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Solubility and phase equilibria
in the Na, Ca || CO,, HCO,.-H,0 system at 0 °C

The information on phase equilibria in the Na,Ca || CO,, HCO,-H,0 system
at 0°C, predicted earlier by the translation method, has been obtained ex-
perimentally. Dependences of the concentration parameters reflecting phase
equilibria are presented in the form of geometric patterns on the solubility
diagram for the system studied. The diagram of solubility of the investigated
system at 0 °C is constructed for the first time, in which the contours of the
crystallization fields of individual phases are outlined, the conditions for their
co-crystallization in the form of curves and points are determined.
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PacTBopuMocTb 1 ha3oBble paBHOBeCHS
B cucteme Na, Ca || CO,, HCO,-H,0 npu 0°C

JKCNepUMEHTANIBHBIM MYTEM MOJyYeHbl CBEAEHNS 0 (DA30BLIX PABHOBECUSIX B
cucteme Na,Ca || CO,, HCO,-H,0 npu 0 °C, nporHo3npoBaHHbie paHee MeTooM
TpaHcnsumm. MapameTpbl KOHLEHTPALMOHHLIX 3aBUCMMOCTEN, oTpaxarowye da-
30Bble PaBHOBECUs, NPEACTABIEHbl B BULE rEOMETPUUECKUX 06pa3oB Uccieno-
BaHHOW cucTeMbl. Bnepseble nocTpoeHa Anarpamma pacTBOpPUMOCTU UCCIIE[0BaH-
Ho cuctemsl npu 0 °C, B KOTOPOI 0YepyeHbl KOHTYpbI NOMEeN KpucTanimnsaumm
OTAeNbHbIX (ha3, OnpeaeneHbl YCI0BKS UX COBMECTHON KpUCTaM3auymm B BUde
KPVBbIX M TOYEK.

KnioueBble cnoBa: pacTBOpUMOCTb; PaBHOBECME; XuaKkas (has3a; XMMUYECKWUA aHanu3; Kpu-
CT/INOONTUYECKU aHaNW3; AuarpaMma; reoMeTpudeckue o6pasbl.
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Introduction

The studied four-component Na, Ca ||
CO,, HCO,-H,O system is an integral
part of the more complex six-component
Na, Ca|| SO,, CO,, HCO,, F-H, O system.
The phase diagram of the latter system
provides the conditions for the utilization
of liquid wastes in the aluminum produc-
tion. Sewage from the cryolite regene-
ration departments of aluminum plants
contains fluorides, carbonates, hydrogen
carbonates and sulfates of sodium and
calcium [1, 2]. The processes of salt crys-
tallization and salt dissolution in aqueous
solutions of these wastes are determined
by the regularities of phase equilibria in
the six-component Na, Ca || SO,, CO,,
HCO,, F-H,O system, as well as in five-
and four-component its constituent sys-
tems.

Experimental

Following reagents were used as start-
ing materials: NaHCO, («chemically
pure» grade), Na,CO, («pure» grade);
CaCO, («pure» grade), and Ca(HCO,),
(«chemically pure» grade). Experiments
were performed using so-called «satura-
tion method» [6].

Based on the available reference data
[4, 5] the mixtures of precipitates with
saturated solutions that corresponded

to the non-variant points from the
three-component  systems: ~ Na CO,-
NaHCO,-H,0;  Na,CO,-CaCO,-H,0;
NaHCO,-Ca(HCO,),-H,0 and CaCO,-
Ca(HCO,),-H,0O constituting the four-
component system under investigation
have been prepared first. Then using afore
mentioned translation approach [3] that
transfers the non-variant points from the
three-component section to the four-com-
ponent section the prepared saturated so-
lutions with the correspondent equilibrium
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The present work has aimed to study
the solubility in the Na, Ca || CO,, HCO,-
H,O system at 0 °C in order to establish the
concentration parameters of geometrical
images and separation of the crystalliza-
tion fields of individual equilibrium solids
in the phase diagrams. The phase equilibria
of the investigated system were established
by the translation method earlier [3], and
its phase diagram was constructed.

The equilibrium solid phases in the
studied system at 0 °C are: calcite CaCO,
denoted further as (Cc); hydrogen-
ated sodium carbonate Na,CO,-10H,O
denoted further as (C10); geylussite
Na,CO,-CaCO,-5H,0 denoted further as
(GD); nahcolit NaHCO, denoted further as
(Nh) and calcium bicarbonate Ca(HCO,),
denoted further as (Cbc) [4, 5].

solid precipitates were kept in a thermostat
at 0 °C under stirring until equilibration.
Thermal stabilization was performed in-
side a LT-TWC/22 ultra-thermostat. Stir-
ring was performed using a PD-09 mag-
netic stirrer for 50-120 h. Temperature was
maintained with an accuracy of £0.1°C
using a contact thermometer. The crys-
tallization of solids was monitored with a
POLAM-R311 microscope. After equilib-
rium in the system was achieved, equilib-
rium solid phases were photographed with
a Sony-DSC-S500 digital camera.

A Buchner funnel with an ash-free
filter paper (Blue Band) connected to a
vacuum pump has been used for separa-
tion of the liquid phase and solid phase.
The precipitate after filtration was washed
with 96 % ethanol and then dried at
120 °C. A chemical analysis of products
was performed according to the standard
techniques [7-9].



Results and discussion

The results of crystal-optical analy-
sis of equilibrium solid phases (micro-
graphs), employing the method described
in [10], are shown in Fig. 1. The results of
chemical analysis for the saturated solu-
tions are listed in Table 1.

Based on the obtained result the so-
lubility diagram for the Na, Ca || CO,,
HCO,-H,0O system at 0°C has been con-
structed (Fig. 2). The location of non-
variant points on the diagram, which are
belonging to the three-component section
(E;) and to the four-component section
(E,),where n - is the point number, were
determined by the center of mass me-
thod [11].

Fig. 2 represents the general part (a)
and the salt part (b) of the solubility dia-
gram for the Na, Ca || CO,, HCO,-H,0

system at 0 °C, illustrating the mutual ar-
rangement and relative sizes of the crys-
tallization fields of the correspondent
equilibrium phases.

As can be seen from Fig. 2, the crystal-
lization fields of calcite CaCO, (Cc) and
calcium bicarbonate Ca(HCO,), (CHC)
occupy a considerable area in the diagram
that indicate low solubility of these salts
at the studied condition. A comparison
of obtained results for the solubility value
in the Na, Ca || CO,, HCO,-H,O system
at 0 °C, studied in the present work, and
at 25 °C reported earlier [12] shows the
general tendency of its decrease with the
decrease of temperature.

The description of the geometric ima-
ges (fields, curves, and points) that have
shown in Fig. 2 is listed in Table 2.

Table 1
The solubility values for the nodal (non-variant) points
in the Na, Ca || CO,, HCO,-H,O system at 0 °C
The composition of liquid phases, wt % The phase
Point composition
Na,CO, NaHCO, CaCO, Ca(HCO,), H,0 of precipitates
€ 6.570 - - - 93.4300 C10
e, - 6.490 - - 93.5100 Nh
e, - - 0.0031 - 99.9969 Cc
e, - - - 0.144 99.8560 Cbc
E; 5.60 4.610 - - 89.790 C10 + Nh
E; 12.00 - 0.0048 - 87.9952 C10 + Gl
E; 4.30 - 0.0046 - 95.6954 Gl + Cc
Ei - 4.890 - 0.109 95.001 Nh + Cbc
Eg - - 0.0014 0.083 99.9156 Cc + Cbc
Ef 6.167 2.443 0.0065 - 91.3835 C10 +Nh + Gl
E;‘ 5.904 - 0.0057 0.308 93.7823 Cc + Gl + Cbc
E§ 5.510 5.896 - 0.190 88.4040 Nh + Cbc + Gl
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Fig. 1. Micrographs of equilibrium solid phases in the Na, Ca || CO,, HCO,-H,O system at
0°C:1-Cl10,2-Gl3-Cc,4-Cbc,5-Nh,6-C10+ Gl 7 - Gl + Cc, 8 - Cc + Cbc,
9 - Cbc +Nh, 10 - C10 + Nh, 11 - Cc + Gl + Cbc, 12 - C10 + Gl + Nh, 13 - Nh + Gl + Cbc
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Table 2

Description of the geometric images contents in Fig. 2

Notation of the
geometric images

Content

e, Solubility of sodium carbonate in water
e, Solubility of sodium bicarbonate in water
e, Solubility of calcium carbonate in water
e, Solubility of calcium bicarbonate in water
B Co-crystallization point for C10 + Nh in the Na,CO,-NaHCO,-
! H,O system
B Co-crystallization point for C10 + Gl in the Na,CO,-CaCO,-H,0
? system
B Co-crystallization point for Gl + Cc in the Na,CO,- CaCO,-H,0
} system
B Co-crystallization point for Nh + Cbc in the NaHCO,-Ca(HCO,),-
4 H,O system
B Co-crystallization point for Cc + Cbc in the CaCO,-Ca(HCO,),-
> H,O system
B Co-crystallization point for Nh + C10 + Gl in the Na, Ca || CO,,
! HCO,-H,O system
B Co-crystallization point for Gl + Cc + Cbc in the Na, Ca || CO,,
? HCO3-H,0 system
B Co-crystallization point for Gl+Cbc+Nh in the Na, Ca || CO,,
: HCO,-H,O system
B _E Co-crystallization curve for C10 + Nh in the Na,CO,-NaHCO,-
b H,0 system
B _E Co-crystallization curve for C10 + Gl in the Na2CO3-CaCO3-
> H20 system
B _E Co-crystallization curve for Cc + Gl in the Na2CO3-CaCO,-H,0
P system
B _E* Co-crystallization curve for Cbc + Nh in the NaHCO,-
L0 Ca(HCO,),-H,0 system
B _E Co-crystallization curve for Cc + Cbc in the CaCO,-Ca(HCO,),-
> H_O system
E}Na,CO,EJE/E] |Cl10 crystallization field
E;NaHCO, EJEJE/E; |Nh crystallization field
EJE/EIEIEIE] Gl crystallization field
E;CaCO,EIESE] | Cc crystallization field

EIESEIE; Ca(HCO,),E:

Cbc crystallization field
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Beepenue

Vccnenyemass  4eTBIPEXKOMIIOHEHT-
Has cucrema Na, Ca || CO,, HCO-H,0
ABJIAETCA COCTAaBHONM 4YacTblo Oonee
CJIO>KHOJ1 IIeCTUKOMIIOHEHTHOJ CHCTEMBI
Na, Ca || SO,, CO,, HCO,, F-H,O cocTo-
sHusA (HasoBbIX PABHOBECHIT, B KOTOPOIT
OIPENeNSA0T YCIOBYS Y TUIN3ALIMI K-
KIX OTXOJ[OB aTIOMUHVEBOTO TIPOUSBOJI-
crBa. CTOYHbIE BOJbI OT/IE/IEHNIT PereHe-
paluu KPUOMUTA ATIOMUHUEBBIX 3aBOJIOB
comepxat GpTopuibl, KApOOHATHI, TUIPO-
KapOOHAThI 1 CynbGaTbl HATPYUS U Kalb-
s [1-2]. TIporeccel Kpuctanmsanum
U PACTBOPEHMs COTEN B BOIHBIX PACTBO-
pax 9TUX OTXOJIOB OIPEMENAITCA 3aKO0-
HOMePHOCTAMU  (Ha3OBBIX PABHOBECHUIT
B IIECTMKOMIIOHEHTHOI cucreMe Na,
Cal| SO,, CO,, HCO,, F-H,0, cocrapns-
IOIIUX €€ TATU — U YEeTHIPEXKOMIIOHEHT-
HBIX CHCTEM.

JKcnepuMeHTaNbHasA YacTb

Ins OmbITOB OBIIM VCIIONb30BAHBI
cnepyromue peaktusbl: NaHCO, (x.u.);
Na,CO, (u); CaCO, (u); Ca(HCO,),
(x.4.). OnBITH TPOBOAWIN IO CIIEHYIO-
Iiell cxeMe COITIACHO MEeTOJY JIOHACBIIIle-
Hus [6].

Mcxons M3 [JaHHBIX JIMTEpPaTyphbl
[4, 5], HaMu mpemBapUTENbHO ObLIN
IPUTOTOBJIEHBl CMECH OCaJKOB C Ha-
CBIIIEHHBIMY  PacTBOPaMI,
CTBYIOIIVIMJM HOHBAapMaHTHBIM TOYKaM
COCTaBJIAIOINX MCCIENYeMy0 YeThbIpeX-
KOMIIOHEHTHYIO CHUCTEMY TPEeXKOMIIO-
HeHTHbIX cucTeM: Na,CO,-NaHCO,-
H,0; Na,CO,-CaCO,-H,0; NaHCO,-
Ca(HCO,),-H,0 u CaCO,-Ca(HCO,),-
H,O. 3arem, ucxoms u3 cxeMbl TpaHC-
JIALMY HOHBAapMAHTHBIX TOYEK YPOBHA
TPEXKOMIIOHEHTHOTO COCTaBa Ha Ypo-

COOTBET-
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In Russian

B Hacrostieit pabore paccMOTpeHBI
pe3y/IbTaThl MCCIeNOBaHus CUCTeMbl Na,
Ca || CO,, HCO,-H,0 npu 0 °C meTomom
PacTBOPMMOCTH C LI€/IbI0 YCTAHOBICHMUS
KOHI[EHTPAI[MOHHBIX [apaMeTPOB IIO-
JIOKEHUsI ee TeOMETPUIECKUX 00pasoB
Y COOTHOIIIEHVS TIOJIEeN KPUCTA/UTU3ALIN
VHIVBUYaIbHBIX DPaBHOBECHBIX TBep-
nbix ¢das. Panee [3] MeTomoMm TpaHCIALMK
OBV yCTAaHOBJIEHBI (pa3oBble pPaBHOBeE-
CISI MCCTIEYEMOIt CHCTEMBI M IIOCTPOeHA
ee asoBas quarpaMma.

PaBHOBecHBIMM  TBepAbIMM  (asa-
Mu uccnepyemoit cuctembl mpu 0 °C
apnaworca: CaCO, - xampunt (Cu);

Na,CO,-10H,0 - C-10; Na,CO,-CaCO,
-5H,0 - reitmoceur (In); NaHCO, -
Haxkomut (Hx) n Ca(HCO,), - xanbumii
rugpokap6onar (Cal’) [4, 5].

BEeHb YETBIPEXKOMIIOHEHTHOTO COCTaBa
[3], mpuroroBIeHHbIe HaCBIIIEHHbIE pac-
TBOPBI, C COOTBETCTBYIOIMMY PaBHOBEC-
HBIMI TBepbIMU (pa3amy, HepeMelnBas
tepmoctarupoBamu npu 0 °C go gocrtu-
JKEHVISI pAaBHOBECHIL.
TepmocTrarupoBaHe IPOBOAN-
mm B ynprparepmoctate LT-TWC/22.
[TepememinBaHMe CMeCH OCYIIECTBIIA-
M C TOMOIBI0O MAarHMTHOM MeIIajIKN
PD-09 B Tteuyenme 50-120 u. Temmepa-
Typa IOJJep>KMBaach C TOYHOCTBIO
0,1 °C ¢ momolIpl0 KOHTAaKTHOTO Tep-
MOMeTpa. 3a KpUCTa/yIM3auyell TBep-
mpix a3 HaOMOJamy ¢ MOMOLIBIO MIU-
kpockorna «IIOJIAM-P 311». Ilocne
HOCTIDKEHMS paBHOBeCMS B CHUCTeMe
paBHOBecHble TBEpAbIe (aspl coTorpa-
¢uposamu 1udpposbiM (oToanIapaTOoM



«SONY-DSC-S500». HocTmxeHnue pas-
HOBeCUsA YCTaHAB/IMBANIOCh II0 HeW3-
MeHHOCTV (Da30BOrO COCTaBa OCAIKOB.
Otpenenne >KNAKOI M TBepHoit ¢as ocy-
IIECTBJIA/IY C IIOMOILbI0 BaKyyMHOTO Ha-
coca yepes 00e330/IeHHYIO (CUHSAS JIeHTa)

Pe3ynbratbl U 06CyXxaeHue

Pe3ympraTel KpUCTA/UIOONTIIECKOTO
aHanmu3sa [10] paBHOBeCHBIX TBEPHBIX (a3
(MukpodoTtorpadun) mpencTaBieHb Ha
puc. 1, a pe3ynbTaThl XMMUYECKOTO aHa-
7¥3a HACBILEHHBIX PACTBOPOB IIpUBeie-
HBI B Ta6I. 1.

bunpTpoBanbHyl0 OyMary Ha BOPOHKe
broxnepa. Ocafok mocne Quubrpanum
npoMbIBamu 96 %-M STUIOBBIM CIMPTOM
u BpicymuBanyu npu 120 °C. Xumnde-
CKMII aHanM3 MPORYKTOB IPOBOAVIIN IO
M3BECTHBIM METOAMKaM [7-9].

Ha ocHOBaHWM IONTy4YeHHBIX JAHHBIX
IOCTpOEHAa JiMarpaMma pacTBOPUMO-
ctu cuctemsl Na, Ca || CO,, HCO,-H,0
npu 0 °C, koTopas IpefcTaBlIeHAa Ha
puc. 2. [TonoxxeHue HOHBapMaHTHBIX TO-
4eK YPOBHA TPEXKOMIIOHEHTHOTO (E})

Puc. 1. Muxpodororpadun paBHOBECHBIX TBepAbIX das cuctembl Na, Ca || CO,, HCO,-H,O
mpu 0°C:1-C10;2 -Gl 3 - Cc;4 - Cbe; 5- Nh; 6 - C10 + G; 7 - Gl + Cc; 8 - Cc + Cbg;
9 - Cbc + Nh; 10 - C10 + Nh; 11 - Cc + Gl + Cbc; 12 - C10 + Gl + Nh; 13 - Nh + Gl + Cbc
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Tabmuna 1

PacTBOPMMOCTb B y3/I0BBIX (HOHBAPMAHTHBIX) TOYKAX CUCTEMBI
Na, Ca || CO,, HCO,-H,0 npu 0 °C

Ne Cocras >xnpkoit ¢aser, Mac. % Da30Bblit
COCTaB
TOYeK | Na,CO, | NaHCO, | CaCO, | Ca(HCO,), H,0 oCanKoB
e 6,570 - - - 93,4300 Hx
e, - 6,490 - - 93,5100 Cn
e, - - 0,0031 - 99,9969 Cal'
e, - - - 0,144 99,8560 C-10 + Hx
E; 5,60 4,610 - - 89,790 C-10 + It
E} 12,00 - 0,0048 - 87,9952 Im+ Cu
E; 4,30 - 0,0046 = 95,6954 Hx + Cal
E; - 4,890 - 0,109 95,001 Ciy + Cal
E} - - 0,0014 0,083 99,9156 €10+ Hx
+ I
E/ 6,167 2,443 0,0065 - 91,3835 | Ci+ I+ Call
E; 5,904 - 0,0057 0,308 93,7823 |Hx + Cal +In
E} 5,510 5,896 - 0,190 88,4040 | Nh + Cbc + Gl
IO
-
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E; 5_ g3
g3 & N A
2 1
EJW AN
2 AR | 5
o ES pael .
T S A clo g
(S BN NaCOs i 2NaHCO;
sl by 4 B3 ) Hx
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E2 oI 5Ty
gy ¥ [Ef B Ef i
3 b \\ Cal
z Cal' |
\
i Ch
!
C 4
4
\
\‘\ CHCO 3 CH(HCO):
CaCOs 3 cacon, B
a 6

Puc. 2. [lmarpamma pactBopumocTu cuctems Na, Ca || CO,, HCO,-H,O mpu 0 °C:
a - obuas; 6 — coneBas 4acThb
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Tabnuua 2

OmnncaHue cofiep>KaHNsA reoOMeTPUIECKIX 00pa3oB Ha puc. 2

O6o03HaueHne CopepsxkaHue
reoMeTpUYeCcKIX
obpasos
e PacTBOpUMOCTD KapbOOHATa HATPUS B BOJIE
e, PacTBOpUMOCTD rUpOKapbOHaTa HATPYS B BOJE
€, PacTBOpMMOCTD KapOOHATAKAIBIVISI B BOJIE
e, PacTBOpMMOCTH IMipOKapOOHaTa KaibIyisi B BOJE
B Touka coBmecTHON Kpuctammmsanuu C-10 + Hx B cucreme
! Na,CO3-NaHCO,-H O
E Touxa coBmecTHoI kpuctammsanyy C-10 + 1 B cucteme
2 Na CO3-CaCO,-H,O
E Touxa coBmecTHoit KpucTammmsanuu In + Ci B cucreme Na CO -~
3 CaCO,-H,0
E Touka coBmecTHOI Kpuctammsanuu Hx + Cal’ B cucteme
4 NaHCO,-Ca(HCO,),-H,0
E Touxa coBmecTHoit kKpucTtammsanuy Ciy + Cal' B cucreme CaCO, -
3 Ca(HCO,),-H,0
B Touka coBmecTHOl Kpnctammsanuy Hx + C-10 + In B cucreme Na,
! Call CO,, HCO,-H, O
B Touxa coBmectHoI kpuctamm3aanym Im + Ci + Cal’ B cucteme Na,
2 Call CO,, HCO,-H,0
E* Touka coBmecTHON Kpuctammm3anuu [n+Cal'+Hx B cucreme Na,
3 Call CO,, HCO,-H,0
B’ _E¢ Kpusas coBmectHoi Kpuctammsanuu C-10 + Hx B cucteme
P Na,CO,-NaHCO,-H,0
B} _E* Kpusas copmectnoit kpucrammmsanyu C-10 + In B cucreme
2 ! Na CO,-CaCO,-H,O
El_E Kpusas coBmecrnoit kpucrammsanuu Cii + I B cucreme Na, CO -
3 2 CaCO,-H,0
B _E* Kpusas cosmectHoit kpucrammsauun Cal’ + Hx B cucreme
A NaHCO,-Ca(HCO,),-H,0
Bl _E* Kpusas coBmectHoi Kpuctammmsanunu Cr + Cal’ B cucreme
3 2 CaC0O,-Ca(HCO,),-H,0
Ef Na,CO, E;EfEf ITone xpucrammsanun C-10
E;NaHCO, EEJE/E; |Ione xpucranmsaumun Hx
E;EngE;E;E; ITone xpucranmusanun In
E;CaCO, EIEIE; ITone xpuctanmmusanuy Cir

EIESE{E; Ca(HCO,),E:

ITone xpucrammsanun Cal’
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U 4eTBIPeXKOMIIOHEHTHOTO (E;) cocra-
BOB, I7le 11 — HOMepa TO4YeK, Ha JjyarpaMme
YCTQHOBJIEHBI II0 MAaCCLEHTPUYECKOMY
meropy [11].

Ha puc. 2 npusegena «obmas» (a)
U «coreBasi» (6) 4acTu JUarpaMMbl pac-
tBOpuMocTn cuctembr Na, Ca || CO,,
HCO,-H,O npu 0 °C, rme oTpakeHblI
B3aJIMHOE pAaCIIONIOKeHUe M OTHOCU-
Te/IbHbIe pasMepbl HOJIell KpUCTajlIn3a-
UM COOTBETCTBYIOIIMX PaBHOBECHBIX
¢das. Kak cregyer us puc. 2, npu 0 °C
B JCCHIEyeMO}l  4eThIPeXKOMIIOHEHT-
HOIl cucteMe mone Kpucramsanuy Ci
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