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ABSTRACT

A laboratory setup has been developed to study the regularities of crystallization of aluminium chloride
hexahydrate from hydrochloric acid solutions. The influence of the AICIs content in the initial solution, the
consumption of gaseous HCl, and the behavior of impurities on the crystallization of AICl3:6H.0 from
aluminium chloride solutions of leaching cinder obtained as a result of chlorinating ash burning from
thermal power plants in Kazakhstan have been studied. The behavior of impurity metals in the process of
crystallization of aluminium chloride solution has been studied, and their distribution between the products
of the crystallization process has been established. It is shown that aluminium chloride content in the
solution decreases with an increase in the consumption of hydrochloric acid. It was found that under the
conditions of crystallization of AICIs-6H20, all impurities, except for barium, pass by 98% into the mother
liquor. To reduce barium and other impurities in the obtained crystals of AlCl3:6H:0, it is proposed to carry
out multiple washing of the crystals with hydrochloric acid (32% HCI). It has been shown that a decrease in
the acidity of the washing solution from pH = 10 to pH = 5.5 ensures the isolation of ACH crystals with a
minimum content of impurity metals, ppm: 3-5 Ca; 3-6 Fe; 1-3 Mg; 0.1-0.5 Ti; 1-3 Na; 20-30 P20s. The
moisture content of the obtained crystals is 4-5%; the particle size is 400-900 microns. As a result of
mathematical processing, regression equations were constructed that adequately predict aluminium
chloride content in the solution and its extraction into crystalline hydrate, depending on the consumption of
hydrochloric acid. The optimal parameters of the crystallization process have been established: T = 60 °C,
HCI concentration in the solution - 26-30%, HCI gas consumption = 0.5 [/min, duration 1 hour.

Keywords: crystallization, aluminium chloride hexahydrate, solution, hydrochloric acid, impurities, washing,
acidity, extraction.
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Introduction

The
aluminium  chloride

selective precipitation
hexahydrate

It was shown in [[1], [2]] that with an increase in
HCl concentration, the solubility of aluminium and
chromium chlorides in the systems AICls-HCI-H,0 and
AlCl5-NaCl-H,0(-HCl) decreases. Detailed studies on the
solubility of iron chloride in aqueous solutions were

(salting out) of
(ACH)  from

aluminium-containing solutions with hydrochloric acid
are based on the different degrees of solubility of
compounds in the acid. Many works are devoted to
studying the crystallization of aluminium chloride from
hydrochloric acid solution [[1], [2], [3], [4], [5], [6], [7],
(8], [9], [10], [11], [12]].

carried out in [3]. The authors found that the solubility
of iron chloride in the system AICl; + FeClz+ H,O at
298.15 K increases with an increase in the content of
iron chloride in the solution. This trend was observed in
studies of a complex multicomponent system AlCls-
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FeCls-MgCl-CaCl,-KCI-NaCl-HCI-H,0 carried out by the
authors of [5].

In the crystallization of ACH (AlCls-6H,0) was
carried out with gaseous hydrogen chloride (HCI)
obtained as a result of the interaction of NaCl with
concentrated (94%) sulfuric acid according to the
reaction: H,SOs + 2NaCl = 2HCID + NaxSO; [7]. The
authors found that within 15 minutes of the
crystallization process, the solution is saturated with
HCl vapours, then the first crystals of ACH appear. After
30 minutes of the beginning of the experiment, the
authors observed a sharp increase in the number of
crystals in the solution. After an hour, the formation of
crystals slowed down and practically stopped. The
authors' data obtained from studying the effect of
temperature on the crystallization of ACH has a great
interest. It was found that with an increase in the
temperature of the process, the content of the main
impurities decreases sharply: chromium by 3.5 times,
iron by 2.1 times. The content of Mg and Na is almost
halved; the proportion of other impurities does not
exceed 10°%.

An important aspect of the ACH crystallization
process is washing the crystals obtained from the
residues of the hydrochloric acid solution. The results
of works [[6], [7]] on the study of washing aluminium
chloride hexahydrate with hydrochloric acid of various
concentrations (20, 25, 30, 35.5%) showed good
agreement with each other. In experiments with an
acid concentration of up to 30%, partial dissolution of
the obtained crystals was observed. When using a
more concentrated acid (> 30%), the moisture content
of the crystals was 25%. As an alternative, an organic
reagent, acetone, was chosen, using which the reverse
dissolution of ACH was not observed. Humidity was in
the range of 3.5-4.5%.

To optimize the crystallization process, it is
necessary to have information about the influence of
various factors [[8], [9], [10], [11], [12]], which include
four parameters that are important for controlling the
crystallization of ACH: (1) - the concentration of
aluminium chloride in the initial solution for
crystallization, (2) - the consumption of gaseous
chloride hydrogen, (3) - temperature and (4) -
concentration of impurities in the initial solution.
Parameters (1), (2) and (3) have a strong influence on
the formation of crystals. The crystallization
temperature below 60 °C reduces the purity of the
crystals, and its increase does not significantly affect
the growth of ACH crystals. Nevertheless, the result of
parameter (4), the combined effects are also significant
since some impurities, in particular phosphorus and
magnesium, are concentrated in crystals at the early
stages of crystal growth.

The analysis of the results of published works
shows the fundamental possibility of crystallising ACH
from hydrochloric acid solution with further alumina
production by its thermal decomposition. Comparative
analysis of the effects of well-known studies, both in
terms of the mechanism of the crystallisation processes
of ACH and in terms of optimal parameters, shows
good agreement with each other. Minor deviations in
the quality of the obtained products can be explained
by the presence of impurities in the initial solutions and
various equipment and techniques for their
implementation.

The purpose of this work is to study the effect of
the AICl; content in the initial solution, the
consumption of gaseous HCl, and the behavior of
impurities on the crystallization of AICl;:6H,O from
aluminium-containing salt solutions obtained after
leaching the cinder of chlorinating ash roasting from
thermal power plants in Kazakhstan [[13], [14]].

Research methods

To study the crystallization process, synthetic
solutions were used with the following
composition: AICl; - 11-15%, CaCl, - 12-16%, TiCl, -
0.2-0.3%, HCI - 3-5% and others typical for solutions
obtained after leaching the cinder with
hydrochloric acid and their filtration. The density of
solutions is 1.25-1.29 g/cm?>.

The experimental technique was as follows. A
crystallizer vessel was charged with 1 |/ of an
aluminium chloride solution obtained after leaching
and filtration. The concentration of aluminium
chloride in the solution varied from 10 to 15%.
After pouring the solution into the crystallizer, the
solution was stirred at a stirrer speed of 250 rpm.
The process temperature was maintained at 60 °C.
Next, hydrogen chloride gas was fed into the
crystallizer at a 0.5 |/min until its concentration
reached 26%. The total duration of the process was
1 hour. The obtained crystals of aluminium chloride
was separated from the mother liquor by filtration
and washed with 26% HCl solution. Then the
crystals were dried at a temperature of 80-100 °C.

The mother liquors were sent for the extraction
of non-ferrous metals containing rare-earth metals
from them. The products obtained in the process of
crystallization - crystals of aluminium chloride,
mother liquors and solutions after washing the
crystals with ACH, were subjected to elemental
analysis for the content of aluminium, non-ferrous,
rare-earth metals, as well as impurities -
phosphorus, iron, sodium, potassium, calcium,
magnesium, titanium, barium, etc.
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Figure 1 - Schematic diagram of a laboratory setup for crystallization of ACH

Results and discussion

A schematic diagram of a laboratory setup for
crystallizing aluminium chloride from a solution is
shown in Fig. 1.

In crystallization, two products were obtained -
mother liquor and crystals of ACH (AICl5-6H,0).

The mother liguor composition obtained during
the crystallization of ACH from an aluminium
chloride solution is shown in Table 1.

Table 1 — Composition of mother liquor obtained during
crystallization

chloride in the solution decreases with an increase
in the concentration of hydrochloric acid in the
solution.

The obtained results of experimental studies
were subjected to mathematical processing with
the data of work [5], obtained in similar conditions
of the crystallization process. As a result of
mathematical processing, a regression equation
was obtained that predicts the content of
aluminium chloride in solution (y) depending on the
concentration of HCl in solution (x), which has the
following form:

y=23.162-0.675x, r=0.83 (1)

Components Composition

g/l %
CaCl2 527.21 40.55
AlCl3 11.32 0.87
FeCls 37.22 2.86
MgClz 31.48 2.42 2199
TiCla 2.37 0.18 g
Kcl 0.42 0.03 g
Nacl 5.65 043 e
H 85.25 6.82 g 51
0 611.88 48.95 '
Cu 0.013 10.25 ppm
Ni 0.167 128.8 ppm

04
The consumption of hydrochloric acid 15 20 - 20 35

determines the vyield of ACH crystals. The
dependence of the aluminium chloride content in
the solution on the increase in the concentration of
HCl, constructed from the results of the
experiments (Fig. 2), shows a close relationship
between these values. The content of aluminium

HCl content. %

®m data of the cutrent work
A data of work [3]

Figure 2 - Dependence of the content of aluminium
chloride on the concentration of HCl in solution
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Based on the experimental data on the change
in the content of aluminium chloride in the solution
depending on the concentration of HCl (Fig. 2), the
extraction of aluminium from the solution during
crystallization was calculated for each experiment.
A graphical representation of the dependence of
the extraction of aluminium from the solution on
the HCl concentration is shown in Fig. 3.

impurity metals between the crystallization
products was established. The calculation results
for the distribution of impurity metals (average
values based on the results of several experiments)
are shown in Table 2.

Table 2 - Distribution of metal impurities between
products during crystallization of ACH

Metal distribution, %
<1004 In mother | Into the | Into ACH
O::" Components | liquor solution crystals
§ after
S 80+ washing
g Al 2 3 95
‘g 604 Ca 92 7 1
8 Mg 91 6 3
5 404 Fe 92 7 1
g Ti 90 9 1
g 204 Na 91 7 2
3 P20s 89 8 3
0 T T Y T T T T T T 1 Ba 15 6 £
16 18 20 22 24 26 28 30 32 34 36 Cu 97 3 -
HCl content, % Zn 99 1 -
Ni 98 2 -
Figure 3 - Dependence of the extraction of aluminium Sc 97 3 -
from the solution on the concentration of HCl in the Y 97 3 -

solution

The extraction of aluminium from the solution
increases with an increase in the consumption of
hydrochloric acid during crystallization. The highest
extraction of aluminium from the solution (~ 95%)
is achieved when the HCI concentration in the
solution is 32%.

As a result of the mathematical processing of
the experimental data shown in Fig. 3 (total array -
21 experiments), a regression equation was
constructed, making it possible to predict the
extraction of aluminium from the solution
depending on the concentration of HCI.

The resulting equation has the following form:

€=-80.379 + 17.939x[HCl], r=0.78 (2)
where:
solution, %;

[HCI] - concentration of hydrochloric acid in
solution, %;

r - the correlation coefficient.

¢ - extraction of aluminum from

Based on the quantitative ratios of
crystallization products - mother liquor and isolated
ACH crystals and the results on the content of
impurity metals in them, the distribution of

It was found that all metal impurities, except
for barium, almost wholly pass into the mother
liguor. In solutions after washing with hydrochloric
acid, their concentrations are insignificant.

The effect of the solution's acidity on its barium
content is shown in Fig. 4.

o
(=]
1

-—
e

0.4+ \

0.34 \

0.24

Barium content in the solution, g/l

o
-
A

0 5 10 15 20 25
HCl content, %

Figure 4 - Dependence of the barium content in the
mother liquor on the HCI concentration in the solution

As shown in Fig. 4, an increase in the
concentration of hydrochloric acid up to 20% does
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not affect the barium content in the mother liquor:
the barium concentration in the solution remains
practically constant ~ 0.55 g/I. An increase in the
concentration of hydrochloric acid over 20 % leads
to a sharp decrease in the barium content. When
the concentration of hydrochloric acid in the
solution is 26 %, the barium content in the solution
reaches its minimum equal to 0.1 g/I.

Several impurity metals, even insignificant
(except for barium), are concentrated in the
obtained crystals of AICl;-6H,0 (Table 2). To
increase the purity of the obtained crystals, they
were subjected to multiple washing with HCI
solution (31%), the main meaning was as follows.
An initial sample of AlCl5-6H,0 crystals in 200 g was
mixed with 400 m/ of 30% HCI solution and washed
at room temperature. The stirring time was 20
minutes. After a specified time, the resulting
mixture was filtered. The solution was used to wash
the next set of crystals. The solution and washed
crystals were analyzed for the content of
aluminium, iron, calcium, and metal impurities. The
operation was repeated five times.

The results of analyzes of the solutions
obtained after each washing of the AICl3:6H,0
crystals with hydrochloric acid are shown in Table
3.

Table 3 — Compositions of solutions obtained after each
wash

Washing AICls, CaCl, Acidity, pH
g/l g/l

Initial - - 10.1

solution

1 40 6 9.0

2 75 10 7.8

3 100 18 7.0

4 130 23 5.9

5 170 23 5.5

It was found that repeated washing of crystals
with a solution of used hydrochloric acid leads to a
decrease in the acidity of the washing solution from
10 to 5.5. As a result, partial dissolution of ACH
crystals in washing acid with a significant transition
of aluminium and calcium into the solution is
observed, which is seen in the graphical
dependence shown in fig. 5.

The final melt obtained after five times washing
of the ACH crystals is sent to the cinder leaching.

The compositions of the crystals obtained after
each washing with hydrochloric acid are shown in
Table 4.

i AICI3
—8— CaCi2,

150 4
o
§

& 1004
it
©
o
‘s
Q

8 504

il
il
0
10 g 8 7 6 5

Acidity of the solution, pH

Figure 5 - Dependence of the content of AlCls and CaCl
in the solution on the acidity of the solution with
repeated washing of crystals with acid

Table 4 — Compositions of the obtained crystals of
AlCl3-6H20

Content of metal impurities, ppm

Washi
e T TFe [ Mg | si Ti Na

6.5 6.2 2.0 45 0.1 1.0

6.0 5.0 1.8 2.0 n.d. 1.0

5.3 3.8 2.1 n.d. n.d. 0.7

4.2 2.8 2.0 n.d. n.d. 0.5

1
2
3 5.0 3.5 1.7 n.d. n.d. 0.7
4
5
n.

d. — not defined

The final average composition of AICls3-:6H,0
crystals obtained after repeated washing with
hydrochloric acid contained, ppm: 3-5 Ca, 3-6 Fe, 1-
3 Mg, 0.1-0.5 Ti, 1-3 Na, 20-30 P,0s. The moisture
content of the crystals is 4-5%; the particle size is
400-900 microns.

Based on the carried-out studies and the
obtained results, the following optimal parameters
for the crystallization of ACH from an aluminium
chloride solution were selected:

— crystallization temperature of ACH with
gaseous HCl - 60 oC;

— HCl gas consumption — 0,5 I/min;

— concentration of HCl in solution — 26-30
%;

— process duration — 60 min;

— ACH crystal washing — repeatable, with
hydrochloric acid (32 % HClI).

The crystals of ACH obtained after the
crystallization process are sent to a further
operation of its thermal decomposition to alumina
suitable to produce commercial aluminium.
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Conclusions

1. It is shown that it is possible to obtain ACH
crystals (AlCl3:6H20) from aluminium chloride
solutions in one stage. The behavior of impurity
metals during the crystallization of an aluminium
chloride solution has been studied. The distribution
of metal impurities between the products of the
crystallization process has been established. It was
shown that all metal impurities, except barium,
pass into the mother liquor during crystallization up
to 98%.

2. It was found that repeated washing of ACH
crystals with a solution of hydrochloric acid (32%
HCI) increases the extraction of aluminium from the
solution into crystals up to 96%. It has been shown
that a decrease in the acidity of the washing
solution from pH = 10 to pH = 5.5 ensures the
generation of ACH crystals with a minimum content
of impurity metals, ppm: 3-5 Ca; 3-6 Fe; 1-3 Mg;
0.1-0.5 Ti; 1-3 Na; 20-30 P,0s. The moisture content
of the crystals obtained is 4-5%, and the particle

size is 400-900 microns. The recovery of ACH from
the solution was 95%.

3. The optimal parameters of the
crystallization process of aluminium chloride
hexahydrate have been determined: T = 60 2C, HCI
concentration in solution - 26-30%, HCl gas
consumption = 0.5 I/min, duration 1 hour.
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AICl; — MeClx — HCI - H20 »xymnecingeri AlClz-:6H.0 KpuctanaaHy epeKwenikrepi

1 Docmyxamepos H.K.,  ongacbaii E.E., 2KannaH B.A., 1 apyew I'.C., 1 ApfbiH A.D.

1 Satbayev University, Aamamel, Kazakcmax

2 BeliymaH ameblHOars! FolabiMu UHCMumym, Pexosom, Wapaune

TYWIHAEME
Ty3  KblWKbIAAbI

epiTiHainepaeH

ANIOMUHUIA X}'IOpMAi rekcarmapaTtbiHbIH KPpUCTangaHy

3aHAbIIbIKTApbIH 3epTTey YLWiH 3epTXaHanblk KOHAbIPFbl Kacangbl. bactankel epitiHgigeri AlCls

KYPamblIHblH, ra3 Topidgec HCl wbifbiHbIHbIH, KaHe KasakctaH KIC KynaepiH xnopnan Kyuaipy

HOTUXKECIHAE aNblHFaH KypamblHAA antoMUHUIA 6ap KyWiHAiHI Ty34bl epiTiHAinepMeH LWwanmanay

apKblabl anblHFaH KocnanapablH, epiTiHAinepiHii, AlCl-6H20 KpuctanaaHybiHa acepi 3epTTenp;.

ANOMWUHUIA  Xnopuai
Makana kengi: 31 mamei3 2021
CapanTtamagaH eTTi: 25 Keipkyliek 2021
Kabbinganabl: 31 #eamokcaH 2021

epiTiHAICIHIH  KpucTangaHy npoueciHae Kocna-meTanaapbiHblH,  6eniHy
epeKweniri 3epTTengi KoHe o/apAblH, KpUCTangaHy MpoLECiHiH eHimaepi apacbiHaa 6eniHin
Tapanybl aHbiKTanapl. EpiTiHgiaeri antoMUHUI XNOPUAIHIH, Menwepi Ty3 KblWKbIIbIHbIH, LWbIFbIHbI
JKOFapblnafaHaa ToeMeHAenTiHI kepceTingi. AlCls-6H.0 KpucTangaHy KafaaibiHaa H6apuitaeH 6acka

6apnblk Kocnanap 98%-fa AeWiH aHanbIK, (KpucTangaHy meH 6eniHy npouecTepiHeH KeriHri Kangbik

CYMbIKTbIK) epiTiHgire eTeTiHi aHbikTangbl. AnbiHFaH AlCl3-6H.0 KpuctangapbiHaafbl 6apuii meH

6acka KocnanapAabl asalTy yWiH KpucTangapabl Ty3 KblwKplabimeH (32% HCl) GipHewe pet xyy

YCbiHbINAAbI. MKyy epiTiHAICIHIH, KbIWKbIAAbIFbIH pH=10-HaH pH=5,5-Ke aeliH TemeHAeTKeHAe Kocna-

meTangapbl MUHUMaNapl Typae AMX KpuctangapbiHa woeiFapblnagbl, ppm: 3-5 Ca; 3-6 Fe; 1-3 Mg;

0,1-0,5 Ti; 1-3 Na; 20-30 P20s. AnblHfaH KpucTangapgplH, binfanabinbiebl 4-5 %, ipiniri 400-900

MMKPOHAbI Kypanapl. MaTeMaTUKablK OHALY HITUMKECIHAE Ty3 KbIWKbIIbIHbIH, WbIfbIHbIHA Tayenaj

epiTiHaiaeri antoMUHUIA XNOPUAiIHIH Me/WEPIH KoHEe OHbIH, KPUCTAAN r’MapaTbiHa 6eniHyiH 6apabap

— 100——
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60/mKalTbIH perpeccus TeHgeynepi Kypbingpl. KpucrangaHy npoueciHiH oHTainbl napameTtpaepi
aHbikTangpl: T=60 °C, epitiHgigeri HCl KoHueHTpauuacsl 26-30%, ras wolfbiHbl HCI=0,5 n/MuH,
y3aKTbifbl, T=1 ca¥.

TyiiiH ce3dep: KpucTanaaHy, aNlOMUHUI X0PUAi rekcarnapaTbl, epiTiHAi, Ty3 KblWKbIAbI, Kocnanap,
JKYY, KbIWKBINABIK, SKCTPAKLUA.
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OcobeHHOCcTU Kpuctanausauum AlClz-6H,0 B cucteme AlCls — MeClx — HCI - H,0

! Bocmyxamepos H.K.,  Yonpac6aii E.E., 2Kannau B.A., * Oapyew I'.C., * AprbiH A.A.

1Satbayev University, Aamamel, KazaxcmaH
2 HayyHblli uHcmumym umeHu BeliumaHa, Pexogom, M3pausne

Moctynuna: 31 as2zycma 2021
PeueH3npoBaHue: 25 ceHmabpsa 2021
MpuHATa B nevatb: 31 0ekabps 2021

AHHOTALMUA

PaspabotaHa nabopaTopHas YCTaHOBKA ANA UCCNELOBaHWA 33aKOHOMEPHOCTEW KpWUCTanav3aumu
rekcarmaparta x10puaa aftoMUHUA U3 CONAHOKUC/bIX PAacTBOPOB. U3yueHo BauAHKUe cogepanua AlCls B
MUCXOAHOM pacTBope, pacxofa rasoobpasHoro HCl v noseaeHua npumecei Ha KpucTannusaumio
AICI3-6H.0 w3 anioMUHUICOAEPIKALLMX CONAHBIX PACTBOPOB BbILENAYMBAHUA OrapKa, MOJYHYEHHOTO B
pesynbrate xnopupytouero obxura 3onbl TIL, KasaxcrtaHa. M3yveHo nosBeaeHve MeTanioB-npumeceii B
npouecce KpUCTasin3aumMmM pactBopa X10puaa altoMUHUA U YCTAaHOBNEHO WX pacnpegeneHne mexay
npoAyKTamu npouecca Kpuctannmsauuu. MNoKkasaHo, YTO cofepiKaHue xnopuaa antoMuHUA B pacTBope
CHUXKAeTCA C yBeSIMYEeHUEeM Pacxosa CONAHOMN KMCIOTbl. YCTAaHOB/IEHO, YTO B YCIOBUAX KPUCTaNAMU3aLLMM
AICI3-6H.0 BCce npumecwu, 3a uckaodeHnem bapua, Ha 98 % nepexofAT B MaTOYHbIM pacTBop. OnA
CHUXKeHMA Bapua U Apyrux npumeceit B nosyvaembix Kpuctannax AlCls-6H.0 npepsioxeHo nposesaeHue
MHOropasoBoi MNPOMbIBKU KPUCTaANoB consHoW Kucnoton (32 % HCI). MokasaHo, YTO CHWKeHue
KUCNOTHOCTM NPOMbIBHOrO pactBopa ¢ pH=10 go pH=5,5 obecneunsaeT BbigeneHme Kpucrannos MNXA c
MWHUMabHBIM CoAepKaHnem meTtannos-npumecel, ppm: 3-5 Ca; 3-6 Fe; 1-3 Mg; 0,1-0,5 Ti; 1-3 Na; 20-
30 P20s. Bna)kHOCTb NONyYeHHbIX KpucTannos coctasnseT 4-5 %, kpynHoctb — 400-900 muKpoH. B
pesynbTaTe  mMaTemaTMyecko  06paboTKM  MOCTPOEHbl  YPaBHEHWUA  perpeccuu,  afeKBaTHO
NPOrHo3unpyoLLme cogepKaHne xaopuaa aaloMUHUA B PacTBOPE U ero U3B/IeYeHUe B KPUCTANIOrMApaT B
3aBMCMMOCTM OT Pacxofa COMAHOM KUCAOTbl. YCTaHOB/IEHbI ONTUMasbHble MapameTpbl npouecca
Kpuctanamsaummn: T=60 2C, KoHueHTpauma HCl B pactBope — 26-30 %, pacxog rasa HCI=0,5 sa/muH,
NPOAOIKUTENbHOCTb, T=1 Y.

Kniouesble cnoBa: KpucTannmsaumsa, rekcarmapaTt xnopuia antoMUHMA, PacTBOP, CONAHAA KUCNOTa,
NPUMecH, NPOMbIBKA, KUCJIOTHOCTb, U3B/IeYEHMe.
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