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Abstract. Selective flotation of low-grade ilmenite ores is complicated by the
similarity in surface properties between ilmenite and silicate gangue, while reagent
performance depends jointly on several interacting process variables. The feed ore
contained 6.8 wt.% TiO, and consisted predominantly of silicate gangue, confirming its
low-grade character and the need for selective flotation. This study presents a response
surface methodology (RSM) model for ilmenite flotation using a single modified
lignosulphonate collector, LS-O2, obtained by permanganate oxidation. A three-factor,
three-level Box-Behnken design was used to relate pulp pH, reagent dosage, and
temperature to ilmenite recovery and the TiO, grade of the concentrate. Second-order
polynomial models for both responses were statistically significant (p<<0.001), with no
significant lack of fit, and explained 99.6% and 98.4% of the variance in recovery and
TiO, grade, respectively. Reagent dosage was the dominant factor for both responses,
followed by pH, while temperature had a comparatively minor effect. For TiO, grade,
the linear temperature term and temperature-related interactions were not significant,
although the quadratic temperature term remained significant. Joint optimisation using
a composite desirability function identified an optimum at pH 7.31, an LS-O2 dosage of
0.331 kg/t, and a temperature of 28°C, predicting 76.6% recovery and a TiO, grade of
21.4%. Model predictions were verified at five independent operating points, including
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a boundary combination and an extrapolated condition, with deviations not exceeding
2.52%.

Keywords: ilmenite, froth flotation, modified lignosulphonate, response surface
methodology, Box-Behnken design, process optimisation
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Annoranusi. TeMeH CypBINTHl WIBMEHHT KEHAEPIH CENEeKTUBTI QuoTanusiay
WIBMEHHUT TEH CHIIMKATThl OOC JKBIHBICTBIH OCTTIK KAaCHETTEPiHiH YKCACTBIFBIMEH
KYpAeJeHeal, ajl peareHTTiH THIMIUNr OipHemie e3apa OpeKeTTEeCeTiH Ipolece
alHBIManbLIapbiHa Oipiecin Toyenni. bacrankel keH Kypambinma 6,8 macc.% TiO,
OO0 B JKOHE OJT HET131HeH CHIIMKATThI 00C KBIHBICTAH TYP/bI, OYJ1 OHBIH TOMEH CYPBIIITHI
KEHTe JKaTaThIHBIH JKOHE CENEeKTUBTI (UIOTALMSIHBI KONJaHy KaKeTTiriH Kkepcetei. by
3epTTey/e IepMaHraHaTIeH TOTHIKTHIPY apKbUIbI aJIbIHFaH O1p FaHa MoAM(DUKaALMsIIaHFaH
nurHocynbdonat xxuHarbIubl LS-O2 KonaaHblUIFaH WIBMEHHT (IOTAMAChIHA apHATIFAH
xayan 0eti ogicHamachiHbIH (RSM) mozeni yewinpuiras. [lynsnansie pH MoHi, peareHt
IIBIFBIHBI JKOHE TEMIIEPaTypa MEH MJILMEHMTTIH allbIHYbI KoHe KOoHUeHTparrarsl TiO,
MeJIIIepi apachblHIaFbl OalIaHBICTBl aHBIKTAy YIIiH Y (aKTOpibl, YL AEHTenmi
Boxkc-benken sxocmapbl KongaHbUAbl. EKi kayan YIIiH Ae eKiHII PeTTi MOJTMHOMIBIK
MOJIETIb/IEP CTaTHCTUKAIBIK TYPFbIAaH MaHbI3AbI 00mbl (p<<0,001), eneymi colikecci3mik
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OaifKaMaIbl JKOHE COMKECIHINE allbIHy MEH TiO2 MeJIIepi TUCIepCUsiChIHBIH 99,6%
xoHe 98,4%-bIH Tycinmipai. PeareHT IIBIFBIHBI €Ki Kayan yIIiH ae 0ackiM (akTop
Oonzpl, onad kerin pH Typael, an TemmepaTypa CalbICTBIPMANbl TYpAE a3 acep eTTi.
TiO, memmiepi yuIiH TeMIEpaTypaHbIH CBI3BIKTBHIK MYILIECI KOHE TeMIIEpaTypaMeH
0aliIaHBICTBl ©3apa OpEKeTTeCyNiep MaHBI3Abl O0OJIMajbl, JETeHMEH TeMIIepaTypaHbIH
KBaJpaTThIK MYIIeci MaHbI3Abl 00BN Kaiael. Kypampac KanmaynbUTbIK (YHKIUSICHIH
KOJIZIaHy apKbUIbl KYpri3iireH Oipnecken oHTainmanasipy pH 7,31, LS-O2 mibFbiHbl
0,331 xr/t xoHe Temmeparypa 28°C OoiraHIa OHTAWNIbI KarAalabl aHBIKTAAbI, OyJI
Ke3zie anbiay 76,6% sxone TiO, memmepi 21,4% Gonaxel nen Gomxanasl. Mojenb
OomkaMIapsl IeKapaiblK KOMOMHALMSHBI KOHE SKCTPANOJSLHUIAHFaH JKaFJai bl
Koca ayiFaHfa, Oec Toyesci3 JKYMBIC HYKTECiHAE TEeKcepiiai, Oyl peTTe aybITKynap
2,52%-maH acraabl.

Tyiiin ce3aep: nbMeHHT, KOOIKTI ProTanys, MoAUPUKAIHSIAHFaH TUTHOCYIB(OHAT,
xayarn OeTi onicHaMmachl, bokc-beHnkeH ocnapel, yaepicTi OHTalIaHgbIpy
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Annoranusi. CenexTuBHas (GUoTaus HU3KOCOPTHBIX WJIBMEHHTOBBIX DY
3aTPYIHSAETCS CXOACTBOM MOBEPXHOCTHBIX CBOMCTB MJIBMEHUTA U CUJIIMKATHOW IMyCTON
MOPOABL, IPU 3TOM 3(p(hEKTUBHOCTH PEAreHTOB 3aBUCHT OJHOBPEMEHHO OT HECKOJIBKUX
B3alMOJICHCTBYIOLINX NEpeMEeHHbIX Npouecca. Mcxonnas pyna cogepxaina 6,8 mac.%
TiO, n Ob1a TpencTaBIeHa IPEMMYIIECTBEHHO CHJIMKATHOM IyCTOH MOPOMOM, YTO
MOATBEPKAAET €€ HHU3KOE COACp)KaHHE LIEHHOIO KOMIIOHEHTa W HEeoOXOAMMOCTb
MIPUMEHEHUS] CEJIEeKTUBHON (oTaumu. B HacTosieMm uccienoBaHUM MpeAcTaBIeHA
MOJIeTIb METOJOJIOTHH TOBEpXHOCTH oTKiIMKa (RSM) mna ¢nmoranuu wibmeHuTta c
HCTIOJIb30BAHUEM OJJHOTO MOAN(DHUIIMPOBAHHOTO JIUTHOCYAb(pOHaTHOTO coOuparenst LS-
02, nony4eHHOro ITyTeM OKHUCJIEHH epMaHraHaTtoM. i yCTaHOBJIEHUS 3aBUCUMOCTH
U3BJIEYEHUs MIbMEHNTa U conepkanus TiO, B konuenrpare ot pH mymbmbl, pacxona
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peareHra u TeMIepaTypbl HCIIOIb30BaIH TPEX(PAKTOPHBIN TPEXYpOBHEBLIH I1aH bokca-
Benkena. [lonnHoMuaneHble MOAENIHM BTOPOTO MOPSAKA Uil OOOMX OTKIMKOB OBLIH
cratuctuuecku 3HaunMbiMu (p<0,001), He TEMOHCTPUPOBAIH 3HAYUMOTO OTKIOHEHUS
oT Mozaenu u oObsicHs 99,6% u 98,4% nucnepcru B U3BJICYCHUHU U CONCPIKAHUU
TiO,, coorBeTcTBEHHO. Pacxon pearenra OblLl JOMUHMPYIOMIUM (HaKTOPOM 1/ 000UX
OTKJIMKOB, 3a Hell cienoBan pH, Torna kak TemmepaTypa OKa3blBajla CPaBHUTEIIBHO
He3HayuTenbHoe BiusHue. Jlng conepxkanus TiO, nMMHEHHBIA TeMIepaTypHbId 4ieH
W TeMIepaTypHble B3aUMOIEHCTBUS HE OBUIM 3HAYMMBIMH, XOTSl KBaJpaTUYHBIH
TEMIIEPATYpHBI 4JeH ocTaBajcid 3HauuMbIM. CoOBMECTHas ONTHUMM3alMs ¢
HCTIOJIb30BAHUEM COCTaBHOM (PYHKIIMH KeJIaTebHOCTH ONpeAenia onTuMyM npu pH
7,31, pacxone LS-02 0,331 xr/T u Temneparype 28°C, nporHo3upys uszBiedenue 76,6%
u conepxkanue TiO, 21,4%. IIporao3sl Mojeu ObUIM IPOBEPEHBI B IIATH HE3ABUCHMBIX
pabo4mx TOYKax, BKJIIOYAs TPAHUYHOE COUYETAHHE W IKCTPANOIMPOBAHHOE YCIIOBHE,
P 3TOM OTKJIOHEHHs He MpeBbIanu 2,52%.

KioueBble cjoBa: WIbBMEHUT, TeHHas (uoranus, MOAW(UIMPOBAHHBIN
JUTHOCYNTb(OHAT, METOJONOTUSI TOBEPXHOCTH OTKIMKa, IIaH bokca-beHkeHa,
ONTHUMHU3ALMS Tpoliecca

Introduction. [Imenite (FeTiO,) is the principal industrial titanium-bearing mineral
and an important feedstock for the production of TiO, pigments and titanium metal
(El Khalloufi et al., 2021; Maldybayev et al., 2024). The gradual depletion of readily
beneficiated ilmenite resources and the growing reliance on complex, low-grade
titanium-bearing ores have increased the need for more efficient mineral-processing
technologies (Maldybayev et al., 2024; Liu et al., 2025). Such ores typically contain
fine-grained ilmenite associated with quartz, feldspar, chlorite, pyroxene, and other
silicate gangue minerals, which complicates selective separation and the production
of high-grade titanium concentrates (Mehdilo and Irannajad, 2021; Yang et al., 2021).
Froth flotation of these ores is particularly challenging because ilmenite has relatively
low natural floatability and a chemically heterogeneous surface. In addition, fine silicate
gangue particles may form slime coatings on the ilmenite surface or heteroaggregates
with ilmenite particles, thereby reducing collector adsorption and flotation selectivity
(Yang et al., 2021; Zhai et al., 2020). Therefore, achieving both high recovery and
high concentrate grade requires careful control of the reagent system and operating
conditions to ensure selective separation of ilmenite from silicate gangue.

Reagents based on natural polymers, particularly lignosulphonates, are attracting
increasing interest as potentially sustainable depressants and auxiliary reagents in
mineral flotation. Lignosulphonates are readily available and relatively inexpensive
lignin derivatives produced during the sulphite pulping of wood. They contain
sulphonate, carboxyl and phenolic hydroxyl groups, which confer an anionic character
and promote their interaction with selected mineral surfaces (Vidal et al., 2021; Quiroz
etal., 2022; Chique et al., 2023). Their adsorption properties, surface activity, molecular
charge, and mineral selectivity can be regulated through chemical modification,
including sulphomethylation, as well as through control of molecular weight and
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degree of sulphonation. These approaches enable the properties of lignosulphonate-
based reagents to be adjusted for specific flotation separations (Vidal et al., 2021; Wu
et al., 2025). Oxidative modification of lignosulphonate increases its carboxyl-group
content and anionic charge density, thereby altering its adsorption and complexation
behaviour towards mineral surfaces (Ganguly et al., 2024). Recent flotation studies have
shown that oxidised sodium lignosulphonate can produce stronger and more selective
depression than its unmodified precursor in oxide-mineral systems (Yao et al., 2026).
The depressing action of this reagent, however, depends on the operating conditions.
Ilmenite recovery and concentrate grade are simultaneously influenced by pulp pH,
reagent dosage, temperature, and other process variables, which may interact rather
than act independently. Therefore, favourable flotation conditions cannot be reliably
identified by varying only one variable at a time.

Traditional one-factor-at-a-time optimisation is still widely used in preliminary
reagent-development studies. In this approach, each variable is evaluated whilst all other
variables are held constant, which does not permit interactions between process variables
to be reliably identified or quantified. In multivariable systems, the sequential variation
of individual factors can also be labour-intensive and experimentally inefficient and
may fail to identify the most favourable combination of operating conditions (Szpisjak-
Gulyas et al., 2023; Ahmadi et al., 2021). Statistically designed experiments, particularly
response surface methodology (RSM) implemented using Box-Behnken or central
composite designs, address these limitations by varying several factors systematically
within a structured experimental matrix (Arancibia-Bravo et al., 2022; Elganidi et al.,
2022; Durga Prasad and Meikap, 2025). The resulting data are typically fitted to a
second-order polynomial model, enabling the estimation of linear and quadratic effects
as well as pairwise interactions, while requiring substantially fewer experimental runs
than a corresponding full three-level factorial design.

Despite growing interest in polymer-based flotation reagents, the application of
lignosulphonates for the selective flotation of ilmenite remains understudied. In recent
studies of organic collectors and polymeric depressants for ilmenite, reagent dosage and
pulp pH have typically been evaluated in separate sets of experiments, whilst interactions
between process variables have rarely been quantified (Chen et al., 2024; Fan et al.,
2024; Wang et al., 2024). To the best of our knowledge, no published study has reported
a systematic multivariable optimisation of ilmenite flotation using lignosulphonates.
As a result, the combined effects of pH, reagent dosage, and conditioning temperature
remain largely unclear. Accordingly, an experimental and modelling study is needed to
investigate the flotation process as a multivariable system and quantify the effects of
these operating variables on ilmenite recovery and concentrate grade.

This study addresses this research gap by applying a single lignosulphonate modified
by permanganate oxidation to a representative ilmenite ore. Using a three-factor Box-
Behnken design, response-surface models are developed for ilmenite recovery and the
TiO, grade of the concentrate as functions of pulp pH, reagent dosage, and temperature.

The specific objectives of this study are to construct and validate second-order
regression models for ilmenite recovery and the TiO, grade of the concentrate, identify

338




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

statistically significant main effects and interactions using ANOVA, determine operating
conditions that jointly optimise both responses using a composite desirability function,
and assess the predictive performance of the models at independent validation points,
including a boundary condition and an extrapolated reagent dosage beyond the design
range.

Materials and Methods. Ore sample and reagents. The ilmenite ore was crushed
and dry-ground to a target D, of 70-80 pm. Its chemical composition was determined by
ICP-OES and cross-checked by XRF, while the particle-size distribution was measured
by laser diffraction. A modified lignosulphonate, LS-O2, prepared by oxidising
technical-grade lignosulphonate with permanganate (0.02M KMnO,, pH 5, 65°C), was
used as the collector throughout the flotation tests. Pine oil was used as the frother at
a fixed dosage of 50 g/t. No other flotation reagents were used; HCl and NaOH were
added solely to adjust the pulp pH.

Flotation testing procedure. Flotation tests were carried out in a laboratory
mechanical flotation cell with a working volume of 1 dm?® at a fixed impeller speed
and airflow rate, while the pulp temperature was controlled using a thermostatically
controlled water jacket. For each run, a fresh portion of ground ore was mixed with
water to prepare a pulp containing 20 wt.% solids, and the pulp pH was adjusted to the
specified level using dilute HCI or NaOH under agitation. LS-O2 was then added at the
prescribed dosage and conditioned with the pulp for 3 min, followed by the addition
of pine oil as the frother at a dosage of 50 g/t and a further 1 min of conditioning.
Air was subsequently introduced, and the froth product was collected manually for 5
min. The concentrate and tailings were filtered, dried, weighed, and assayed for TiO,.
IImenite recovery was calculated from the product masses and TiO, assays, while the
TiO, grade of the concentrate was determined directly from the analytical results, as
described below. Pulp pH, LS-O2 dosage, and temperature were varied according to the
experimental design (Section “Design of experiments ), while all other conditions were
held constant across runs.

Design of experiments. Process variables were investigated using a three-factor,
three-level Box-Behnken design (BBD), which enabled the estimation of a full second-
order response-surface model, including two-factor interactions, with fewer runs than a
full factorial design. The three factors were pulp pH (A, 6.5-8.5), LS-O2 dosage (B, 0.15-
0.45 kg/t), and pulp temperature (C, 20-40°C); all other operating conditions were kept
constant, as described in the section “Flotation testing procedure”. The experimental
design comprised 15 runs, including three replicate runs at the centre point, which were
used to estimate pure experimental error and perform a lack-of-fit test. The runs were
conducted in randomised order.

IImenite recovery, expressed on a TiO, basis, n (%), was calculated using the
following mass-balance equation:
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where C is the dry mass of the concentrate;

c is the TiO, grade of the concentrate;

F is the dry mass of the feed;

and f'is the TiO, grade of the feed.

The TiO, grade of the concentrate, ¢ (%), was used as the second response variable.

Model development and statistical analysis. For each response, a second-order
polynomial model was fitted using ordinary least-squares regression at the coded factor
levels (-1, 0, and +1):

> 3
Y=g+ LAY + LBX+

= i=]

Zh X,

i<F

where Y is the predicted response;

B, is the intercept;

B, B,, and Bij are the coefficients of the linear, quadratic, and two-factor interaction
terms, respectively;

X, and X are the coded process variables;

andi,j=1,2,3.

Model significance and adequacy were assessed by analysis of variance (ANOVA)
at the 95% confidence level. The model sum of squares was partitioned into linear,
quadratic, and interaction contributions, which were evaluated using F-tests and the
corresponding p-values. Replicate runs at the centre point were used to estimate pure
experimental error and perform a lack-of-fit test. Model quality was further characterised
using the coefficient of determination (R?), adjusted R?, and the coefficient of variation.
All regression fitting and ANOVA were performed in Python using the statsmodels
package.

Results and Discussion. Characterisation of the feed ore. The chemical composition
ofthe ilmenite ore used in this study is shown in Figure 1a. The ore consists predominantly
of silicate gangue, with SiO, accounting for 71.5 wt.%, while the target oxide, TiO,, is
present at only 6.8 wt.%. The total iron oxide content (Fe,O, + FeO) is 14.9 wt.%, which
is consistent with the presence of ilmenite (FeTiO,) and associated iron-bearing phases,
while the moderate Al O, content (4.3 wt.%) points to an aluminosilicate contribution
to the gangue assemblage. Overall, the composition is characteristic of a low-grade,
silicate-rich ilmenite ore, for which selective flotation reagents are required to achieve
an economically meaningful upgrade.

Particle-size analysis of the ground feed (Figure 1b) shows a unimodal, well-defined
distribution, with the maximum of the volume-frequency curve located at 50-60 um and
negligible over-grinding, as indicated by the smooth, single-peaked frequency curve.
The cumulative undersize curve reaches 85% at approximately 74 um (D, <74 pm),
confirming that the target grind was achieved and that the feed is suitable for flotation
without excessive fines generation. Such fines could otherwise impair selectivity
through non-selective slime coating.
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Figure 1. (a) Oxide composition of the feed ilmenite ore; (b) particle size distribution of the ground feed,
showing the cumulative undersize curve and D,.

Experimental design and response data. A three-factor, three-level Box-Behnken
design (BBD) was used to relate the flotation response of the ilmenite-quartz system to
pH (A), LS-O2 dosage (B), and pulp temperature (C). The factor ranges shown in Table
1 were selected to cover the region of favourable flotation performance identified in
preliminary single-factor tests, while allowing the combined effects of the three factors
to be evaluated.

Table 1. Factors and levels used in the Box-Behnken design.

Factor Symbol Low (-1) Centre (0) High (+1)
pH of pulp A 6.5 7.5 8.5
LS-O2dosage, kg/t | B 0.15 0.30 0.45
Temperature, °C C 20 30 40

The experimental design comprised 15 runs, including three replicate runs at the
centre point (runs 13-15), which were used to estimate pure experimental error and
perform a lack-of-fit test. The resulting ilmenite recovery (n) and TiO, grade of the
concentrate are presented in Table 2.

Table 2. Box-Behnken design matrix and calculated responses.

Run pH LS-0O2 dosage, kg/t | T, °C Recovery, % TiO,, %
1 6.5 0.15 30 70.54 18.32
2 8.5 0.15 30 70.27 18.73
3 6.5 0.45 30 73.22 20.24
4 8.5 0.45 30 71.54 18.98
5 6.5 0.30 20 74.47 20.77
6 8.5 0.30 20 72.41 19.99
7 6.5 0.30 40 73.14 20.13
8 8.5 0.30 40 72.64 19.88
9 7.5 0.15 20 70.99 18.94

341




ISSN 2224-5227 3. 2026
Run pH LS-02 dosage, kg/t | T, °C Recovery, % TiO,, %

10 7.5 0.45 20 73.86 20.09

11 7.5 0.15 40 71.41 18.97

12 7.5 0.45 40 72.58 20.35

13 (centre) 7.5 0.30 30 76.38 21.29

14 (centre) 7.5 0.30 30 76.24 21.14

15 (centre) 7.5 0.30 30 76.82 21.48

Recovery ranged from 70.3% to 76.8%, whilst the TiO, grade ranged from 18.3% to
21.5%. Both responses were consistently higher at or near the centre of the design space,
providing an initial indication that the optimum was located within the investigated
factor ranges rather than at their boundaries.

Development and statistical adequacy of the regression models. Second-order
polynomial models were fitted to both responses using least-squares regression. In
terms of the coded variables (A, B, C- [-1, 1]), the fitted equations were:

5 (%) = 7648 — 05644 + 0.9998 — 0.245C — 2.0664% — 302182 - 1.M9C2 — 0.3534B + 0.390AC - 0.425BC

TH0, (%) = 21.30 — 0235A + 0.5888 — 058C —0.815A% — 142087 — 0.295C7 - DAIBAB + 0.I3IAC + 0.U58BC

Analysis of variance (Tables 3 and 4) confirmed that both models were statistically
significant at the 95% confidence level (n: F=144.7, p<0.0001; TiO,: F=34.8, p=0.0006).

Table 3. ANOVA for the recovery (1) model.

Source SS df MS F-value p-value
Model 61.951 9 6.883 144.66 <0.0001
Linear (A, B, C) 11.003 3 3.668 77.07 0.0001
Square (A2, B2, C?) 49.121 3 16.374 344.09 <0.0001
Interaction (AB, AC, BC) | 1.828 3 0.609 12.80 0.0088
Residual 0.238 5 0.048 - -
Lack of fit 0.055 3 0.018 0.20 0.8897 (ns)
Pure error 0.183 2 0.092 - -
Total (corrected) 62.189 14 - - -

Table 4. ANOVA for the TiO, grade model.
Source SS df MS F-value p-value
Model 13.381 9 1.487 34.82 0.0006
Linear (A, B, C) 3.229 3 1.076 25.21 0.0019
Square (A% B, C?) 9.370 3 3.123 73.14 0.0001
Interaction (AB, AC, BC) |0.781 3 0.260 6.09 0.0401
Residual 0.214 5 0.043 - -
Lack of fit 0.155 3 0.052 1.78 0.3788 (ns)
Pure error 0.058 2 0.029 - -
Total (corrected) 13.594 14 - - -
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For both responses, the quadratic terms accounted for the largest share of the model
sum of squares (SS) — 79% for 1 and 70% for the TiO, grade. This indicates pronounced
curvature and the presence of an interior optimum within the investigated design space,
rather than a monotonic trend towards its boundaries. The lack-of-fit test was not
statistically significant for either model (n: p=0.890; TiO, grade: p=0.379), supporting
the adequacy of the quadratic models within the investigated factor ranges.

The coefficients of determination for both models were high, and the low coefficients
of variation indicated good experimental precision. Analysis of the significance of
individual terms (Table 5) showed that all linear, quadratic, and interaction terms were
significant for recovery (p<0.05). For the TiO, grade, however, the linear temperature
term (C) and the interaction terms AC and BC were not statistically significant (p>0.25),
whereas the quadratic temperature term (C?) remained significant.

Table 5. Regression coefficients of the response-surface models in coded variables.

Term Coef. () p-value () Coef. (TiO, grade) p-value (TiO, grade)
Intercept 76.430 <0.0001 21.303 <0.0001
A-pH -0.564 0.0008 *** -0.235 0.0236 **

B - Dosage 0.999 <0.0001 *** 0.588 0.0005 ***
C - Temperature | -0.245 0.0246 ** -0.058 0.4669 ns

A? -2.066 <0.0001 *** -0.815 0.0006 ***
B? -3.021 <0.000] *** -1.420 <0.0001 ***
C? -1.249 0.0001 *** -0.295 0.0405 **
AB -0.353 0.0232 ** -0.418 0.0099 ***
AC 0.390 0.0159 ** 0.133 0.2559 ns
BC -0.425 0.0114 ** 0.058 0.6019 ns
Significance: *** p<0.01; ** p<0.05; ns - not significant.

The relative importance of the model terms is illustrated by the Pareto chart of
standardised effects (Figure 2).

(a)
B* 24.6
n-
Reagent dosage (B)
c.
PH (A)
BxC
AxC
AxB i
eIt kg
0 S5 10 15 20 25 30 00 25 50 75 100 125 150
Standardized effect (t value) Standardized effect (t value)

Figure 2. Pareto charts of standardised effects for (a) ilmenite recovery and (b) TiO, grade. The dashed
line indicates the significance threshold at 0=0.05.
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For both responses, the quadratic dosage term (B?) had the largest standardised
effect, followed by the quadratic pH term (A?) and the linear dosage term (B). The
linear temperature term and most interactions involving temperature ranked among the
weaker effects, particularly in the model for TiO, grade, in agreement with the ANOVA
results. This ordering indicated that reagent dosage was the principal operating variable
affecting both ilmenite recovery and concentrate grade. The curved response to dosage
may be associated with incomplete surface coverage at low LS-O2 dosages, whereas
excessive dosage may promote less selective adsorption on silicate gangue.

Response surface analysis. The three-dimensional response surface and the
corresponding contour plot for ilmenite recovery as functions of pH and reagent
dosage at the model-predicted optimum temperature are shown in Figures 3 and 4. The
surface has a distinct dome shape with a single interior maximum, consistent with the
significance of the quadratic terms discussed above. Recovery decreases more steeply
along the dosage axis than along the pH axis, which agrees with the larger absolute
value of the B? coefficient relative to A?(Table 5) and with the Pareto ranking shown in
Figure 2a. The slight rotation of the contour ellipses in Figure 4 reflects the negative AB
interaction, indicating that the pH value yielding maximum recovery shifts slightly with
reagent dosage rather than remaining fixed.

Figure 3. Response surface for ilmenite recovery as a function of pH and reagent dosage at the model-
predicted optimum temperature (28°C).

_,_r;.-_
015 = .
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Figure 4. Contour plot of ilmenite recovery as a function of pH and reagent dosage, with design points
(circles) and the optimum (star).
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The response surface for the TiO, grade (Figure 5), evaluated at the centre-point
temperature, exhibits a similar dome-shaped dependence on pH and reagent dosage,
with the maximum occurring in approximately the same region of the design space as
the recovery maximum. The linear temperature term and its interactions with pH and
reagent dosage were not statistically significant, whereas the quadratic temperature term
remained significant, indicating a weak nonlinear effect of temperature on TiO, grade.

The consistency between the two response surfaces is encouraging from a process-
design perspective, as it indicates that recovery and concentrate grade are not strongly
conflicting objectives within the investigated range. A common operating region can
therefore provide favourable values for both responses, supporting the joint optimisation
carried out in the following section.

TiO; grade in concentrate, %
=2
rade,

Figure 5. Response surface for the TiO, grade of the concentrate as a function of pH and reagent dosage at
the centre-point temperature (30°C).

The agreement between the fitted models and the experimental design data is
demonstrated by the parity plots in Figure 6. For both responses, the predicted and
experimental values lie close to the 1:1 line, with R?* values of 0.996 and 0.984,
respectively, and no obvious systematic deviation from the line.
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Figure 6. Predicted versus actual values for (a) ilmenite recovery and (b) TiO, grade (Box-Behnken
design data).
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Process optimisation. The two responses were combined using a composite
desirability function defined as the geometric mean of the individual desirabilities,
and the resulting desirability surface as a function of pH and reagent dosage at the
model-predicted optimum temperature is shown in Figure 7. A single, clearly defined
maximum was identified at pH 7.31, an LS-O2 dosage of 0.331 kg/t, and a temperature
of 28°C, corresponding to a composite desirability of D=0.872 and predicted values of
N=76.64% and TiO, grade=21.40% (Table 6). The high-desirability region (D>0.85) was
confined to the vicinity of the optimum, indicating that close control of pH and reagent
dosage is required to maintain favourable values for both responses. The narrowing of
the contours towards the boundaries of the design space shows that operation outside
the identified region, particularly at low reagent dosage and extreme pH values, leads to
a substantial decrease in desirability.

The multivariable optimum identified in this study differs both quantitatively and
methodologically from that obtained by sequential one-factor-at-a-time variation
of the same reagent system (pH — dosage — temperature). Joint optimisation using
RSM predicted slightly higher ilmenite recovery and concentrate grade at a marginally
lower pH and temperature but a higher reagent dosage. These differences highlight the
advantage of accounting for factor interactions rather than optimising each variable
separately.
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Figure 7. Contour plot of composite desirability as a function of pH and reagent dosage at the model-
predicted optimum temperature (28°C).

Table 6. Model-predicted optimal flotation conditions obtained using the composite desirability

function.

Parameter Value
pH 7.31
LS-02 dosage, kg/t 0.331
Temperature, °C 28
Predicted recovery, % 76.64
Predicted TiO, grade, % 21.40
Composite desirability, D 0.872
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Model verification. To assess the predictive reliability of the fitted models outside
the immediate neighbourhood of the design points used for their construction, five
additional operating points were evaluated: the predicted optimum (V1), two interior
points not coinciding with design or centre points (V2, V3), a corner combination lying
outside the original BBD point set (V4), and one point deliberately placed beyond the
upper dosage boundary of the design region to test extrapolation behaviour (V5). The
corresponding conditions, model predictions and verification results are given in Table
7 and Figure 8.

Table 7. Verification results.

LS-02 T Predicted Experimental | d 1 P?edicted E?(perimental d.—
Run pH | dosage, oé recovery, recovery, % v " | TiO, TiO, grade, |TiO,,

kg/t % ’ grade, % | % %
V1 (optimum) |7.31 |0.331 |28.0|76.64 76.09 0.7221.40 21.84 2.00
V2 7.00 | 0.250 |25.075.35 75.21 0.20 | 20.79 20.65 0.71
V3 8.00 | 0.350 |35.0|75.21 74.99 0.30 | 20.89 21.43 2.52
V4 (corner) 6.50 | 0.200 |35.0|72.25 70.58 2.36 [19.23 19.28 0.26
V3 . 7.50 10.500 |30.0|72.44 73.11 0.92 |19.56 19.45 0.58
(extrapolation)

Agreement between the model predictions and the verification results was good
across all five points, with relative deviations ranging from 0.20% to 2.52% and a mean
absolute deviation of 0.90% for recovery and 1.21% for TiO, grade — well within the
+5% band typically considered acceptable for RSM-based process models (Figure
8). The largest deviation (2.36% for recovery, corner point V,) occurred at the factor
combination furthest from the design centre and not included in the original Box-
Behnken matrix, which is the expected behaviour for a second-order polynomial model,
whose predictive accuracy is highest near the centre of the design space and decreases
progressively toward its boundaries and beyond. Notably, even the deliberately
extrapolated point (V,, dosage=0.50 kg/t, outside the upper design bound of 0.45 kg/t)
showed a deviation of less than 1%, suggesting that the fitted quadratic surface remains
reasonably well-behaved in the immediate vicinity of the design region.
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Figure 8. Predicted versus verification values for (a) ilmenite recovery and (b) TiO, grade.
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The obtained results confirm that the regression models provide a statistically
adequate and practically reliable description of the flotation response of the ilmenite ore
to pH, LS-O2 dosage and temperature over the investigated range.

Conclusion. A response surface methodology (RSM) based on a three-factor Box-
Behnken design was applied to model and optimise the flotation of an ilmenite ore
using a single modified lignosulphonate reagent, LS-O2. Second-order polynomial
models were developed to relate pulp pH, reagent dosage, and temperature to ilmenite
recovery and the TiO, grade of the concentrate. ANOVA confirmed that both models
were statistically significant, with non-significant lack of fit and high coefficients of
determination (R*=0.996 for recovery and R*=0.984 for TiO, grade).

Reagent dosage was identified as the dominant factor governing both responses,
followed by pulp pH, while temperature had a comparatively minor effect. For TiO,
grade, the linear temperature term and temperature-related interactions were not
statistically significant, although the quadratic temperature term remained significant.
Joint optimisation of both responses using a composite desirability function identified
an optimum at pH 7.31, an LS-O2 dosage of 0.331 kg/t, and a temperature of 28°C,
predicting an ilmenite recovery of 76.6% and a TiO, grade of 21.4%. Verification at five
independent operating points, including a boundary combination and an extrapolated
dosage beyond the design range, supported the predictive reliability of the models,
with relative deviations ranging from 0.20% to 2.52% and mean absolute deviations of
0.90% for recovery and 1.21% for TiO, grade.

The results show that a statistically validated quadratic RSM model can adequately
describe the combined and interactive effects of pH, reagent dosage, and temperature on
ilmenite flotation using a single lignosulphonate-based reagent.
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