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ARTICLE INFO ABSTRACT
Keywords: Water scarcity and environmental regulations have increased water recycling in mining operations. However,
Property Integration traditional water management is based on mass balances and does not track changes in water quality in closed-

Water Optimization
Mineral Processing
Recycled Water
Pareto Frontier

loop systems. Recycled streams frequently accumulate physical and chemical impurities, such as multivalent ions
and residual organics, and exhibit variations in physical properties, including dissolved oxygen and density, all of
which can affect the kinetics and selectivity of mineral separation processes.

This study proposes a generalized framework for water management in mineral concentration plants using the
Water Property Integration Method for Concentration Plants (W-PIM/CP). This approach utilizes surrogate
properties, known as clusters, to track and optimize a vector of physical and chemical attributes. A mathematical
programming model based on Mixed-Integer Nonlinear Programming (MINLP) was developed to address the
nonlinearity inherent in property-mixing rules.

As a proof-of-concept application, the framework was illustrated on a sulfide flotation circuit using four water
sources: fresh water, thickener water, tailings pond water, and thermal oxidation water. Ternary cluster diagrams
provide an intuitive visualization for up to three properties, whereas the MINLP model is required to handle
higher-dimensional property networks. A sensitivity analysis across a range of target property values for SO4%,
Mg?, and dissolved oxygen showed that a segregated-water strategy consistently yields lower deviations from
target pulp properties than a single process-water stream, at both the rougher and cleaner 1 stages. The reported
freshwater figures therefore correspond to allocation among addition points within the circuit, not to a reduction
of plant-wide make-up water, which is governed by the overall water balance and by physical losses such as
evaporation and infiltration. The relevance of this allocation is metallurgical: blending fresh and recycled
streams at specific addition points helps preserve the target water properties at each stage, whereas centralized
commingling of all sources maximizes property deviations and was the least favorable configuration tested.
These results support segregated, quality-driven water allocation in concentration plants. In addition, a Pareto
analysis quantified the trade-off between freshwater consumption—progressively substituted with
saltwater—and the resulting deviation from target pulp-property values at each flotation stage, showing that a
segregated-water strategy can reduce freshwater use by up to 37 % relative to a single process-water pool at an
equivalent deviation level.

sustainability of operations. High water demand for processes such as
ore processing, dust suppression, and equipment cooling places signifi-
cant strain on local resources, particularly in arid and hyper-arid areas.
This demand often competes with the needs of local communities and
agriculture in regions with limited water availability, potentially leading

1. Introduction

Water consumption in the mining industry is associated with critical
issues affecting both environmental health and the long-term
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Nomenclature

Nsources ~ Number of streams

Mproperties  Number of raw properties

Niinks Number of process units (Sinks)

Nresh Number of fresh water sources

Npupp Number of pulp flows

Wy Property operator of property p

Dpii Value of the property p in stream i

D Mean property of the multicomponent mixture

X; Fractional contribution of the stream i

Qi Dimensionless operator of property p in stream i

vyt Property operator reference value

AUP; Augmented property index for each stream i

AUP, Mean stream augmented property index

AUPpq, Maximum limit of augmented property index

AUPpi;;  Minimum limit of augmented property index

AUP Resulting augmented property index

Cp,i Cluster for property p in stream i

B Cluster arm in stream i

G, Mean cluster of N streams

F, Total freshwater flow in stream r, t/h

fri Individual freshwater flowr towards process unit j, t/h

w; Total flow from each water source i, t/h

wij Individual flow from each water sourcei toward any
process unit (Sink) j, t/h

Gj Total flow in process unit (Sink) j, t/h

m; Pulp flow toward process unit (Sink) j, t/h

¥p <_p _j> Mean property operator from the final mixing of process
unit (Sink)j

Wp (pp_,> Property operator p of freshwater flow r

7% (Pp,i) Property operator p of water source i

v, <pp j) Property operator p of process unit (Sink)j

BFR Boundaries of the feasibility region

DO Dissolved oxygen

DoE Design of experiments

MINLP  Mixed-Integer Nonlinear Programming

NPV Net present value

OPEX Operating expenses

ORP Oxidation-reduction potential

TOC Total organic carbon

W-PIM/CP Water Property Integration Method for Concentration
Plants

2D Two-dimensional graphic

3D Three-dimensional graphic Indices

i Process stream (Water source)

p Property

r Fresh water

j Process unit (Sink)

to social conflicts and shortages (Lin et al., 2025). To mitigate these
impacts and reduce operational costs, improving water efficiency and
recycling is essential, although it requires substantial investment in
technology and infrastructure (De Lima et al., 2025).

The challenges are further compounded by climate change and sea-
sonal weather patterns, which exacerbate water scarcity, lead to un-
predictable availability, and alter water quality (Corin et al., 2024).
Furthermore, mining companies must adhere to increasingly stringent
regulations on water usage and discharge to protect the environment.
Excessive consumption can also jeopardize the social license to operate
if it affects the local water supply. While mining accounts for only a
small percentage of total water supply in some countries, e.g., 3 % in
Chile, its regional impact is far greater in desert areas, where mining
consumption can account for over 50 % of total water use (Ruffino et al.,
2022). In these regions, water is a strategic and scarce resource, essential
to concentration processes, where it typically accounts for 80-85 % of
the volume of the mineral pulp processed in flotation circuits (Levay
et al.,, 2001). Specifically in Chile, recycled water accounted for
75-76 % of the total (Cochilco, 2023). Some companies are turning to
alternative water sources, such as seawater or treated wastewater, to
lessen reliance on local supplies (Cisternas and Galvez, 2018; Leiva
Gonzalez and Onederra, 2022).

Mineral concentration processes are highly dependent on water
characteristics (Gao et al., 2021; Liu et al., 2013). For instance, pH levels
are vital for reagent efficacy and process selectivity (Foroutan et al.,
2021; Goktepe, 2002). Hard water, rich in calcium and magnesium ions,
can hinder the action of flotation reagents, while high concentrations of
dissolved solids or salinity can alter mineral surface properties perfor-
mance (Cruz et al., 2022; Manono et al., 2012). Impurities such as iron,
sulfur, and organic compounds can adversely affect performance by
coating mineral surfaces and inhibiting bubble attachment (Sinche-
Gonzalez et al., 2016). Furthermore, the oxidation state of minerals
and their floatability are influenced by temperature (Bicak et al., 2023)
and the water's oxygen content (Zhang et al., 2025b). Specific metal ions
play direct and indirect roles in mineral separation. Research has shown

that high calcium concentrations can suppress sulfide minerals such as
chalcopyrite by interfering with the adsorption of xanthate collectors
(Liu and Zhang, 2000; October et al., 2020). Similarly, increasing
magnesium ion concentrations can diminish recovery by forming hy-
drophilic precipitates on mineral surfaces (Hirajima et al., 2016). When
lime is used as a pH modifier, the presence of sulfate ions can trigger the
precipitation of calcium sulfate, forming thin layers that hinder flotation
and reduce selectivity (Grano et al., 1997; Lucay et al., 2015; Raghavan
and Hsu, 1984; Sinche-Gonzalez and Fornasiero, 2021; Zanin et al.,
2019). Conversely, certain ions, such as copper, can activate mineral
surfaces under specific conditions, thereby improving hydrophobicity.
The impact of other ions in seawater is discussed in the literature (Galvez
et al., 2014; Jeldres et al., 2016).

While water recycling and reuse help conserve resources, they also
tend to concentrate dissolved and suspended impurities in the circuit
over time (Levay et al., 2001), which can degrade water quality and
reduce flotation performance. To offset this performance loss, some
operations incorporate fresh water into the flotation circuit even when
high overall recycling rates are pursued for environmental and regula-
tory reasons (Aaltonen et al., 2023; Soufiabadi et al., 2024). In such
cases, fresh water is not added solely to compensate for physical losses
such as evaporation, infiltration, and entrainment in tailings; it also
serves as a metallurgical input that helps maintain the water-quality
conditions required for recovery and selectivity. Several studies have
examined how different water sources should be combined to preserve
flotation performance: for example, El-Bacha et al. (2025) reported that
a 50/50 blend of fresh and recycled water yielded approximately 80 %
copper recovery at the Bleida Mine (Morocco), while the use of recycled
water alone resulted in markedly lower recoveries. Despite this evi-
dence, many mining operations currently combine different water
sources without a quantitative understanding of how these mixtures
affect overall pulp properties. This lack of integrated management
makes it difficult to attribute changes in recovery or product quality to
specific water-quality drivers.

The objective of this study is to propose a generalized framework, W-
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PIM/CP, that incorporates water quality into the management of min-
eral concentration plants through the property integration method. The
approach uses property operators and property clusters to track and
match physical and chemical attributes across the water network, and to
support the allocation and blending of available water sources,
including recycled streams and fresh water as make-up water. In this
framework, fresh water is treated not only as a hydrological input but
also as a means of adjusting water-quality conditions at flotation addi-
tion points. The framework is illustrated on a sulfide concentration
circuit through a Mixed-Integer Nonlinear Programming (MINLP) model
that minimizes the difference between calculated and desired property
operators at the selected addition points respecting the target property
windows of each flotation stage.

Compared with conventional water management in mineral pro-
cessing, which is based primarily on volumetric balances, the contri-
bution of this work is threefold. First, the framework allows the
simultaneous management of multiple non-conservative water-quality
variables, including dissolved oxygen (DO), pH, conductivity, and
several ionic species (Mg?*, Ca**, SO%7), within a single optimization
model. Second, it adapts the property-cluster representation to flotation
operations, enabling a graphical mapping of feasible operating regions
in ternary diagrams as a complement to the algebraic model. Third, it
formulates the choice between allocating segregated water and process
water by analyzing deviation from target pulp properties as a multi-
objective problem, producing designs that make the trade-off explicit.
These elements are presented as a proof of concept; their industrial use
would require site-specific calibration, as discussed in Section 3.5.

This manuscript is organized as follows: Section 2 details the pro-
posed methodology and the development of the MINLP optimization
model. Section 3 presents the practical application of the methodology,
demonstrating how to manage multiple water sources and generate
Pareto-optimal designs. Section 4 concludes the study and outlines

Module 2: The W-
PIM/CP Clusterization
Engine

Module 1: Physical

Domain &
Characterization

Module 3: Algebraic

Optimization Engine
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future work to standardize mining operations within this integrated
property framework.

2. Methodology

The methodology proposed in this work, designated as the Water
Property Integration Method for Concentration Plants (W-PIM/CP), is a
holistic framework that optimizes water utilization by integrating
physical and chemical properties with traditional mass balances. The W-
PIM/CP follows a structured workflow that transitions from empirical
data collection to advanced mathematical optimization (see Fig. 1).

The proposed methodology is analyzed in a case study that outlines
its practical application. These methodologies encompass several key
steps or modules. The first one, physical domains and characterization,
begins with an analysis of the plant configuration. This initial phase is
critical for understanding water management, locating additional
points, and identifying water sources. Also, the baseline flow rates are
established, and the “vector” of properties is defined. Following this, the
methodology involves collecting samples and data, providing the
necessary empirical foundation for the subsequent stages.

The next step is to implement property integration calculations. This
phase is at the core of the methodologies, in which the collected data is
analyzed and interpreted using the principles of property integration.
This process is crucial for identifying and understanding the factors that
influence water use in mining. Also, ternary diagrams are used as an
initial visualization of the problem.

In module 3, the mass and property balance equations are used to
develop a Mixed-Integer Non-Linear Programming (MINLP) model,
including the selection of objective functions, e.g., minimizing the dif-
ference between calculated and desired property operators for meeting
target property values to achieve optimal mineral recovery.

Finally, in Decision Domain & Selection, a comprehensive analysis is

Module 4: Decision

Domain & Selection

Plant Analysis: [dentify ) (Dimensionless Scaling:

available sources (fresh,
thickener, roasting, and

_C&ugmentation &

! MINLP Formulation: 4 ¢ 4
the configuration of the || Convert raw property |_|Tnput the mass and | _|designs to visualize the
| concentration circuit, values into dlmensw_nless property balance trade—off between to
including all water operators to enable linear equations into a Mixed- segregating the water
addition points (sinks) and \additive rules. ) Integer Non-Linear (blending water

N\ Programming (MINLP)
model to handle the

tailing pond water). ) Clustering: Calculate the bilinear terms of property water sources in a pool
Augmented Property mixing. and use it).
Mass Balance h Index (AUP) for each \ J

(Analysis: Generate

sources) and use
process water (mix all
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Foundation: Establish the
baseline flow rates for

clusters to track

L_(Constraints & Targets:

Optimal Design

pulp and water streams functionalities Se_t (_)bj_ective fu_nctions to | Selection: Select the
across rougher and cleaner independently of chemical minimize the difference final design
stages. \composition. Y, bet\_Jveen calculated and configuration that
J desired property operators balances the
Property Visual Feasibility ) to meeting target property optimization of the
" Characterization: Mapping: Use ternary values for optimal mineral water use with the

Measure the physical and
chemical "vector" of the
streams, specifically pH,
dissolved oxygen,
conductivity, and ion
concentrations.

Fig. 1. The W-PIM/CP (Water Property Integration Method for Concentration Plants) framework. A multi-stage approach transitioning from physical stream

diagrams to plot the
"Feasibility Region" based
on established
metallurgical limits,
providing an initial visual
check of mixing

\compatibility. Y,

characterization and property clusterization to MINLP optimization.
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done based on designs to visualize the trade-off between sustainability
and operational precision. This stage not only highlights the outcomes of
the calculations but also provides insights, recommendations based on
the findings, and a comparison between alternatives. The analysis aims
to provide actionable solutions or strategies to optimize water man-
agement in the mining industry, thereby enhancing both environmental
sustainability and operational efficiency.

2.1. Case study definition and analysis of the plant configuration

The studied process corresponds to a concentration plant in the
Antofagasta region of Chile that processes copper ore. The typical
mineralogy of this ore includes valuable species such as chalcopyrite,
bornite, enargite, chalcocite, and covellite, while pyrite is the main
sulfurous gangue. The non-sulfurous gangue is mainly composed of
feldspars, silica, and some clay species like muscovite, kaolinite, para-
gonite, phengite, and illite. The main stages of the plant are grinding,
rougher flotation, regrinding, and cleaning flotation (See Fig. 2). The
rougher flotation circuit consists of a rougher stage that receives the
pulp from the grinding stage and is mixed with water to achieve a lower
percentage of feed solids. The tailings from the rougher stage are sent to
the final tailings stream, and the concentrate from this stage is sent to the
cleaning stage.

The cleaning circuit consists of 4 stages: 1st Cleaning, 2nd Cleaning,
1st Scavenger, and 2nd Scavenger. The main water mixing points
correspond to the rougher feed and the first cleaning feed. Water
recovered from the thickening process, the tailing pond, and the thermal
oxidation process is collected in a process water pool and sent to the
required stages (see Fig. 2).

As shown in Fig. 2, water is added at the entrance to the rougher
flotation stage and at the entrance of the 1st Cleaning stage to maintain
the solid percentage at desired levels. Before presenting the stagewise
balance, it is useful to situate the flotation circuit within the broader
water network of the plant. The balance reported in Table 1 covers the
flotation circuit between the grinding discharge and the final concen-
trate and tailings streams; it does not explicitly quantify the physical
water losses that govern plant-wide make-up requirements. In a typical
sulfide concentrator, these losses occur in units located downstream of
the flotation circuit and follow four main pathways: (i) water retained as

Minerals Engineering 249 (2026) 110835

moisture in the deposited tailings at the tailings storage facility, which is
generally the largest individual loss; (ii) evaporation from the tailings
storage facility and from open process-water pools, particularly relevant
under the arid conditions of northern Chile; (iii) infiltration and seepage
at the tailings storage facility; and (iv) moisture in the final concentrate
leaving the filter. These losses are compensated by freshwater make-up
entering the process-water pool (Fig. 2). The W-PIM/CP framework
operates on the allocation of the available water sources among internal
addition points and does not modify these physical losses, which depend
on tailings dewatering technology, climatic conditions, and the design of
the tailings storage facility. Table 1 therefore presents the internal mass
balance of the flotation circuit, while the recycling and make-up streams
that close the broader water network are represented in Fig. 2.

2.2. Sample and data collection

Once the water addition points have been identified and their flow
rates characterized, it is necessary to assess their impact on the plant's
operation and performance. In this case study, the most important
properties are those that affect copper recovery at each flotation stage.

The literature suggests that the properties of the water used in the
concentrator plant can influence performance in various ways and to
varying degrees, depending on the point of addition. Table 2 summa-
rizes the literature, highlighting the principal effects of these properties
on copper recovery. Although additional effects on copper recovery are
documented in the literature, the properties selected for this case study
were chosen for their relevance. Determining the most suitable property
values for operation is important; however, it is beyond the scope of this
paper. A discussion on this point is included below, in the future work
subsection.

To characterize the streams, samples were collected at the water
addition point, as depicted in Fig. 2. Two types of samples were
collected. The first type is processed pulp, a mixture of water and
copper-containing ore with specified solids content. The second type of
sample corresponds to the water added to adjust the solids percentage.
The quality of this water varies depending on whether it is fresh water or
recycled water from mining operations.

For all samples, sulfate (SO?{) concentration was quantified by
gravimetry, and copper (Cu?"), magnesium (Mg?"), and calcium (Ca*")

Firstfeedprocesswater o ____1 Process water_ _ 4
|

1 | 1

F- Lo, Rougher - -------- :— —————————— F----- » Thickener !
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1 I ! ! T 1
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Fig. 2. Flotation circuit of chalcopyrite with recycled process water distribution.
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Table 1
Pulp and water mass flow rates used in the flotation circuit case study.

Minerals Engineering 249 (2026) 110835

Stream Units Flotation stage
Rougher Cleaner 1 Cleaner 2 1st Scavenger 2nd Scavenger
Pulp feed t/h 9143 5176 1846 4325 3812
Water feed t/h 1524 995 0 0 0
Pulp concentrate t/h 2978 1846 644 513 482
Pulp tail t/h 7689 4325 1202 3812 3330

Notes: 1) For this table, internal pulp recirculation flows were omitted.
2) All flows are either pulp or water.

concentrations were measured using atomic absorption spectrometry.
Dissolved oxygen (DO) was determined based on Standard Methods for
the Examination of Water and Wastewater. Chemical properties such as
pH, redox potential (ORP), and conductivity were also determined by
Hanna multi-parameter meter, model HI98194. Table 3 presents the
characterization of the samples described.

2.3. Property integration calculations

The main objective of process integration is to holistically design and
optimize entire chemical and metallurgical systems, not just individual
units, to maximize efficiency, minimize costs, reduce resource use (en-
ergy, water, materials), and lower environmental impact. By exploiting
synergies and interactions, process integration aims to reduce invest-
ment and operating costs, increase yields, and achieve a more sustain-
able footprint through techniques such as energy recovery (heat
integration) and water reuse (mass integration), thereby contributing to
greener processes. Property Integration is a method for incorporating
properties into traditional heat and mass integration methodologies (El-
Halwagi, 2017). Therefore, property integration is a holistic,
functionality-based approach to allocating and manipulating streams
and processing units, grounded in functional properties throughout the
process, including mass and energy integration. It is based on tracking,
adjusting, assigning, and matching functionalities throughout the pro-
cess (El-Halwagi et al., 2004) Many of these processing units are
designed to accept streams with specific property ranges, regardless of
their chemical composition. Generally, these properties are measured in
different units, making it challenging to base design decisions on key
properties. To overcome this situation, the Property Integration Meth-
odology employs surrogate properties, known as 'clusters,' to conserve
property measurements during mixing operations. The basic mathe-
matical expressions for cluster calculation are given by Shelley and El-
Halwagi, (2000).

2.4. Property integration calculations

The main objective of process integration is to holistically design and
optimize entire chemical and metallurgical systems, not just individual
units, to maximize efficiency, minimize costs, reduce resource use (en-
ergy, water, materials), and lower environmental impact. By exploiting
synergies and interactions, process integration aims to reduce invest-
ment and operating costs, increase yields, and achieve a more sustain-
able footprint through techniques such as energy recovery (heat
integration) and water reuse (mass integration), thereby contributing to
greener processes. Property Integration is a method for incorporating
properties into traditional heat and mass integration methodologies (El-
Halwagi, 2017). Therefore, property integration is a holistic,
functionality-based approach to allocating and manipulating streams
and processing units, grounded in functional properties throughout the
process, including mass and energy integration. It is based on tracking,
adjusting, assigning, and matching functionalities throughout the pro-
cess (El-Halwagi et al., 2004). Many of these processing units are
designed to accept streams with specific property ranges, regardless of
their chemical composition. Generally, these properties are measured in

different units, making it challenging to base design decisions on key
properties. To overcome this situation, the Property Integration Meth-
odology employs surrogate properties, known as 'clusters,' to conserve
property measurements during mixing operations. The basic mathe-
matical expressions for cluster calculation are given by Shelley and El-
Halwagi, (2000).

Suppose that we have N streams or sources. Each stream is charac-
terized by M raw properties. Consider the class of properties whose
mixing rules for each raw property are given by the following equation:

Niources

v, (ﬁp) = Z; xiy, (pp.i) M

where x; is the fractional contribution of the i" stream into the total flow
rate of the mixture and v, (pp,i) is an operator of the property on the
stream (p,;) which can be normalized into a dimensionless operator by
dividing by a reference value.

W, (.1
Q==L (if ) 2
Yp

The operator Q,; can be evaluated from first principles or estimated
through empirical or semi-empirical methods aiming the formulation of
linear mixing rules, see Equation (1). Examples of property operator
expressions can be found in the literature (Kazantzi, 2006; Li et al.,
2022; Sandate-Trejo et al., 2014; Shelley and El-Halwagi, 2000).

Then, an augmented property index (AUP) for each stream i is
defined as the summation of the dimensionless raw property operators:

Mproperties

AUP, = > Qi 3

p=1
The cluster for property p in stream i, Cp;, is defined as follows

. = Qp.i
P AUP;

4

Therefore, one can show intra-stream conservation for clusters. In other
words, for any stream i, the sum of clusters must be conserved adding up
to a constant (for example, unity), that is

> Gi=1 5)

Let the cluster arm be defined as

xiAUPi
Akl 6
Bi ATP (6)
Where
Nyources
AUP = ) xAUP; @)

Therefore, one can show inter-stream conservation upon mixing, which
implies that
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Table 2
Main effects of pulp properties on chalcopyrite and pyrite flotation recovery.
Property Effect on Effect on Reference
chalcopyrite pyrite
S0, % High concentrations  Pyrite (Castellon et al.,
[Concentration] of sulfate ions (S03) depression is 2022; Mu et al.,

Dissolved oxygen
(DO)

Cu+2
[Concentration]

Ca®* and Mg?*
[concentration]

Conductivity

and calcium ions
(Ca®*) show a
depression of

caused by lime
in flotation due
to the formation

chalcopyrite due to of hydrophilic
the formation of a products like
hydrophilic species CaOH", Ca

on the surface.
These hydrophilic
species could be
thiosulfates or
sulfates.

(OH),, CaSO0s4,
and Fe(OH)3 on
the pyrite
surface.

Moderate dissolved
oxygen levels
facilitate the

High dissolved
oxygen levels
oxidize the

electrochemical pyrite surface,
reactions that forming
render the collector  hydrophilic
hydrophobic and species (Fe
enable it to adhere (OH)3 or

to the mineral FeOOH) that
surface. prevent
Excessive oxidation collector
changes the attachment.
chalcopyrite's

hydrophobic

surface into a
hydrophilic one.
The copper ions can
increase the
flotation rate under
certain conditions.
Copper ions in the
form of hydrolyzed
species (Cu(OH)
and Cu(OH),) can
absorb onto the
chalcopyrite
surface.

The presence of
copper ions in
the pulp
activates pyrite.

Cu®* exchange

electrons with

sulfur on the

chalcopyrite

surface, thereby

improving its

hydrophobicity.

Products formed by ~ Ca®"

Ca’t (e.g., Ca contributes to

(OH)™, Ca(OH),) at the depression

high pH values can of the pyrite,

absorb onto the given that form

chalcopyrite surface ~ compounds like

and reduce the Ca(OH), or

recovery. CaS0O,4, which
absorb onto the
pyrite surface,
forming a
hydrophilic
layer.

Mg?* is considered a more potent

depressant than Ca®" in higher pH

levels. The Mg*" forms the Mg(OH),,

and this precipitates on both

chalcopyrite and pyrite surfaces. This

layer is hydrophilic and blocks the

collector.

Conductivity has a

positive effect on

copper recovery in

the range from 0 to

12 mS/cm.

2016; Shen et al.,
2001)

(Fan et al., 2025;
Kuopanportti
et al., 1997)

(Gao et al., 2021;
Sun et al., 2023;
Zhang et al.,
2020)

(Zhang et al.,
2025a)

(Uribe et al.,
2017)

(Gao et al., 2021)

(Dzingai et al.,
2020)
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Table 2 (continued)

Effect on Reference

pyrite

Effect on
chalcopyrite

Property

High conductivity enhances the
oxidation and dissolution of chalcopyrite
by releasing copper ions, which activate
pyrite and cause it to float.

pH Chalcopyrite As the pH is
maintains its increased into
floatability over a the alkaline

(Mu and Peng,
2019; Owusu
et al., 2014)

(Castellon et al.,
2022; Chi et al.,
2020; Feng et al.,

wider pH range range, 2024; Rios et al.,
than pyrite. promoting the 2025; Yang et al.,
The chalcopyrite oxidation and 2025)

surface has the hydrolysis of

ability to remain the pyrite

hydrophobic, to surface.

adsorb the collector, A hydrophilic

and maintain high
recovery.

layer of ferric
hydroxide, Fe
(OH)s, is
formed on the
pyrite surface.
Pyrite recovery
typically
decreases
sharply as pH
rises above 9
and is
minimized
around pH
11-12.

Nsources
Ep = Z ﬂicp,i ®

i=1

where C, is the mean cluster resulting from adding the individual
clusters of N streams.

Equations (1)—(8) define the property-cluster representation used in
the W-PIM/CP framework. The dimensionless operators map raw, non-
conservative properties onto a common basis on which mixing can be
tracked as a linear combination of cluster arms (Eq. (8). This linear form
is used in two ways in the remainder of the paper: a graphical assessment
of stream compatibility through ternary diagrams (Section 3.1) and the
algebraic formulation of the MINLP optimization model (Section 2.4).

It is important to clarify that the linear mixing rules used in the
property-cluster formulation are methodological surrogates. In real
sulfide flotation systems, linearity is not a general rule, since the
response to water quality may be nonlinear and matrix-dependent due
to pH-dependent speciation, mineral dissolution, redox reactions, pre-
cipitation, galvanic interactions, and residual reagents. Therefore, the
property operators and feasible regions could provide a practical basis
for water-allocation analysis, but their application should be supported
by site-specific calibration using experimental data, plant surveys, or
historical metallurgical performance.

In a process with specific sources (streams) and sinks (units or pro-
cesses), along with their properties and constraints, graphical tech-
niques were developed to identify optimal allocation and interception
strategies. These techniques integrate the properties of sources, sinks,
and interceptors to optimize a desirable process objective (e.g., mini-
mum usage of fresh resources, maximum utilization of process re-
sources, minimum cost of external streams), while satisfying the
constraints on properties and flow rate for the sinks (El-Halwagi et al.,
2004). This graphical technique utilizes three properties represented in
ternary diagrams. The core of this visualization technique lies in accu-
rately mapping the feasible property region. Using equations (1) to (8),
it determines the optimal management of the mixing streams. The
constraints on properties lead to the construction of the boundaries of
the feasibility region (BFR), as detailed in El-Halwagi, (2017). This re-
gion is represented by six points, joined by linear segments derived from
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Table 3
Properties characterization of flow samples of pulp and water used in the proposed methodology.
S0F DO cut Mg** Ca%* Conductivity pH
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (uS/cm)

Pulp
Rougher Feed 1948 7.92 0.16 12.0 450 3705 8.9
Rougher concentrate 911 5.99 0.17 13.4 300 5554 8.6
Rougher tail 1014 1.24 0.13 0.3 373 7630 8.9
Cleaner 1 concentrate 1487 4.61 0.52 0.3 466 6720 11.9
Scavenger 2 tail 1115 0.52 0.13 0.4 194 7060 11.9
Scavenger 1 concentrate 957 0.97 0.18 0.4 216 7151 119
Scavenger 2 concentrate 1816 5.72 0.20 13.5 469 5176 12.0
Final concentrate 957 0.97 0.09 0.4 147 6045 12.0
Cleaner 2 tail 1204 2.10 0.15 0.3 226 7230 12.0
Water
Process water 1805 5.89 0.16 2.4 632 5528 6.4
Thermal oxidation water 1720 8.20 0.73 22.0 120 4770 4.6
Thickener water 1600 6.89 0.14 1.3 629 5140 10.10
Fresh water 200 7.00 0.03 2.4 23 1036 8.0
Tailing pond water 2680 1.15 0.10 2.2 766 7320 3.5

the BFR's three convex hulls. The BFR represents the region containing
the maximum and minimum properties allowed in the process. To
briefly explain the calculation steps, consider the following illustrative
example.

The first step in the methodology is to define the feasible region. This
region is defined by the lower and upper limits of all considered inlet
pulp properties, within which copper recovery is maximized. Based on
the literature reviewed, Table 4 displays the property levels employed in
this case study.

The property clusters are defined to exhibit intra- and inter-stream
conservation patterns, thereby enabling the implementation of linear
additive rules and their representation in ternary diagrams, called
property cluster diagrams.

In order to ensure the feasibility of the mixture of streams into a
process, the following conditions must be satisfied, according to the
methodology from El-Halwagi (El-Halwagi, 2017).

The cluster value for the source (or mixture of sources) must be
contained within the feasibility region of the cluster ternary diagram.
The values of the augmented property index for the mixture of
sources and the process must match.

The flow rate of the source (or mixture of sources) must lie within the
acceptable feed flow rate range for the process.

Conductivity (Cond), dissolved oxygen (DO), and sulfate (SO?{) are
the properties used in analysis on the ternary diagram. To determine the
boundaries of the feasible region, the following combination of the
maximum and minimum values of the dimensionless operator for each
property is used: (Q@", QPE* QTEX) (QEn QR QTSX) (QE, QI QTiex)
(", Bl %) (o, . Q) (0, QB Q).

By applying the property levels from Table 3 and using equations (1)
to (5), it is possible to transform these coordinates into clusters. These
clusters can then be plotted on the ternary diagram, thereby defining the
boundaries of the feasible region.

Moving forward with the methodology, considering the first water

Table 4

Lower and upper levels of every property where copper recovery is maximized.
Property Units Min Max
Conductivity uS/cm 2000 6000
Dissolved Oxygen mg/L 2 8
Mgt mg/L 4 10
Ca®* mg/L 100 300
cu?* mg/L 0.05 0.3
S07 mg/L 600 2000

addition point at the entrance of the rougher flotation circuit, the
characterization of the streams indicates that they are combined in a
pulp/water ratio of 4. Depending on the data collection method, several
water quality parameters can be used, as shown in Table 3. For each
stream, both the pulp and added water, it is possible to calculate their
respective clusters using Equations (1) to (5). Additionally, Equations
(6) to (8) can be employed to determine the new cluster resulting from
the mixing of the two streams. Fig. 3a illustrates the construction of the
feasible region, the clusters from the inlet streams, and the resulting
point from the mixing of the pulp and thickener water.

On the other hand, Fig. 3b presents the AUP values for each stream
and their combination. The maximum and minimum values are deter-
mined by calculating the AUPs within the feasible region. The AUP value
for the rougher inlet pulp does not fall within the required AUP range,
even though the AUP for the thickener water does. Mixing the two
streams at the specified ratio yields a new AUP value that does not meet
the required level. This new AUP from mixing can be calculated from
Equation (7). It is important to note that, in this example, the condition
is not met, underscoring an opportunity to improve water management.
This could involve substituting the water source with a higher-quality
source or adjusting the mixing ratios to achieve the desired quality,
thereby meeting all three conditions specified in the methodology.

It is important to note that the property limits used in this study
(Tables 4 and 6) serve to demonstrate the framework's mathematical
mechanics. In practice, these targets must be defined through site-
specific experimental protocols, such as a design of experiments
(DoE), to ensure the 'Feasible Region' reflects the unique mineralogical
and chemical matrix of the operation.

2.5. Optimization of mass and property integration

Unlike the graphical methodology of Section 2.3, which is restricted
to three properties at a time, the algebraic formulation presented here
handles multiple properties and multiple water sources simultaneously.
The mixing-point balances contain bilinear terms in flow and property
variables, so the resulting model is formulated as a Mixed-Integer
Nonlinear Program (MINLP).

This mass and properties integration methodology aims to optimize
the recycling and reuse of water in a given system achieving optimal
properties in process units (sinks) (Ndpoles-Rivera et al., 2010) using
property operators. In this way, mineral recoveries and water manage-
ment are improved simultaneously. The optimization structure of the
methodology follows mainly the structure of Fig. 4. The scheme shows
the feeding of N water sources with interesting properties; these water
sources must be mixed at the arrival point or in the process units (sinks)
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Fig. 3. (a) Ternary diagram of SO, Cond, and DO showing feasible region and location of mixing pulp stream for the rougher circuit. (b) Location of mixing stream
augmented property index (AUPm) value in a chart of augmented property index (AUP) required range.

Table 5
Property operators' values for every analyzed property.
Property Operator Reference
Concentration Vcone (Pcone) = [Concentration (Deng et al., 2016;
Jiménez-Gutiérrez
et al., 2014; Zhang
et al., 2021)
Conductivity Weond(Poona) = [Conductivity] This work
Dissolved Wop(Pop) = [Oxygendemand] (Deng et al., 2016;
Oxygen Ding et al., 2020;
Jiménez-Gutiérrez
et al., 2014)
pH IfpH<7 => (Chen et al., 2010;
Ding et al., 2020; Ng
Yor (ppy) =10MIfpH > 7 = > etal., 2008)
Vou (ppH) _ 10pH-14 (Chen et al., 2010)
Table 6
Desired property values in the rougher and cleaner 1 stage of the case study.
Property Units Rougher Cleaner 1
Conductivity uS/cm 4000 4000
Dissolved Oxygen mg/L 8 3
Mgt mg/L 7 6
Ca%* mg/L 200 300
Cu** mg/L 0.25 0.15
S0 mg/L 1000 1500
pH 8.0 11.5

with pulp streams that require water. The sinks (mix of water and pulp)
must meet the optimal operational requirements.

When the methodology is applied, as shown in Fig. 4, it will achieve
the ideal water feed mix (from various sources) to add to the pulp
stream, ensuring optimal properties.

The following lines describe the mass and properties balance equa-
tions at the mixing points and the splitting of streams, along with the
final mixing restraints (Napoles-Rivera et al., 2010).

Splitting of freshwater sources:

Nsinks

F=Y fy ©)
j=1

Where; F. total freshwater flow, f.; individual freshwater flow towards
process unit (Sink).
Splitting of water sources:

Nsinks

Wi=> wy (10)
j=1

Where; W; total flow from each water source, w;; individual flow from
each water source toward any process unit (Sink).

Mass balance in the mixing point before the entrance to the process units
(Sinks)

Nfresh Nsources
Gj: Zfrj+ Z w,-Jerj (11)
r=1 i=1

Where; G; total flow or process unit (Sink), m; pulp flow toward process
unit (Sink).

Property tracking at the mixing point before the entrance to the process
units (Sinks):

G 1 (5) | =3 o o) |+ S o ) o [ )

12)

Where; v, (ﬁp J-) Wp (pp,r) Wy (pp,l-) Y, (pp J) are mean property opera-
tors from the final mixing, the freshwater source, the process water
source, and the pulp source respectively.

Table 5 describes the property operator values for concentration,
dissolved oxygen, pH, and conductivity. The conductivity operator is
considered equal to the conductivity, given the linearity of conductivity
with respect to the ionic force of the water sources when the ion matrix
is similar across the system under study. This consideration only applies
to this case study.

According to Table 5, the property values are defined by their source
of water or pulp, for example, in water sources stream the values of two
properties are:

Pconcy = [Concentration] = ¢, (Pconc.1) (13)

Dpra = 10PH714 = L (ppH,l) (If pH > 7] as

Equation (13) shows the concentration of the property in water source 1.
Equation (14) shows the pH value of water source 1. This criterion ap-
plies to all water sources and pulp.

Property constraints in process units (Sinks) used to calculate the

constraint property operators (wp J{commnmzue >:

: =p,; (15)
Prj Linkx Prj table6 (constraintvalue)
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Fig. 4. Mass and property integration network scheme for fresh water, water sources (recycle water), pulp and process units, focusing on the reuse of water.

Constraints on freshwater consumption:

Nsinks
F. = fo} :Fflmaxﬂow (16)
=1
Objective function:
_ calculated _ desired \ %
(V’p (ppj) ') (ppj) )
Min = 5 17
. desired
(Wp (p PJ ) >
calculated desired
Where, v, (f)p J-> andy, (f)p _j) are the mean calculated and

desired operators in the process unit (sink). The desired operators are
computed from the values specified in Table 6.

The application of the equations for solving the flotation circuit re-
sults in mixing of streams with unknown flows and properties and in-
troduces bilinear terms. This case was formulated as a MINLP and solved
using BARON in the General Algebraic Modeling System (GAMS) on an
Intel Core i7 12th-generation processor at 2.30 GHz.

A key aspect of the methodology is the definition of the desired
property values. These values should be established by considering
optimal metallurgical outcomes, efficient use of flotation reagents, and
feasible system parameters. For instance, as shown in Table 3, our case
study indicates the presence of magnesium, calcium, copper, and sulfate
ions. The target values for these ions during the process must account for
the concentrations available in the water sources. An experimental
design that considers the range of these properties can help determine
the desired values for the flotation stages. In this context, these values
were established based on the figures in Table 3 and a reasonable
assumption drawn from the existing literature. The resulting values for
properties used in the property integration methodology are presented
in Table 6. Six properties have to be adjusted. In the case of copper ions,
the cleaner 1 stage needs a lower amount of copper ions because these
ions activate the residual pyrite and reduce the recovery law. The sulfate
ions (SOF) have to be upper in cleaner 1 and ions of calcium as well. In
the case of pH value, it needs to be adjusted from 8.0 to 11.5 in Cleaner1
to depress pyrite.

3. Results and analysis

This section applies the methodology to the case study. Sections 3.1
to 3.3 use the graphical procedure, which is restricted to three properties
at a time. Two groups of properties are therefore examined. The first
group focuses on the concentration of cations in the system, specifically
magnesium (Mg2+), copper (Cu2+), and calcium (Ca®"). The second
group examines conductivity (Cond), sulfate (SO%’), and dissolved oxy-
gen (DO).

Sections 3.1 and 3.2 demonstrate the application of the methodology
to the rougher and cleaner 1 stages, respectively, but they consider only
the mixing of a single water source with the feed pulp at these stages.
Section 3.3, however, illustrates the scenario of mixing two water
sources with the pulp in the rougher stage.

In all of these cases, it is assumed that the total volume of each
available water source is mixed with the feed pulp in each stage. In
addition to this mass balance condition, the resulting mixture must
remain within the feasible region (see Fig. 3a) and fall within the min-
imum and maximum values of AUP (see Fig. 3b).

Finally, section 3.4 presents the application of the optimization
methodology, which considers a multi-objective function.

3.1. Rougher circuit

As we reviewed in the previous section, the first point of water entry
occurs with the rougher pulp feed at a pulp-to-water ratio of 4, and this
should be considered when interpreting subsequent results.

See Fig. 5a and Fig. 5b show the results of pulp mixing when fresh
water is used in the rougher stage. The ternary diagram in Fig. 5a shows
the mixture of cluster rougher inlet pulp with a cluster of fresh water; the
resulting mixture lies within the feasible region, and consequently, the
first condition of the methodology is fulfilled. In Fig. 5b, the AUP dia-
gram for the rougher pulp is slightly under the maximum AUP value, in
contrast to the value of fresh water AUP that is under the minimum AUP;
hence, the mixing value is within the limits of AUP valid to fulfill the
second condition. Note that the pulp-to-water ratio influences the final
mixing value. Remember that the third condition is satisfied by the
plant's mass balance. Therefore, fresh water is an alternative for the
rougher circuit. Using fresh water may not be the best way to reduce
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Fig. 5. Ternary diagram of Ca®*, Cu** and Mg?* properties showing feasible regions and location of mixing pulp stream and chart of augmented property index
(AUP) required range for the rougher circuit (a) Mixing pulp using fresh water (b) Mixing stream augmented property index (AUPm) using fresh water (c) Mixing
pulp using thickener water (d) Mixing stream augmented property index (AUPm) using thickener water.

consumption. Therefore, it's important to consider alternative water
sources, such as thickener water or tailing pond water.

See Fig. 5c shows that the thickener water is outside the feasible
region; however, the mixing pulp meets the first condition of the
methodology due to the slurry/water ratio in the circuit. The AUP dia-
gram in Fig. 5d shows that the mixing result exceeds the AUP maximum
limit for the thickener water. Therefore, it does not fulfill the second
condition of the methodology, and this water is not recommended for
use in the rougher process.

With respect to the same circuit analyzed for Cond — SO%- DO
properties, the mixing of rougher pulp with tailing pond water is shown
in the ternary diagram of Fig. 6a. The feasible region is fulfilled for
mixing all streams into the region. With respect to Fig. 6b, mixing tailing
pond water with the rougher inlet pulp results in an AUP below the high
limit.

Analyzing the properties Cond, SO3* and DO, and evaluating the
properties of the process water (main source of the pulp and a mixture of
all waters in different proportions), the ternary diagram in Fig. 6¢ shows
that all mixing streams lie within the feasible region. Fig. 6d shows that
the AUP value of the feed pulp is similar to that of the process water;
therefore, both are outside the established region, indicating that the
mixture is outside the AUP limits and that it would not be advisable to
apply it directly to the process.

Based on the previous analyses, we can conclude that only the use of
fresh water achieves the desired properties, although it is not the most
efficient in terms of water usage. This does not imply that other types of
water cannot be utilized; rather, their use hinders operation within the
ideal range. As discussed later, mixing different types of water can be a
more efficient approach from a water-conservation perspective.

10

3.2. Cleaner 1 circuit

As explained in the previous section, the cleaning circuit is analyzed
using the property limits shown in Table 4. The particularity of the
cleaning stage is that the pulp/water ratio is 5; therefore, the pulp mass
relative to water predominates in the mixtures, rather than being
influenced by water properties. In relation to the above, one case is
analyzed for each triad of properties for the thermal oxidation water.

In this case, only the possibility of using the thermal oxidation water
to generate the feed pulp in the cleaner 1 stage will be analyzed. Fig. 7
shows the results for the concentration of Mg2+, Cu2+, and Ca%" (Fig. 7a
and 7b), as well as for properties Cond, SO?{’ and DO (Fig. 7c and 7d).
The combination of the cleaning pulp with the thermal oxidation water
falls within the feasible region of the ternary diagram for both sets of
properties, as illustrated in Fig. 7a and 7c. However, the required AUP
values are not met in either case (Fig. 7b and 7d). Consequently, the use
of thermal oxidation water is not appropriate for this operation.

3.3. Rougher circuit with two water sources mixed

In this section, we extend the analysis from section 3.1 of the rougher
stage, using process water, to explore the possibility of using two water
sources. As illustrated in Fig. 6¢, the mixing stream falls within the
feasible area of the ternary diagram; however, it does not meet the
constraint regarding the maximum allowable AUP (AUPmax), since the
AUP of the mixing stream exceeds this limit (Fig. 6d). To address this, we
added fresh water to the initial mixing stream (pulp and process water)
in order to lower the AUP of the mixture. The introduction of fresh water
successfully reduces the mixing AUP to below the AUPmax limit. In
Fig. 8a, the ternary diagram for the new mixing stream is shown,
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Fig. 6. Ternary diagram of Cond, SO and DO properties showing feasible regions and location of mixing pulp stream and chart of augmented property index (AUP)
required range for the rougher circuit (a) Mixing pulp using tailing pond water (b) Mixing stream augmented property index (AUPm) using tailing pond water (c)
Mixing pulp using process water (d) Mixing stream augmented property index (AUPm) using process water.

including the process water stream, a freshwater stream, and a pulp
stream. The new mixing stream remains within the feasible area, as
before (Fig. 8a). However, Fig. 8b shows the AUP values for each stream
relative to the AUPmax and AUPmin limits. It is clear that adding fresh
water reduces the mixing AUP, resulting in an optimal water-to-pulp
mixture.

Recycling process water while adding a small amount of fresh water
is clearly a better option than using only fresh water, especially when
considering water conservation. Using the lever rule, it can be observed
that the amount of fresh water added is relatively small—just enough to
achieve the desired property values in the rougher stage.

This example clearly illustrates that evaluating multiple water
sources using a graphical procedure is complex and becomes unfeasible
when more than three properties are considered. For this reason, an
optimization-based approach is a more effective option in such situa-
tions, as will be demonstrated below.

3.4. Optimization of mass and properties results and sensitivity analysis

3.4.1. Optimization of mass and properties results

According to the mass and property optimization methodology
described in section 2.4, we perform a global evaluation of the two water
adding points in the flotation circuit (Fig. 2). This is, one in the rougher
feeding and other in the cleaner 1 feeding, identifying the best water
adding network into the circuits based on the properties of process
water, thermal oxidation water, thickener water, tailing pond water.
The methodology determines whether using process water or segre-
gating available water streams is most appropriate for achieving the
desired properties of the final flotation mix (Table 7), while the amount
of added freshwater is held constant.

Table 7 presents the calculated property values obtained using a
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mixture of segregated water streams (thickener water, tailings pond
water, and thermal oxidation water) or process water at the two water-
addition points, the rougher and Cleaner 1 stages. For each water
addition point, the deviation associated with each property operator and
the corresponding total deviation are reported. As shown, the total
operator deviation for the rougher stage using segregate water is lower
(2.50) than using process water (23.96). However, this situation does
not hold in cleaner 1, where the use of process water (0.679) is slightly
lower than the use of segregate water (0.715). This happens because, for
some properties, the Cleaner 1 inlet pulp itself is already close to the
desired value—as with Ca?*, where the pulp-dominated mixing ratio
(5:1) preserves this proximity regardless of water source—while for
others, such as Cu®, the process water composition is genuinely closer to
the target than the segregated streams. The total operator deviation for
each case of the study is 3.216 and 24.64 for the segregate water and
process water, respectively, showing the benefit of using the segregate
water. These results show the potential benefit of maintaining water
source segregation and selectively blending the available water streams,
rather than combining them into a single process water stream.

Table 7 also reports the amounts of each segregated water stream
allocated to the rougher and cleaner 1 water addition points. The opti-
mized distribution indicates that thickener water has the most favorable
quality for the flotation process; therefore, it is used in a larger pro-
portion, while freshwater consumption is maintained constant. In some
industrial applications, freshwater is used not only to compensate for
water losses but also to improve the physicochemical conditions
affecting flotation recovery. Therefore, an additional analysis was con-
ducted to evaluate property variations while minimizing freshwater
consumption. The results of this analysis for freshwater are presented in
Appendix B, which illustrates that the proposed methodology can help
identify the best topological water system and analyze the trade-offs of
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Fig. 7. Feasible regions and location of mixing pulp stream for the cleaner 1 using thermal oxidation water (a) Ternary diagram of Mg>*, Cu®>*, and Ca®* properties
(b) Mixing stream augmented property index (AUPm) for Mg?*, Cu?*, and Ca®* (c) Ternary diagram of Cond, SOZ and DO properties (d) Mixing stream augmented

property index (AUPm) for Cond, SOF and DO.

using freshwater.

The water allocation corresponding to the segregated water and the
process-water case reported in Table 7 is graphically represented in
Fig. 9a,b. This figure illustrates the distribution of water sources be-
tween the two water-addition points, namely the rougher and cleaner 1
stages. In this case, the freshwater flow rate remains constant, and it is
used exclusively to compensate for water losses within the plant.

3.4.2. Sensitivity analysis on rougher and cleaner 1

The sensitivity analysis varied the concentrations of SO%’, Mgz*, and
dissolved oxygen to evaluate the influence of these three properties on
the total operator deviation at the rougher and cleaner 1 stages. Fig. 10a,
b show the variation in SOF concentration from 600 to 1400 mg/L for
the rougher stage and from 1300 to 1700 mg/L for the Cleaner 1 stage.
In both stages, the total operator deviation exhibited a similar trend,
with the segregated water strategy consistently producing lower devi-
ation values than using process water. A comparable response was
observed for Mg?* concentrations ranging from 5.8 to 8.2 mg/L in the
rougher stage and from 4.8 to 7.2 mg/L in the Cleaner 1 stage. For
dissolved oxygen concentrations, the ranges were 7.0-9.0 mg/L in the
rougher stage and 2.0-4.0 mg/L in the Cleaner 1 stage. Although
different trends were observed at the two water-addition points, the
curves for the segregated-water strategy remained below those obtained
with process water. These results indicate that using segregated water
streams is the most suitable approach for minimizing deviations from
the target properties.

3.4.3. Analysis with saltwater (brackish water)

The methodology can also be applied to replace or mix continental
freshwater with an alternative water source, such as brackish water
(mixture of freshwater and saltwater). This replacement strategy does
not aim to minimize makeup water consumption; rather, it evaluates the
feasibility of using or adding a different water source based on its
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physicochemical properties and the extent to which its use is favorable.
In this case, the replacement of saltwater with freshwater is analyzed.
The properties of saltwater are described in Table 8.

See Fig. 11 illustrates the Pareto trade-off between replacing fresh-
water with saltwater and maintaining the target physicochemical con-
ditions of the flotation circuit. Because the total water flow is fixed at
approximately 517 t/h, decreasing freshwater necessarily increases
saltwater addition. In both scenarios, greater saltwater substitution in-
creases the total operator deviation, reflecting the growing departure
from the desired pulp properties. However, the segregated water strat-
egy consistently outperforms a single process water stream: at a given
freshwater level, it achieves 20-21 fewer deviation units. For example,
at a total operator deviation of about 24, the optimized segregated
configuration uses approximately 327 t/h freshwater and 190 t/h salt-
water. Under these conditions, a 37 % freshwater saving can be achieved
using segregated water, while the water properties remain the same as
with process water. Complete freshwater replacement is theoretically
attainable, but only at substantially larger deviations, around 140 and
160 for segregated and process water, respectively. Thus, W-PIM/CP
provides a quantitative basis for comparing alternative water sources
and identifying blends that balance water substitution with control of
metallurgical properties.

3.5. Considerations for industrial implementation

Regarding the practical implementation of the W-PIM/CP frame-
work, note that the current model is primarily intended for strategic
network synthesis and design. Future iterations of this work will expand
the scope to include dynamic mass and property balances, as well as
inventory management within the water storage infrastructure. In an
industrial setting, large-scale process water ponds and thickeners func-
tion as significant hydraulic and chemical buffers that naturally dampen
high-frequency fluctuations in water quality parameters. This inherent
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Fig. 8. (a) Ternary diagram of Cond, SO5* and DO showing feasible region and location of mixing pulp stream for the rougher circuit using process and fresh water.
(b) Location of mixing stream augmented property index (AUPm) value using process and fresh water in a three-dimensional graphic chart of the required range.

dampening effect prevents abrupt deviations in the chemical environ-
ment of the flotation circuit, allowing for the framework’s application
through periodic offline laboratory analyses or semi-continuous moni-
toring. Even considering the limitations of current sensor technologies,
the proposed methodology represents a substantial advancement over
the prevailing industrial status quo, in which diverse water streams are
typically commingled with minimal or nonexistent tracking of their
functional properties.

The feasible regions used in this case study were defined from
literature-derived property ranges associated with favorable
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chalcopyrite flotation and pyrite depression, together with the measured
chemical domain of the available pulp and water streams. Therefore,
these limits should be interpreted as illustrative bounds for analyzing
the W-PIM/CP methodology, rather than as fixed thresholds applicable
to all flotation plants. From a practical perspective, the feasible property
windows required for industrial implementation must be calibrated for
each operation, since the metallurgical response to water quality de-
pends on ore mineralogy, mineral dissolution, galvanic interactions,
reagent scheme, recycled-water composition, pH control strategy, and
plant operating conditions. Consequently, site-calibrated bounds should
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Table 7
Property and operator deviation values for rougher and cleaner 1 inlets and water distribution in the analyzed circuit.
Property Units  Rougher Cleaner 1
Desired Segregate water Process water Desired Segregate water Process water
value Calculated Operator Calculated Operator value Calculated Operator Calculated Operator
value deviation value deviation value deviation value deviation
Conductivity us/ 4000.00 3795.02 0.0026 4077.00 0.0004 4000.00 5994.74 0.2487 5534.11 0.1471
cm
Dissolved mg/L 8.00 7.51 0.0038 7.51 0.0038 3.00 4.74 0.3352 4.85 0.3807
Oxygen
Mgt mg/L 7.00 10.29 0.2208 10.04 0.1887 6.00 7.28 0.0454 7.47 0.0597
Ca%* mg/L 200.00 441.22 1.4547 487.14 2.0613 300.00 360.74 0.0410 293.97 0.0004
Cu** mg/L 0.25 0.157 0.1384 0.160 0.1296 0.15 0.162 0.0064 0.154 0.0007
S07 mg/L 1000.00 1825.62 0.6817 1918.82 0.8442 1500.00 1218.69 0.0352 1056.82 0.0873
pH 8.00 8.00 0.000 8.75 20.73 11.50 11.52 0.0026 11.52 0.0026
Sum of operator 2.50 23.96 0.715 0.679
deviations
Water Consumption
Freshwater tph 517.09 0.00 0.00 517.09
Thermal tph 130.00 0.00 0.00 0.00
oxidation
water
Thickener tph 575.92 0.00 821.08 0.00
water
Tailing pond  tph 300.80 0.00 174.20 0.00
water
Process water tph 0.00 1523.81 0.00 478.19
Sum of used 1523.81 1523.81 995.28 995.28
water
a b
Mixing
Thermal / @ pulp 1
oxidation \
water (W1) Process Rougher
. water
stage
Thikenes e () :
water o Pulp, ]
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(W2) Rougher inlet pulp g puip
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Fig. 9. Optimal water network configuration derived from the MINLP model, illustrating mixing and recycling strategies under the W-PIM/CP framework.

be obtained through bench flotation tests, plant surveys, historical
metallurgical data, or a design of experiments linking water properties
with recovery, grade, selectivity, and reagent consumption. On the other
hand, the successful industrial deployment of W-PIM/CP relies on a
synergistic approach between metallurgy and systems engineering. The
metallurgical response to water quality cannot be generalized across all
concentration plants, because it depends on ore mineralogy, valuable
and gangue mineral associations, reagent scheme, pulp chemistry, and
the residence time of recycled waters. A preliminary experimental phase
using DoE is essential to calibrate the optimal property windows. Once
these metallurgical targets are established, they can be used as the
optimization tool to allocate and blend the available water sources while
maintaining the process as close as possible to the desired physico-
chemical domain.

It should be noted that the mathematical clustering of properties
typically assumes a linear superposition via property operators. How-
ever, in complex mineral pulps, interactions between ions and residual
reagents often exhibit non-linear behaviors, such as ion speciation,
synergistic precipitation, or antagonistic effects on collector adsorption.
Reagent-related effects represent a relevant boundary of the current W-
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PIM/CP formulation. The present model considers inorganic ions and
physicochemical properties such as pH, dissolved oxygen, conductivity,
and selected dissolved species; however, collectors, frothers, de-
pressants, pH modifiers, flocculants, and their degradation products
may also affect mineral hydrophobicity, bubble-particle attachment,
froth stability, redox conditions, and reagent adsorption. These effects
may be partially captured through measured pulp properties, but they
are not explicitly included as independent property operators in this
proof-of-concept model. Consequently, the definition of the 'Feasible
Region' in the W-PIM/CP framework must be grounded in experimental
data or rigorous thermodynamic simulations that reflect the specific
solution matrix and key variables, such as pH and ionic strength. By
establishing these metallurgical windows based on the actual chemical
environment of the pulp, the framework can effectively guide the mixing
of recycled streams. This functionality-based approach, despite the
challenges posed by non-linear chemical interactions, represents a
substantial improvement over traditional mass-balance management,
which fails to account for water-quality deviations and their impact on
mineral-separation kinetics. Furthermore, this systematic approach en-
ables the identification of the precise threshold at which freshwater
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Table 8
Properties for saltwater (typical values for seawater).
S0% DO cu*t  Mg?>*  ca®"  Conductivity pH
(mg/ (mg/ (mg/ (mg/ (mg/  (pS/cm)
L) L) L) L) L)
Saltwater 2750 7.40 0.001 1300 420 53,000 8.1

reduction begins to jeopardize metallurgical stability, a critical decision-
making capability that goes beyond simple volumetric balances.
Implementing the W-PIM/CP framework requires evaluating CAPEX
against long-term operational value. Traditional water networks often
rely on large, centralized process water ponds, while this framework
choice favors segregated storage. Although multiple storage units and
valve systems may increase initial construction costs, these can be
partially offset by more efficient plant layouts that reduce piping dis-
tances and pumping energy. Crucially, feasibility rests on two benefits: a
significant reduction in OPEX through the optimized use of reagents,
such as pH modifiers and collectors, which are often overdosed to
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counteract water impurities, and a substantial increase in revenue due to
enhanced metallurgical stability. By precisely controlling the chemical
environment of the pulp, the plant can avoid recovery losses and grade
fluctuations associated with unmanaged recycled water. This shifts
water management from a cost center to a strategic tool for maximizing
the overall net present value (NPV) of the concentration process.

A key advantage of the framework is its ability to reduce the dynamic
complexity of the flotation circuit. Currently, most operations combine
all recycled water sources into a centralized pond, creating a chemical
environment where unpredictable interactions, such as reactions be-
tween fluctuating pH levels in tailings water and residual reagents in
thickener overflows, often occur. We argue that much of the perceived
instability in recycled water quality is a direct result of this indiscrimi-
nate mixing. By implementing a segregated storage strategy based on
property clusters, the plant can isolate streams with compatible attri-
butes, thereby reducing chemical noise and overall system uncertainty.
Although this functionality-based approach simplified the model of the
complex water-metal nexus, it provides a superior decision-making
structure compared to traditional methods, enabling more robust
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Fig. 11. Pareto curve for the optimization approach, focusing on adding salt water to replace the use of freshwater while satisfying the desired properties.

control over the flotation chemical environment.

3.6. Economic sensitivity analysis

A conceptual CAPEX assessment was performed to quantify the in-
cremental cost of implementing the W-PIM/CP segregation logic by
using two functionally separate process-water pools rather than a single
centralized pond. Both configurations were sized for the same total
storage capacity, with the segregated alternative distributing 1524 m%/h
to the rougher pool and 995 m3/h to the cleaner pool. Pool volumes were
sized to provide 48 h of operating inventory, resulting in a total storage
capacity of 120,916 m® across both configurations. Pool costs were
estimated using the six-tenths scaling rule, and pump station costs were
calculated from the hydraulic power equation and scaled by installed
power. The resulting incremental CAPEX was estimated at 1.91 MUSD
(Class 5 conceptual estimate, +50 %, range 0.96-2.87 MUSD). Civil
works and lining for the pools accounted for 82 % of the increase; pump
stations accounted for the remaining 18 %.

Because the framework is presented as a proof of concept, the eco-
nomic assessment is framed as a sensitivity analysis: it estimates the
recovery improvement required to offset the incremental CAPEX, rather
than predicting a specific NPV. Two complementary metrics are re-
ported. Using a discounted cash flow criterion over a five-year horizon at
an 8 % discount rate, the threshold improvement in copper recovery that
makes the NPV of the incremental investment equal to zero is 0.019
percentage points. As a complementary view, Table 9 reports the simple
payback period (undiscounted) for three illustrative recovery-
improvement scenarios; even in the most conservative scenario of 0.5
percentage points, the payback period is on the order of two months. The
threshold recovery improvement required to offset the incremental
CAPEX is therefore small relative to the recovery sensitivities to water
quality reported in the flotation literature. All equations, assumptions,

Table 9

and calculations are detailed in Appendix A.
4. Conclusions and future work
4.1. Conclusions

This work proposes the Water Property Integration Method for
Concentration Plants (W-PIM/CP), a framework that complements
conventional volumetric water balances by tracking physical and
chemical water-quality properties (pH, dissolved oxygen, conductivity,
and key ionic species) across the water network of a mineral concen-
tration plant. The framework was illustrated on a sulfide flotation circuit
as a proof of concept.

The main results of the case study are the following:

Ternary cluster diagrams are a useful graphical aid when up to three
properties are tracked, but become limited at higher dimensionality.
The MINLP formulation is required to allocate water sources in
multi-property settings, where bilinear terms arise from the simul-
taneous optimization of flows and property values.

e Applied to the rougher and cleaner 1 stages, the model shows that
recycled water sources (thickener, tailings pond, and thermal
oxidation water) can be assigned to specific flotation stages provided
that their combined properties fall within the feasibility region
defined by the target property windows. The cleaner 1 stage, in
particular, can be operated primarily on recycled water, subject to
control of insoluble solids.

Centralized commingling of all recycled streams into a single pool
produced the largest deviations from the target property values at
each flotation stage and was the least favorable configuration among
those tested. Allocating water sources into functional pools through
the W-PIM/CP model offers a more controlled alternative.

Simple (undiscounted) payback period for A CAPEX as a function of recovery improvement.

Scenario Recovery improvement AR (pp) Annual revenue gain (MUSD/yr) Payback time for ACAPEX (yr) Payback period on ACAPEX (weeks)
Low scenario 0.50 12.38 0.15 8.0
Medium scenario 1.00 24.76 0.08 4.0
High Scenario 1.50 37.14 0.05 2.7
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e The Pareto curve shows that using segregated water streams provides
greater flexibility for incorporating alternative water sources while
preserving physicochemical conditions closer to the desired metal-
lurgical operating range than using a single commingled process
water stream.

A conceptual CAPEX assessment (Class 5, +£50 %) of the segregated
configuration relative to a centralized one indicates an incremental
cost of 1.91 MUSD. Under a discounted-cash-flow criterion (5-year
horizon, 8 % discount rate), the threshold improvement in copper
recovery that offsets this incremental cost is 0.019 percentage points;
feasibility therefore depends primarily on metallurgical validation
rather than on capital cost.

The framework is presented as a proof of concept under literature-
derived property windows. Industrial deployment would require site-
specific calibration of those windows through bench-scale flotation
tests, plant surveys, historical data, or design of experiments, as dis-
cussed in Section 3.5.

4.2. Future studies

Several extensions of the W-PIM/CP framework deserve further
investigation:

e Site-specific calibration of property windows. The feasibility regions
used in this work were derived from ranges reported in the literature.
A systematic procedure for defining target property values from a
combination of bench flotation tests, design of experiments, and
historical plant data is required before the framework can be
deployed at an industrial scale. Such a procedure should account for
ore mineralogy, mineral dissolution chemistry, and the reagent
scheme of the operation.
Coupling with reagent consumption. Adverse water properties (high
ionic strength, low dissolved oxygen, pH drift) are typically
compensated for by adjusting the dosages of collector, depressant, or
pH modifier. Quantifying these compensations as functions of water-
quality variables and including them in the MINLP objective would
extend the framework to jointly optimize water allocation and re-
agent OPEX.
Dynamic operation on a fixed network topology. The present formula-
tion is a steady-state synthesis model. Industrial circuits experience
time-varying ore mineralogy and recycled-water composition, so a
dynamic version of the framework, operating on a fixed network
topology, could serve as a regulatory layer to adjust flow rates and
maintain pulp properties within target windows in response to up-
stream disturbances.
Non-conservative property operators. Some water-quality variables,
particularly those associated with residual organic reagents and
Total Organic Carbon (TOC), are not conservative during mixing due
to degradation and reaction. A given TOC value in the thickener
overflow may correspond to a different mixture of intermediate
species than the same TOC value in the tailings pond. Extending the
property operators to capture these transformations is a natural next
step toward dynamic property prediction.

Microbial activity as a water-quality property. Microbial communities

present in flotation plants can affect mineral surfaces and have been

studied as potential bioreagents (Kinnunen et al., 2020; Arias et al.,

2023). Incorporating microbial activity as an additional property

within the W-PIM/CP framework would require both characteriza-

tion protocols and a suitable property operator.

o Integration with dewatering operations. Thickeners and filters are
commonly modeled as passive solid-liquid separation units, but their
flocculant chemistry and operating conditions modify the water that
re-enters the flotation circuit. Treating these units as active property-
modifying stages would close the loop between flotation and water
recovery (Unesi et al., 2014).
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