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Abstract: An investigation of primary water sources in two Bolivian basins identified the presence of
heavy metals toxic to health that exceeded the permissible limits for drinking water. Lead deposited
in the San Jacinto and Huacata–Tarija reservoirs within the Guadalquivir basin and arsenic in the
Milluni–La Paz basin were identified. The work studies reverse osmosis (RO) to remove Pb and As.
The main contribution of this research is the development and construction of a mathematical model
based on the Spiegler–Kedem concentration polarization model using different concentrations of Pb
and As. The model makes it possible to design high conversion facilities (>80%) and optimize the
process from the point of view of energy efficiency in future works. The model was developed to
also include an Arrhenius temperature adjustment factor that allows for an accurate prediction of the
process performance. The experimentation was carried out in two RO pilot plants using polyamide
membranes. The model fits correctly with a maximum relative error between the experimental and
theoretical flows of 5.4% and 4.4%. Among the benefits of the study, it guarantees the rejection of
metals greater than 99%, even at low pressures.

Keywords: heavy metals; safe water; reverse osmosis; concentration polarization; mathematical
model; temperature correction

1. Introduction

The increase in pollution due to different anthropogenic activities has resulted in the
reduction of potable water sources in different parts of the world [1–3]. Bolivia, a country
located in the heart of South America, is one of these locations. Increased population growth
coupled with poorly controlled development has led to a growing and sustained process
of water pollution in various areas of the country [4,5]. The Milluni and Guadalquivir
basins are important in Bolivia because they are the sources of drinking water for two large
cities in the country, La Paz and Tarija. Both basins are currently contaminated with toxic
heavy metals, which represents a risk to the public health and safety of the population [6–8].
Not many studies exist that determine the origin of arsenic and lead in water sources in
either the Milluni or Guadalquivir basins. The Swiss cooperation study [9] identifies that
mining is one of the main polluting factors of water in the Milluni basin. Medina et al. [10]
indicate that agrochemical misuse is one of the factors in the contamination of the San
Jacinto reservoir of Tarija.

Some heavy metals such as copper, zinc, manganese, iron, and cobalt play an essen-
tial role in the biochemical processes of the human body. However, excessive exposure
to these metal ions can cause hazardous impacts. Other heavy metals such as arsenic,
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cadmium, lead, mercury, and chromium are toxic, even at trace levels, because they can
accumulate in the human body [11]. Not only do they pose a risk to public health, but
toxic metal contaminants also pose a challenge for developing and applying effective water
treatments [12].

Recent studies show that membrane filtration technology includes promising processes
for drinking water treatment and recovery [13–16]. One membrane filtration process that
has attracted particular attention in recent years is reverse osmosis (RO) [17–19]. RO has
become an essential tool for industrial applications and is undergoing further research
to orient this process towards sustainability [20]. Fritzmann et al. [21] point out that RO
is a mature and widely used technology worldwide for desalination, purification, and
water recovery.

However, the concentration polarization (CP) process results in a higher solute con-
centration near the membrane, thus decreasing membrane permeability [22]. In addition,
membrane fouling occurs with CP. Both conditions cause lower permeation at a given feed
pressure. The result is an increase in energy consumption [19,23–26] and a reduction in
process performance, operation, sustainability, and economic viability.

When the CP effect in an RO system occurs, the solute tends to accumulate on the
surface of the membrane so that there is a high flux of flow through the membrane but
a lower flux of solutes. Solutes that do not pass through the membrane are entrained in
the rejection stream since the flow velocity through the membrane is low. The solutes can
only pass into the bulk of the rejection stream by back-diffusion in the opposite direction to
the permeate flow. At a steady state, the net flux of the solute passing through the liquid
film equals the solute flux through the membrane. The solute concentration increases in a
boundary layer, reaching its maximum value at the membrane surface [27,28].

The concentration of solutes on the surface of the membrane is a function of the
balance of convective forces carrying the solute towards the membrane and diffusive forces
causing the solute to return to the bulk solution. In essence, the CP results in the solute
being retained in the adjacent zone of the membrane in a transitory manner and, unlike
fouling, may cease to exist when the driving force ceases [25]. This CP effect results in a
concentrated solution on the approach side of the membrane but not after passing through
the membrane [29].

Developing a mathematical model that adequately expresses the RO process’s perfor-
mance is essential for optimizing cost reduction in the final design and implementation of
the system [30]. Several mathematical models have described mass transfer and hydrody-
namic permeability in RO systems. The specific research topic in the mass transfer is the
CP-dominated process near the membrane. Modeling this process is necessary to predict
RO separation [16].

The physical and chemical interaction between different feed components and the
membrane surface in the CP process is complex. One method to predict membrane per-
formance and pumping energy requirements is quantifying the CP process by choosing
between several mass transfer correlations [20,31–34].

The coupling between a mass transfer correlation for CP and the solute transport
in the membrane, as described by the Spiegler–Kedem model, requires the simultaneous
evaluation of the following three parameters: the Stavermann reflection coefficient σ, solute
permeability Lp, and mass transfer coefficient km. The variable speed method, which
provides information on the reflection coefficient and permeability of the solute, can be
helpful in fitting the mentioned coupled model [35].

Al–Obaidi et al. [36] developed a two-dimensional mathematical model to separate
dilute aqueous solutions by RO that can be used to predict and analyze the flow, pressure,
concentration, and temperature in the membrane. This would facilitate the estimation of
water flow and solute concentration. The model is validated using experimental data that
simulates the process under steady-state conditions to gain a deeper insight into the process.
The results indicate that the development of the model allows the operating parameters
to be estimated and the impact of the concentration, pressure, and temperature on the
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solution’s physical properties to be analyzed, taking into account the varied coefficient
of mass transfer and the concentration polarization. The research shows the importance
of developing mathematical models to evaluate the RO, which in our case, applies to the
separation of heavy metals such as Pb and As.

Temperature is difficult to control in a natural environment and can greatly affect the
speed of transport. Therefore, it is essential to evaluate its effect on RO operation [37].
Transport through dense films can be viewed as an activated process usually represented
by an Arrhenius-type equation [38].

Alanod et al. [39] propose a device-adapted mathematical model that enables energy
recovery in an RO system. It evaluates the effects with various process operating conditions,
including the feed rate, pressure, and temperature. The simulation results showed that the
total energy consumption could be reduced at a low flow rate and feed pressure and with
high values of temperature. These considerations have been used for the present work.

Abejon et al. [40] demonstrated the technical and economic feasibility of removing
As through an optimized reverse osmosis process, with the optimization strategy’s total
cost minimization as the objective. In addition, Ning et al. [41] also indicated that RO
effectively removes arsenic in its highest oxidation state. Schimdt et al. [42] studied the
separation of arsenic on a pilot scale in groundwater. Both aerated and non-aerated water
was considered, although higher removal levels were achieved in aerated water. However,
working in an anoxic mode, international water standards were not met [42].

Some research shows that the elimination of As reaches rejection rates higher than 95%.
However, they highlight the need to further investigate the separation of heavy metals in
drinking water [41,43–46].

Schjeniter and Middlebrooks [47] in their research show the reduction of arsenium
and fluoride concentrations in groundwater were reduced by between 60% and 90% from
almost 80 µg/L. Fluoride concentrations were reduced by approximately 60% from nearly
1.7 mg/L. Likewise, Kang et al. [48] point out that pH control in As removal with RO may
be more successful. Akin [49] investigated As removal with SW and BW-30 membranes
(FILMTEC). The results confirm that the rejection increases with the increase in the operat-
ing pressure and that it also depends on the type of membrane. Research on the rejection of
arsenic in water by RO is important for the development of this work.

This research demonstrates the effect of concentration polarization on the behavior
of reverse osmosis membranes in the separation of lead and arsenic in drinking water.
The experimental phase was carried out with controlled water solutions in the laboratory
with different concentrations of lead and arsenic combined with sodium chloride. NaCL
allows for the simulation of the presence of other contaminants in natural water. The main
contribution of this research is the development and construction of a mathematical model
based on the Spiegler–Kedem [50,51] concentration polarization model using different
concentrations of Pb and As. The model allows for the design of high conversion facilities
(>80%) and optimizes the process from the point of view of energy efficiency in future
works. The model has been developed including an Arrhenius temperature adjustment
factor that allows an accurate prediction of the process performance. The model was
validated with the experimental results obtained in two RO pilot plants on two campuses
of the Universidad Católica Boliviana San Pablo.

The results show that the operation of the RO at low pressures is effective in the
rejection of Pb and As in drinking water, allowing energy savings without affecting the
physical behavior of the membrane. The current research is an important contribution to
guarantee safe water to the population in a sustainable way.

Study Zone

The Milluni and Guadalquivir basins comprise important natural sources of drinking
water for the municipalities of La Paz and Tarija, Figure 1. Therefore, during 2018 and
2019, within the framework of a doctoral research project with the Technological University
of Valencia, monitoring was carried out to determine the quality of water resources in
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the study basins. The results of the study showed the presence of harmful heavy metals
and metalloids with concentrations that exceeded the permissible limits of the Bolivian
regulations [8,52]. The main problem was lead and arsenic, for which Bolivian regulations
state a maximum acceptable limit is 0.01 mg/L [50]. Lead and arsenic concentrations were
50% and 44% higher than this limit. Expecting to have at least 94% rejection of contaminants.

Monitoring of the reservoirs of San Jacinto and Huacata in Tarija and Milluni in La
Paz was performed. Concentrations of Pb and As were much higher than those specified
in the regulations. The Bolivian Standard establishes a maximum admissible parameter
of 0.01 mg/L for Pb and As [53]. The follow-up study showed the presence of other
multivalent ions in the water.
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RO is a method that stands out for its high separation selectivity and high efficiency to
guarantee safe water for human consumption. In 2019 and 2020, two experimental pilot
plants were installed on the Tarija and La Paz campuses of the Bolivian Catholic University
to investigate and evaluate the separation process of inorganic contaminants in water by
RO [8].

The proposed experiment considers the evaluation of the RO process to separate
lead and arsenic in synthetic waters combined with sodium chloride, in concentrations
representative of those found during the monitoring work [8].

2. Model Theory

A schematic of the phenomenon of CP demonstrating the increased concentration in
the feed boundary layer due to the retention of solute is shown in Figure 2. At distances
from the wall greater than the boundary layer thickness δ, the concentration Cf takes the
value of the bulk feed solution because the flow tangential to the membrane is assumed
to be turbulent. In the CP boundary layer, the concentration gradually increases until
reaching a maximum at the membrane surface C′f because of the convective flow toward
the membrane wall. If there is no complete retention of the solute, some amount of the
solute passes through the membrane, causing the permeate concentration Cp.
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The Spiegler–Kedem model [50,51] is based on the principles of irreversible thermo-
dynamics. It relates the fluxes of the solvent and solute with the coefficients of transport,
which in turn are independent of solute concentration [54]. For a system made up of
two components, water and solute, the expression of the volumetric flux and the intrinsic
retention for this model are:

Jv = Lp·(∆P− σ·∆π) (1)

Rm = 1− 1− σ

1− σ· exp
(
−(1− σ)· Jv

Bs

) (2)

where:
Jv: volumetric flux;
Lp: water permeability of the membrane;
∆P: transmembrane pressure;
∆π: difference in osmotic pressure;
Σ: reflection coefficient;
Bs: solute transport coefficient;
Rm: intrinsic salt rejection index of the solute.
For a solute, the observed salt rejection index Ro and the intrinsic salt rejection Rm are

calculated using the solute concentration in the bulk or the solute concentration at the feed
membrane wall C′f and the solute concentration in the permeate side Cp.

Ro =
C f − Cp

C f
(3)

Rm =
C f − Cp

C f
(4)

In the boundary layer, the balance between convective flow in the fee, back-diffusion,
and convective flows that will pass to the permeate gives:

Jv·Cp = Jv.C− Ds·
dC
dx

(5)

where:
C: solute concentration in the CP layer;
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Ds: diffusion coefficient of the solute.
The integration of the concentration gradient from Equation (5) along the boundary

layer with the boundary conditions given by the solute concentration in the bulk solution
and solute concentration at the membrane wall yields results in:

C f − Cp

C f – Cp
= exp

(
Jv δ

Ds

)
= exp

(
Jv

k

)
. (6)

where the mass transfer coefficient, k, can be obtained from a mass transfer correlation
based on Reynolds and Schmidt numbers, or also as a result of fitting Equation (11) to the
experimental data. In this work, the latter has been chosen due to the difficulty of using a
wide range of input velocities to the membrane module, limited by the characteristics of
the pilot plant.

The average volumetric flux of permeate is calculated using the effective area of the
membrane, S, as:

Jv =
Qp

S
(7)

According to Equations (3), (4) and (6), the observed and intrinsic rejections are related
by the following equation:

Rm (1− Ro)
Ro (1− Rm)

= exp
(

Jv

k

)
(8)

The difference in osmotic pressure between both membranes sides is:

∆π = Rg·T·
(
Cf − Cp

)
(9)

where:
Rg: perfect gas law constant;
T: absolute temperature.
The dependence of the permeability parameter on temperature is modeled by an

Arrhenius-type equation [38]:

Lp(T) = Lp,0· exp
(
−∆H

Rg
·
(

1
T
− 1

T0

))
(10)

The value of −∆H/Rg fitted to membrane permeability results in different tempera-
tures. The model considers a reference temperature of T0 = 293 K [8].

Combining Equations (6), (9) and (10) with Equation (1), we obtain the temperature-
dependent model for the volumetric flux based on total solute concentration:

Jv(T) = Lp(T)·
[

∆P − σ·Rg·T·
(
Cf − Cp

)
· exp

(
Jv

k

) ]
(11)

Note that in the case of a solution containing a major solute and minority ions,
Equation (10) is applicable to the main solute which is responsible for most of the os-
motic pressure.

The observed rejection of a minority solute (i) is related to the volumetric flux by
Equation (12) which is obtained by the combination of Equations (2)–(4) and (6).

Ro,i

1− Ro,i
=

σ

1− σ
·
[

1− exp
(
− Jv(T)·(1− σ)

Bs,i

) ]
· exp

(
− Jv(T)

ki

)
(12)

3. Materials and Methods

This section describes the water problems of the study areas and the previous work
carried out for the research, such as the monitoring of the water sources and the assembly
of the pilot RO plants for the research. In addition, the characteristics of the membrane
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and chemicals used are detailed, and the model used for the analysis of the CP and the
proposed adjustment of the model are described, incorporating the temperature adjustment
as a key factor to analyze the behavior of the system.

3.1. Chemicals

The model water solutions used in the experimentation were prepared by adding
salts and metal standards in distilled water combined with sodium chloride. Model
water solutions containing lead were prepared using Merck® Pb (NO3)2, with a purity
of 99.5%. Model water solutions containing arsenic were prepared using solutions of
1000 µg/mL from Inorganic Ventures®. The sodium chloride NaCl used was provided by
VIOPACK® with a purity of >99%. Membrane cleaning was performed using citric acid
from VIOPACK®.

The levels of concentration of the solutions were selected according to the pollutant
concentrations found in the previous monitoring of natural waters in the study areas.

Sampling was carried out in compliance with the Bolivian Regulation NB-496, which
indicates that wide-mouthed polyethylene bottles should be used, with a 300 mL capacity.
A mobile multiparametric equipment HACH model DREL/2088 was used for the con-
ductivity measurements in the different samples. An inductively coupled Perkin Elmer
4300 brand optical emission spectrometer with plasma was used to determine lead and
arsenic concentrations.

3.2. Membrane Characteristics and Pilot Plant

The research carried out in the experimental plants installed in Tarija and La Paz for
the analysis of lead and arsenic, respectively, used a polyamide spiral-wound membrane
module ULP-2540 from Keensem® [55]. The experiments and fitted parameters for the
module, such as Lp, σ, k, and ∆H/Rg, were calculated in a particular way based on the
experimental results obtained from each study area. The technical characteristics are
indicated in Table 1.

Table 1. Technical characteristics of the membrane ULP-2540.

Type: Spiral Wound

Membrane polymer
Permeate flow
Membrane active area
Minimum ratio of concentrate
Effective membrane thickness
Membrane pore diameter

Composite polyamide
2.84 m3/d
2.5 m2

8%
0.25 µm
<0.002 µm

Maximum applied pressure
Maximum operating temperature
Maximum feed flow

41.4 bar
45 ◦C
1.4 m3/h

Source: [52].

Figure 3 shows the schematic design of the pilot plant assembled for the present work.
It consists of a feed water storage tank connected to the centrifugal pump by means of
two valves, the pump inlet (V1) and the pump outlet (V2), and a pressure vessel to place a
spiral-wound membrane module with pressure gauges at the input feed (M1) and output
concentrate (M2). There is a needle-type valve at the exit of the concentrate (V3) to regulate
the input flow, and two sensors for the measurement of the permeate (S1) and concentrate
flows (S2) with sampling pulses every 6 s. The pump has a frequency regulator which
allows the pressure and flow rate to be set with the concentrate valve (V3). Finally, at the
outlet of the permeate and concentrate, there are hoses for taking samples.
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3.3. Design of Experiments and Control Variables

Two different types of experiments were considered according to the tested solutions:
(i) solutions containing only the salt of the pollutant (Pb or As), and (ii) solutions containing
the pollutant and NaCl to simulate the salinity of the natural waters.

In the design of experiments, the following factors were used: feed pressure, feed
flow, and concentration of the solutes. For each factor, three levels (low, medium, high)
were used. The plant worked in a closed circuit; nine experimental runs were carried out
with average durations of 25 to 30 min each. The selection of concentrations was based
on building a model that would allow for the design of installations with high conversion
(>80%). With this, it will be possible to optimize the process from the point of view of
energy efficiency in future works.

The quality of the water obtained through the monitoring of the main water sources
shows that in addition to the presence of Pb and As, they have other contaminants. The
presence of these contaminants can generate changes in the behavior of the membrane,
so the use of NaCl is defined to simulate the effect of salinity on metal rejection. The
use of three levels of solute concentrate in the water is intended to simulate the behavior
of the membrane in the face of increased concentrations in the concentrate flow in an
industrial design.

Pressure and flow ranges were selected according to the membrane characteristics and
levels of concentration to be treated. The experimentation was carried out independently
for each pollutant and concentration to evaluate the fouling of the membrane between
each concentration of the solute and carry out the respective cleaning before increasing the
concentrations. The temperature was used as an adjustment factor.

Model solutions were prepared in quantities of 60 and 50 L for the Tarija and La Paz
plants respectively. The composition of the synthetic waters used and the concentration
levels are shown in Table 2.

Table 2. Concentrations of solutes in synthetic water.

Solutes
Experimental Concentrations (mol/m3)

C1 (Low) C2 (Medium) C3 (High)

Pb
NaCl

1.5 × 10−04

3.25
1.5 × 10−03

16.3
5.4 × 10−03

32.5

AsNaCl 1.44 × 10−04

2.95
4.98 × 10−04

15.1
9.18 × 10−04

29.7
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The low levels reflect the actual concentrations found in the monitoring water. The
medium and high concentrations reflect the concentrations in the concentrate flow that
might be expected in an industrial-scale design.

The permeation experiments were performed in a total recirculation mode and lasted
25–35 min per run. Samples of the permeate and concentrate were taken to be analyzed.
Conductivity was taken as a measure representative of total salinity. An atomic absorption
spectrophotometer was used to obtain the final concentrations of Pb or As.

Before each test, the membrane was compacted at a maximum pressure (10 bar) with
the corresponding solution for 1 h, without observing significant changes in the flow, since
the behavior of the membrane was very stable in all the tests from the first 10 min.

The main experimental runs and the evolution of Jv can be observed in Figures S7–S24
of the Supplementary Materials, where the stabilization time of Jv is observed.

4. Results

The results obtained during the process of separating lead and arsenic combined with
sodium chloride in distilled water through a RO process carried out in the two experimental
pilot plants are shown.

4.1. Determination of the Dependence of Lp on Temperature

To consider the dependence of permeability with temperature, the Arrhenius adjust-
ment factor was calculated, for which the variation of the flux Jv was recorded at different
operating temperatures. Figure 4 shows the regression line of the membrane permeability
at a 5-bar pressure for distilled water. The obtained value of the parameter ∆H/R of
Equation (10) was 2459.5 K.
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Figure 4. Determination of the membrane permeability temperature adjustment factor for ULP-2540
membrane (P = 5 bar, distilled water).

The figure shows the behavior of the permeate depending on the temperature varia-
tion. The parameters allowed us to obtain an adjustment factor applied to the experimen-
tal results.

4.2. Effect of Applied Pressure

According to the design of the experiments, the levels established for the working
pressures were 5.0, 7.5, and 10 bar. Figures 5 and 6 show the behavior of the experimental
flux Jv with respect to the applied pressure ∆P for each pollutant at each concentration level.

The experimental runs were carried out under different water temperatures, starting
from an ambient temperature close to 10 ◦C, and ending close to 30 ◦C. Flows were
normalized to a standard temperature of 25 ◦C.
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For pressure variation, centrifugal pumps with capacities of up to 30 bar were used.
In addition, valves were installed at the inlet and outlet of the membrane and a frequency
regulator. It is observed in Figures 5 and 6 that with the increase in transmembrane pressure,
the Jv increases linearly for the three concentrations. It is also observed that at a higher
concentration, the Jv decreases.

Figures 7 and 8 show the observed rejection with respect to the applied pressure for
Pb and As solutions, respectively. For solutions containing Pb, the rejection was between
99.0% and 99.4%, with slightly higher rejections at the lower concentration. For solutions
containing As, the rejections fell in a range between 99.1% to 99.6%. For both solutions, no
significant pressure effect was observed in the pressure range studied. The salt rejection
indices obtained in the different operating conditions were high enough to assure permeates
with Pb or As concentrations below the permitted limits for water for human consumption.
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Figure 8. Influence of the applied pressure on As salt rejection (feed flow = 0.29 to 040 m3/h, feed
concentration = 2.9, 15, and 29 mol/m3).

The results in the rejection are those expected in an RO process. With the investigation,
it is evident that with the increase of the input flow, the flow also increases. However, as
the concentration increases, the flux decreases. This is explained by the CP phenomenon,
which shows that with a lower concentration, the mass is transferred more easily than with
higher concentration.

4.3. Effect of Feed Solute Concentration

Figures 9 and 10 show the salt rejection of Pb and As, respectively, for the three
composition cases studied. For the Pb solutions, a smaller rejection was observed as
the concentration level increased because the increase in the ratio of Pb to NaCl of the
membrane produced a decrease in the salt rejection of the solute.
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Figure 10. Influence of the Cf on the behavior of salt rejection Ro for As.

In a similar way to the previous graphs, it is observed that at low concentrations the
salt rejection was greater, while as the concentration increased, the RO decreased. This was
due to the fact that the CP is the phenomenon that governs the process. Lead shows a more
similar trend compared to arsenic showing a marked difference in rejection.

4.4. Model Validation

For the validation process of the model, the reflection coefficients σ were first estimated
for the operation of the system. The results for each metal and concentration are shown in
Table 3. The calculation was performed using the Matlab [56] curve fitting application from
the experimental results obtained in the different concentrations.
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Table 3. Calculation of reflection coefficients.

Pollutants Concentration σ (Metal + NaCl)

Lead (Pb)
Low

Medium
High

0.9900
0.9917
0.9921

Arsenic (As)
Low

Medium
High

0.9935
0.989

0.9912

The calculation of non-linear parameters such as the hydraulic permeability constant
Lp and the mass transfer coefficient k are shown in Tables 4 and 5 for the metal + NaCl
combinations of the different concentrations. Similar to the research found in [29], the CP
theory allowed us to simultaneously determine and evaluate the three detailed parameters.

Table 4. Calculation of non-linear parameters of the model by concentrations for the Pb.

Concentration Metal
σ Lp (L/m2.h.bar) k (m/s)

Metal + NaCl Metal + NaCl Metal + NaCl

Low Pb 0.990 6.714 1.15 × 10−05

Medium Pb 0.9917 6.1114 51.56 × 10−04

High Pb 0.9921 5.5901 69.45 × 10−04

Table 5. Calculation of non-linear parameters of the model by concentrations for the As.

Concentration Metal
σ Lp (L/m2.h.bar) k (m/s)

Metal + NaCl Metal + NaCl Metal + NaCl

Low As 0.9935 6.198 5.6 × 10−06

Medium As 0.989 7.618 5.83 × 10−06

High As 0.9912 6.855 7.49 × 10−06

The flow rates of permeate Qp and concentrate Qs have been measured with a flow
sensor installed at the outlet of the permeate and concentrate. This has allowed the
calculation of the entrance flow Qf and the experimental Jv. With the parameters calculated
and detailed in Tables 4 and 5 and using Equations (10) and (11), the Jv (theoretical)
was calculated. The behavior of the model is illustrated in Figures 11–13 for lead and
Figures 14–16 for arsenic. In the Supplementary Material are the Matlab scripts S.1.1 to
S.6.2, for the evaluation and validation of the model.

The main operating conditions that caused the three steps in the figure are the trans-
membrane pressure that varied between 5.0, 7.5, and 10 bar. The variation of Jv is influenced
by the concentrations of the solute, represented in each figure.

The figures show an adequate fit of the model for the behavior of lead. The maximum
differences between the theoretical and experimental values were 3.0% and 5.4%, which
were generated in the medium and high concentrations. This is expected in the effect of CP,
considering that the fluxes decrease when the concentrations increase.

In the case of arsenic, the maximum difference between the theoretical and experimen-
tal values were 4.4% and 3.6%, and the medium concentration was the one that shows the
greatest difference.

Graphs 17 and 18 detail the maximum errors between the experimental and theoretical
values for lead and arsenic, obtained from the validation of the model.
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Figures 11–16 show the validation of the model through the theoretical vs. experimen-
tal behavior of the system, and the three steps show the behavior of the metal with the
three concentrations analyzed. The time reflects the average duration of the experiment
that was needed to reach stabilization of the flows. Figures 17 and 18 show the maximum
relative errors between the theoretical and experimental Jv found in the validation. For
both metals they were generated at high concentrations and with high pressures.
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The temperature correction included in the model allows for an adequate adjustment
of it. This is observed in the calculated theoretical flow, which shows a clear increasing
trend, which is normal in the separation process as the temperature of the solution increases.
The foregoing exposes a congruence between the experimental and theoretical behavior,
validating the proposed model.

The graphs of the experimental flux with respect to the theoretical Jv allowed us
to establish an adequate behavior of the separation model of metals with relative errors
between the two not greater than 5.4% for lead and 4.4% for arsenic.

The design of the experiments and the experimental tests were carried out to verify
and evaluate the flux over time, and the validation of the model illustrated in Figures 11–16.
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The experiments considered the pH during the experimental process. It varied between
5.72 and 7.45 for lead and 6.72 and 7.18 for arsenic. The variations were due to the variation
in the concentrations of the Pb, As, and NaCl salts used in the synthetic waters.

4.5. Discussion of Results

Although the temperature is a natural variable, it cannot be controlled like other plant
operating parameters. During the experimentation, the permeability in solute (Pb, As,
and NaCl) transport followed an Arrhenius type of relationship as indicated by Mulder
et al. [38]. This made it possible to evaluate the effect of temperature on the operation of
reverse osmosis, as indicated by Lora et al. [37].

It is observed that the recovery of water improves with the increase in the feeding
pressure and temperature, but decreases with increasing metal concentration. This is in
agreement with the study presented by Alanood et al. [39]

The results show that the Pb and As rejections decrease as the concentration level in-
creases. These results agree with the work of Pontié et al. [54], who present an approach that
combines the characterization and modeling of mass transfer in a low-pressure RO system.

The mathematical model for the separation of metals such as Pb and As in water by
reverse osmosis (RO) made it possible to investigate the behavior of the membrane during
the mass transfer process. The validation of the model was carried out using experimental
results that show low relative errors between the experimental and theoretical results,
similarly to the research conducted by Chenghan and Han [16].

4.6. Energetic Reflexions

The model shows that the rejection rates obtained for Pb and As can be operated at
low operating pressures. These considerations have an important impact on economic and
health aspects.

The problem of heavy metals in surface water denotes a risk to global public health.
However, the economic factor that is directly related to the applicability of different tech-
nologies to remove metal ions from water cannot be ignored. In this sense, the current
challenge is to develop or optimize processes, such as reverse osmosis, to make it eco-
efficient, and thus achieve sustainability within the process. This would guarantee a greater
implementation of reverse osmosis technology in developing countries. This study co-
incides with the research by [39] that indicates that lower energy consumption can be
achieved with lower values of flow and pressures.

5. Conclusions

The experimental process carried out using the two pilot plants shows that RO systems
are efficient in rejecting Pb and As in drinking water from the Guadalquivir–Tarija and
Milluni–La Paz basins, achieving rejection rates close to 99%.

A mathematical model based on Spiegler and the Kedem Polarization Concentration
was developed, which allowed for the evaluation of the process and the analysis of the
physical behavior of a polyamide membrane with a spiral configuration.

The model was developed including an Arrhenius temperature adjustment factor,
allowing for an accurate prediction of process performance.

The results show that at low pressures and metal concentrations, the behavior of the
flux is linear, and the membrane does not present physical compaction. On the other hand,
at high concentrations, the flow has a different behavior due to the difficulty in the process
of mass transfer by CP near the membrane surface.

It was also evidenced that with the increase of the input flux, the flux also increases.
However, as the concentration increases, the flux decreases. This is explained by the CP
phenomenon; that is, at a lower concentration, the mass is more easily transferred than at a
higher concentration due to the lower CP phenomenon.

The validation of the model showed that the maximum relative errors between the
theoretical Jv and the experimental Jv in Pb occur with high concentrations and pressures,
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reaching a 5.4% error. In the case of As, similar behavior was observed with maximum
errors of 4.4%.

The selection of the concentrations allowed us to build a model that allows the design
of installations with high conversion (>80%). With this, it will be possible to optimize the
process from the point of view of energy efficiency in future works.

The operating conditions of the experimental process such as pressure, the concentra-
tion of pollutants, and temperature effects, and the results obtained in the rejection of Pb
and As, show that an industrial design can be developed in the future in the study basins
with energy-efficiency and economic and sustainable operating processes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr10091889/s1. The evaluation of the three lead concentrations
is detailed in the Matlab Calculation Scripts S.1.1, S.1.2, S.2.1, S.2.2, S.3.1 and S.3.2. For Arsenic the
Scripts are S.4.1, S.4.2, S.5.1, S.5.2, S.6.1 and S.6.2. The behavior and evolution of Jv for Pb are detailed
in Figures S7–S15 and for As, Figures S16–S24.
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