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Development of the technological process of processing 
chromium-containing technogenic materials 

The article is devoted to the development of the technological process for the processing chromium contain-
ing technogenic materials, which includes their roasting in the presence of sodium carbonate and the subse-
quent leaching of chromium from the sinter with water. Using the method of stochastic determinated design 
of the experiment, a five-factor mathematical model of extracting chromium into a cake was obtained. It is 
determined that in order to achieve the minimum recovery of chromium in the cake and, accordingly, the 
most complete isolation of the given metal into the solution, it is necessary to conduct batch roasting under 
the following conditions: troast. =960 ºС, τroast.= 3h, N = 60 %, and leaching at τleach. =2h and tleach. = 60 ºС. 
The chemistry of the passing processes is shown. It is shown the usefulness of the obtained mathematical 
equation for making predictions that are more accurate when introducing the values of the arguments within 
the given limits of their variation into the given equation and less accurate at a considerable distance from 
these limits. Calculation in the indicated calcination conditions shows that the recovery of chromium in the 
solution increases with increasing firing temperature, time of its maintenance and consumption of Na2CO3. 

Keywords: chromite, stochastic determinated design of the experiment, chromium leaching, sodium car-
bonate, sodium chromate, industrial chromium containing wastes, chromite calcination, firing of chromium-
containing batch. 

 
Products with substandard chromium content and the wastes such as dust, slimes and cakes are formed 

in the production of chromium, its chemical compounds and alloys with various metals [1–3]. Involvement 
of these wastes in the process of conversion is an important and urgent task [4–7]. 

A commercial product containing wt. %: 20.7 Cr; 6.31 Fe; 34.38 MgO; 0.6 CaO; 20.9 SiO2; 2.86 Al2O3 
was selected as an object of research. The experiments were carried out according to the scheme such as 
roasting of industrial products in the presence of sodium carbonate, leaching of chromium with water from 
the cake (the ratio of L:S in all experiments was 4:1). The method of stochastic-determinated design of ex-
periment in the modified version was used [8]. In the six-factor plan of the experiment the following factors 
such as the roasting temperature (troast.,  ºC), roasting time (τroast., h), consumption of sodium carbonate taken 
with respect to the weight of the commercial product (N, %), time (τleach., h) and temperature (tleach., ºC) of 
leaching were varied. The position for one factor in the experiment’s plan remained unoccupied, which is the 
vacant factor (Table 1). 

T a b l e  1  

Plan of the experiment, results of the experiments (βc.ex., βc/b.ex., Crc.ex., εc.ex.)  
and calculations (βs.t, βc/b.t, Crc.t., εc.t.). R is correlation coefficient and tR is its significance 

 
troast., 
ºС 

τroast., 
h 

N, 
% 

τl, 
h 

τl, 
0С 

x6 
βs.ex, 
% 

βs.t, 
% 

βc/b.ex., 

% 
βc/b.t., 

% 
Crc.ex., 

% 
Crcake.t., 

% 

εc.ex.,  
% 

εc.t.,  
% 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

1 560 1 20 1 20 1 94.33 94.67 70.22 68.20 21.94 24.08 89.03 94.2 
2 560 1.5 30 1.5 40 2 95.98 96.75 64.61 68.98 23.02 22.68 93.41 96.45 
3 560 2 40 2 60 3 95.36 95.96 65.71 67.84 19.67 20.78 87.15 93.44 
4 560 2.5 50 2.5 80 4 93.80 93.63 64.11 66.37 17.98 18.58 83.38 87.91 
5 560 3 60 3 95 5 91.79 90.42 60.12 65.60 20.33 16.05 94.28 80.68 
6 660 1 30 2 80 5 92.84 93.76 76.92 74.73 18.71 17.35 90.38 79.81 
7 660 1.5 40 2.5 95 1 92.04 92.99 71.43 65.28 18.15 19.5 87.68 84.21 
8 660 2 50 3 20 2 90.43 90.73 64.21 60.48 15.55 16.78 72.11 71.98 
9 660 2.5 60 1 40 3 88.42 87.62 62.51 66.31 17.4 14.75 84.06 74.57 

10 660 3 20 1.5 60 4 88.88 87.52 83.31 87.92 19.26 18.93 93.04 95.28 
11 760 1 40 3 40 4 89.55 90.64 62.96 68.89 15.92 12.77 67.68 57.93 
12 760 1.5 50 1 60 5 87.78 88.43 56.11 63.30 16.29 15.21 66.1 68.19 
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C o n t i n u a t i o n  o f  T a b l e  1  
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

13 760 2 60 1.5 80 1 85.73 85.4 70.3 63.72 14.81 14.45 80.13 70.07 
14 760 2.5 20 2 95 2 86.11 85.31 73.33 76.93 19.08 20.7 81.11 90.98 
15 760 3 30 2.5 20 3 87.80 87.18 73.85 74.41 15.2 14.22 70.5 64.8 
16 860 1 50 1.5 95 3 85.77 86.57 53.33 62.08 12.78 12.01 49.39 52.68 
17 860 1.5 60 2 20 4 83.58 83.6 50.21 56.12 11.62 12.05 44.91 51.23 
18 860 2 20 2.5 40 5 83.85 83.51 63.33 71.31 22.47 17.6 82.49 71.37 
19 860 2.5 30 3 60 1 85.44 85.34 58.46 69.05 10.07 14.48 39.97 61.13 
20 860 3 40 1 80 2 85.06 84.64 74.28 68.86 10.5 12.65 52.75 57.27 
21 960 1 60 2.5 60 2 81.95 82.11 60.12 57.53 7.75 9.001 35.94 39.15 
22 960 1.5 20 3 80 3 82.03 82.02 66.67 61.17 19.37 17.14 74.86 59.54 
23 960 2 30 1 95 4 83.48 83.82 52.31 56.34 18.6 16.57 61.1 56.97 
24 960 2.5 40 1.5 20 5 83.05 83.14 57.14 57.45 15.5 12.02 59.9 45.19 
25 960 3 50 2 40 1 81.75 81.12 64.31 64.90 8.5 9.131 39.42 41.68 

 R 0.9846 0.7270 0.8044 0.8429 
 tR 610.8173 29.3006 43.3080 57.3464 

 

The batch for roasting was prepared by mixing the sample of commercial product, which was the same 
in all experiments, and sodium carbonate according to its consumption. Thus, the mass of the batch was vari-
able depending on the consumption of Na2CO3. 

During the mathematical processing of the experimental data, the yield of the sinter (βsinter, %), the yield 
of cake calculated with respect to the mass of the sinter (βcake/sinter, %), the yield of cake, found with respect to 
the mass of the initial batch (βbatch, %), chromium content in the sinter (Crsinter, %), in the cake (Crcake, %) and 
in the batch (Crbatch, %), chromium recovery in the cake (εcake, %) and in the solution (εsol, %) were deter-
mined. The relationship between these variables is determined by the following relationships: 

 
100

sinter

batch

sintermb
m

×= ; (1) 

 /

100cake
cake sinter

sinter

m
m

⋅β = ; (2) 

 /

100cake
cake batch

batch

m
m

⋅β = , (3) 

where msinter, mbatch, mcake — are the mass of the sinter, batch and cake, respectively. Using the formulas  
(1)–(3), we find: 

 /
/ 100

sinter cake sinter
cake batch

β ⋅ββ = .  (4) 

The recovery of chromium into the sinter is equal to 100 %, which is calculated by the formula: 

 
Cr

100
Cr

sinter sinter
sinter

batch

β ⋅ε = = .  (5) 

The extraction of chromium into a cake is determined by: 

 
Cr

Cr
cake / sinter cake

cake
sinter

β ⋅ε = .  (6) 

According to (5) the chromium content in the sinter Crsinter is: 

 
100 Cr

Cr batch
sinter

sinter

⋅=
β

.  (7) 

Substituting this expression to (6), we find: 

 
Cr

100 Cr
cake/ sinter sinter cake

cake
batch

β ⋅βε =
⋅

  (8) 

or, taking into account (4): 

 / Cr

Cr
cake batch cake

cake
batch

β ⋅ε = .  (9) 
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The extraction of chromium to the solution is: 
 εр = 100 – εк. (10) 

Thus, the functions under consideration are related to each other and are interdependent, which is re-
flected on the form of the partial functions obtained in the process of their graphic representation. So, 
βcake/batch depends on βsinter and βcake/sinter (4), and the extraction of chromium in the cake (8) is determined by 
the mutual influence of the four dependent variables such as βcake/sinter, βsinter, Crcake and Crbatch. 

T a b l e  2  

Partial dependencies 

Function’s name No. Equation in logarithmic form 

Yeild of sinter, βsinter 1 
2 
3 

lnβsinter1 = 6.0942 – 2.4873·10–1lntroast. 
lnβsinter2 = 4.4708 – 2.6092·10–2lnτroast. 
lnβsinter3 = 3.8181 – 7.1847·10–3N + 0,254lnN 

Yield of cake form mass of the batch, 
βcake/batch 

1 
2 
3 
4 
5 
6 

lnβcake/batch1 = – 9.6171 – 3.7299·10–3troast. +2.5116lntroast. 
lnβcake/batch2 = 3.8216 + 0.3401τroast. – 0.5418lnτroast. 
lnβcake/batch3 = 4.6975 – 0.1475lnN 
lnβcake/batch4 = 4.3054 – 0.1691τв + 0.3149lnτleach. 
lnβcake/batch5 = 3.4662 – 4.7599·10–3tleach. + 0.25013lntleach. 

lnβcake/batch6 = 4.1637
Content of chromium in the cake, Crcake 1 

2 
3 
4 
5 
6 

lnCrcake1 = 8.872 – 0.9239lntroast. 
lnCrcake2 = 3.457 – 0.7835τroast. 
lnCrcake3 = 4.1022 – 0.3709lnN 
lnCrcake4 = 2.6816 + 0.1096τв – 0,251lnτleach. 
lnCrcake5 = 3.2934 + 5.8036·10–3tleach. – 0,2232lntleach. 
lnCrcake6 = 2.7602

Extraction of chromium into a cake, εcake 1 
2 
3 
4 
5 
6 

lnεcake1 = – 3.4544 – 3.7299·10–3troast. +1.5877lntroast. 
lnεcake2 = 4.5667 – 0.4434τroast. + 0.8582lnτroast. 
lnεcake3 = 5.8029 + 7.1788·10–3N — 0.5184lnN 
lnεcake4 = 4.2935 – 5.95·10–2τleach. + 6.39·10–2lnτleach. 
lnεcake5 = 4.0466 + 1.0437·10–3tleach. + 2.69·10–2lntleach. 
lnεcake6 = 4.2143

Note. the partial dependencies lnεcake.i = f(xi), where i is the number of the dependence, are obtained by substituting the arith-
metic mean values xi.mean and (lnxi)mean to (16), excluding those mean values that are the argument of the sought expression. 
 

In order to simplify the procedure for finding the required equations, all the particular and multifactor 
dependencies will be represented as functions of the logarithms of the controllable indicators. The dotted 
partial dependences (presented after the potentiation in Fig. 1–4) are described mathematically (see Table 2) 
and then we reduce these formulas according to [9] to generalized equations. 
 2 3

. .ln 5.002 0.2487ln 2.6092 10 ln 7.1847 10 0.254lnsinter roast roastt N N− −β = − − ⋅ τ − ⋅ + .  (11) 

 
3

/ . . . .

3
. . .

ln 9.9813 3.7299 10 2.5116ln 0.3401 0.5418ln

0.1475ln 0.1691 0.3149ln 4.7599 10 0.2501ln .

cake batch roast roast roast roast

leach в leach leach

t t

N t t

−

−

β = − − ⋅ + + τ − τ −

− − τ + τ − ⋅ +
  (12) 

 . . .

3
. . . .

lnCr 11.3654 0.9239ln 0.7835 1,4ln 0,3709ln

0.1096 0.251ln 5.8036 10 0.2232ln .

cake roast roast roast

leach leach leach leach

t N
t t−

= − − τ + τ − +

+ τ − τ + ⋅ −
  (13) 

For the convenience of the following operations, we describe the dependence of the chromium content 
in the batch on the consumption of Na2CO3 by an equation of the form: 
 3lnCr 2.9859 7.1788 10batch N−= − ⋅ .  (14) 

After logarithm (9), we find: 
 /ln ln lnCr ln Crcake cake batch cake batchε = β + − .  (15) 
Further, substituting expressions (12)–(14) in (15) we obtain: 

 
3

. . . .

3 3
. . . .

ln 1.6018 3.7299 10 1.5877ln 0.4434 0.8582ln

7.1788 10 0.5184ln 0.0595 0,0639ln 1,0437 10 0.0269ln .

cake roast roast roast roast

leach leach leach leach

t t

N N t t

−

− −

ε = − − ⋅ + − τ + τ +

+ ⋅ − − τ + τ + ⋅ +
  (16) 

In the present commercial product, chromium is present mainly in the form of chromospinelide, which 
are MgCr2O4, FeCr2O4, Fe(Al, Cr)2O4, (MgFe)(Al, Cr, Fe)2O4. 
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As a rule, when writing the r
chromospinelides, the behavior of t
the form: 
 FeCr2O4 + 2N
 MgCr2O4 +
 M
 Na2C

The list of reactions that occur 
 
 
 FeCr2O4 + 2N
 2Na2SiO
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increases. Reactions (19)–(20) occu
ture of 710–720 ºС. The form of the
completion of the reactions listed. T
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ide. The roasting time affects the pr
of the yield of the sinter on the con
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of the batch (1), is obtained with an 
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c — from the consum

e — from the leach

Figure 1. Pa
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Na2CO3 + 1,75O2 = 2Na2CrO4 + 0,5Fe2O3 + 2CO
+ 2Na2CO3 + 1,5O2 = 2Na2CrO4 + MgO + 2CO2 
MgCr2O4 + MgO + 1,5O2 = 2MgCrO4 
CrO4 + MgO + CO2 = MgCrO4 + Na2CO3 
during roasting of chromium-containing material
Al2O3 + Na2CO3 = Na2Al2O4 + CO2 
SiO2 + Na2CO3 = Na2SiO3 + CO2 

Na2SiO3 + 1,5O2 =2Na2CrO4 + 0,5Fe2SiO4+ 1,5SiO
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a — from the roasting
c — from the consum

e — from the leach

Figure 2.

a — from the roasting
c — from the consum

e — from the leach

Figure 3. Partial d

Вестник Караг

g temperature (troast., ºC); b — from the roasting time (
mption of Na2CO3 (N, %); d — from leaching time (τlea
hing temperature (tleaching, ºC); f — from the vacant fact
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a — from the roasting
c — from the consum

e — from the leach

Figure 4. Partial d
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ing should be carried out under the following conditions such as troast. = 960 ºС, τroast. = 3 h, N = 60 %, and 
leaching — at τleach. = 2 h and tleach. = 60 ºС. 

According to the calculation from (16), the recovery of chromium into the cake under these conditions 
is 42.06 %, and in the solution 57.94 %. An increase in the latter index can be achieved if the above-
mentioned limits of the change in the roasting conditions are exceeded, that is, when the temperature is 
raised to 1100–1200 ºС — the time of this operation is up to 4–5 h, — and the sodium carbonate consump-
tion is to 70–80 %. Since the leaching parameters have the least effect on the results of the experiments, it is 
advisable to leave the above values unchanged, namely τleach. = 2 h, tleach. =60 ºС. The calculation for these 
calcination conditions shows (Table 3) that the recovery of chromium in the solution increases with an in-
crease in the roasting temperature, the time it takes, and the consumption of Na2CO3. At the same time, as far 
as the limit values of factors set in the plan (Table 1) are removed, the accuracy of forecasts decreases. 

T a b l e  3  

Extraction of chromium into the cake (εcake) and solution (εsol.).  
The calculation data for (16), (10) — εcake.t, εsol.t and experimental data — εcake.ex., εsol.ex. 

No. troast., ºС troast., h N, % εcake.t εcake.ex εsol.t εsol.ex. 
1 960 3 60 42.06 39.42 57.94 60.58 
2 1000 4 70 31.50 30.81 68.50 69.19 
3 1100 4 70 25.24 23.46 74.76 76.54 
4 1200 4 70 19.95 15.48 80.05 84.52 
5 1200 5 80 15.55 8.32 84.45 91.68 

 
Thus, using the method of stochastic-determininated design of experiment in a modified version, a five-

factor mathematical model of chromium extraction into a cake was obtained. In the derivation of this model, 
there was used a method that includes the preliminary finding of two multifactorial equations which describ-
ing the influence on the output of cake (βcake/batch) and the content of chromium in it (Crcake) from the speci-
fied factors (roasting temperature and time of this operation, consumption of Na2CO3, temperature and leach-
ing time of chromium from the cake), with the subsequent substitution of these equations into a formula link-
ing εcake, βcake/batch, Crcake, Crbatch. The suitability of the desired equation for making predictions that are more 
accurate when introducing into a given equation the values of the arguments within the given limits of their 
variation and less accurate at a considerable distance from these limits is shown. 
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Н.А. Каргина, В.Н. Фомин 

Хромқұрамды техногендік материалдарды өңдеудің  
технологиялық үрдісін дайындау 

Мақала натрий карбонаты қатысында күйдіру жəне əрі қарай күйіктен хромды сумен сілтілендіруден 
тұратын хромқұрамды техногендік материалдарды өңдеудің технологиялық үрдісін дайындауға 
арналған. Тəжірибені ықтималды-детерминді жоспарлау əдісін қолдану арқылы хромды кекке бөліп 
алудың бесфакторлы математикалық үлгісі алынды. Хромды кекке аз мөлшерде өтуіне қолжеткізу 
жəне сəйкесінше аталған металды толығымен ерітіндіге көшіру үшін шихтаны күйдіруді келесі 
жағдайларда жүргізу анықталды: tкүй = 960 ºС, τкүй = 3 сағ, N = 60 %, ал сілтілендіру τс = 2 сағ жəне 
tс = 60 ºС. Жүретін үрдістердің химизмі келтірілді. Алынған математикалық теңдеудің берілген өзгеру 
шегіндегі аргументтердің мəнін теңдеуге енгізуге барысында жəне осы шектен алыстату барысында 
нақты мəндерді алуға болатындығын болжауға болатындығын көрсетеді. Аталған жағдайда есептеу 
ерітіндідегі хромның қалпына келу уақытын арттыру, атмосфераның температурасын жоғарылату, 
оны ұстау жəне Na2CO3 тұтынуы өсіп отырғандығын көрсетті. 

Кілт сөздер: хромит, ықтималдықпен анықталған эксперименттерді жоспарлау, хромды шаймалау, 
натрий карбонаты, натрий хроматы, өндірістік хром бар қалдықтар, хромитті кальцинациялау, хромды 
күйдіру үрдісі. 

 
Н.А. Каргина, В.Н. Фомин 

Разработка технологического процесса переработки 
хромсодержащих техногенных материалов 

Статья посвящена разработке технологического процесса переработки хромсодержащих техногенных 
материалов, которая включает их обжиг в присутствии карбоната натрия и последующее выщелачи-
вание водой хрома из спека. С применением метода вероятностно-детерминированного планирования 
эксперимента получена пятифакторная математическая модель извлечения хрома в кек. Определено, 
что для достижения наименьшего извлечения хрома в кек и соответственно наиболее полного выде-
ления данного металла в раствор обжиг шихты следует вести в условиях: tоб = 960 ºС, τоб = 3 ч, 
N = 60 %, а выщелачивание — при τв = 2 ч и tв = 60 ºС. Представлен химизм происходящих процессов. 
Показана пригодность полученного математического уравнения для составления прогнозов, более 
точных при введении в данное уравнение значений аргументов, находящихся в заданных пределах их 
изменения, и менее точных при значительном удалении от этих пределов. Расчет в указанных услови-
ях обжига показывает, что извлечение хрома в раствор возрастает при увеличении температуры обжи-
га, времени его ведения и расхода Na2CO3. 

Ключевые слова: хромит, вероятностно-детерминированное планирование эксперимента, выщелачи-
вание хрома, карбонат натрия, хромат натрия, промышленные хромосодержащие отходы, кальцина-
ция хромита, обжиг хромосодержащей шихты. 
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