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THE INFLUENCE OF DEPOSITION CONDITIONS ON THE ACTIVITY
OF THE IRON-CHROME CATALYST

The article is devoted to optimization of technological parameters of the process of manufacturing
a precipitated medium-temperature catalyst for steam conversion of carbon (II) oxide. A feature
of the manufacture of an iron-chromium catalyst within the framework of this article is the use of a solution
of iron and chromium salts obtained by leaching the spent catalyst with a solution of nitric acid. By draining
the solution of nitrates and ammonia water, a precipitate is obtained — a mixture of iron and chromium
hydroxides. To characterize the properties of the precipitate, the value of the specific resistance during filtration
(SRF) was used, on which the filtration speed and the choice of filtration equipment depend. The aim of the
work was determined: to study the dependence of the SRF of the precipitate, the specific surface area and the
activity of the catalyst obtained from the precipitate on the precipitation parameters: the concentration of the
salt solution, which is determined by the concentration of nitric acid Z, (from 20 to 40 %) during leaching
of the spent catalyst, the concentration of ammonia water Z, (from 5 to 20 %) and the aging time of the
precipitate Z, (from 3 to 90 minutes). Using the Excel LINEST function, a second-order equation was obtained,
for example, to estimate the catalyst activity (rate constant): K, = 0.91576 + 0.133555 - Z, — 0.01079 - Z, —
—0.01529 - Z, — 0.00253 - Z? — 0.00063 - Z3 + 0.00012 - Z3. Using the Excel Solver add-in, the optimal
(maximum rate constant) conditions for precipitation were found: Z, = 26.4 %, Z, = 5 %, Z, = 3 min.
A similar processing of experimental data was carried out for the specific surface area of the catalyst and
the SRF of the precipitate. The calculation determined the conditions for the maximum specific surface area:
7,=21.9%, Z,=5 %, Zy== 3 min. and the minimum specific resistance of the precipitate: Z, =20 %, Z,=5 %,
Zy =27 min. The obtained data indicate the need to use 20—26 % nitric acid when leaching the spent catalyst,
5 % ammonia water and the minimum aging time of the precipitate after precipitation. The closeness of the
values of the optimal parameters Zi for the three objective functions is confirmed by the close relationship
between them: the pair correlation coefficients are in the range of 0.83—0.98. Taking into account the fact that
the best dissolution of the spent catalyst occurs in 40 % acid, the resulting nitrate solution must be diluted
twice before precipitation.

Key words: catalyst, activity, deposition, specific resistivity, specific surface area, mathematical model,
optimal conditions.

Formulation of the problem. Modern ammonia
production technologies involve a number of
sequential processes, one of which is the steam
conversion of carbon (II) oxide in two stages on
medium- and low-temperature catalysts: CO +
+ H,0 < H, + CO, + Q.

Medium-temperature catalysts (MTC: up to 90 %
Fe,O; and up to 8 % Cr,0,) are prepared, as a rule,
by the method of precipitation of iron carbonate or
hydroxide from a solution of iron (II) sulfate with
ammonium carbonate or ammonium hydroxide. Then
the precipitate is filtered, a chromium compound is
added, dried, calcined and formed. The service life
of iron-chromium catalysts for CO steam reforming
is up to 4 years. A feature of the manufacture of an
iron-chromium catalyst within the framework of
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this article is the use of a salt solution obtained by
leaching spent MTC with a solution of nitric acid.
By draining a solution of metal nitrates and ammonia
water, a precipitate is obtained — a mixture of iron and
chromium hydroxides:

Fe(NO,), + 3NH, + 2H,0 = FeOOH + 3NH,NO,
Cr(NO,), + 3NH, + 3H,0 = Cr(OH), + 3NH,NO,.

Analysis of recent research and publications.
Iron-chromium catalysts for steam conversion of CO
are widely used in the production of process gas for
ammonia synthesis. Physicochemical properties and
technology of their production are given, for example,
in manuals [1, p. 183; 2, p. 108]. The search for new
methods of manufacturing MTC continues. Thus,
method [3] involves the use of chlorides of starting
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metals as raw materials. The deposition process largely
determines the properties of the resulting catalyst.
The main parameters that determine the properties
of deposited catalysts are the temperature and pH of
deposition, the concentrations of starting reagents,
the aging time of the precipitate, the order and rate
of reagent discharge. The authors of the article [4]
investigated the influence of the pH of precipitation
on the properties of the catalyst. It was found that
at pH = 5 the specific surface area of chromium
phosphate is 81 m?/g, at pH = 7 the specific surface
area of chromium phosphate is 79 m?g. An increase in
pH to 9 leads to an increase in the specific surface area
of chromium phosphate to 170 m?/g. In the work [5]
the concentration parameters of the starting salts and
the precipitant were determined: catalyst samples were
prepared by co-precipitation from concentrated nitrate
salts of zinc, chromium and copper with ammonium
carbonate at pH = = 7.1-7.4. The concentration of
aqueous solutions was: zinc nitrate: 240-250 g/I;
nitric acid chromium: 220-230 g/I; copper nitrate:
210-220 g/1; ammonium carbonate: 200-250 g/1. The
properties of the obtained precipitate determine the
quality of the catalyst. The influence on the filtration
rate of the suspension is also important — the stage that
determines the period of sediment dehydration and the
type of equipment (vacuum filter or press filter). The
properties of the precipitate are characterized by the
specific resistance during filtration. The authors of [6]
determined the value of the electrolyte dose to obtain
a precipitate with a minimum specific resistance
during filtration. The influence of the reagent
concentration was studied in [7]. It was found that
the specific resistance during filtration decreases with
increasing CaCl, concentration. The authors [8] note
that the accurate determination of the filtration rate
of suspensions and the specific resistance of the filter
cake layer as a function of pressure is a key factor for
analyzing the efficiency of filtration operations. The
study [9] of the filtration of calcium carbonate and talc
minerals under different conditions of filtrate flow rate
and suspension concentration presented a complete
and understandable methodology for investigating the
significance of the average resistance in subsequent
filtration stages. The aim of the paper [10] was to study
the filterability of sediments as a function of particle
shape and particle size distribution. Different shapes
of calcium carbonate and uranium oxalate particles
(sphere, cube, needle and plate) were obtained by
precipitation. The authors of [11] used well-known
equations to calculate the specific volume resistance
of the sediment as a function of the pressure drop
during filtration.

Task statement. The purpose of the work was
to study the dependence of the properties of the
precipitate and the activity of the catalyst on the
precipitation parameters: the concentration of the
salt solution (determined by the concentration of
nitric acid during leaching of the spent catalyst), the
concentration of ammonia water, and the aging time
of the precipitate.

Presentation of the main material. The starting
solutions for the preparation of the catalyst were
obtained by leaching the spent MTC catalyst with
nitric acid. The kinetics of this process were considered
by us in the article [12]. Previous experiments
determined the rational conditions of precipitation:
pH at the level of 7.2-7.6; temperature 353 K (80 °C);
solution drain rate 200 cm?/min. In order to determine
the influence of precipitation parameters on the
properties of the precipitate and the catalyst obtained
from it, the following precipitation parameters were
adopted: nitric acid with a concentration of 20 %
to 40 % (factor Z,, table 1) was used to prepare the
starting solutions of iron and chromium nitrate,
the concentration of ammonia water was from
5 % to 20 % (factor Z,, table 1), the aging time of
the precipitate was from 3 to 90 minutes (factor Z,,
table 1). The kinetics of filtration of co-precipitated
iron and chromium hydroxides was studied at a
pressure drop of 0.043 MPa (330 mm Hg), the filter
material was belting fabric. During the filtration
process, the filtrate volume Q was recorded over time
and the final sediment height 4. After calculating the
specific amount of filtrate (with a filter surface F,
m?) ¢ = Q/F (m*m?), a graph was constructed in
the coordinates t/q = f(g), where t is the filtration
time, seconds. A similar approach is described in
the monograph [13, p. 45-46]. By processing the
obtained straight line according to the well-known
method of V.O.Zhuzhikov, the sediment resistance
during filtration R and the average specific resistance
of the sediment » = R/h (sec/m?) were calculated. The
catalyst was prepared from the sediment: washing,
drying, calcination and molding. The specific surface
area of the obtained catalyst S (m?/g) was determined
by the BET method by adsorption of benzene vapor.
The catalytic activity (rate constant K of the first-
order equation, sec™!)) was determined on a flow-
through installation at 623 K (350 °C) in the CO
steam conversion reaction. The obtained experimental
results are given in Table 1.

In order to describe the dependence of, for
example, the rate constant on the deposition
parameters by a second-order equation, the data in
Table 1 are expanded in the form of Table 2. Using
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Table 1
Conditions and results of experiments

N Conditions Results

|z Z, Z, |r-10°] S K
1 40 20 90 27,56 23 1,4
2 40 10 90 8,91 28 1,63
3 30 15 45 5,04 36 1,9
4 20 10 90 3,56 | 36,5 1,95
5 40 20 3 8,97 | 27,5 1,65
6 20 20 3 337 | 37,5 | 2,05
7 40 10 3 4,91 37 2
8 35 5 3 1,11 42 2,4
9 30 10 3 1,02 | 42,5 | 242
10 20 13 3 0,89 | 42,5 | 2,35

the Excel LINEST function, the following equation
was obtained:

K,,,=0,91576 +0,133555 - Z, -
-0,01079 - Z, - 0,01529 - Z, - 0,00253 - Z? —
—0,00063 - Z3 + 0,00012 - Z3. (1)
The quality of the description is assessed by the
deviation of the calculated values of the rate constant

K., from the experimental K — the last column. The
average deviation is 1.53 %.

According to equation (1), the optimal parameters
(maximum rate constants) were determined using the
Excel add-in “Solution Search™ Z, = 26.4 %, Z, =
=5%,Zy=3min., K,, =257 s".

To identify the dependence of the specific surface
area of the catalyst on the deposition conditions,
table 3 was created.

A dependence was obtained that describes the

experimental data with an average deviation of 1.85 %:
S=35,784+1,09788 - Z, — 0,15623 - Z, -
—-0,08468 - Z; - 0,02511 - Z7 -
—-0,01785 - Z3 + 0,0000236 - Z3. 2)

According to equation (2), the optimal parameters
(maximum specific surface area) were determined
using the Excel add-in “Solver Add-in”: Z, =21.9 %,
Z,=5%,Zy=3min, S,, =46.3 m’/g.

Similarly to the above, the filtration data for the
specific resistance of the sediment were processed.
Despite the low quality of the description of the
obtained dependence, the optimal parameters
(minimum specific resistance) were determined:
Z,=20%,72,=5 %, Z; =27 min.

Thus, the obtained data indicate the need to use
20-26 % nitric acid when leaching the spent catalyst,

Table 2
Matrix for calculating the coefficients of the second-order equation (objective function: rate constant)
Ne Z, Z, Z, 72 72 72 K K... % dev.
1 40 20 90 1600 400 8100 1,4 1,34 4,13
2 40 10 90 1600 100 8100 1,63 1,64 0,56
3 30 15 45 900 225 2025 1,9 1,90 0,00
4 20 10 90 400 100 8100 1,95 2,00 2,50
5 40 20 3 1600 400 9 1,65 1,70 3,29
6 20 20 3 400 400 9 2,05 2,06 0,68
7 40 10 3 1600 100 9 2 2,00 0,06
8 35 5 3 1225 25 9 2,4 2,38 0,76
9 30 10 3 900 100 9 2,42 2,43 0,56
10 20 13 3 400 169 9 2,35 2,29 2,76
Table 3
Matrix for calculating the coefficients of the second-order equation (objective function:
specific surface area)
Ne Z, Z, 7, 72 72 72 S S % dev.
1 40 20 90 1600 400 8100 23 21.83 5.08
2 40 10 90 1600 100 8100 28 28.75 2.67
3 30 15 45 900 225 2025 36 36.0 0.0
4 20 10 90 400 100 8100 36.5 36.92 1.15
5 40 20 3 1600 400 9 27.5 29.01 5.48
6 20 20 3 400 400 9 37.5 37.18 0.86
7 40 10 3 1600 100 9 37 35.92 291
8 35 5 3 1225 25 9 42 41.97 0.07
9 30 10 3 900 100 9 42.5 42.52 0.05
10 20 13 3 400 169 9 42.5 42.4 0.24
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5 % ammonia water and a minimum aging time of the
precipitate after precipitation. The closeness of the
values of the optimal parameters for the three objective
functions is confirmed by the close relationship
between them: the pair correlation coefficients are
in the range of 0.83-0.98. The results of the study
[12] indicate better dissolution of the spent catalyst
in 40 % acid. Therefore, the resulting nitrate solution
must be diluted twice before precipitation.
Conclusions. The relationship between the
specific resistance of the precipitate during

filtration, the specific surface area and the activity
of the catalyst obtained from the precipitate with the
precipitation conditions, namely the concentration
of the starting solutions and the aging time, has
been established and described by a second-order
equation. The search method in Excel has found
the optimal conditions for the precipitation process
of a mixture of iron and chromium hydroxides,
which ensure maximum catalyst activity and
minimum specific resistance of the precipitate
during filtration.
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Konuesoii A.JI., Konuesoii C. A. BINIUB YMOB OCAI’KEHHSA
HA AKTUBHICTD 3AJII30-XPOMOBOI'O KATAJII3ATOPY

Cmamms npucesuena onmumizayii mexHoN02IUHUX Napamempis npoyecy 6USOMOBLEHHS 0CAOANCEHO20
CepedHbO  MmeMnepamypHo20 Kamanizamopy napogoi xougepcii xapoony (II) oxcudy. Ocobnugicmio
BUCOMOBIICHHS 3ANI30-XPOMOBO20 KAMANI3AMOPY 6 pamMKax OAHOi Cmammi € GUKOPUCTNAHHS PO3HUHY cOTlell
3ani3a 1 Xpomy, OMPUMAHO2O BUTY208YE8AHHAM BIONPAYLOBAHO20 KAMALIZAMOPY PO3UUHOM HIMPAmHOL
Kuciomu. 3n1ueom po3uury Himpamis i amiauHoi 600U OMPUMYIOMb 0CA0 — CYyMiuL 2I0POKCUOIB 3a1i3d I XPOMY.
Jlna xapaxkmepucmuxu 81acmugocmi 0cady GUKOPUCIIAHO GEIUYUHY NUMOMO20 ONOpY npu Qinempysani
(I110D), 6io sxoi 3anexcamv weUOKicmb Qinbmpyeants i 6ubip GinempysarvHoeo obraduanHs. Busnaueno
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Memy pobomu. suguenns 3anexcrocmi [10D ocady, numomoi nosepxti i akKMuUGHOCMI OMPUMAHO20 3 0CAY
Kamanizamopy 6i0 napamempis 0Ca0NCeHHs: KOHYeHmMpayii po34uny cojell, o U3HAYAEMbCsl KOHYEHMPAYIEH
Himpamnoi kuciomu Z, (6i0 20 0o 40 %) npu 6uny208y8anni 8i0npaybo8ano20 Kamanizamopy, KOnyeHmpayii
amiaunoi 600u Z, (6i0 5 0o 20 %) i uacy cmapinus ocady Z, (6io 3 do 90 xeunun). 3 suxopucmanuam QyHkyii
JIITHEHH cepeoosuwa Excel ompumano pisuauus 0py2020 nopaoKy, HAnpukiao, Ons OYIHKU AKMUEHOCHI
kamanizamopy (koncmanmu weuoxocmi): K,,., = 0,91576 + 0,133555 - Z, — 0,01079 - Z, — 0,01529 - Z; —
—0,00253 - 73— 0,00063 - Z3+ 0,00012 - Z3. 3a donomozoio naobyoosu «Iloutyx piwennsy cepedosuwya Excel
BHANOEHO ONMUMATbHI (MAKCUMYM KOHCMAHMU WBUOKOCMI) YMOBU NposedenHs ocaddicenns: Z, = 26,4 %,
Z, =5 %, Zy = 3 x6. Ananociuna 06podKa excnepumMenmanbHux OaHux nposedena i Ojisk NUMomoi nOGepxXHi
kamanizamopy ma I1O® ocady. Po3paxyHkom GU3HAYEHO YMOBU OJisl MAKCUMANbHOI NUMOMOI NO8epXHi. Z, =
=219 %, Z,=5 %, Z, = 3 X6. ma MiHiManbH020 numomozo onopy ocaoy: Z, =20 %, Z, =15 %, Z, = 27 xs.
Ompumani 0ani ceiouams npo Heobxionicme suxopucmanms 20—26 % nimpamnoi Kuciomu npu 6UIy208y8aHHI
8iONpaybosano2o kamanizamopy, 5 % amiauynoi 600U i MIHIMATLHO20 YACY CMAPIHHA 0CAOY NICIIAL OCAONCEHHS.
Brusvricms 3HaueHb onmumanbHux napamempis Z; 0ns mpbox Yilbosux QyHKYil niomeepotcyemvcsi MmiCHUM
36 SI3KOM MIdC HUMU. Koeiyichmu naproi xopensyii snaxooamocs 6 inmepsani 0,83—0,98. Bpaxoeyrouu motl
Gaxm, wo kpawe po3uuHeHHs GIONPaAYbOBAH020 Kamanizamopy eiooysacmvcs y 40 % kuciomi, ompumanuil
PO3UUH HIMpamis HeoOXIOHO po30asamu 806U neped 0CaAONCEHHSIM.

Kntouoei cnosa: kamanizamop, axmusHiCmb. O0CAONHCEHHA, NUMOMUL ORNIp, NUMOMA NOBEPXHS,
MamemMamuira MoOelb, ONMUMALbHI YMOSU.
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