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Abstract: A significant portion of the world’s reserves of Ni-containing raw materials (40—66 %) is concentrated in oxidized nickel ores. One
of the alternatives to the high-cost pyrometallurgical and ammonia-carbonate methods for processing such ores could be the chlorammonium
recovery of nickel from relatively low-grade ores. The halide-ammonia decomposition and recovery technology of nickel from oxidized nickel
ores, supplemented by a sorption process, is less stage-intensive and simpler in practical implementation. Nickel adsorption recovery is feasible
using carbon sorbents that exhibit high chemical stability, withstand high-temperature exposure, and strong acidic treatment. Sorbents were
obtained through steam-gas activation of extracted carbonizates from fossil coals. The sorption capacity for Ni(II) ions was studied, and the
patterns and characteristic parameters of the process on carbon sorbents were identified using adsorption isotherms while varying experimental
conditions. The experimental results were processed using the Freundlich and Langmuir equations. The sorbents have several distinctive
features determined by their predominant microporous structure and multifunctional surface with active complex-forming atomic groups,
characteristic of ampholytes with cation- and anion-exchange properties. The adsorption process is described by a pseudo-first-order equation
with rate constants ranging from 0.204 to 0.287 s~'. For the adsorption recovery of Ni(II), a scheme with two adsorbers and a pseudo-fluidized
sorbent bed is proposed. Nickel desorption and sorbent regeneration were carried out with a 2.3 % sulfuric acid solution, desorbing 95 to 98 %
of nickel. Standard chemical machinery and equipment are recommended for these processes.
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Annorauus: Bonbiias yacTh MupoBbIX 3amacoB Ni-comepxkaliero cbipbst (40—66 %) cocpenoToyeHa B OKMCICHHBIX HUKEJIEBBIX Pyaax.
OnHOI U3 albTePHATUBHBIX BBICOKO3aTPATHBIM MUPOMETAJITYPTUUECKOMY U aMMUaYHO-KapOOHATHOMY METOAAaM MepepaboTKu TaKHuX
Py MOXET OBITh XJOPAMMOHHMITHOE M3BJICYEHUE HUKENSI U3 OTHOCUTEIbHO OEIHBIX IO COAepXaHMIO0 MeTallja pya. TexHOIorus rajo-
TeHUTHO-aMMUAYHOTO PAa3JIOKEHUST U U3BJICUCHU ST HUKEJIsI U3 OKUCIICHHBIX HUKEJIEBBIX PYJI, TOTIOJHEHHAsI COPOLIMOHHBIM MTPOIECCOM,
SIBJISIETCS] MEHEE TN TEIbHOM 110 CTaAMTHOCTH U TIPOIIIE B TPAKTUYECKOM UCTIOTHEHUU. AJICOPOIIMOHHOE U3BJICUCHUE HUKEISI BO3MOXHO
YIJIEPOIHBIMU COPOEHTAMU, 00TaMAI0NIMMU BBICOKOM XUMUYECKON YCTOMYMBOCTHIO, BBIACPKMUBAOIINMY BEICOKOTEMIIEPATYPHOE BO3-
NeiiCTBUE ¥ CUJIBHOKMCIOTHYI0 00paboTKy. COpOEeHTHI MOTYYeHBI MyTeM Mapora3oBoil aKTHBALIMK BbIIEJIEHHBIX KApOOHM3aTOB UCKO-
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naeMmbIx yrieit. M3ydyeHa copOuuonHasi criocooHocTb noHOB Ni(Il), BbISIBJIEeHBI 3aKOHOMEPHOCTU M XapaKTEepUCTUYECKUE MapaMeTphbl
Mpolecca Ha YIJIEPOIHBIX COPOSHTAX C TTOMOIIIBIO U30TEPM aICOPOLINY TP BAPbUPOBAHU Y YCIOBU I ITPOBEICHUS 9KCIIepuMeHTOB. O6pa-
0OTKY 3KCITIEpUMEHTAJbHBIX PE3YJIbTATOB BBITIOJIHSJIN C UCITOJb30BaHUeM ypaBHeHU M DpeitHannxa u Jlenrmopa. CopOeHTHI UMEIOT PSIIL
0COOEHHOCTEM, OIpeaesIeMbIX IIPe0bIagaiolieil MUKPOIIOPUCTON CTPYKTYPOI 1 MOJN(YHKINOHAIBHON MTOBEPXHOCTBIO C aKTUBHBIMU
KOMIIJIEKCOOOPa3yoIIUMK IPYIIMTUPOBKAMU aTOMOB, XapaKTEPHBIMU IJIs1 aM(bOJIUTOB ¢ KATUOHO- ¥ aHUOHOOOMEHHBIMU CBOMCTBAMMU.
Tporecc aacopbLUK OMICAH YPaBHEHUEM MICEBIONEPBOro MOPSIAKA ¢ KOHCTaHTaMu ckopocTu ot 0,204 10 0,287 ¢~ L. [lnst ancop6unoH-
Horo usBiaeyeHus Ni(Il) mpemnoxeHa cxema ¢ AByMs aacopOoepaMu U NICEBIOOXMXKEHHBIM c1oeM copOeHTa. JdecopOLusi HUKes U pere-
Hepalus copbeHTa nmpoBeaeHbl 2,3 %-HbIM pacTBOPOM CepHOU KUCIOTHI. [1pu aToM necopbupyercst ot 95 no 98 % Hukens. B mpoieccax

PEKOMEHAYIOTCA CTAHAAPTHBIC XUMHWYECKUEC MAIIMHBI U allliapaThbl.
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Introduction

In the global reserves of Ni-containing raw mate-
rials, a significant portion (from 40 to 66 %) is composed
of oxidized nickel ores (ONO) [1—3], in which the avera-
ge Ni content is only 0.7—1.2 %. Therefore, their tar-
geted processing by pyrometallurgical methods is high-
cost and, as a rule, unprofitable [2—4]|. The combined
scheme for processing ONO developed by scientists at
the Ural Federal University named after the first Pre-
sident of Russia B.N. Yeltsin (Yekaterinburg) [5] (ther-
mochemical treatment — aqueous leaching — hydrox-
ide precipitation) allows obtaining a nickel concentrate,
which enhances the economic feasibility of applying
pyrometallurgical technology. However, the scheme in-
volves thermochemical treatment of the entire ore mass,
including barren rock, as well as requiring preliminary
treatment of ONO with significant volumes of hydro-
chloric acid and roasting to obtain insoluble forms of in-
terfering components. All this significantly complicates
the process of nickel recovery.

Researchers at Tomsk Polytechnic University [6;
7] propose using a single reagent, ammonium chlo-
ride, for the initial processing of ONO. The main ore
mass, including SiO, oxides (51 %) and Al,O3 (5 %),
does not interact with the reagent, while oxides of
other associated metals start interacting at a tempera-
ture of 473 K. Nickel oxide transitions to a water-solub-
le nickel chloride through an intermediate product
NiCl,-nNH4Cl at T = 600 K. Subsequent aqueous
leaching of the thermally treated ore and ammonia
precipitation of hydroxides allow sequential separa-
tion of ONO into individual target components [6].
Incorporating a sorption process into such innovative
technology can significantly enhance the efficiency of
nickel recovery from ONO [8; 9].

The adsorption recovery of nickel is possible with
sorbents from various raw materials, including car-
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bon sorbents, which have a developed porous struc-
ture with a specific surface area of more than 500 m2/g
[10—21]. Carbon sorbents of the AD type, synthesized
at INRTU, possess high chemical stability, withstand
high-temperature exposure, and resist strong acid
treatment [22; 23]. They have several features defined
by their microporous structure and multifunctional
surface with active complex-forming atomic groups,
characteristic of ampholytes with cation- and ani-
on-exchange properties [24].

Sorbents obtained through steam-gas activation of
extracted carbonizates from fossil coals are dark granu-
les of irregular shape with an average particle size of
1 to 2 mm, a specific surface area of 550 m2/g, mecha-
nical abrasion resistance of 82 %, a total pore volume
(by water) of 0.61 cm3/g, iodine adsorption activity of
84 %, and a bulk density of 560 g/dm3 [23].

The aim of this work was to study the adsorption
characteristics of the AD carbon sorbent and to develop
recommendations for the hydrometallurgical recovery of
nickel from oxidized ores.

Research methodology

The analysis of the sorption capacity for nickel
ions, the identification of regularities, and character-
istic parameters of the process were carried out using
adsorption isotherms while varying the experimental
conditions in both static and dynamic modes. The
structure, porosity, and surface compound proper-
ties of the sorbents were studied using various phys-
icochemical methods with modern instrumentation
[24—26].

The AD sorbent possesses amphoteric ion-exchan-
ge properties. The ion-exchange capacity was deter-
mined by reverse titration methods using 0.1 N solu-
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tions of HCI and NaOH. The cation-exchange capac-
ity for H" was 0.92 meq/g, and the anion-exchange
capacity for OH™ was 7.52 meq/g. These data indicate
that the sorbent surface contains functional groups
with exchangeable H" and OH™ ions that can be re-
placed by metal ions. The optimization of nickel sorp-
tion recovery was carried out by varying the acidity
and temperature of the solutions, as well as consider-
ing the nature of the adsorption on the porous material
surface.

The effect of medium acidity on sorption capacity
was evaluated under static conditions. A 0.5 g sample
of the adsorbent was placed in 100 cm? of a solution
prepared from reagent-grade nickel chloride. The re-
action flask volume was 250 cm?, and the initial me-
tal concentration in the solution was 0.51 mmol/dm?.
The pH value in the range of 3 to 11 was adjusted using
ammonia-acetate buffer solutions. A magnetic stirrer
was used for mixing until adsorption equilibrium was
established.

Quantitative analysis of nickel was performed by
spectrophotometric methods using analytical reagents
such as dimethylglyoxime or N-acyl-acetohydrazone
[26]. Periodically, additional control of nickel ion con-
centration in solutions and the metal content in the
sorbent after thermo-acid decomposition of the dried
sorbent was carried out by atomic absorption analysis
according to standard methodology [27]. The adsorp-
tion amount (4, mmol/g) was calculated using the for-
mula

A= (CO - Cp)V/ma (1)

where €, and C, are the initial and equilibrium con-
centrations of the adsorbate, respectively, mmol/dm?;
m is the mass of the adsorbent, g; V'is the volume of the
working solution, dm?.

Studies at elevated temperatures were conducted in
thermostated cells.

Results and discussion

The nature of the sorption interaction, observed at
temperatures of 298, 318, and 338 K, is shown by the ad-
sorption isotherms of Ni(II) ions on the carbon sorbent
(Fig. 1).

The processing of experimental results in the low
nickel concentration range in solutions was performed
using the classical Freundlich equation:

A= KeC)". ®)

After performing arithmetic transformations and

A,, mmol/g

0.30

0 1 2 3
C,, mmol/dm’

Fig. 1. Adsorption isotherms of Ni (II) ions
at temperatures 298 K (7), 318 K (2), and 338 K (3)

A, — concentration of metal on the sorbent

Puc. 1. Uzotepmbl aacopoiiuu noHos Ni(IT)
npu remnepatypax 298 K (1), 318 K (2) u 338 K (3)

A, — KOHLIEHTpalMsl MeTal1a Ha copOeHTe

plotting the linear dependence of the logarithmic form
of the equation:

lgA=1gKp + 1/nlgC, 3)

both constant parameters Kg and n were determined
graphically. The constant Kg represents the milli-
molar adsorption coefficient, as it corresponds to the
adsorption value at an adsorbate concentration C =
=1 mmol/dm3. The exponent 1/n is a proper fraction
and generally characterizes the degree of the adsorption
isotherm’s approach to the abscissa axis. From the data
presented in Table 1, it follows that with increasing tem-
perature, both constants of the Freundlich equation (2)

Table 1. Constants of the Freundlich equation
(R?=10.92)

Ta6uua 1. Koncrants! ypasuernst @peitnmmixa (R2 = 0,92)

Temperature, K
Constants
298 318 338
Kg 0.19 0.25 0.29
n 1.73 1.84 1.94
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increase. The value of the coefficient Kg suggests that
the adsorption of Ni(II) ions in the initial period occurs
with high efficiency.

To describe the process upon reaching the adsorp-
tion limit, the Langmuir equation was used. In its linear
form, it is represented as a straight-line equation:

1/A=1/A.,+ 1/AK,C, @)

where C is the concentration of the metal in the solu-
tion, mmol/dm3; A, are the ultimate adsorption va-
lues, mmol/g; K, is the adsorption equilibrium con-
stant.

By plotting the dependence in the coordinates 1/4 =
=/(1/C), the constants 4, and K, in the Langmuir equa-
tion were determined graphically. The results are pre-
sented in Table 2.

It is evident that temperature affects both the ulti-
mate adsorption value and the adsorption equilibrium
constants, which also increase with temperature.

Analysis of the results shows that the process of ni-
ckel adsorption on the carbon sorbent is not purely phy-
sical adsorption. The standard thermodynamic para-
meter, Gibbs free energy (AG), was calculated using the
classical chemical affinity equation:

AG=—RTInKk,, o)

where R = 8.314 J/mol-K is the universal gas constant;
T'is the process temperature in K.

From the data presented in Table 2, it is evident that
with increasing temperature, the likelihood of the spon-
taneous adsorption process increases.

For the graphical determination of the adsorption
enthalpy of Ni(II), the isobar equation in its differential
form was used:

InkK, = ﬂ 6)
RT

As a result, its value was —8.96 kJ/mol (see Tab-
le 2).

The evaluation of kinetic regularities was conducted
using the classical method of selecting the axes of kine-
tic equations. The linear dependencies InC = f(¢) at all
temperatures (Fig. 2) confirm that the adsorption pro-
cess is described by a pseudo-first-order equation. The
values of the rate constants (k) obtained in this way are
presented in Table 2.

Contrary to the Van’t Hoff rule for homogeneous
chemical reactions, the adsorption rate constant grows
significantly slower, indicating the complexity of the
process mechanism. This is also confirmed by the acti-
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Table 2. Thermodynamic sorption constants (R = 0.96)

Tabnuua 2. TepMoanHaMU4YeCcKre KOHCTAHTHI aAcOpOLIMT
(R*=10,96)

Temperature, K
Parameter
298 318 338
A, 107 mmol/g 1.01 1.53 1.66
K, 394 416 524
ke, 57! 0.204 0.229 0.287
AG, kJ/mol -20.5 -22.1 -24.7
AH, kJ/mol —8.96
E,, kJ/mol 7.1
InC
3.0
2.54
2.0 1
1.54
1.0
0.54
0+
—0.51
_10 T T T T T
0 100 200 T, min

Fig. 2. Kinetic dependences of Ni(II) ion sorption
at temperatures 298 K (1), 318 K (2), and 338 K (3)

Puc. 2. Kunetuueckue 3aBucumMocTu copouru noHos Ni(Il)
ot temmnepatypst 298 K (7), 318 K (2) m 338 K (3)

vation energy (£,), graphically determined by lineariz-
ing the Arrhenius equation:

Ea

Ink =Ink,
RT

)

The experimentally determined activation energy
for the adsorption process was 7.1 kJ/mol, indicating the
process occurs in the diffusion region [28].

To address the question of the limiting stage of
adsorption, experiments with process interruption in
dynamic mode were conducted for a specified time.
The results showed that in all cases, a 24-hour inter-
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ruption of the adsorption flow resulted in a decreased
concentration of the adsorbed metal in the solution
exiting the column. The discontinuity in the adsorp-
tion exit curves suggests that the limiting stage of the
adsorption kinetics of Ni(II) ions on the carbon adsor-
bent under the studied conditions is diffusion within
the adsorbent granules, i.e., adsorption occurs under
“gel” kinetics, and its rate is hindered by intradiffusion
processes. The possible sorption mechanism can be
considered as the diffusion process of complex Ni(II)
ions, specifically the hydroxo-pentaammin cation
[Ni(NH3)5(OH)]+, into the granules and their inter-
action with functionally active groups on the sorbent
surface through ion exchange.

Studies using IR spectroscopy methods showed
that the observed results of metal ion sorption involve
the participation of double bonds of compound frag-
ments located on the carbon surface. Changes were
observed in the overtones of =CH,, =C—NH,, and
=C—OH bonds, as well as in the conjugated frag-
ments of =C=C=C= and R—C=0, R—OH bonds.
This indicates the participation of n-electrons of these
molecular fragments or their exchange parts in the re-
actions. They likely act as electron pair donors, with

Sorbent outlet

!

the free d-orbitals of the adsorbed metal serving as ac-
ceptors in the corresponding complexes. This conclu-
sion confirms the nature of metal ion interaction with
the adsorbent surface. The appearance of bands in its
spectrum after metal ion sorption at v = 574, 604, and
836 cm™!, corresponding to the characteristic defor-
mation vibration bands of Me—O—C and Me—O—Me
bonds, indicates the presence of such bonds in the in-
vestigated compounds.

The analysis of results also showed that during ad-
sorption, with increasing temperature, the sorbent’s
capacity for nickel increases. The adsorption of Ni(II)
ions in this case does not correspond to the classical
behavior of metal ions: for many of them, adsorption
results in an exothermic effect [29]. It is likely that the
high stability of associated nickel compounds: amine
complexes (K, = 5,3-10%), aqua-amine complexes
(K, = 4,2-106), and hydroxo-amine complexes (K, =
=35,8- 106) [26], predetermines the need for addition-
al energy to break them down before sorption. This
energy may be greater than the energy of the exother-
mic ion exchange reaction when Ni(II) is fixed on the
sorbent surface, making the overall sorption process
appear endothermic.

]

Electrochemical

NiSO,

bath

2.5 % H,S0,

<

N D

A

m NH,OH

\_/ !

A
[><] Valve Ni (OH)2
O pump Co(OH),

Fig. 3. Schematic diagram of the apparatus chain for nickel sorption extraction

1, 2, 5, 6 —solution tanks; 3, 4 — adsorbers; 7 — valves; § — pumps

Puc. 3. Cxema LECIU armapaToB I COp6L[I/IOHHOFO MU3BJICUCHU A HUKECITA

1,2, 5, 6 — eMKOCTHU JiJ151 pacTBOPOB; 3, 4 — afcopOepbl; 7 — BEHTWIN; & — HACOChHI
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In the chlorammonium technology for nickel reco-
very from oxidized ores, the active reagent used for the
technological transformation of metal oxides is regen-
erated and returned to the head of the process for the
decomposition of a new batch of ONO [6]. The selectiv-
ity of ammonium chloride allows for the initial stage to
free most of the ore. During ore opening, 75 % of nickel
is extracted as hydroxide [7]. It seems reasonable to in-
troduce a stage of adsorption recovery of nickel in the
process of separating the technological solution, where
precipitation and separation of nickel hydroxide will oc-
cur at pH = 8.0+8.5 [8]. For the adsorption recovery of
Ni(II), a scheme with two adsorbers with a pseudo-flu-
idized sorbent bed is proposed (Fig. 3).

During the adsorption studies, insights into the
process mechanism were obtained, enabling the de-
velopment of practical recommendations for imple-
menting the proposed scheme. Before initiating the
process, it is necessary to adjust the acidity of the
technological solution to optimal values, which is
achieved by adding an ammonium hydroxide solution.
The solution is pumped from the bottom into the ad-
sorber for the adsorption process. Compared to other
designs, adsorbers with a pseudo-fluidized sorbent
bed offer advantages such as an increased phase con-
tact area with the same loading volume and a longer
phase contact time.

For the adsorption recovery of metal, a cylindri-
cal column design with a conical bottom and dis-
tribution grids inside the apparatus was chosen. To
organize a continuous recovery process, two adsorb-
ers are used: after the sorbent in the first unit be-
comes saturated, it switches to reloading while the
second unit switches to adsorption. After reloading,
the sorbent is directed to a desorber equipped with a
stirrer, where a diluted (1 : 20, or 2.3 %) sulfuric acid
solution is supplied. It was found that using H,SO, at
this concentration as the eluent desorbs 95 to 98 % of
the nickel. The saturated Ni(II) solution after deso-
rption is proposed for use in the electrolytic recovery
of the metal.

When operating the sorption columns, it should be
noted that the degree of nickel recovery from solutions
decreases by 3—5 % after each cycle. The adsorbers
should be switched before complete saturation of the
load, as at times close to full saturation of the adsorbent,
the concentration of metals in the solution approaches
equilibrium, and the adsorption rate realistically de-
creases. The estimated total operating time of one ad-
sorber before reloading the carbon is 648 hours. It is
advisable to use only standard chemical machinery and
apparatus in the processes.
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Conclusion

The chlorammonium hydrometallurgical technol-
ogy for nickel recovery from oxidized ores is based on
the solid-phase chlorination of oxidized nickel ores
with ammonium chloride at 7 = 473 K, followed by
aqueous leaching of soluble nickel chlorides and other
valuable components. It is advisable to include a nick-
el adsorption recovery process in the above-mentioned
technological scheme at the stage of obtaining ammo-
nia solutions (Ni%*, Co*", Mn?*, Mg?*, Ca?"). It is most
likely that after precipitation, the metals are present in
the technological solution as complex ammines.

The study showed that adsorption interaction in the
“metal-containing solution — carbon sorbent” system
proceeds quite intensively: the rate constants range from
0.204 1o 0.287 s~!. The activation energy value (E, =
= 7.1 kJ/mol) indicates that the adsorption process oc-
curs in the diffusion region. The change in Gibbs free
energy (AH = —8.96 kJ/mol) suggests that the likelihood
of the spontaneous adsorption process increases with
temperature.

For the adsorption recovery of Ni(II), a scheme with
two adsorbers with a pseudo-fluidized sorbent bed and
bottom supply of a weakly alkaline technological solution
is proposed. Nickel desorption is carried out with a 2.3 %
sulfuric acid solution, desorbing 95 to 98 % of the nickel.
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