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ABSTRACT: This revised manuscript develops a transparent metallurgical-economic screening framework for atmospheric 
sulfuric acid leaching of a ferruginous nickel laterite ore. The objective is not to prove a universal kinetic mechanism or a final 
project-level feasibility estimate, but to evaluate how experimentally observed extraction responses translate into preliminary 
economic ranking under clearly stated assumptions. Duplicate leaching tests were performed at 95-100 °C using sulfuric acid 
dosages of 700-1000 kg H2SO4/t ore and residence times of 30-420 min. The tables report average values used for mass-balance 
and screening calculations; individual duplicate results are not shown in the main text, and formal significance claims are 
therefore avoided. Nickel and iron responses were modeled empirically as functions of acid dosage and residence time, while 
cobalt was included as a revenue component in selected base-case scenarios. The results show that the highest observed Ni 
extraction, 74.1% at 360 min and 1000 kg H2SO4/t ore, also produced the highest Fe dissolution, 65.8%, and a low Ni/Fe 
selectivity indicator. Under the base-case economic assumptions, the most attractive evaluated scenario was 420 min and 700 kg 
H2SO4/t ore, because the lower acid-addition cost and Fe penalty offset the lower Ni and Co extraction. Sensitivity analysis 
confirmed that this ranking is assumption-dependent and should be interpreted as a feasibility-screening result rather than a global 
economic optimum. Non-monotonic extraction behavior between 360 and 420 min is discussed cautiously as a possible 
combination of experimental dispersion, sampling effects, and secondary Ni retention associated with Fe(III) hydrolysis and 
sulfate-bearing phases. The revised framework provides a practical route for converting duplicated laboratory leaching tests into 
auditable, assumption-sensitive screening inputs for early-stage nickel laterite project evaluation. 
 
KEYWORDS: nickel laterite; atmospheric sulfuric acid leaching; empirical modeling; acid dosage; iron dissolution; economic 
screening; Ni/Fe selectivity; feasibility studies. 
 
HIGHLIGHTS 
• Duplicate leaching tests were used to support exploratory metallurgical-economic screening. 
• The study ranks leaching scenarios rather than claiming mechanistic kinetic proof. 
• Higher Ni extraction increased Fe dissolution, acid-addition cost, and capital intensity. 
• The best base-case scenario was not the condition of maximum observed Ni extraction. 
• Secondary Ni retention is discussed as plausible but not directly proven. 
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Graphical abstract 

 
1. INTRODUCTION 

Nickel is a strategic metal for stainless steels, superalloys, and battery supply chains, and the expansion of low-carbon 
technologies has intensified the need for secure and sustainable nickel resources (Basuhi et al., 2024; Foss & Koelsch, 2022; 
Msumange et al., 2026). Lateritic nickel ores represent a major resource base, but their processing remains challenging because Ni 
and Co are commonly distributed among iron oxyhydroxides, clay minerals, serpentine, poorly crystalline Fe-Si phases, and 
manganese oxides (Acquah et al., 2025, 2026; Bonfu et al., 2026; Caetano et al., 2025). 

Hydrometallurgical options for laterites include pressure acid leaching, atmospheric acid leaching, heap leaching, 
bioleaching, chloride leaching, sulfation roasting followed by water leaching, and combined beneficiation-leaching strategies. 
These routes involve different trade-offs among Ni-Co extraction, reagent addition, selectivity, residue generation, scale-up risk, 
OPEX, and CAPEX (Agatzini-Leonardou et al., 2021; Chi et al., 2026; Duman & Can, 2022; Stankovic et al., 2022; Suleimen et 
al., 2026). Pressure acid leaching can produce high extraction from limonitic ores, but it requires autoclaves, stringent materials of 
construction, and complex scale-up control (Connelly, 2025; Duman & Can, 2022). Atmospheric sulfuric acid leaching is simpler 
but often requires high acid dosage and long residence time, especially for ferruginous and mineralogically heterogeneous ores 
(Jeong et al., 2025; Kang et al., 2026; Lasut et al., 2023; Ribeiro et al., 2025; Santos et al., 2021). 

For ferruginous laterites, the main process challenge is not only Ni extraction but also the simultaneous dissolution of Fe. 
Iron dissolution increases acid demand, neutralization load, impurity-removal burden, residue generation, and the risk of Ni and 
Co losses during purification. This selectivity challenge has been emphasized in recent work on Fe-rich leach liquors and laterite 
processing residues (Boafo et al., 2026; Lei et al., 2020; Prameswara et al., 2025; Wang et al., 2025; Wen et al., 2025). Therefore, 
the most attractive leaching condition cannot be selected from Ni extraction alone; it must consider the marginal value of 
additional Ni and Co against marginal acid addition, Fe dissolution, and residence-time-related reactor volume. 

A second issue is the interpretation of non-monotonic extraction behavior in Fe-rich sulfate systems. Apparent decreases 
in dissolved Ni after longer reaction times may arise from experimental dispersion, sequential sampling, mass-balance 
uncertainty, or secondary retention mechanisms. Fe(III) hydrolysis and precipitation can promote adsorption, occlusion, or co-
precipitation of Ni in Fe-rich or sulfate-bearing secondary phases (Pereira, 2026a). A BaCl2 diagnostic study showed that a limited 
but measurable fraction of residual Ni in atmospheric sulfuric leaching residues could be remobilized under sulfate-scavenging 

https://doi.org/10.47191/ijcsrr/V9-i7-27
http://sjifactor.com/passport.php?id=20515
http://www.ijcsrr.org/
http://www.ijcsrr.org/


International Journal of Current Science Research and Review 
ISSN: 2581-8341    
Volume 09 Issue 07 July 2026    
DOI: 10.47191/ijcsrr/V9-i7-27, Impact Factor: 8.048   
IJCSRR @ 2026   

 

www.ijcsrr.org 

 

3867   *Corresponding Author: Antonio Clareti Pereira                                             Volume 09 Issue 07 July 2026 
                                Available at: www.ijcsrr.org 
                                                                                  Page No. 3865-3879 

 

conditions, supporting the plausibility of sulfate-related Ni retention, though it did not provide direct mineralogical evidence 
(Pereira, 2026b). 

This study addresses the gap between laboratory leaching tests and early-stage project screening. The framework is 
consistent with the principles of circular and sustainable hydrometallurgy, which emphasize reagent efficiency, impurity control, 
residue minimization, and integration of metallurgical responses into economic decision-making (Binnemans & Jones, 2023; 
Botelho Junior et al., 2023; Kalupahana et al., 2025; O'Sullivan & Williams, 2024). The specific objectives are to: (i) quantify the 
effects of sulfuric acid dosage and residence time on Ni extraction and Fe dissolution; (ii) fit empirical interpolation equations for 
screening; (iii) include selected Co values in base-case revenue calculations; (iv) compare metallurgical and economic rankings; 
and (v) define a cautious decision-support workflow that recognizes statistical and economic uncertainty. 

 
2. MATERIALS AND METHODS 

2.1. Ore sample and experimental basis 
The experimental study was performed using a ferruginous nickel laterite ore fraction retained on a 100-mesh sieve. Each 

leaching test used 600 g of ore. Atmospheric sulfuric acid leaching was conducted at approximately 95-100 °C under mechanical 
agitation for residence times up to 420 min. The experimental matrix was designed to test four sulfuric acid concentrations while 
maintaining the same initial ore and slurry masses. 

Table 1 presents the acid-dosage matrix. The H2SO4 mass ranged from 420 to 600 g, corresponding to 700-1000 kg 
H2SO4/t ore. Water addition was adjusted to maintain a constant initial slurry mass of 3000 g. 
 
Table 1. Sulfuric acid dosage matrix used in the leaching tests. 

Test Ore mass (g) H2SO4 mass (g) Water mass (g) H2SO4 dosage (kg/t ore) 
1 600 420 1980 700 
2 600 480 1920 800 
3 600 540 1860 900 
4 600 600 1800 1000 

    Source: Authors' own elaboration based on the experimental leaching test design. 
 

This matrix enabled the evaluation of the effect of acid dosage while keeping the ore mass and the total initial slurry mass 
constant. Differences in Ni extraction and Fe dissolution can therefore be interpreted primarily in terms of acid dosage, residence 
time, and ore response under the defined experimental conditions. 

2.2. Chemical composition of the ore 
Table 2 presents the head composition used for mass-balance and extraction calculations. The ore is Fe-rich and contains 

relatively low Ni and Co grades, consistent with a ferruginous lateritic nickel ore. 
 
Table 2. Head composition used in the extraction calculations. 

Element Content (wt.%) 
Al 1.9402 
Ca 0.0966 
Co 0.0667 
Cr 1.9653 
Cu 0.0100 
Fe 34.4925 
Mg 3.8229 
Mn 0.6455 
Ni 0.8975 
Si 11.7176 
Zn 0.0300 

     Source: Authors' own elaboration based on the chemical characterization of the ore sample. 
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For one tonne of ore, these grades correspond to approximately 8.975 kg Ni/t, 0.667 kg Co/t, and 344.925 kg Fe/t. These 
values were used to convert extraction percentages into metal masses and dissolved impurity loads. 

2.3. Leaching data treatment and mass-balance basis 
For each sampling point, the leach liquor, wash water, and residue were analyzed. Extraction was calculated as the 

combined contribution of the pregnant leach solution and wash liquor to avoid underestimating the dissolved metal retained in the 
wet residue before washing. The acid dosage and logarithmic residence-time variables are defined as follows (Eq. 1): 
A = (D - 700) / 100     (1) 
L = ln(t / 30)                (2) 

where D is sulfuric acid dosage in kg H2SO4/t ore, t is residence time in min, A is the coded acid-dosage variable, and L 
is the logarithmic time variable. 
VL = mL / (ρL x 1000)            (3) 
VW = mW / (ρW x 1000)         (4) 
mi,diss = Ci,L VL + Ci,W VW     (5) 
more,dry = mpulp S (1 - M)         (6) 
mi,0 = more,dry (Gi / 100)           (7) 
Xi = (mi,diss / mi,0) x 100          (8) 

In Eqs. (3)-(8), VL and VW are the liquor and wash-water volumes, ρL and ρW are the corresponding liquid densities, Ci,L 
and Ci,W are element concentrations, mi,diss is the dissolved mass of element i, mi,0 is the initial mass of element i in the represented 
dry ore, and Xi is the calculated extraction or dissolution percentage. For Ni and Co, Xi is interpreted as extraction into solution. 
For Fe, Xi is interpreted as the dissolution of impurities. 

2.4. Statistical treatment and scope of inference 
The experimental work was performed in duplicate. The values reported in the main tables are the averages used for the 

mass-balance calculations and the economic screening exercise. The individual duplicate results are not shown in the main text; 
therefore, the manuscript does not claim statistical significance for differences among individual leaching conditions. The 
duplicate tests were used to support confirmation of process trends and internal consistency checks, whereas the central objective 
of the article is to compare the relationship between metallurgical response and economic index under transparent assumptions. 

This distinction matters. The manuscript's purpose isn't to establish a definitive acid consumption value, a universal 
kinetic law, or a mechanistic Ni extraction model. Instead, it shows how duplicated laboratory leaching responses can serve as 
preliminary feasibility indicators. Terms like "significant increase" are avoided unless supported by numerical contrasts, and R2 
values are only seen as measures of interpolation fit within the tested domain. Fixed-time and fixed-dosage regressions are used as 
visual aids, not as independent predictive models. 

2.5. Experimental extraction matrix 
The extraction data used for the empirical modeling are summarized in Tables 3 and 4. The values correspond to the 

combined recovery of leach liquor and wash water. Ni and Fe are reported in full because Ni is the main revenue-generating metal 
and Fe is the main impurity penalty. Co was included in the selected economic scenarios as an additional revenue-generating 
metal; selected Co values are shown in Table 5. 
 
Table 3. Nickel extraction as a function of time and acid dosage (%). 

Time (min) 700 kg/t 800 kg/t 900 kg/t 1000 kg/t 
30 38.9 42.1 50.0 52.1 
60 45.2 57.8 52.8 52.6 
120 54.4 57.4 60.9 67.3 
240 58.2 63.2 69.3 64.3 
300 58.4 58.9 61.0 70.3 
360 58.9 65.5 70.0 74.1 
420 66.2 71.1 61.3 72.9 

     Source: Authors' own elaboration based on the experimental leaching data. 
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Table 4. Iron dissolution as a function of time and acid dosage (%). 
Time (min) 700 kg/t 800 kg/t 900 kg/t 1000 kg/t 
30 21.2 24.4 30.5 34.6 
60 25.6 36.8 35.1 37.4 
120 32.7 38.9 42.3 52.3 
240 36.3 45.9 52.6 54.8 
300 37.7 43.0 45.1 61.1 
360 37.6 48.0 55.4 65.8 
420 42.9 52.3 47.4 63.1 

    Source: Authors' own elaboration based on the experimental leaching data. 
 
Table 5. Selected co-extraction values used in the base-case economic simulation. 

Condition Ni (%) Co (%) Fe (%) 
420 min / 700 kg/t 66.2 41.4 42.9 
420 min / 800 kg/t 71.1 44.8 52.3 
360 min / 800 kg/t 65.5 40.9 48.0 
240 min / 700 kg/t 58.2 31.0 36.3 
240 min / 900 kg/t 69.3 39.3 52.6 
360 min / 1000 kg/t 74.1 47.1 65.8 

     Source: Authors' own elaboration based on selected metallurgical results used for the scenario calculation. 
 
The extraction matrix shows that Ni extraction generally increased with residence time and acid dosage. However, the 

response was not strictly monotonic. For example, the 900 kg/t condition decreased from 70.0% Ni at 360 min to 61.3% at 420 
min. Such behavior is treated cautiously and may reflect a combination of experimental dispersion, sampling effects, mass-
balance uncertainty, and secondary Ni retention associated with Fe-rich or sulfate-bearing phases. 

2.6. Empirical response modeling 
The experimental responses were modeled using empirical interpolation equations. These equations are not mechanistic 

kinetic laws and should not be used outside the experimental domain. The general response model is: 
XM = β0 + β1 A + β2 L + β3 A2 + β4 L2 + β5 A L     (9) 

Where XM is the response for element M. The logarithmic-time term represents rapid initial dissolution, followed by 
slower marginal extraction at longer residence times. 
XNi = 39.75 + 4.63A + 11.11L - 0.268A2 - 0.970L2 - 0.333AL     (10) 
XCo = 14.40 + 2.70A + 6.54L + 0.175A2 + 0.961L2 - 0.130AL     (11) 
XFe = 21.86 + 3.31A + 8.14L + 0.193A2 - 0.376L2 + 1.312AL     (12) 
 
Table 6. Summary of empirical response equations and scope of use. 

Element Equation R2 Interpretation and limitation 
Ni Eq. (10) 0.86 Primary metallurgical response: screening interpolation only. 
Co Eq. (11) 0.94 Auxiliary revenue response: selected Co values are shown for audited scenarios. 

Fe Eq. (12) 0.93 
The impurity dissolution response is treated as both OPEX and a selectivity 
penalty. 

     Source: Authors' own elaboration based on empirical response models derived from duplicate-average leaching data. 
 
The R2 values indicate that the equations reproduce the main trends within the studied domain, but they should be 

interpreted with caution. Because the article focuses on feasibility screening rather than kinetic mechanism validation, the models 
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are used to compare relative responses and to perform economic ranking, not to establish reaction orders, activation energies, or 
mineral-specific rate constants. 

2.7. Fixed-dosage and fixed-time functions 
For interpretive purposes, fixed-dose-time functions and fixed-time acid-dose functions were also fitted. They were 

retained as descriptive summaries of the marginal effects of residence time and acid dosage. Because some of these regressions 
use a small number of points, high R2 values should not be interpreted as independent validation. 
XM = a + bL + cL2     (13) 
Table 7. Numbered fixed-dosage time functions for nickel extraction. 

Dosage Function Eq. R2 
700 kg/t XNi = 38.94 + 10.38L - 0.501L2 (14) 0.95 
800 kg/t XNi = 44.62 + 12.33L - 1.555L2 (15) 0.81 
900 kg/t XNi = 48.45 + 12.21L - 2.201L2 (16) 0.73 
1000 kg/t XNi = 51.02 + 7.51L + 0.377L2 (17) 0.87 

    Source: Authors' own elaboration based on duplicate-average Ni extraction data. 
 
Table 8. Numbered fixed-dosage time functions for iron dissolution. 

Dosage Function Eq. R2 
700 kg/t XFe = 21.15 + 7.25L + 0.077L2 (18) 0.97 
800 kg/t XFe= 25.95 + 11.51L - 1.021L2 (19) 0.92 
900 kg/t XFe= 29.47 + 11.69L - 1.325L2 (20) 0.83 
1000 kg/t XFe= 33.47 + 9.98L + 0.764L2 (21) 0.95 

     Source: Authors' own elaboration based on duplicate-average Fe dissolution data. 
     XM = a + bA + cA2     (22) 
 
Table 9. Numbered fixed-time acid-dosage functions for nickel extraction. 

Time Function Eq. R2 
30 min XNi= 38.38 + 5.58A - 0.275A2 (23) 0.95 
60 min XNi= 46.32 + 11.32A - 3.20A2 (24) 0.69 
120 min XNi= 54.52 + 1.67A + 0.850A2 (25) 1.00 
240 min XNi = 57.59 + 9.94A - 2.50A2 (26) 0.88 
300 min XNi= 58.68 - 2.82A + 2.20A2 (27) 0.98 
360 min XNi= 58.99 + 6.89A - 0.625A2 (28) 1.00 
420 min XNi= 68.01 - 4.00A + 1.68A2 (29) 0.20 

      Source: Authors' own elaboration based on the experimental Ni extraction data and fixed-time polynomial regression. 
 
Table 10. Numbered fixed-time acid-dosage functions for iron dissolution. 

Time Function Eq. R2 
30 min XFe= 20.94 + 4.00A + 0.217A2 (30) 0.99 
60 min XFe= 26.49 + 10.00A - 2.210A2 (31) 0.84 
120 min XFe= 33.14 + 3.42A + 0.932A2 (32) 0.98 
240 min XFe= 36.22 + 11.74A - 1.839A2 (33) 1.00 
300 min XFe= 38.52 - 0.81A + 2.684A2 (34) 0.95 
360 min XFe= 37.86 + 9.27A - 0.024A2 (35) 1.00 
420 min XFe= 44.69 + 0.80A + 1.581A2 (36) 0.73 

      Source: Authors' own elaboration based on the experimental Fe dissolution data and fixed-time polynomial regression. 
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The 420 min Ni function has a very low R2 and is therefore interpreted only as a descriptive curve. The Fe functions 
show a generally stronger and more consistent response to acid dosage, reinforcing that additional acid may increase impurity 
dissolution as well as Ni extraction. 

2.8. Economic screening model 
The empirical and experimental responses were converted into a simplified economic screening index. The model is 

comparative and should not be interpreted as a final feasibility estimate. It uses acid-addition cost rather than measured acid 
consumption because residual free acid and recoverable acid were not measured in this dataset. 
RNi+Co = mNi,0 (XNi/100) PNi + mCo,0 (XCo/100) PCo     (37) 
Cacid,add = D Pacid facid     (38) 
CFe = mFe,0 (XFe/100) CFe,treat     (39) 
Ctime = Ch (t/60)     (40) 
Iecon = RNi+Co - Cacid,add - CFe - Ctime     (41) 

In Eq. (38), facid is the fraction of added acid charged to the economic scenario. The base case uses facid = 1.00, while 
sensitivity cases use lower values to represent potential residual acidity, acid recycle, or partial acid recovery. The time term is an 
empirical residence-time penalty and not an annualized CAPEX estimate. 
 
Table 11. Relative reactor volume and CAPEX factor using 120 min as reference. 

Time (min) Relative volume Relative CAPEX factor 
30 0.25 0.44 
60 0.50 0.66 
120 1.00 1.00 
240 2.00 1.52 
300 2.50 1.73 
360 3.00 1.93 
420 3.50 2.12 

      Source: Authors' own elaboration based on residence-time scaling and the six-tenths rule used as a conceptual indicator. 
 
Table 12. Economic assumptions used in the base-case simulation. 

Parameter Value 
Ni price US$ 16/kg Ni 
Co price US$ 30/kg Co 
H2SO4 addition cost US$ 0.08/kg H2SO4 
Fe treatment penalty US$ 0.03/kg Fe dissolved 
Empirical residence-time penalty US$ 1.50/h/t ore 

        Source: Authors' own assumptions used only for comparative economic screening. 
 
3. RESULTS AND DISCUSSION 

3.1. Nickel extraction response 
Figure 1 shows the average Ni extraction values as a function of residence time for the four sulfuric acid dosages. Ni 

extraction increased from 38.9-52.1% at 30 min to higher values at longer residence times, reaching the maximum observed value 
of 74.1% at 360 min and 1000 kg H2SO4/t ore. The data also show non-monotonic behavior at selected conditions, especially 
between 360 and 420 min. 

https://doi.org/10.47191/ijcsrr/V9-i7-27
http://sjifactor.com/passport.php?id=20515
http://www.ijcsrr.org/
http://www.ijcsrr.org/


International Journal of Current Science Research and Review 
ISSN: 2581-8341    
Volume 09 Issue 07 July 2026    
DOI: 10.47191/ijcsrr/V9-i7-27, Impact Factor: 8.048   
IJCSRR @ 2026   

 

www.ijcsrr.org 

 

3872   *Corresponding Author: Antonio Clareti Pereira                                             Volume 09 Issue 07 July 2026 
                                Available at: www.ijcsrr.org 
                                                                                  Page No. 3865-3879 

 

 
Figure 1. Nickel extraction as a function of residence time at fixed sulfuric acid dosages. Source: Prepared by the authors 

from duplicate-averaged experimental results obtained in this study. 
 
The apparent decrease in Ni between 360 and 420 min is not a simple reversal of dissolution. In Fe-rich sulfate systems, 

increased dissolved Fe can cause Fe(III) hydrolysis and secondary precipitation, which may trap Ni through adsorption, occlusion, 
co-precipitation, or sulfate retention. This is supported by co-precipitation principles and evidence of BaCl2-remobilized Ni in 
similar residues (Pereira, 2026a, 2026b). However, without data on duplicate values, sulfate levels, or mineralogy, this 
explanation remains plausible rather than confirmed. 

3.2. Iron dissolution and selectivity penalty 
Figure 2 presents Fe dissolution under the same fixed acid dosages. Fe dissolution increased with both acid dosage and 

residence time, reaching 65.8% at 360 min and 1000 kg H2SO4/t ore. This condition also yielded the highest Ni extraction, 
illustrating the selectivity penalty associated with more aggressive leaching that dissolves the ferruginous matrix. 

 
Figure 2. Iron dissolution as a function of residence time at fixed sulfuric acid dosages. Source: Prepared by the authors 

from duplicate-averaged experimental results obtained in this study. 
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A simple Ni/Fe selectivity indicator was calculated as SNi/Fe = XNi/XFe. Table 13 shows that the most selective condition 
among the selected examples was 420 min/700 kg/t, even though it did not yield the highest Ni extraction. 
 
Table 13. Selected Ni/Fe selectivity indicators. 

Condition Ni extraction (%) Fe dissolution (%) SNi/Fe 
420 min / 700 kg/t 66.2 42.9 1.54 
420 min / 800 kg/t 71.1 52.3 1.36 
240 min / 900 kg/t 69.3 52.6 1.32 
360 min / 1000 kg/t 74.1 65.8 1.13 

     Source: Authors' own elaboration based on the Ni extraction and Fe dissolution matrices. 
 

3.3. Empirical response surfaces 
Figure 3 shows the empirical response surfaces for Ni extraction and Fe dissolution within the tested domain. The 

surfaces are interpolation tools and are not intended to represent mechanistic kinetics. The Ni surface indicates increasing 
extraction with acid dosage and residence time, whereas the Fe surface shows that impurity dissolution also intensifies under more 
aggressive conditions. 

 
Figure 3. Modeled effects of sulfuric acid dosage and residence time on (a) Ni extraction and (b) Fe dissolution. The 

surfaces were generated within the experimental ranges of 700-1000 kg H2SO4/t ore and 30-420 min. Source: Authors' own 
elaboration based on the empirical response equations developed in this study. 

 
Because these surfaces are based on empirical duplicate-average data rather than a mechanistic kinetic model, the results 

are most appropriate for screening, interpolation, and identifying trade-offs. They do not provide activation energies, rate 
constants, or mechanistic control regimes. 

3.4. Fixed-time acid-dosage curves 
Figure 4 presents the acid-dosage curves at fixed residence times. For Ni, additional acid generally increased extraction, 

but the marginal gain was not proportional at all residence times. For Fe, increasing acid dosage had a strong effect on dissolution, 
especially at longer residence times. 
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Figure 4. Acid-dosage curves for (a) Ni extraction and (b) Fe dissolution at fixed residence times. Lines are guides to the 

eye; the 420 min Ni curve is descriptive only. Source: Authors' own elaboration based on the experimental data and fixed-
time acid-dosage functions. 

These curves support the central trade-off of the study: higher acid dosage can improve Ni extraction but also increases 
Fe dissolution and acid-addition costs. Therefore, the operating condition should be selected by balancing extraction and penalties, 
not by maximizing Ni extraction alone. 

3.5. Selected economic scenarios 
Table 14 summarizes the metallurgical data used for the selected economic scenarios. Ni and Co contribute to revenue, 

whereas Fe dissolution contributes to treatment and selectivity penalties. 
 
Table 14. Metallurgical results for selected economic scenarios. 

Condition Ni (%) Co (%) Fe (%) 
420 min / 700 kg/t 66.2 41.4 42.9 
420 min / 800 kg/t 71.1 44.8 52.3 
360 min / 800 kg/t 65.5 40.9 48.0 
240 min / 700 kg/t 58.2 31.0 36.3 
240 min / 900 kg/t 69.3 39.3 52.6 
360 min / 1000 kg/t 74.1 47.1 65.8 

     Source: Authors' own elaboration based on the selected experimental leaching scenarios. 
 
Table 15. Economic indicators for selected scenarios (US$/t ore). 

Condition Revenue Acid-addition cost Fe penalty Time penalty Economic index 
420 min / 700 kg/t 103.3 56.0 4.4 10.5 32.4 
420 min / 800 kg/t 111.1 64.0 5.4 10.5 31.2 
360 min / 800 kg/t 102.2 64.0 5.0 9.0 24.3 
240 min / 700 kg/t 89.8 56.0 3.8 6.0 24.0 
240 min / 900 kg/t 107.4 72.0 5.4 6.0 23.9 
360 min / 1000 kg/t 115.8 80.0 6.8 9.0 20.0 

Source: Authors' own elaboration based on selected metallurgical results and the economic-index formulation developed in this 
study. 
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Figure 5 shows the same economic index values for the selected base-case scenarios. The highest index was obtained at 
420 min / 700 kg H2SO4/t ore. This condition did not produce the highest Ni extraction but provided the best balance among Ni 
and Co revenue, acid-addition cost, Fe dissolution, and residence-time penalty under the base-case assumptions. 

 
Figure 5. Economic index for selected leaching scenarios. Higher values indicate better base-case economic performance. 

Source: Authors' own elaboration based on Table 15. 
 

3.6. Sensitivity to acid-cost allocation 
Because acid dosage differs from measured acid consumption, a sensitivity analysis was performed using 100%, 75%, 

and 50% of the added acid charged to the economic index. This analysis addresses the possibility that part of the acid may remain 
as free acidity or become recyclable in a future flowsheet. 

 
Table 16. Sensitivity of the economic index to the fraction of added acid charged to the scenario. 

Condition 100% acid cost 75% acid cost 50% acid cost 
420 min / 700 kg/t 32.4 46.4 60.4 
420 min / 800 kg/t 31.2 47.2 63.2 
360 min / 800 kg/t 24.3 40.2 56.2 
240 min / 700 kg/t 24.0 38.0 52.0 
240 min / 900 kg/t 23.9 42.0 60.0 
360 min / 1000 kg/t 20.0 40.0 60.0 

Source: Authors' own sensitivity calculation based on the same revenue, Fe penalty, and residence-time penalty shown in Table 
15. 
 

The sensitivity results show that the ranking is assumption-dependent. Under the base case, 420 min/700 kg/t is the best-
selected scenario. If only 75% or 50% of acid addition is charged, 420 min / 800 kg/t becomes slightly more favorable. Therefore, 
the revised manuscript refers to the selected condition as the best base-case scenario among evaluated cases, not as a universal 
economic optimum. 

3.7. Residence time, reactor volume, and capital intensity 
Figure 6 shows the effect of residence time on relative reactor volume and a conceptual CAPEX factor. At fixed plant 

throughput, reactor volume is proportional to residence time. Increasing residence time from 120 to 420 min increases the relative 
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volume by a factor of 3.5. Using a six-tenths scaling indicator, the relative CAPEX factor becomes approximately 2.12. This is a 
conceptual reactor-volume scaling indicator, not a complete estimate of installed plant capital cost. 

 
Figure 6. Relative reactor volume and CAPEX factor as a function of residence time. Source: Authors' own elaboration 

based on residence-time scaling and the six-tenths rule used as a conceptual indicator. 
 
Table 17. Comparison between metallurgical and base-case economic optimum. 

Criterion Best condition Ni (%) Fe (%) Economic meaning 

Maximum Ni extraction 360 min / 1000 kg/t 74.1 65.8 
Highest extraction, but high acid-addition 
cost and Fe penalty 

Maximum base-case 
economic index 

420 min / 700 kg/t 66.2 42.9 Lower extraction, but better cost/extraction 
balance 

      Source: Authors' own elaboration based on experimental leaching data and base-case economic index simulation. 
 
The comparison confirms that maximum Ni extraction is not equivalent to maximum economic attractiveness. The most 

aggressive condition generated the highest revenue but also the highest acid cost and Fe penalty among the selected scenarios. The 
base-case economic ranking favored a less aggressive condition with better selectivity and lower operating penalties. 

3.8. Decision-support workflow and limitations 
Table 18 summarizes the revised decision-support workflow. The workflow is intended for preliminary feasibility 

screening and should be updated when full duplicate data, analytical uncertainty, free acid measurements, sulfate measurements, 
residue mineralogy, downstream recovery, payability, and plant-level CAPEX estimates become available. 

 
Table 18. Decision-support workflow for transforming leaching tests into feasibility-screening inputs. 

Step Module Purpose 

1 
Experimental 
leaching matrix 

Vary the acid dosage and residence time; quantify the extraction of Ni, Co, Fe, and 
relevant impurities by mass balance. 

2 Duplicate and 
uncertainty review 

Report duplicate averages and, when available, individual values, standard deviations, 
analytical uncertainty, and mass-balance closure. 

3 Empirical response 
models 

Fit interpolation equations within the experimental domain and avoid extrapolation 
beyond tested conditions. 
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4 Revenue estimation Convert Ni and Co extraction into recoverable metal masses, using downstream 
recovery and, when available, payability. 

5 OPEX penalties 
Convert acid addition to scenario cost, and Fe dissolution to treatment or 
neutralization penalty. 

6 CAPEX linkage Convert residence time into reactor volume and relative capital-intensity indicators. 

7 Economic ranking Rank conditions using an economic index or project-level metric. Distinguish 
selected-scenario best, observed best, and predicted optimum. 

8 Sensitivity analysis Test Ni price, Co price, acid cost, acid recovery, Fe penalty, downstream recovery, 
payability, and residence-time penalty. 

    Source: Authors' own elaboration based on the proposed metallurgical-economic screening framework. 
 
The main limitations of this revised study are: (i) the main tables report duplicate-average values but not individual 

duplicate data; (ii) uncertainty bars are not shown; (iii) acid consumption was not measured directly, so acid-addition cost was 
used; (iv) the Co matrix is represented only by selected scenarios in the main text; (v) the time penalty is empirical rather than an 
annualized CAPEX calculation; and (vi) secondary Ni retention is a plausible mechanism but was not confirmed by complete 
post-leaching mineralogy for all residues. These limitations limit the strength of the conclusions but do not invalidate the central 
screening insight: the highest Ni extraction condition may not yield the most favorable economic outcome under realistic penalty 
assumptions. 

 
4. CONCLUSIONS 
ü The revised manuscript presents the work as an exploratory metallurgical-economic screening study rather than a definitive 

kinetic or project-feasibility assessment. 
ü Ni extraction generally increased with acid dosage and residence time, but non-monotonic behavior occurred at selected 

conditions, especially between 360 and 420 min. 
ü The non-monotonic behavior is compatible with experimental dispersion, sampling effects, and possible secondary Ni 

retention in Fe-rich or sulfate-bearing phases; however, this mechanism is treated as plausible rather than proven. 
ü The highest observed Ni extraction was 74.1% at 360 min and 1000 kg H2SO4/t ore, but this condition also produced the 

highest Fe dissolution among the selected scenarios. 
ü Under the base-case assumptions, 420 min and 700 kg H2SO4/t ore were the best selected economic scenario, because lower 

acid-addition cost and Fe penalty outweighed the lower Ni and Co extraction. 
ü Sensitivity analysis showed that the economic ranking changes when the fraction of added acid charged to the scenario is 

reduced, demonstrating that the result is assumption-dependent. 
ü Future work should report individual duplicate results, mass-balance closures, standard deviations, free acidity, sulfate 

speciation, residue mineralogy, downstream recovery, payability, and annualized CAPEX. 
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