https://doi.org/10.15407 /ufm.23.03.476

F. BAHFIE-*, D. UTARI MURTI?, A. NURYAMAN %**, W, ASTUTI',

F. NURJAMAN', E. PRASETYO '3, S. SUDIBYO', and D. SUSANTI*

'Research Centre of Mining Technology,
National Research and Innovation Agency of Indonesiq,
South Lampung, 35361 Lampung, Indonesia

2Faculty of Mathematics and Natural Sciences, University of Lampung,
Bandar Lampung, 35141 Lampung, Indonesia

*Department of Chemical Engineering, Norwegian University of Science and
Technology, 7491 Trondheim, Norway

4 Metallurgical and Material Engineering Department, Faculty of Industrial
Technology and Systems Engineering, Institut Teknologi Sepuluh Nopember,
60111 Surabaya, East Java, Indonesia

* £ath007@brin.go.id, ** aang.nuryaman@fmipa.unila.ac.id

KINETIC PROPERTIES OF NICKEL
LEACHING BY ANOVA METHOD

Hydrometallurgical extraction of nickel laterite is more efficient in terms of energy
consumption, because it produces less exhaust gas compared to the pyrometallurgi-
cal method. Therefore, the hydrometallurgical method can increase the extraction
yield of inferior nickel laterite more. In the calculation of the analysis of variance
(ANOVA), three factors are used to determine the importance of the variables and
the order of the most influential variables. ANOVA test is also a form of statistical
hypothesis testing where we draw conclusions based on the inferential statistical
data or groups. The ‘null’ hypothesis of the ANOVA test is that the data are simple
random from the same population, so that they have the same expected mean and
variance. In addition, a study of leaching kinetics is carried out using a shrink-
ing core model to determine the reaction rate controller. The results show that the
leaching time has an important role of acid, base, and monosodium glutamate in
increasing the nickel extraction rate. Based on the ANOVA results, the two most
influential factors are temperature and leaching time. The ANOVA-based calcula-
tion use is more accurate than using a conventional method, such as ‘excel’, and it
needs more development for mineral extraction in the future.
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1. Introduction: Overview of the Problem

Nickel is an important component to produce stainless steel. It is also
used in super alloys, aerospace industry, high temperature alloys, and
electrolytic coatings. The second largest nickel reserves in the world
belong to Indonesia, meaning that this country has an important role in
the supply of world nickel raw materials. Nickel ores are classified into
two types, namely nickel sulphide and nickel oxide or laterite. The larg-
est part of the nickel reserves is low-grade nickel with a Ni content of
<1.8% . Nickel laterite consists of limonite with Ni content <1.5% and
saprolite with Ni content >1.5% . Laterite nickel is found in Konawe
Regency, Southeast Sulawesi Province. Laterite nickel in Konawe
Regency, Southeast Sulawesi is a type of low-grade nickel laterite that
can be processed using a hydrometallurgical route. The processing of
low-grade nickel laterite consisting of limonite and saprolite with a Ni
content <1.8% is still not processed domestically [1-10]. Laterite nickel
ores can be classified into limonite and saprolite nickel ores [11-15].

Laterite nickel ore processing can be carried out through pyrometal-
lurgical or hydrometallurgical routes and a combination of the two. The
pyrometallurgical process treats the high grade laterite nickel ore to
produce ferronickel and nickel matte. The low-grade nickel ores can be
processed by hydrometallurgical processes [16]. Research on the process-
ing of low-grade laterite nickel ore using the hydrometallurgical process
continues to develop because this method has several advantages, name-
ly low operating costs and environmentally friendly [17].

There are several methods of processing nickel laterite ore using a
hydrometallurgical process, namely high-pressure acid leaching (HPAL)
and atmospheric leaching (AL). Pressure/high-pressure acid leaching
(PAL/HPAL) has advantages in the leaching process, but, on the other
hand, this method has disadvantages such as investment costs for the
equipment used, high consumption of sulphuric acid, and maintenance
of equipment during operation [18—22]. One of the important studies
carried out in the leaching process of laterite nickel ore is the study of
leaching kinetics. The purpose of the kinetic study, among others, is to
determine the step controlling the reaction rate and its kinetic model.
The rate control stage is the slowest stage of all stages. The rate control
step is important to know because by knowing the rate controller, it can
be determined efforts to increase the leaching rate. In addition, the ki-
netic model can help predict the rate of the leaching process when leach-
ing for the same ore and solution [20—-22].

Laterite nickel processing generally uses sulphuric acid (H,SO,) as
the reagent with the HPAL process, but the HPAL process cannot be
used to treat low-grade nickel laterite [23]. Leaching kinetics studies
laterite nickel ore using H,SO, solution, which leaches laterite nickel ore
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on the saprolite layer with variations in temperature and leaching time
variations. In this study, the nickel ore sample used was laterite nickel
ore in the limonite layer by varying the leaching temperature, H,SO,
concentration and leaching time. The purpose of this study was to study
the effect of process variables (temperature, sulphuric acid concentration,
and leaching time) on the percent nickel extraction using the 3-factor
analysis of variance (ANOVA) method and study the leaching process
kinetics using the shrinking core model [24—-29].

2. Calculation Method and Results of the Study

The statistical analysis method ANOVA (analysis of variance) belongs to
the branch of inference statistics. In the literature, this method is known
as different other, but similar, names. It is an extension of the Behrens—
Fisher problem; so, the F-test is also used in the decision-making.
Analysis of variance was firstly introduced by Sir Ronald Fisher — the
father of modern statistics. In practice, analysis of variance can be a
hypothesis test (more often used) or estimation (estimation, especially
in the field of applied genetics). Analysis of variance or ANOVA is a
multivariate analysis technique that serves to distinguish the mean of
more than two groups of data by comparing the variances. Analysis of
variance belongs to the category of parametric statistics. As a parametric
statistical tool, to be able to use the ANOVA formula, it is necessary to
first test assumptions including normality, heteroscedasticity, and ran-
dom sampling.

Analysis of variance is a procedure that tries to apply this portion
of variance to each group of independent variables. This technique com-
pares several variables simultaneously to minimize the possibility of
error. The advantage of using analysis of variance is that it can perform
comparisons for many variables. The purpose of the analysis of variance
is to find the independent variables in the study, how they interact and
affect the treatment. The lateritic nickel ore composition used in this
determination was determined using an x-ray fluorescence (XRF) in-
strument. Categories of low-grade nickel ore with the results of XRF
analysis are presented in Table 1 [15].

Table 1 shows that laterite nickel ore samples were dominated by Fe
and Si with grades of 9.403% and 8.077%, respectively. The elemental
content of Ni in this sample is 1.021%. In addition to using XRF,
nickel ore samples were also analysed using x-ray diffraction (XRD) to
determine the mineral content in the sample. The results of the XRD
analysis are presented in Fig. 1. The results of the XRD analysis show
that the dominant compounds in this research sample are magnetite
(Fe,0,), coesite (SiO,), goethite (FeOOH), and liebengergite (Ni,SiO,)
[15]. Determination of the order of the variables that most influence the
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Fig. 1. XRD analysis results of laterite nickel ore [15]

percent nickel extraction using ANOVA 3 factors. If the P-value > 0.05
or F-value < F, ;. .», then H is accepted, that indicates that there is no
effect of these variables on the results. H, is rejected if P-value <0.05
or F-value > F ., ,,,» that indicates that there is a significant effect of
the variable on the evaluated results (percent of Ni extraction). The
results of the 3-factor ANOVA calculation are presented at ‘0’ — the
factor (from ANOVA program) is not affecting in leaching process [15].

Based on ‘0’, all variables and interactions between variables have a
significant influence on the percent nickel extraction. This is indicated
by the P-value < 0.05, while determining the order of the most influen-
tial variables based on the magnitude of the difference in the value of
F-value to F,,,, ,. F-value obtained from the calculation, while the
value of F;,, ,, obtained from the distribution table F, where v, is the
degree of freedom of a factor and v, is the degree of freedom from error.
The results of the 3-factor ANOVA calculation presented at ‘0’ show the
order of the variables that have the most influence on the percent nick-
el extraction, namely sulfuric acid concentration, temperature, leaching
time, leaching time temperature interaction, sulphuric acid concentra-

Table 1. Composition of laterite nickel ore [6]

Element Fe Si Ni Al Ca Cr Mn
Rate, % 9.403 8.077 1.021 1.159 0.968 0.340 0.175
Element Co S P v Sb Cd Zn
Rate, % 0.063 0.042 0.022 0.011 0.035 0.022 0.009
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Fig. 2. Effect of leaching variable on the Ni percent extraction [15]

tion temperature interaction, temperature—sulphuric acid concentration—
leach time interaction, and leaching time temperature interaction [30].

ANOVA analysis of 3-factors to determine the degree of freedom
(DF), sum of square (SS), mean of square (MS), F- and P-value. The re-
sults of the 3-factor ANOVA analysis are presented in Table 2 [15].

The results of the 3-factor ANOVA analysis on the percent nickel
extraction were used to determine the significance of the effect of the
variable on the percent nickel extraction. If the P-value of the variable
<0.05, then the variable is significant to the response. Table 2 shows
that all variables are significant to the percent Ni extraction [15].

The determination of the most influential variable can be seen from
the graph presented in Fig. 2. The steeper the line formed, the greater
the effect of the variable. On the other hand, the more sloping the line
is, the smaller the effect of this variable. The order of variables that
most influence the percent nickel extraction is acid concentration, tem-
perature and leaching time. These three variables show a positive effect
on the percent nickel extraction [15].

Table 2. Analysis of variance percent nickel extraction [15]

Variable DF DS MS F-value P-value
X, 2 3801.5 1900.75 853.84 0.000
X, 2 6101.9 3050.95 1370.52 0.000
X, 2 1407.2 703.62 316.07 0.000
Error 47 346.6 7.37
Total 53 11657.2
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Regression analysis is one of the data analysis techniques in statis-
tics that is often used to examine the relationship between several vari-
ables and predict a variable [31]. Regression analysis is an analytical
method that can be used to analyse data and draw meaningful conclu-
sions about the relationship between variable dependence on other vari-
ables [32]. The regression equation reads as

Y=A+ BX (1)
with Y — predictable variable (predictant/dependent), A — constant,
B — regression coefficient, X — estimator variable (predictor/inde-

pendent).

The Ni extraction percent data (in Table 2) are then determined
from the regression equation model — equations for different acid con-
centration ¢, [15]:

y, =-13.91 + 0.3413X + 0.2043X, (c,.,, = 0.2 molar), (2)
y, = 3.63 + 0.3413X + 0.2043X, (c,.,, = 0.5 molar), (3)
y, = 11.52 + 0.3413X + 0.2043X, (c,.,, = 0.8 molar). (4)

Regression analysis is a mathematical model that can be used to
determine the pattern of the relationship between two or more variables.
The main purpose of regression analysis is to make an estimate of a
variable (dependent variable) if the value of the variable associated with
it (independent variable) has been determined. Regression analysis in-
volves the study of the relationship between a variable Y, which is called
the response variable or the dependent variable, namely the variable
whose existence is influenced by other variables. Variable X is a predic-
tor variable or independent variable, namely the independent variable (not
influenced by other variables). Testing the linearity of the regression equa-
tion is done by graphing the relationship between the percent extraction
of the experimental results and the percent extraction of the predicted
results to determine the value of the correlation coefficient (R?) [15].

The higher the temperature, acid concentration and leaching time,
the higher the nickel extraction percentage: the trend of the results of
this study is in accordance with the results of previous studies [33]. The
higher the temperature, the greater the nickel recovery. This is because
the higher the temperature it will increase the movement of the react-
ing species thereby increasing the reaction products. The same trend
also occurs in the increase in acid concentration, namely increasing the
acid concentration increases nickel recovery. The increase in acid con-
centration causes an increase in H" ions in the solution, which will react
with the nickel ore and leach the nickel contained in the ore. The in-
crease in leaching time also increases nickel recovery. The leaching time
relates to the contact time between the leaching agent and the nickel
ore. The longer the leaching time, the contact time to react between the
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leaching agent and nickel ore also increases. Based on this trend, the
percent recovery of nickel can be increased by increasing the acid con-
centration, leaching temperature, and leaching time [15].

The kinetic study used in this research based on the shrinking core
model with the following equations [1, 15, 16]:

Kif=x (5)
— diffusion through fluid film layers;
K,it=1-3(1-x)0.67+2(1-x) (6)
— diffusion through the unreacted solid product layer;
Kt=1-0.33(1-x) (7

— interface reaction; here, x is the nickel recovery value, ¢ is the leach-
ing time, K,, K, and K, are the leaching rate constants. The leaching
process rate controller was determined from the linearity of the leach-
ing regression curve according to Eqgs. (5)—(7). The linearity of the re-
gression curve was determined from the value of the regression curve
that was closest to 1. The linear regression curves were for diffusion
through the fluid film layer, diffusion through the unreacted solid
product layer, and interfacial reactions [15].

Values for each controller of the leaching process rate of laterite
nickel ore using H,SO, solution at various concentrations. The value of
R, indicates that the control of the laterite nickel ore leaching process
using H,SO, is diffusion through the unreacted solid product layer. The
results of this study are in accordance with the results of a study that
conducted a study of the kinetics of nickel ore leaching using sulphuric
acid solution [33]. Increasing the reaction rate can be done by increasing
the stirring intensity because it can reduce the thickness of the unre-
acted solid product [33]. In addition, it can also be done by increasing
the temperature because increasing the temperature will increase the
rate of diffusion of the reacting species.

In the leaching process, several kinetic models were tested to fit the
experimental data [1, 34]:

kt=1-(1 - R)Y3, (6)
R=(1-(1 - Ekt))R,, (7
— the shrinking core model (chemical reaction control);
kt=1-(1-R"-1, (8)
R=(1-@1+Ekt)R,,, 9)

— the diffusion and transport model; here, & — reaction rate constant,
t — leach time, R — gain of Ni at time, R, — maximum Ni gain on
each leach. (For comparison, see also diffusional kinetics models for Ni-
based alloys in Refs. [35—40].)
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In kinetic modelling, non-linear Eqgs. (6) and (7) are used instead of
linear equations. The mean relative error (ARE) in Eq. (5) can be evalua-
ted from the following expression [1]:

2
100 &(R. - R
ARE (%) = exp T mod | 10
(%) n—1;[ 7 J (10)

exp

where R, — maximum Ni gain on each leach, R, — the gain of Ni
over time as a result of the experiment, and R, — gain of Ni over time
as model result.

Generally, the shrinking core model fails to model the experimental
data in this study, because the process control stage is not only one
stage, and the interface-diffusion is more suitable for the experimental
data. This shows that the dissolution of Ni can be controlled by diffu-
sion and mass transfer model. The calculation of the activation energy
(E,) using the Arrhenius Eq. (6) and the reaction rate constant (k) ob-
tained from the modelling, with the information A, T, and R, respec-
tively, namely the frequency factor, temperature, and gas constant. The
activation energy in this case is 24.6 kJ/mol. Low activation energy
values can be controlled through the mass transfer and small tempera-
ture effects, because if the temperature is small, the activation energy
value will remain large so that the exponential value is close to zero.
This means that the particles do not have enough energy to react, and
the reaction does not occur. The Arrhenius equation can be seen in the
following Eq. (11) [34]:

_E. E
k= Ae T or lnkzlnA—R%. (11)

Kinetic studies carried out for up to 12 hours at three different tem-
peratures, namely 30, 55, and 80 °C with constant variables of pH = 9,
monosodium glutamate (MSG) concentration of 1 M, and pulp density of
50 g/L showed that maximum leaching efficiency could be achieved in
120 minutes for Zn and 4 hours for Cu at 30 °C. At higher tempe-
ratures, the gain reaches saturation in a relatively short time. The ac-
quisition of Cu was delayed by about 1 hour. This is because in the

1.0 CU CuHG ——
i} 0.8 _Ni Ni(Glu)ji I Ni(Glu),
le]
£ 0.6 o
° Ni(OH),
& 041 I Cu(OH),

0.2 I Cu(OH).
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Fig. 3. Ni (left), Cu (middle), and Zn (right) distributions as a function of pH [1]
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early stages of leaching the aqueous phase is reductive which inhibits
the oxidation and complexation of Cu by reagents. During leaching, the
aqueous phase becomes oxidative, favouring the oxidation and compl-
exation of Cu [34] (see also Fig. 3).

The results of the leaching laterite ore with variations in tempera-
ture and leaching time are presented in Table 1. The percent Ni extrac-
tion data was performed with a 3-factor ANOVA analysis to determine
the degree of freedom, sum of square, mean of square, F-value and
P-value. The results of the 3-factor ANOVA analysis are presented in
Table 2. The results of the 3-factor ANOVA analysis on the percent
nickel extraction were used to determine the significance of the effect
of the variable on the percent nickel extraction. If the P-value of the
variable <0.05, then the variable is significant to the response. The
significant result is in the leaching time due to the P-value <0.05.

3. Brief Summary

The percentage of nickel recovered in the leaching process is influenced
by variations in temperature and leaching time. The increase in tem-
perature and leaching time caused an increase in the percentage of
leached nickel extraction. From the 3-factor ANOVA analysis, it is
known that all variables are significant to the percent nickel extraction
with the most influential variables are temperature and leaching time.
The results of the leaching kinetics analysis showed that the control of
the rate of the leaching process, namely diffusion through the solid
product layer. The calculation use ANOVA is more accurate than using
conventional method such as ‘excel’, and it needs more developing for
mineral extraction in future.
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TEeXHOJIOTi# Ta cucTeMHOl iHxKeHepil, TexHonoriuuuit incturyr Hecaroro
aucronazga, 60111 Cypabasa, Cxigua fBa, Iugonesisa

KIHETUYHI BJIACTHUBOCTI BUJIYTOBYBAHHS HIKEJIIO
METOJIOM IUCIIEPCIFTHOT'O AHAJII3Y (ANOVA)

Tigpomeranyprifine no0yBaHHSA JaTePUTy HiKeIIO € OiJbII ePeKTUBHUM 3 TOUKU 30PY
CIIO’KMBAHHS eHeprii, OCKiJIbKM BU/IiJI€ MEHINIe BUXJONHUX ra3iB y HOpPiBHAHHI 3
mipoMeTanypriiHUM MeToAoM. TakuM YMHOM, TiAPOMETANyPTiiHUII METOH MOJKe IIe
OisbIlie 30iJBINTUTU BUAOOYTOK HUBBKOSKICHOTO HiKEJIEBOTO JaTePUTy. ¥ PO3PaxXyHKY
3a MeTomoM pucnepcifinoro ananisy (ANOVA) BUKOPUCTOBYIOTHCA TPU YMHHUKU AJIA
BU3HAUEHHSA Ba’KJIMBOCTY 3MiHHUX i MOPAAKY HaAWOiJIbIIT BIIMBOBUX 3MiHHUX. MeTox
ANOVA Takox € TecTyBaHHAM (II€pEeBipKOI0) CTATUCTUYHOI rimoresu, Ae POOJIATHCS
BMCHOBKM HA OCHOBi cTaTHCTUUYHUX AaHUX abo rpym. « HymsoBa» rimoresa Tecty ANO-
VA 1monarae B ToMy, IO AaHi € MPOCTUMH BUMALKOBUMHU AJsI ONHi€l CYKYIHOCTH;
TOMY BOHM MAalOTh OJHAKOBE OUiKyBaHe cepelHE 3HAUYeHHA Ta auciepcito. Kpim Toro,
IS BUBHAYEHHS PeryJAaTopa IMBUIKOCTH PeaKIlii IPOBOAATH AOCTIAMKEeHHSA KiHEeTUKU
BUJIYTOBYBAHHSA 3 BUKOPUCTAHHAM MOJEJi «yCamaHOro Anpa». Pe3dysbTaTH IOKasayu,
110 Yac BUJIYTOBYBAaHHSA Biflirpae Ba’sKJIUBY POJIb KUCJIOTU, OCHOBU Ta MOHOTJIyTaMaTy
HaTpilo y B30iJbIIIeHHI MIBUAKOCTH [M00YBAaHHS HiKemo. Buxoasuum 3 pesysbTaTiB
OUCIIepCiiHOro aHaIidy, JBOMA HAMOIJIbII BINIMBOBUMY YMHHUKAMU € TeMIIepaTypa Ta
yac BUJIYrOBYBaHHs. Bukopucranua po3dpaxyHKY Ha ocHOBI Mmetony ANOVA € 6inbima
TOUYHUM, aHi’K BUKOPUCTAHHS TPAAUI[IAHOTO METOLYy, TAKOro AK ‘excel’, i morpebye
MOaJIBIIIOT0 PO3BUTKY AJA BUAOOYTKY KOPUCHUX KOMNAJUH y MAaiiOyTHHOMY.

KarouoBi croBa: BUIyroByBaHHA, KiHeTUKa, gucnepciiiauii ananais (ANOVA), Ni.
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