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Abstract: Black liquor is a highly alkaline liquid by-product of the kraft pulping process, rich in
organic molecules (hemicelluloses, lignin, and organic acids) and inorganic pulping chemicals such
as sodium salts and sulphur-containing compounds. The release of this wastewater without further
treatment could have serious environmental and financial implications. Therefore, a costly treatment
process is used nowadays. Nanofiltration has been studied in the last few years as a promising
alternative to recycle the cooking chemicals required for the separation of lignin and cellulose,
but the development of pH-stable membranes with the potential to operate at industrial scales is
fundamental in order to make this possible. In this study, the filtration performance of two in-house
made membranes is evaluated and compared with a commercial NF membrane to determine the
viability of their use for the treatment of black liquor. For this purpose, filtration experiments with
simulated black liquor were performed. We identified that Membrane A has the higher potential for
this application due to its competitive permeate flux (ca. 24 L m−2 h−1 at a trans-membrane pressure
of 21.5 bar), and high rejection of organic components and salts from the cooking liquor (on average,
92.50% for the TOC, 84.10% for the CO3

2−, 88.70% for the sulphates, 73.21% for the Na+, and 99.99%
for the Mg2+).

Keywords: nanofiltration; ultrafiltration; alkaline pH; black liquor; kraft process; donnan effect

1. Introduction

Membrane technology is a promising approach for the improvement of process sus-
tainability due to its potential use in the complete or partial replacement of conventional
energy-intensive and highly contaminant separation processes, thereby making industrial
operations cheaper and more ecofriendly. Nanofiltration (NF) is a membrane process that
is gaining attention by virtue of its properties in between ultrafiltration (UF) and reverse
osmosis (RO), offering advantages from both technologies. When compared with RO,
higher permeate fluxes are possible at lower trans-membrane pressure gradients, which
makes NF an attractive alternative from an industrial point of view. Additionally, the
retention of multivalent salts and high molecular weight (MW) compounds is higher than
in UF. For this reason, NF is already used in applications where a high level of selective
separation between monovalent and divalent ions is required. There are numerous NF
membranes available in the market, but only some of them can resist harsh operating
conditions (such as extreme pH).

In the alkaline domain, the potential industrial applications for pH-stable NF mem-
branes include wastewater from the textile industry, the Bayer process, the cleaning of the
production equipment, and the paper and pulp industry. In all the cases, the objective is to
separate NaOH from the solvents and recover it for its recirculation in the process. In the
specific case of the paper and pulp industry, NF could be used to recover the caustic solu-
tion required for chemical pulping. The present study addresses this particular application,
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given the significant freshwater demand of this industry and the large ecological footprint
of the methods currently available to treat black liquors.

The objective of the kraft pulping process is to dissolve lignin, which acts as a glue
for the wood fibers. The wood chips and the pulping chemicals are placed together in
a digester at high pressures and temperatures to promote the chemical reactions that
solve the lignin in order to remove the cellulose-rich pulp, which is then used for the
production of paper [1–3]. The waste stream generated in the digester is black liquor;
it is formed by pulping liquors, lignin, and hemicelluloses. The black liquor exits the
digester at temperatures of 80–95 ◦C and with a pH of around 12 [4]. The kraft pulping
process generates ca. 10 tons of “weak” black liquor (15–17% of solids) for each ton of pulp
produced [5].

Black liquor is a highly alkaline and viscous by-product of the kraft pulping process,
rich in organic molecules (hemicelluloses, lignin, and organic acids) and inorganic pulping
chemicals (sodium salts, sulphur compounds). Its characteristic black color is caused by the
high content of kraft lignin [3,4]. Pulp and paper production is one of the most intensive
industry in the world when it comes to freshwater consumption In order to minimize the
continuous use of freshwater required to prepare the white liquors for the pulping process,
black liquor can be recycled. Almost 99% of black liquor is used to produce energy through
incineration. However, a highly energy-consuming concentration process is required. The
remaining 1% is used to produce low-value products, such as wetting agents and glue.
Nevertheless, lignin can be potentially utilized as a raw material to produce valuable
products such as vanillin, vanillic acid, synthetic tannins, and polymer filters [4].

The conventional process to treat black liquor is represented in Figure 1a. It starts
with a “weak” black liquor entering into the evaporators, where it is concentrated to obtain
80% of solids. The resulting “strong” black liquor is a slurry than can then be burned
in a recovery boiler to obtain heat from the oxidation of the organic matter (lignin and
hemicelluloses). This energy is recovered and the inorganic smelt is taken to a dissolving
tank, adding water to obtain green liquor. Finally, the green liquor is pumped to a causti-
cizer to obtain recycled white liquor, which contains NaOH, Na2S, and small amounts of
Na2SO4 and Na2CO3. The main drawbacks of this method are the high energy costs and
the generation of harmful substances.
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On the other hand, filtration technologies are already used after the addition of an acid
to precipitate the lignin in the black liquor. There is also evidence that hemicelluloses can be
successfully extracted from black liquor using methanol, ethanol, or a precipitating agent
made of dioxane and acetic acid. However, the acid precipitation of lignin or hemicelluloses
requires the use of chemicals that are not necessary if membranes with lower molecular
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weight cut-off (MWCO) are considered; pressure-driven membrane processes do not
require the addition of these chemicals [6–11].

The increasing interest in membrane processes in wastewater treatment is also partially
due to the fact that they can potentially provide the opportunity to obtain a water quality
that meets environmental regulations. The separation of valuable organic and inorganic
compounds in black liquor has proven to be successful and energy-efficient in several
studies using pressure driven membrane processes. More specifically, UF/NF combinations
are a promising solution in wastewater with high amounts of organic material such as
black liquor. In these cases, UF is used as a pre-treatment for NF [12]. A study determined
that UF successfully retained 80% of the hemicellulose, 15% of the lignin, and 10% of the
inorganic compounds. Membranes with an MWCO between 5 and 20 kDa are typically
used for the separation of lignin and hemicelluloses [13]. Regardless of the MWCO of the
membrane, the retention of the main inorganic elements that form the white liquor is almost
zero during UF. Even though the specific MW of the hemicelluloses in the black liquor is
hard to predict, they always take up more volume per molecule than lignin due to their
tendency to entangle (making them easier to be removed using UF) [4]. The hemicelluloses
in the UF retentate can be recovered and used to produce oxygen barrier films for food
packaging [14].

The UF permeate, which mainly contains NaOH, water, low MW lignin, and low
molecular mass sugars, was assumed as the feed for NF in the present study. A diagram
of the process using membrane technologies is presented in Figure 1b. Nanofiltration
can separate the remaining lignin from the white liquor, and the lignin-rich retentate can
be treated for its revalorization [1,15]. The NF permeate is the recovered white liquor,
which can be reused in the pulping process. Authors report better results when the feed
of the NF is the permeate from UF instead of untreated black liquor (including higher
permeate fluxes) [4,8,16]. High-performance membranes offer the flexibility to treat black
liquor without major adjustment of the pH or temperature and to control the MW of the
lignin with the membrane cut-off. The production cost per ton of lignin is approximately
33 euros [13,17].

In the present work, we propose an alternative to the conventional treatment of black
liquor using membrane technologies. After evaluating the technical feasibility of using
pH-stable NF membranes for this industrial application, we performed an economic evalu-
ation study comparing the treatment of the black liquor using the conventional treatment
(Scenario 1) with its partial replacement using membrane technologies (Scenario 2). For
Scenario 2, we considered replacing 10% of the total plant production capacity of the
recovery boilers and the evaporators by UF and NF treatment.

To determine the feasibility of using alkaline pH-stable NF membranes for this appli-
cation, we performed filtration experiments with simulated black liquor prepared in-house
assuming a UF pretreatment process. The objective was to obtain a permeate with a high
concentration of white liquor which could be reused in the cooking process, and a low
concentration of organics and salts that would otherwise make the process inefficient. On
the other hand, the concentrated organics in the NF retentate (mainly lignin) could also be
a valuable by-product used either as a biofuel or in the specialty chemicals market.

2. Materials and Methods
2.1. Membranes

Three nanofiltration membranes referred to as A, B, and C, respectively, were used in
the nanofiltration experiments. Membranes A and B were both in-house made asymmetric
membranes with high pH stability and a selective layer of hydrophilized polysulfone,
supported on non-woven fabric. The selective layer was prepared by phase inversion, and
its crosslinking was achieved using a recently patented thermal treatment procedure (Patent
N◦ WO2020/002185) [18]. Membrane A was coated by hand and has a MWCO between
600 and 800 Da, while Membrane B was coated by machine and had a MWCO around
500 Da. The MWCO of these membranes was determined using a protocol described
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in the previous work of Hegoburu et al., in which a mixture of probe PEG molecules at
MW different fractions was used [19]. Membrane C was a commercial polyethersulfone
membrane with a MWCO in the range of 500–600 Da, which can be used in the entire pH
range of 0–14 [14,20]. The thickness of Membrane A was 247 ± 6 µm and the thickness
of Membrane B was 263 ± 3 µm. The average thickness was obtained by measuring
the thickness of each membrane at 12 different points using a handheld digital thickness
measurement device (Käfer, Germany). The difference in thickness between Membrane A
and Membrane B can be explained based on the coagulation time. As Membrane A was
manually coated, the coagulation time was higher and penetration of the membrane into
the non-woven fabric is possible. On the other hand, Membrane B is coated with a machine
and the coagulation time is not enough for penetration.

The micrographs of Membrane A and Membrane B obtained by SEM are presented in
Figures 2 and 3, respectively. Figure 2a–d presents the top section of Membrane A, revealing
a homogeneous surface. Figure 2e–h are micrograms of the cross section of Membrane A
that show the asymmetric structure of the membrane; the top thin layer is clearly denser,
while the membrane bulk presents macrovoids. Figure 3a–d present the top section of
Membrane B, revealing a more homogeneous surface and smaller pores compared to those
of Membrane A. Figure 3e–h are micrograms of the cross section of Membrane B that show
the denser top thin layer and the membrane bulk with its characteristic macrovoids.
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Figure 3. SEM micrographs of Membrane B. (a–d) top view of the membrane surface with different
magnifications; (e–h) cross sections at different locations.

2.2. Chemicals and Solutions

The different solutions used in this study were prepared by the addition of the required
solutes in deionized water. The mass of the solutes was measured with a laboratory scale
Mettler Toledo XS6002S. The list of chemicals required for the experiments is presented in
Table 1.
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Table 1. List of Chemicals used in the experiments.

Chemical Supplier Purity

MgSO4, 7H2O Sigma Aldrich 99.5%
Kraft lignin Sigma Aldrich N.A.

Xylan Carbosynth N.A.
NaOH Merck 50%

Na2CO3 Alfa Aesar 99.5%
Citric acid Sigma Aldrich 99.5%

N.A., not applicable. The molecular weight of the xylan used for the experiments was 300–900 Da.

2.3. Filtration Tests
2.3.1. Formulation of the Simulated Black Liquor

The composition of the black liquor is strongly dependent on many different factors,
the most relevant being the source of the wood and the cooking conditions. The formulation
of the simulated black liquor used for the experiments was determined as the average of
the composition of black liquor from kraft pulping reported in the literature, as presented
in Table 2.

Table 2. Examples of compositions of black liquor reported in literature.

References

[13] [13] [13] [21] [21] [21] [21] [22] [22] [22] [22] [23] Average

Content (g L−1)

Before UF Lignin 85.00 56.30 33.70 26.00 59.00 62.00 57.00 58.00 69.00 63.80 56.00 - 56.89

After UF

Xylan - 1.68 0.33 - 1.50 - - - - 1.17 - - 1.17
NaOH - - 41.00 - - - - 13.00 13.00 - - - 22.33

Na2CO3 - - - - - - - - - - - 3.50 3.50
Na2S2O3 - - - - - - - - - - - 5.80 5.80

Na2S - - - - - - - - - - - 1.11 1.11
Mg - - - - - 12.00 9.20 - - - 43.70 - 21.63

Most of the inorganic components of the black liquor permeate through the pores of
the UF membranes, regardless of the MWCO. The opposite happens to the hemicelluloses,
which are mainly rejected independently of the MWCO. In contrast, given the size of the
lignin molecules, the MWCO of the UF membranes has an important impact on the lignin
concentration in the permeate. For this reason, the average composition of the lignin was
initially considered as the one in the UF feed. After that, the concentration of lignin in the
UF permeate could be calculated considering the size of the molecules and the pore size of
the UF membrane. The size distribution of the lignin in an effluent at pH 11 is presented in
Table 3.

Table 3. Size distribution of alkali lignin at pH 11. Reproduced with permission from [24].

Molecular Weight (kDa) Percentage (%)

>60 61.8
60–30 21.8
30–10 1.2
10–6 1.8
6–3 2.4
<3 11.0

If a MWCO of 10 kDa is used, the amount of lignin in the UF permeate would be
approximately 15.20% of the lignin in the feed stream. Using this percentage and the
average concentration of lignin calculated in Table 3, the amount of lignin in the UF
permeate was 8.65 g L−1. Table 4 shows the composition of the simulated black liquor. In
order to avoid risking the integrity of the pilot equipment due to the use of Na2S at high
pH, the sulphate contribution of the feed was replaced by MgSO4.
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Table 4. Composition of the simulated black liquor used in the experiments.

Component Content (g L−1 of Black Liquor)

Lignin 8.65
Xylan 1.17
NaOH 12.00

Na2CO3 3.50
MgSO4 13.24

2.3.2. Description of the Coupon Tester

The equipment used for the experiments was a custom-made in-house flat sheet
crossflow filtration membrane coupon tester (CT), which was able to test 12 coupons
simultaneously. The 12 cells were located in 2 benches, with 6 cells at each level. The set-up
also had a plastic feed tank of 60 L, a high-pressure piston pump to generate the driving
force, and a heat exchanger to fix the temperature of the system. The 12 filtration cells were
arranged in a series configuration, so the feed of one cell was the retentate of the upstream
adjacent cell. The retentate from the last cell and the permeate that have not been collected
were then recirculated to the feed tank and mixed with the feed solution. The active area
of each membrane coupon was 26.55 cm2. For each experiment, the solutes were added
to the deionized water in the feed tank and recirculated to assure homogeneous mixing.
Before the start of each experiment, the conductivity and the pH of the feed was measured
and adjusted if needed. In operation, the concentration of each component was considered
constant as the volume loss during the collection of permeate was negligible if compared to
the feed volume. The feed flow rate was fixed using three valves and measured using a flow
meter after the last filtration cell. A pressure gauge located in the retentate of the third cell
of each bench, and the pressure drop across the coupons (below 0.05 bar) was considered
irrelevant for the calculations. The coupon tester set-up is schematically represented in
Figure 4.

Water 2021, 13, x FOR PEER REVIEW 7 of 21 
 

 

membrane compaction. The permeate samples were collected for one hour from each fil-

tration cell during three successive experimental runs. Between each run there was a pe-

riod of 30 min for stabilization of the system in which the permeate was not collected but 

recirculated. The total time for each experiment was at least 6 h. At the end of each stand-

ard test, the system was rinsed with deionized water several times until the conductivity 

washing solution was 5 μS cm−1 or lower. 

 

Figure 4. NF membrane coupons tester set-up. 

The filtration experiments with simulated black liquor took place at conditions simi-

lar to those demanded in real operation. The feed temperature was 40 °C, the feed flow 4 

L min−1 and the operating pressure 35 bars. After the experiments using black liquor, the 

system was cleaned in two steps. First, letting the coupon tester (CT) run using a solution 

of NaOH (pH 11) at 40 °C for one hour, and rinsing afterwards with deionized water sev-

eral times until the conductivity was 5 μS cm−1 or lower. Then, running the system for 30 

min with 30 L of a citric acid (2.5 % v/v) solution, and finally, rinsing the system until 

neutral pH was reached and the conductivity was 5 μS cm−1 or lower. 

2.3.3. Membrane Performance Calculations 

The permeate flux, ��, was calculated using Equation (S1). From the weighted mass 

of the permeate samples and with the assumption that the density of the permeate was 

equal to the density of water, the volume of the permeate sample, V, collected in a period 

of time, t, was determined. The area of each membrane coupon, ��, is 26.55 cm2. Addi-

tionally, the transmembrane pressure (TMP), the osmotic pressure difference, Δπ, and the 

osmotic pressure, were calculated using Equations (S2)–(S4). 

2.3.4. Characterization of the Samples 

Measurement of TOC: The determination of total organic carbon (TOC) in the feed 

and permeate samples was performed using analyzer multi N/C 3100 (Anatylik Jena, Jena. 

Germany) and the MultiWin software.  

Figure 4. NF membrane coupons tester set-up.



Water 2021, 13, 2270 7 of 21

For each set of experiments, new membrane coupons were used. A standard test
took place before and after the filtration of black liquor in order to evaluate whether
the performance of a tested membrane was affected by the black liquor filtration or not.
In these standard tests, the feed solution was MgSO4 in a concentration of 4.30 g L−1.
The pH of the feed was adjusted to seven using either 10% (w/w) NaOH or 10% (w/w)
HCl. The operating pressure of the system at these standard test conditions was 10 bars
and the temperature of the feed was 25 ◦C. The feed flow rate was 4 L min−1. The first
permeate collection took place after 2 h running the system at full feed recirculation mode
for stabilization and membrane compaction. The permeate samples were collected for one
hour from each filtration cell during three successive experimental runs. Between each run
there was a period of 30 min for stabilization of the system in which the permeate was not
collected but recirculated. The total time for each experiment was at least 6 h. At the end
of each standard test, the system was rinsed with deionized water several times until the
conductivity washing solution was 5 µS cm−1 or lower.

The filtration experiments with simulated black liquor took place at conditions similar
to those demanded in real operation. The feed temperature was 40 ◦C, the feed flow
4 L min−1 and the operating pressure 35 bars. After the experiments using black liquor, the
system was cleaned in two steps. First, letting the coupon tester (CT) run using a solution
of NaOH (pH 11) at 40 ◦C for one hour, and rinsing afterwards with deionized water
several times until the conductivity was 5 µS cm−1 or lower. Then, running the system for
30 min with 30 L of a citric acid (2.5 % v/v) solution, and finally, rinsing the system until
neutral pH was reached and the conductivity was 5 µS cm−1 or lower.

2.3.3. Membrane Performance Calculations

The permeate flux, Jv, was calculated using Equation (S1). From the weighted mass of
the permeate samples and with the assumption that the density of the permeate was equal
to the density of water, the volume of the permeate sample, V, collected in a period of time,
t, was determined. The area of each membrane coupon, Am, is 26.55 cm2. Additionally,
the transmembrane pressure (TMP), the osmotic pressure difference, ∆π, and the osmotic
pressure, were calculated using Equations (S2)–(S4).

2.3.4. Characterization of the Samples

Measurement of TOC: The determination of total organic carbon (TOC) in the feed
and permeate samples was performed using analyzer multi N/C 3100 (Anatylik Jena, Jena.
Germany) and the MultiWin software.

Determination of TIC: The determination of total inorganic carbon (TIC) in the feed
and permeate samples was performed using analyzer multi N/C 3100 (Anatylik Jena, Jena.
Germany) and the MultiWin software. The presence of inorganic carbon in the recycled
white liquor decreases its efficiency in the cooking process. The total inorganic carbon
is the sum of the concentrations of bicarbonate (HCO3

−) and carbonate (CO3
2−) anions,

carbon dioxide and carbonic acid (H2CO3). The concentration of each of these species
depends on the pH of the solution. As the pH of the feed and the permeate samples is
always between 11.5 to 12.5, the carbonate ion is the dominant specie. For this reason, the
accurate determination of carbonate ions in the permeate was critical.

Measurement of sulphates: The measurement of sulphate anions in the feed and
permeate samples was performed using a UV spectrophotometer (Hach Lange DR3900,
Düsseldorf, Germany) able to measure wavelengths between 320 and 1100 nm. For this
analytical method, ready-to-use cuvettes (LCK 153 Kits, Hach Lange Düsseldorf, Germany)
were employed. The samples were diluted to reach a concentration between 40 and
150 mg L−1, and neutralized to a pH between 3 and 10 to be suitable for the equipment.

Measurement of Na+ and Mg2+: Mg2+ and Na+ in the feed and permeate samples
were determined using ICP-OES (Varian Inc., Vista Pro, CA, USA) following standard ISO
11885:2007 (E).
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Measurement of pH and conductivity: The rejection of MgSO4 and the overall salts
rejection were calculated from the ratio of conductivities of permeate to feed samples
instead of concentrations for calculating rejection (SI, Equation (S2)). For this purpose, a
multimeter Schott Prolab 4000 (Schott Prolab 4000, Schott AG, Mainz, Germany) was used.
The pH was measured to calculate the amount of OH− and carbonates. The concentrations
of OH− in the feed and in the permeate were calculated from the pH of the samples.
Subsequently, Equations (S5) and (S6) were used.

2.4. Economic Assessment

After studying the feasibility of using the in-house made Membranes A and B for
the treatment of black liquor and the environmental impacts of the proposal, an economic
assessment was required to evaluate the profitability of investing in replacing 10% of the
total capacity of the evaporators and recovery boilers with UF and NF. To carry out these
calculations, it is assumed that the project would be installed by a company in Sweden,
given the high production of pulp in this country. For the currency conversion, 1 euro (EUR)
was considered equivalent to 10.55 Swedish krona (SEK). The investment for the proposal is
constituted of required fixed, tangible and intangible assets, and additional working capital
needed to operate the membrane process. With the economic assessment developed in
this study, it was possible to assess the project in financial terms and know the possibilities
of success by investing in it. Capital expenditures (CAPEX) are all of the investments
required to create benefits in the future by the implementation or upgrade of physical
assets with a useful life longer than one year. They cover the design and construction of
the infrastructure, including facilities and equipment [25,26]. The capital expenditures of
this project consisted of the initial investment to implement the UF/NF membrane process
that covered 10% of the total capacity of the factory to treat black liquor. In this case, this
required capacity was 15 m3 of black liquor per hour. This study aimed to evaluate the
profitability of investing in membranes compared to the profitability of staying in the
current situation of the company, so the CAPEX were estimated only for the Scenario 2.
The starting point were estimations made by Samco, a company that provides specialized
engineering services for industrial applications [27,28]. For the final calculations, the
estimation was adjusted to the required capacity of the membrane process and the quality
of the feed to be treated. As black liquor is a highly alkaline wastewater with elevated
temperatures, the system had to be designed to stand these rough operating conditions.
Therefore, the CAPEX was three times the value of the capital cost of a membrane system
designed for mild conditions. In addition to that, the lifetime of the membranes was
assumed to be 1.5 years and the cost of their replacement was also reflected in the capital
cost. Finally, the depreciation per year was 10% of the CAPEX.

An operating expenditure (OPEX) is the ongoing cost for running a product, business,
or system. They include salaries and wages, accounting and office expenses, maintenance,
repairs, supplies, and insurance [29]. The operational expenditures in Scenario 1 and
Scenario 2 covered all of the costs involved in keeping the factory running (that is to say,
both the direct and indirect manufacturing costs). The direct manufacturing costs are
those strictly related to the production volume; they normally include the raw materials,
chemicals and agents, energy, and maintenance. As the raw material was the black liquor
produced and owned by the pulp industry, this cost was zero. In the case of the chemicals,
the total cost was calculated considering the required amounts to process 1 m3 of black
liquor. Table 5 presents the requirement of chemicals and their cost for the two scenarios
subject of the study; these values were obtained from literature review and a chemical
supplier. For Scenario 1, the cleaning chemicals would not be required.
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Table 5. Requirement of chemicals.

Process Material Requirement Cost Reference

Causticization Lime 0.0616 kg m−3 0.0810 EUR kg−1 [30]
Causticization Natural gas 0.2310 MJ m−3 0.0040 EUR MJ−1 [30]

Cleaning NaOH 9 × 10−5 kg m−3 37.5000 EUR kg−1 [31,32]
Cleaning EDTA 8.5000 × 10−6 L m−3 180 EUR L−1 [31,32]
Cleaning NaOH 9 × 10−5 kg m−3 37.5000 EUR kg−1 [31,32]
Cleaning EDTA 8.5000 × 10−6 L m−3 180 EUR L−1 [31,32]

In terms of the energy required for operation, the electricity consumption by the
conventional system was obtained from the literature. The estimation was that 13 kWh is
required to process 1 m3 of black liquor, which covered the evaporators, recovery boilers,
causticizers, and lime kiln. This meant that the treatment of 100% of the black liquor in
Scenario 1 would consume 13 kWh per m3 of wastewater. For Scenario 2, 135 m3 of black
liquor would require the same energy to be processed. However, the remaining 15 m3 that
are treated using membranes demanded a different amount of energy and it was calculated
using Equations (S7) and (S8). The total energy requirement was then the sum of Wfeed
and Wrecirc. It was assumed that each step (UF and NF) required one feed pump and eight
recirculation pumps [21]. It was also considered for the calculations that the electricity cost
in Sweden for industrial purposes is 0.0706 EUR/kWh. Finally, it was assumed that the
energy consumption during maintenance is 10% of the one at regular operating conditions.

The indirect manufacturing costs normally refer to the distribution costs, rent, mar-
keting, utilities, supplies, travel, communications, research and development and salaries
and wages. As this study focused only on black liquor treatment, only salaries, wages,
utilities, and supplies were considered for the economic analysis. An average wage of
31,800 SEK was taken into account for the operators and 41,900 SEK for the production
supervisor. For the currency conversion, the exchange rate was 1 EUR = 10.55 SEK. From
the wages, the legal benefits of each employee were calculated as 38.22% of their wage.
These benefits included pension, health, workplace and unemployment insurances, and
general salary tax.

For Scenario 1, the source of income was in the savings of electricity generated by
the black liquor processed by the conventional wastewater treatment. For Scenario 2,
the source of income was the sale of lignin recovered in the retentate of the membrane
processes, assuming that the lignin rejection of the UF process using a 10 kDa membrane is
84.80% [33].

High-quality lignin can be used as a raw material for specialty chemicals, including
pharmaceuticals [34]. In order to evaluate the profitability of the investment that Scenario 2
represented, three financial indicators were quantified: the net present value (NPV), the
internal rate of return (IRR), and the payback period. The NPV was measured to study
the increase of the company’s value resulting from the investment. It was calculated by
the sum of the discounted cash flows of the investment. When the economic feasibility of
only one investment at a particular rate of interest is studied, the project is profitable if the
NPV ≥ 0. In case many alternatives of investment are compared, the most attractive option
is the one with a higher NPV value at a previously defined interest rate [35,36]. The IRR of
the investment was the rate which made the NPV equal zero. IRR was handy tool for the
evaluation of this potential investment project: If the IRR is higher than the opportunity
cost of capital, it is recommended to invest in that project [3,33,37].

3. Results and Discussion
3.1. Stability Tests

These experiments aimed at evaluating the feasibility of using NF membranes un-
der the harsh operating conditions of black liquor treatment. Membranes A and B were
designed to maintain their performance during operation in alkaline conditions, but fil-
tration tests were required to validate if they were suitable for this specific application.
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The filtration tests in the coupon tester allowed the evaluation of the performance of the
membranes under operation at a maximum pH of 12 and a maximum temperature of 40 ◦C.
The stability of Membranes A, B, and C was studied performing standard tests with the
MgSO4 solution before and after the filtration of black liquor and comparing the results. To
carry out experiments with black liquor at higher pH and temperatures, static tests were
necessary. After the first set of experiments with black liquor in the coupon tester, the used
membranes were immersed for 16 h in a simulated black liquor at pH 14 and at 60 ◦C. The
purpose of this experiment was to evaluate the performance of the membranes before and
after the static test to determine if they kept their rejection and permeability.

3.1.1. Stability Tests before and after the Filtration of Black Liquor

The first important parameter to compare was the MgSO4 rejection of the membranes,
which was calculated from the difference of the conductivities in the feed and the permeate
samples before and after the filtration of black liquor. Figure 5a–c present the values
obtained for the three membranes tested in the experiment. In the three cases, the MgSO4
rejection of the membrane increased after the permeation of black liquor. This phenomenon
could be attributed to membrane fouling after the filtration of the simulated black liquor,
where the organic particles accumulated in the surface of the membranes may have partially
blocked the pores. However, since all possible foulants were not considered for the
preparation of the simulated black liquor, experiments with a real black liquor will be
performed in our future work in order to evaluate in detail their effect on fouling.
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Figure 5. Rejection of MgSO4 for membranes A (a), B (b), and C (c) at standard conditions before and after the permeation
of black liquor.

In Figure 5a, the high standard deviation of the MgSO4 rejection observed for Mem-
brane A is caused by the distinctive low rejection (48.6%) measured in the second replicate
trial. We attribute this difference to the fact that some coupons might need some extra time
of compaction.

Figure 6a–c present the average permeate volumetric fluxes of the three membranes
tested in the experiment. For Membranes A and C, the permeate flux decreased after the
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filtration of black liquor. This phenomenon could be attributed to membrane fouling, as
the lignin can block the permeate entrance into the pores and limit the permeation of both
MgSO4 and water. It is noticeable that, even though the flux decreases for Membranes
A and C, the drop is more abrupt for Membrane C. This might be an indication that the
in-house made Membrane A is more resistant to fouling than Membrane C. On the other
hand, the permeate flux was increased for Membrane B after the filtration of black liquor.
This was an interesting result, especially when combined with a higher rejection observed
for this membrane in all the replicate trials. Membrane B is denser, which would mean
a lower permeability and higher rejection to MgSO4 (>90%). However, its pores might
have opened (increasing the permeate flux), when exposed to alkaline pH, but possibly
not enough to compromise the MgSO4 rejection performance. In other words, water could
have more easily permeated the membrane while bigger ions not. Even with the occurrence
of fouling, this effect would be not as significant as for Membranes A and C due to their
more open polymeric structure. Membranes with bigger pores are, in general, more prone
to internal fouling since penetration/accumulation of more and greater particles can occur.
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3.1.2. Stability Tests before and after Soaking the Coupons in Black Liquor

Figure 7 shows the rejection of MgSO4 for Membranes A, B, and C before and after
immersion in black liquor at pH 14 and 60 ◦C. For Membrane A, the rejection decreased in
all the cases. This result shows the obvious impact of high pH on the membrane’s pore
size. However, the decrease of rejection was not the same in all the observations. In three
of the six replicate trials, the overall rejection of the membrane remained over 80% after the
immersion. In the rest of the coupons, the rejection of MgSO4 decreased to 60–80%. This
could be attributed to the possible variability linked to the handmade coating. In contrast
to that, the decrease in the MgSO4 rejection for Membrane B was not significant as can be
observed in Figure 7b. The rejection after the immersion of the membranes in black liquor
was always higher than 88% and the experimental points are much less spread compared
to those for Membrane A. It could be assumed that this was due to the higher uniformity
and reproducibility in the preparation of membrane B provided by machine coating.

Figure 8a shows that, in most of the cases, the average permeate flux of Membrane A
increased after the immersion in black liquor at pH 14 and 60 ◦C in most of the replicate
trials. This could be attributed to the fact that the pores of the membrane may have expanded
at highly alkaline pH, thus allowing the permeation of more solution. Figure 8b presents
an increase in the permeate flux of Membrane B after the immersion in black liquor at
pH 14 and 60 ◦C. The average permeate flux for membrane B was lower and less affected,
remaining almost unchanged after immersion in black liquor, which indicates its better
stability to highly alkaline conditions.
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3.2. Filtration Experiments

The following results correspond the filtration of the black liquor at 35 bars as the
operating pressure. The first important parameter to compare was the overall rejection
provided by the membranes (Figure 9), which was calculated from the difference of the
conductivities in the feed and the permeate samples. The second important parameter
to compare is the permeate flux of the membranes (Figure 10), which is an especially
relevant indicator for industrial-scale applications, like the one considered in this case
study. Membrane B always exhibited the lowest flux, which is on average 15.71 L m−2 h−1.
Even the average permeate flux in Membrane A and Membrane C were lower if compared
to what has been already reported in the literature, so our future work will focus on the
filtration of real black liquor and at higher pressures [13,16].

3.3. Rejection

The permeate samples were characterized to determine the contents of organic car-
bon (TOC), CO3

2−, SO4
2−, magnesium, sodium and OH−. The average rejections of

Membranes A, B, and C are shown in Table 6.
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In Figure 11, the pH of the permeate samples is presented. Considering the initial feed
pH of 11.857, the first observation was that the permeate pH was higher than the one of the
feed in all the replicates. The implications of these results are discussed in Section 3.4.
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Table 6. Average permeate concentration and rejection of TOC, CO3
2−, SO4

2−, and OH− for
Membranes A, B, and C.

Membrane A Membrane B Membrane C

TOC concentration (mg L−1) 314.5 ± 73.5 90.5 ± 12.7 373.1 ± 11.2
TOC rejection (%) 92.5 ± 2.0 97.9 ± 0.3 91.2 ± 0.3

CO3
2- concentration (mg L−1) 882.8 ± 96.8 533.2 ± 26.1 1075.7 ± 29.5
CO3

2− rejection (%) 84.1 ± 21.5 90.4 ± 1.0 80.7 ± 1.0

SO4
2− concentration (mg L−1) 598.5 ± 135.8 71.7 ± 16.9 892.8 ± 52.5

SO4
2− rejection (%) 88.7 ± 2.6 98.6 ± 0.3 83.1 ± 1.0

OH− concentration (mg L−1) 511.4 ± 30.7 294.5 ± 34.1 569.3 ± 24.6
OH− rejection (%) −318 ± 25.0 −141 ± 28.0 −365 ± 20.0

• TOC: Taking into account that the feed TOC concentration was in average 4226.67 mg L−1,
the average rejections of Membranes A, B, and C are shown in Table 6. The best
membrane for the treatment of black liquor at an industrial scale would be such
providing high permeate flux, which would result in more recycled white liquor,
albeit containing a low TOC concentration. The three membranes under evaluation
showed very good performance in terms of TOC rejection, higher than 90% in all the
cases. Membrane B was the one that provided the permeate with the lowest TOC
concentration, but the permeate flux was compromised. In contrast, the permeate flux
using Membrane A at 35 bars was 23.93 L m−2 h−1 on average (only 0.82 L m−2 h−1

less than the flux with the Membrane C), while the TOC rejection was 92.5% on
average. Therefore, Membrane A would be the most suitable for the process in terms
of TOC rejection. The main contributors to the TOC in the black liquor are the lignin
and hemicelluloses. Even though the exact concentration of each component was not
accessible due to its wide MW distribution, it is known that xylans have a higher MW
than other hemicelluloses by virtue of their higher resistance to degradation [4]. For
this reason, they are generally easier to remove through NF than lignin, leading to the
conclusion that most of the TOC detected the NF permeate is lignin. The obtained
results are competitive compared to those reported by other authors [13,16,21].

• CO3
2−: Taking into consideration that the feed CO3

2− concentration is 4120 mg/L, the
average rejections of Membranes A, B, and C are shown in Table 6. The best membrane
for the treatment of black liquor at industrial scale would be a membrane with high
permeate flux and low CO3

2− concentration. Membrane B would not be a good choice
given its low permeate flux, while Membrane C was the one with the lower CO3

2−

rejection. Therefore, Membrane A would be the best option.
• Sulphates: With a feed sulphate concentration of 5272 mg L−1. the average rejections

of Membranes A, B, and C are shown in Table 6. The best membrane for the treatment
of black liquor at industrial scale would be a membrane with high permeate flux and
low sulphate concentration in the permeate. Membrane B would not be a good choice
despite its higher rejection given its low permeate flux, while Membrane C was the
one with the lower sulphate rejection. In contrast, Membrane A provided high flux
with 88.7% rejection of sulphate. Membrane A would be the best option, having very
high sulphate rejections in comparison to other studies [10].

• Sodium ion: Given a feed Na+ concentration of 5600 mg L−1, the rejections of Mem-
branes A, B, and C are shown in Figure 12. The best membrane for the treatment of
black liquor at industrial scale would be one with high permeate flux and that allows
the permeation of Na+ to form NaOH. The membranes used for the filtration of black
liquor were negatively charged, so the positive ions (including Na+) accumulated
in the surface. However, due to their relatively small size and positive charge, the
permeation of Na+ ions through the NF membrane is preferred in comparison to
other larger counter-ions. This is discussed in more details in Section Charge Balance.
Membrane C showed 60.7% of Na+ rejection, which was the lowest value observed.
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Membrane B provided the highest rejection, but at the cost of a lower permeate flux.
Hence, Membrane A would be the best option given its high flux and relatively good
rejection (73.2%). The obtained results agree with those found in the literature in
regards to high sodium hydroxide permeation [38].
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Figure 12. Rejection of Na+ for membranes A, B, and C in the second experiment.

• Magnesium ion: With a feed Mg2+ concentration of 1300 mg L−1, the rejections of
Membranes A, B, and C are shown in Figure 13. The best membrane for the treatment
of black liquor at industrial scale would be one with high permeate flux and low Mg2+

concentration in the permeate. The three membranes in evaluation offered very high
rejection of Mg2+ (higher than 99.9% in all the cases), offering results that agree with
those already reported in the literature [10]. The main criteriium to select the best
membrane was the obtained permeate flux, so Membranes A and C would both be
good options.
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Abstract: Black liquor is a highly alkaline liquid by-product of the kraft pulping process, rich in 
organic molecules (hemicelluloses, lignin, and organic acids) and inorganic pulping chemicals such 
as sodium salts and sulphur-containing compounds. The release of this wastewater without further 
treatment could have serious environmental and financial implications. Therefore, a costly 
treatment process is used nowadays. Nanofiltration has been studied in the last few years as a 
promising alternative to recycle the cooking chemicals required for the separation of lignin and 
cellulose, but the development of pH-stable membranes with the potential to operate at industrial 
scales is fundamental in order to make this possible. In this study, the filtration performance of two 
in-house made membranes is evaluated and compared with a commercial NF membrane to 
determine the viability of their use for the treatment of black liquor. For this purpose, filtration 
experiments with simulated black liquor were performed. We identified that Membrane A has the 
higher potential for this application due to its competitive permeate flux (ca. 24 L m−2 h−1 at a trans-
membrane pressure of 21.5 bar), and high rejection of organic components and salts from the 
cooking liquor (on average, 92.50% for the TOC, 84.10% for the CO32−, 88.70% for the sulphates, 
73.21% for the Na+, and 99.99% for the Mg2+). 

Keywords: nanofiltration; ultrafiltration; alkaline pH; black liquor; kraft process; donnan effect 
 

1. Introduction 
Membrane technology is a promising approach for the improvement of process 

sustainability due to its potential use in the complete or partial replacement of 
conventional energy-intensive and highly contaminant separation processes, thereby 
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Figure 13. Rejection of Mg2+ for membranes A, B, and C in the second experiment.

Hydroxide ion: The content of OH− in the feed and the permeate was measured
taking into account the pH of the samples and a feed pH of 11.857. The average rejections
of Membranes A, B, and C are shown in Table 7. In the case of OH−, a negative rejection
of hydroxide was observed. This point is explained in more deeply in Section 3.4, where
the charge balance is discussed. The best membrane for the treatment of black liquor at
industrial scale would be a membrane with high permeate flux and high OH− concentration
in the permeate, as OH− is one of the required components of white liquor. Membrane B
showed a high negative rejection, but it was the lowest among the three membranes and
it had the lowest permeate flux. Membranes A and C had high flux and high negative
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rejection to OH− (−317.9% and −365.2% in average, respectively), so they could both have
a good performance in terms of providing OH− permeability.

Table 7. Charge balance of the feed and the permeate from Membranes A, B, and C.

Contribution Charge (Feed)
meq L−1 A B C

Cations +350.6 +65.2 +25.7 +95.7
Anions −299.3 −71.5 −36.3 −87.3

Unknown −51.3 −6.2 −10.6 +8.4

3.4. Charge Balance

At the high pH of the black liquor, the surfaces of Membranes A, B, and C were
negatively charged. Given the presence of charged species in the feed, the mechanisms
of solute rejection that occurred at the membrane-solution interface were not limited
to steric exclusion. The repulsion or attraction forces between the membrane and the
solutes due to their electric charges, caused by the Donnan effect, were also be taken into
account for the analysis. As a negatively charged membrane was used for the filtration
of the simulated black liquor, the counter-ions (in this case, the positive ions) tended to
accumulate in the surface of the membrane while co-ions (negative ions) did not. As a
result, a Donnan potential was created. The Mg2+ and Na+ ions were attracted to the
surface of the membrane due to their charges, but the permeation of Na+ was preferred due
to its smaller size. For this reason, the rejection of Na+ shown in Figure 7 was lower than the
rejection of Mg2+, which was higher than 99.99%. In order to maintain the electroneutrality,
the permeation of co-ions was necessary to balance the positive charges in the permeate. In
the presence of two different co-ions with the same charge, there was a preferred rejection
of divalent to monovalent ions. Therefore, the rejection of CO3

2− and SO4
2− was greater

than the rejection of OH− due to the strong electrostatic repulsion caused by the higher
valency. The passage of OH− was attributed to the presence of Na+, which shielded the
negative charge of the membrane causing a negative rejection of OH−. As a result of high
negative rejection OH−, the pH of the permeate was higher than the pH of the feed. This
was a very positive result since the recovered permeate would be more concentrated in
the cooking liquors required for the pulping process. Table 7 presents the results of the
charge balance developed for Membranes A, B, and C. As seen in the table, the charge
contributions of the cations and anions analyzed did not completely satisfy the balance.
In all of the cases, there was an unknown contribution that could be attributed to the
organics that were not measured with the methods used or the analytical error during the
measurements. This analytical error was higher when the concentration of ions is too low,
as in the permeate samples. The unknown contribution was higher for the feed, which was
coherent because the feed had higher concentrations of organic compounds that were the
potential contributors of the unknown charges.

As a compliment, the calculations of the osmotic pressures and transmembrane pres-
sures (TMP) are presented as Supplementary Materials. For the evaluations performed
in the following economical assessment, the energy requirements to operate Membrane
A were considered. The calculated TMP for Membrane A was 21.5 bars, which is in the
reported range for the NF of black liquor [4,13].

3.5. Economic Assessment

Our economic analysis had the goal of assessing the economic viability of both propos-
als in order to find out which of them was more profitable. This study included information
on the capital expenditures (CAPEX), operating expenditures (OPEX) and revenues or
savings. According to data provided by a Swedish paper and pulp industry, the recovery
boiler cost represents approximately half of the total capital expenditures. The capacity
of a pulp manufacturer is then limited by the amount of black liquor that can be burned
in the recovery boiler. For this reason, reducing the load of the recovery boiler using
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other alternatives is an attractive option. As mentioned in previous sections, the lignin
is normally burned to obtain energy that is used in the paper making process. However,
lignin itself is potentially valuable as a specialty chemical and its recovery can provide an
additional income to the company. Lignin can be sold as low-quality lignin or high-quality
lignin. Low-quality lignin may be used, for instance, to manufacture phenolic resin substi-
tutes or asphalt conditioner. Digitalization is reducing the dependency on paper, which is
decreasing its demand. Therefore, the paper and pulp industries need to diversify their
product offering in order to make their business more profitable in the following years.

The implementation of the proposal considered in this study was a capital project
that required an initial investment, and its capacity to earn net benefits over time was
evaluated in this section. For Scenario 1, which consisted in treating 100% of the black
liquor using the conventional process, no capital cost was required. For Scenario 2, the
investment was destined to the portion of the capacity that would be replaced by membrane
technologies. The estimations of the capital costs in machinery, equipment, and installment
took into the account the required capacity and the assumption that the investment was
three times higher when resistance to extreme pH was necessary. The total CAPEX for
the implementation of the membrane system with 15 m3 h−1 of capacity is 842,048.20
EUR. Additionally, considering that the membrane life is assumed to be 1.5 years [4], the
capital cost would be periodically increased during operation to replace the UF and NF
membranes. Taking into account the capacity, the number of modules required are one for
ultrafiltration and twenty-two for nanofiltration. Assuming that the price per module is
1200.00 EUR, the additional cost is 26,400.00 EUR.

The operational costs considered in this study corresponded to the consumption of
chemicals and energy during for the production and the maintenance. As in other big
industries, it was assumed that the maintenance would be scheduled once a year and that
the energy consumption was 10% of the one in regular operating conditions.

For Scenario 1, the calculation of the total energy consumption considered that the
conventional process (which includes the evaporators, recovery boilers, and causticizers)
demanded 13 kWh m−3 to operate. With a feed of 150 m3 h−1 and with 8760 h of operation
per year, the total energy cost was 1,205,989.20 EUR per year. The maintenance cost was
10,963.54 EUR per year. Finally, the cost of the chemicals was 7851.00 EUR per year. These
costs were considered starting from the first year of operation. The calculation of the
indirect manufacturing costs took into account the office supplies and communications,
which was assumed as a fixed cost of 20,000.00 EUR per year, and the salaries and wages,
which sum 1,397,155.70 EUR per year.

For Scenario 2, the calculation of the total energy consumption considered that the
conventional process demanded 13 kWh m−3 to process 135 m3 of black liquor per hour
and the membrane process required 1.763 kWh m−3 to process 15 m3 of black liquor per
hour. In this case, it was also assumed that the pulp producer would operate 8760 h in a
year. As a result, the total energy cost was 1,101,748.60 EUR per year. The maintenance
cost was 10,015.90 EUR per year. Finally, the cost of the chemicals was 19,452.30 EUR per
year. These costs were considered since the first year of operation. Therefore, the total
direct manufacturing costs of Scenario 2 is 1,131,216.80 EUR per year. The calculation of
the indirect manufacturing cost took into account the office supplies and communications,
which was assumed as a fixed cost of 20,000.00 EUR per year, and the salaries and wages,
which sum 947,312.20 EUR per year.

To conclude with the input data for the economic assessment, the income from both
scenarios was quantified. For Scenario 1, the source of income was in the savings of electric-
ity generated by the black liquor processed by the conventional wastewater treatment. This
amount of energy could be calculated taking into account that 1500 tons of black liquor
solids generate 25 to 35 MW of electricity [5]. For this study, 30 MW were considered. The
amount of electricity produced was then multiplied by the cost of electricity for industrial
customers in Sweden, which is 0.0706 EUR/kWh. The assumption is that all the black liquor
solids were burned. If the energy of the 100% of the black liquor solids was recovered, that



Water 2021, 13, 2270 18 of 21

amount would be 9,184,860 kWh per year. Considering this very optimistic assumption,
the total savings would be 648,451.10 EUR per year. For Scenario 2, the source of income
was the sale of lignin recovered in the retentate of the membrane processes, assuming that
the lignin rejection of the UF process using a 10 kDa membrane is 84.80% [33]. The prices
of lignin obtained from the kraft process varies between 260 and 500 EUR/ton. For this
study, the price was assumed to be 380 EUR/ton [34]. The annual benefits were calculated
with the income in each of the studied scenarios and the operational costs.

Using all of the data, the profit after taxes in both scenarios could be calculated and it
is shown in Table 8. In Scenario 1, the profit was negative because the savings in electricity
costs generated from the energy recovery were not higher than the operational costs.
However, the savings covered more than half of the total electricity consumption cost of
the process (53.77%, to be more specific), which was compatible to the reality of paper and
pulp industries.

Table 8. Income data in Scenarios 1 and 2.

Scenario 1 (EUR per Year) Scenario 2 (EUR per Year)

Gross Profit
(Savings—Operational costs) −576,352.70 1,188,159.10

Indirect Manufacturing Costs 817,364.30 967,312.20
EBITDA (Earnings before

interest, taxes, depreciation
and amortization)

−1,393,717.0 220,846.90

Depreciation 0.00 84,204.80
Pretax profit −1,393,717.00 136,642.10
Income tax 306,617.80 30,061.30

Profit after taxes −1,087,099.20 106,580.90

In Scenario 2, UF and NF would allow a recovery of lignin that can be sold to other
industries. This additional income generated an attractive profit of 106,580.80 after taxes.
In Table 9 the project financial indicators are presented. The conclusion from these results
was that the project is also feasible from a financial point of view given the considered
assumptions for the study. The NPV value was >0; this number represented that the
company’s value would increase 51,033.80 EUR in 10 years as a result from the investment.
The IRR of the investment was higher than the opportunity cost of capital considered for
the calculation, so it is recommended to invest in the project. Finally, the cumulative cash
flow from the economic evaluation indicated that the payback period was of five years,
assuming that the 100% of the recovered lignin can be sold in the market. It is important
to mention that these calculations did not take into account the potential penalties that
companies may be forced to pay if their toxic emissions are over the maximum permissible
limit. In addition to this technical and economic study, a preliminary simplified life cycle
assessment was performed to highlight the potential relevance of this proposal from an
environmental point of view (in Supplementary Materials).

Table 9. Evaluation of the investment project—Scenario 2.

Project Evaluation Result

Discount rate/Opportunity cost of capital 15.00%
NPV (Net Present Value) 51,033.80 EUR

IRR (Internal Rate of Return) 16.59%
Payback period 5 years

4. Conclusions

This research project has successfully analyzed the feasibility of using pH stable in-
house made NF membranes to treat highly alkaline black liquor from the paper and pulp
industry, concluding in the suitability of Membrane A from a technical point of view.
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Using simulated black liquor at pH 12 and pH 14, the stability of the membranes in
alkaline conditions was tested during filtration and in static tests. The filtration experiments
demonstrated that Membrane A had a higher potential for this application since it had a
high permeate flux (23.93 L m−2 h−1 in average) and high rejection of organic components
and salts that may affect the efficiency of the recycled cooking liquor. In average, the
rejections were 92.50% for the TOC, 84.10% for the CO3

2−, 88.70% for the sulphates, 73.21%
for the Na+, and 99.99% for the Mg2+. In the case of the OH−, the negative rejection was
−317.90% on average. As expected, a good recovery of NaOH in the permeate would
be achieved. Therefore, Membrane A is suitable for the treatment of black liquor when
combined with a previous UF pretreatment, a least to reduce the load on the evaporators
and recovery boilers used in the conventional treatment process. The permeate from NF
may still require causticization, but a critical part of the chemical recovery process would
be already optimized.

The profitability of the investment project was evaluated as a comparison between
the conventional process vs. the replacement of 10% of the total capacity with membrane
technologies. In the second scenario, the CAPEX in Year 0 would be 842,048.24 EUR and
27,600 EUR every two years for the replacement of the membranes. Assuming that 6104
tons of lignin rich retentate would be sold every year with a price of 380 EUR/ton, the IRR
was estimated in 16.59% and a payback period would be five years. Thus, the proposal is
also feasible from an economic perspective. The conventional process burns the lignin, so
an extra income from the sales does not exist.

In terms of the membrane itself, future investigations may focus on modifying its
chemical structure or the preparation procedure to obtain higher permeate fluxes without
compromising the good membrane rejection. Future work will include experiments using
real black liquor previously treated by UF in order to evaluate the treatment process under
such conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13162270/s1, Figure S1: Goal and scope of the LCA study, Figure S2: Impact assessment
results, Table S2: Transmembrane pressures (bar), Table S3: Outputs using the conventional process,
Table S4: Emissions in each environmental category, Table S5: Activity data in the chemical recovery
unit for the calculation of the emissions, Table S6: Emission factors in the chemical recovery unit
from Kraft pulp production, Table S7: Emission factors in the energy generation unit from Kraft
pulp production, Table S8: Classification factors used for emissions for 1 kg of pollutants, Table S9:
Comparison between the impact assessment results for Scenario 1 and Scenario 2.
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Abbreviations
(Abbreviations are listed alphabetically)
CAPEX Capital Expenditures
CT Coupon tester
EBITDA Earnings before interest, taxes, depreciation and amortization
ICP-OES Inductively Coupled Plasma—Optical Emission Spectroscopy
IRR Internal rate of return
MW Molecular weight
MWCO Molecular weight cut-off
NF Nanofiltration
PES Polyethersulfone
RO Reverse Osmosis
TIC Total Inorganic Carbon
TMP Transmembrane pressure
TOC Total Organic Carbon
UF Ultrafiltration
UV Ultraviolet
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