was to determine the conditions of maximum phosphorus transition into
its gaseous oxide (V). The curve of the phosphorus transition from Fe P into the unwanted substance POCIL,,
which pollutes the gaseous phosphorus (V) oxide, depending on the temperature has the minimum in the
temperature range of 850-900°C (Fig. 5).
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Figure 5 — Effect of temperature and chlorine amount (m, kmol) on the phosphorus transition degree
into gaseous POCl,in the 2Fe P — 20.50,— mCl, system.

In the temperature interval of 300-900°C, as the amount of chlorine increases, the phosphorus transition
degree into POCI, increases to its maximum value (48.8%) at 300°C and the amount of chlorine from 4.7 to
6 kmol. Then, at the temperature of more than 900-1000°C, the formation of secondary POCI, occurs. It is
especially noticeable at m>4.9, for example, 1.25% at 1500°C and 6 kmol of chlorine.

The transition of phosphorus into the target product — gaseous P,O - takes place at T > 300-400°C (Fig.
6).
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Figure 6 — Effect of temperature and amount of chlorine (m, kmol) in the 2Fe P — 2.50 — mCl, system on
the phosphorus transition degree into PO,

As follows from Figure 6, the phosphorus transition degree into P,O, (aP(P,O, ) increases at the decrease
in the amount of chlorine. In the temperature interval of 600-800 °C and at 4-6 kmol of Cl,, the equation of
a, (P,0,,) = f(m, T) has the form:

(xP(P4010)=90.03-60.23-m+0.38-T—6.12-10‘2'm2-4.56-10'4-T2+7.65~10'2-T~m. 4)

Based on this equation, the response surface oP(P,O, )=f(m, T) and its horizontal sections were
constructed (Fig. 7). The complete phosphorus transition degree into PO,  (=99.5%) can be achieved in the
abcd technological area when m is 4-6 and T > 680-800°C.

The comparison of the temperature effect on o, Fe and aP(P,O, ) shows that during the interaction of Fe P
with chlorine and oxygen a restraining factor of the complete conversion of iron into gaseous iron chlorides
and phosphorus into gaseous P,O, is the extraction of iron into iron chlorides, because it takes place at a
higher (by 220-260°C) temperature.

To use gaseous PO, for manufacturing phosphoric acid, a minimum transition of chlorine to the gas is
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required. An adequate regression equation of the temperature and chlorine amount effect on the degree of its
residual transition into the gas phase is:

ac, = 195,101-48,322-m-0,179-T+3,283-m?-4.77-10°>-T>+1.938-10* T'm,; (5)

Based on equation 5, a graphical representation of the change in was constructed (Fig.8). As it follows
from the figure, the loss of the initial amount of chlorine with the gas phase will be absent when it increases
from 4 to 4.9 kmol with a decrease in the temperature from 1090 to 900°C. The chlorine losses to 0.1% will
be at 4 kmol and 1125°C, and in the case of an increase in the chlorine amount to 5 kmol - at 900°C.
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Figure 7 — Effect of temperature and chlorine amount in the 2Fe P — 2.50,— mCl,system on the
phosphorus transition degree into PO,
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Figure 8 — Effect of temperature and chlorine amount in the 2Fe P — 2.50,— mCl system on the chlorine
transition degree in the gas phase.

To determine the optimal parameters of Fe,P chlorination with maximum transition of phosphorus into
P,O,,, iron into gaseous chlorides as well as at maximum losses of chlorine with the gas we have combined
the oP pi010p e and isolines in one figure. Fig. 9 shows that in the 2Fe,P — mCl, — 2.50, system it is
impossible to completely transfer phosphorus into P,O, and iron into gaseous iron chlorides with the full
use of chlorine, because the line= 0.0% does not intersect with the line of the complete iron — gaseous
iron chlorides transition fi. The complete extraction of iron into the iron chlorides and the residual chlorine
transition degree into the gas phase of no more than 0.5% take place in the fab area (T=1100-1160°C and
m=4-4.5 kmol). The expansion of the temperature interval to 1280°C and the m range from 4 to 4.75 kmol is
possible (fcd area), but in this case the upper limit of rises to 1%.

The minimum temperature, at which iron is completely converted to iron chlorides and phosphorus to
P,O,,, is 1040°C (point x on the fbdn line). However, in this case, 8% of chlorine is not used and passes into
the gas phase together with P,O  and iron chlorides, complicating the subsequent separation of Cl,and P,O .
To obtain the minimum (0-0.1%) chlorine transition degree to the gas phase and the complete phosphorus
transition degree to P,O, , the process must be carried out in the technological area zpk (Fig. 9(b)), in which
the amount of chlorine is 4-4.3 kmol, and the temperature is 1090-1125°C. In this case, the iron chloride
sublimation degree will be 90-91.8%.

168



ISSN 2224-5278 Series of Geology and Technical Sciences 6. 2021

P
[
=
Temperature O¢

Temperature, 0¢c

1\2\
ISR

n 10 0\- 50 X\\Zin_

4 4.5 5 55 6
m

(  J)a,Fe % (---)aP,,,,. % ( )aCl, %
a—at 700-1250°C and 4-6 kmol of Cl,, b — at 1030-1230 °C and 4-5 kmol of CI,
Figure 9 — Combined information on the effect of temperature and chlorine amount in the 2Fe P — 2.50,
—mCl, system on the phosphorus, iron and chlorine distribution degrees.

T00-

The proposed method makes it possible to produce up to 650 kg of orthophosphoric acid [17], as well as
up to 600 kg of FeCl, and 900 kg of FeCl, using 1 ton of ferrophosphorus containing 21% of phosphorus and
70% of iron.

The 5-6 ths t of ferrophosphorus annually generated by LLP “Kazphosphate” can additionally give 3.25-
3.9 ths t of orthophosphoric acid and up to 7.5-9ths t of iron chlorides.

Conclusion. The results of modeling the interaction in the 2Fe,P —2.50, — mCl, system allow us to draw
the following conclusions:

- the beginning temperature of the target gaseous iron chlorides formation decreases from 804 to 693°C
(for FeCl,) and from 777 to 412°C (for FeCl,)at increasing the chlorine amount from 4.0 to 6.7 kmol; the
complete chloride sublimation of iron occurs at 4.5 to 6.0 kmol of chlorine in the temperature range from
1040 to 1100°C, and full extraction of phosphorus from Fe,P to P,O  takes place in the temperature interval
of 730-840°C and 4.0-6.0 kmol of chlorine;

- to achieve the complete transition of phosphorus from Fe,P to gaseous P,O,, and minimal (0,0-0,1%)
losses of chlorine with the gas, the Fe,P chlorination should be implemented in the temperature range of
1090-1125°C; in this case the iron extraction degree from Fe,P in the gaseous chlorides is 91.8%.

The processing of 1 ton of ferrophosphorus containing 21% of phosphorus and 70% of iron in accordance
with the proposed method makes it possible to produce up to 650 kg of orthophosphoric acid, as well as up to
600 kg of FeCl, and 900 kg of FeCl..
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DOOCDOP (V) OKCHUIAI MEH TEMIP (IL, IIT) XJIOPUATEPIHIH AJIBIHYBIMEH TEMIP
OOCOUAIH OTTEI'THIH KATBICYBIMEH XJIOPMEH XJIOPJIAY

AnHoTauus. Makanana sneKTpoTepMusiIbIK peppodocdopabin Herisi Gombin TadbutaTeiH Fe, P pochop
(V) okcumi men temip (II, II) xmopunarepin enamipyai Ooybkay OOHMBIHIIA S>KYPri3uIreH 3epTTeyiepliH
HOTIDKENEpl KenTipinred. 3eprrey omictepi - [MOOCTBIH MUHMMAJJIBI 3HEPTUACHI MEH eKIiHIII PeTTi
pororabenai xocmapiayra (bokc-Xantep skocmnapei) HerizuenreH HSC - 6.0 OarmapiamaliblK KelleHIH
KOJIZIaHyMEH TEPMOIUHAMUKAIBIK MOjeibey. JKYMBICTBIH Makcarbl TeMip QochumineH TeMip Topizai
xytopuarep MeH Gpocdop (V) OKCHIIH amyIblH TEPMOJMHAMUKAJIBIK MYMKIH/IITIH aHBIKTAY OOJIBII Ta0bLIA b,
1 6ap kpicbivaa 2Fe,P-mCl, - 2,50, sy#ecineri emipain, hochopabin esrepyine 300-1500°C apanbikrarst
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TeMIlepaTypa MEH MEH XJIOp MOJIIEPIHIH ocepi aHBIKTANABL. TeMip XIIOpUIIHIH XJIOPIbI aiiTamybIHbIH
Oacrany TeMIepaTypachl XJIOPJbIH MeJIIepiHe OalIaHbICThl XJI0p Menmepinin 4,0 -neH 6,7 KMoibre
neiin yirarobian 804-ten 693°C-ka neiin (FeCl, ymin) sxone 777-nen 412°C-xa nettin (FeCl, yurin)
TeMeH el a1; TeMipiiH XJI0pJbl aiflaybIHbIH TOJBIK JOPEKECi XJIOpabiH 4,5-TeH 6,0 KMOJIb MeJIIIEPiH/Ie
1040-ran 1100°C-Ka neiiinri Temneparypa apanbiFbia, an Gocdopasin Fe P-nen ras tapisai P,O, -Fa oTyi-
730-840°C sxone 4,0-6, 0 kMoIb XJIOp MeIIIepiHAe O0Nabl; XJIOPAbIH Ta3 (a3ackiHa ©TyiHIH MUHUMAIIBI
nopexeci (0,1% netiin) Gpocdopusir P ,O,,-Ka TOJIBIK eTyl Ke3iHae TeMip/IiH Fe,P-nen rasaer xnopuarepre
91,8% Oeniny mopexecinne, 4,0-4,3 kmoinb xjop memnmepinae, 1090 -1125°C TemmeparypalblK apaiblKTa
Oalikamabl.

Tyiiinai cesnep: hbeppodocdop, Temip hochui, xopiay, XJI0p, OTTEr1, TEPMOAUHAMHUKAIBIK MOJICIIbICY,
TeMip Xiopui, hochop OKCUATEPI.
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XJIOPUPOBAHUE ®OCPUJA KEJIE3A XJIOPOM B ITPUCYTCTBUU KUCJIOPOJA C
HOJYYEHHUEM OKCHUJA ®OCDPOPA(V)U XJIOPUAOB KEJIE3A (11, III)

AHHOTauusA. B crarbe NpUBOAATCS Pe3yNabTaThl HCCIENOBAHUI IO IPOTHO3UPOBAHUIO IIOJIyUCHHS
okcuna pocopa (V) u xnopunos xenesa (11, 1) uz Fe P, asnsromerocs 0cHOBOH 31€KTPOTEPMUYIECKOTO
deppodocdopa. Meroapl HUCCIETOBAHUN-TEPMOINHAMUYECKOE MOJCIUPOBAHUE C  HCIHOJIb30BaHUEM
nporpamMmmHoro kommiekca HSC - 6.0, ocHoBaHHOro Ha MHHMMyMe 3Hepruu [n60ca u pororabenbHOE
IJIAaHUPOBaHUE BTOporo mopsiika (twiaH bokca - Xanrtepa). Llens paOoThl 3akirouanach B ONpEACICHUH
TEPMOJMHAMHYECKON BO3MOKHOCTH TOJTy4eHUs! U3 Qochuaa jxene3a raz000pa3HbIX XJIOPUAOB Kele3a U
oxcuma pochopa (V). Onpenensiocs BausHre Temneparyps! B uatepsaie 300-1500°C u KoamdecTBO XI0pa
Ha ToBesIeHue Kkenesa, pocdopa B cucreme 2Fe P — mCl, — 2,50, npu nasnenuu 1 6ap. YcraHOBIEHO, YTO
TeMIIepaTypa Havyajia XJIOPUI0BO3TOHKH JKeJle3a 3aBUCUT OT KOJIMYECTBA XJI0pa, yMeHbIIasch oT 804 1o 693°C
(s FeCl,) m ot 777 mo 412°C (uus FeCl,) ipu yBennuennn komuuecTsa xyiopa ot 4,0 10 6,7 KMOJb; IoHast
CTETEeHb XJIOPUIOBO3TOHKH KeJie3a MPOUCcXoauT npu 4,5 1o 6,0 KMok XJ0pa, B TEMIIEpaTypHOM HHTEpBaJIe
or 1040 mo 1100°C, a nepexon docdopa u3 Fe P B razoobpasusiii P,O - B TemnepaTrypHOM MHTEpBaJe
730-840°C u 4,0-6,0 xMob XJI0pa; MUHAMANbHAS CTENIEHD ITepexo/ia XJiopa B ra3zosyio ¢azy (1o 0,1%) npu
nosHoM niepexone pocdopa B PO, co crenenbro nspiedenus xenesa u3 Fe,P B razoo0pasnbie xmopusl Ha
91,8% ormeuaercs npu 4,0-4,3 kMoJb XJ10pa, B TeMneparypHoM uHrepsase 1090-1125°C

KiroueBsie ciioBa: heppodocdop, hochunkenesa, Xxa0pupoBaHue, XJI0p, KUCIOPOA, TEPMOTUHAMUYECKOE
MOJICJIUPOBAHUE, XJIOPHUJIBI KeJe3a, OKCUJIBI pocdopa.
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