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Technologies for wastewater reclamation and water reuse within oil refineries have been gaining particular
attention over the past decade due to legislative pressures associated with the efficient use of water resources and wastewater discharge. Having to constantly rely on access to great amounts of water, the oil
and gas industry has been seeking opportunities to reclaim water using sustainable and efficient management procedures. In the present study, an on-site pilot plant treatment study on real refinery stripped sour
water using reverse osmosis was conducted with the goal of removing the main pollutant blocking the
possibility for water reuse in the refinery cooling tower, phenols. A technical and energy evaluation was
performed where 90% of the initial wastewater was recovered without loss of permeate quality with 98%
rejection of phenols. The installation of an energy recovery device with the reverse osmosis plant could
drop the energy input demand to 1.2 kW h m−3, allowing the operating costs to decrease from 1.37 € per
m3 to 0.41 € per m3. Treatment on an industrial scale would allow the refinery to save up to about 375 000
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m3 per year in water and up to approximately 417 000 m3 per year in wastewater volume discharged,
translating into net savings of up to 286 000 € per year and a payback period of down to 4 years. The current treatment proposed showed low carbon footprint and negligible waste generation, based on green
metric tools; however careful consideration should be taken in the management and treatment of the con-
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centrate stream.

Water impact
The present pilot-scale study focuses on reverse osmosis to treat wastewater from the catalytic cracking complex at the largest Portuguese oil refinery. A
90% recovery with 98% rejection of phenols was achieved, making the saving of a significant amount of fresh industrial water possible, encouraging sustainable management procedures for industries that constantly rely on substantial amounts of water resources.

1. Introduction
Oil refinery effluents are aqueous forms of waste generated
from crude oil refining processes. Being composed of a diverse range of toxic compounds, such as oil and grease, phenols, sulphides and ammonia, such forms of wastewater are
a major source of aquatic pollution.1,2 Moreover, oil refineries are considered a highly water demanding industry, relying
on a constant amount of industrial water throughout the
year. Therefore, environmental regulations, as well as strict
wastewater discharge limits have encouraged many industries

a

LAQV-REQUIMTE, DQ, FCT, Universidade NOVA de Lisboa, 2829-516 Caparica,
Portugal. E-mail: jgc@fct.unl.pt
b
Sines Refinery, Petrogal S.A., 7520-952, Sines, Portugal
c
CICECO – Aveiro Institute of Materials, Universidade de Aveiro, Portugal

This journal is © The Royal Society of Chemistry 2021

to adopt efficient strategies for effluent treatment and water
reuse, aiming at the minimization of environmental impact.
A promising opportunity for water reclamation aims at
reusing water for cooling towers, since they are among the
largest water demanding units in the petroleum industry.
Legislative pressures to go the extra mile have even involved
a long-term goal of total abolishment of any form of waste
discharge to water receiving bodies through a concept described as zero liquid discharge (ZLD).3
Among the several pollutants that are controlled in the
wastewater generated at the largest Portuguese oil refinery,
located in Sines, phenols have recently been given more attention. The presence of a heavy organic load of phenolic
compounds at its major source of origin in the refinery,
stripped sour water from the cracking complex, is currently
blocking the opportunity for water reuse in the cooling
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towers, and limits its use as wash water for desalters, to minimize phenolic impact in the refinery's pre-treatment wastewater circuit. Phenols play a key role in environmental impact,
being among the major hazardous pollutants in industrial
wastewater resulting from their poor biodegradability, high
toxicity and significant contribution to high chemical oxygen
demands.4–6 Phenols have been reported in refinery wastewater in a wide range of concentrations (6–500 mg L−1)5 and
specifically in stripped sour water (190–537 ppm) from cracking complexes.7–9 Most refineries reuse stripped sour water
as wash water for desalters, using a well-known and reported
procedure,7 where most of the phenols are adsorbed into the
crude phase, redirecting them back into the refining process,
and thus, lowering their content in the wastewater. Although
this form of reuse has proved to be a straightforward, costeffective and relatively efficient way of overcoming phenolic
impact in the effluent, it doesn't take into account possible
fluctuations in the type or amount of phenols that are
formed in catalytic cracking processes and that are not removed from sour water stripping units.10,11 Moreover, desalter effluent treatment for recycling involves challenges on
its own already, with its general approach focusing more on
de-oiling and de-mineralizing.12,13
Many technologies have been reviewed for phenol removal
from different types of wastewater over the past few
years.5,6,14,15 Membrane separation technologies have been
highlighted due to low energy consumption, and easy scale
up by membrane modules, leading to convenient operation
procedures.16,17 Reverse osmosis (RO), for example, has been
frequently used at water reclamation plants for cases where
high purity water is required, such as in boiler feedwater systems, reported to remove 99% of the dissolved minerals18
and up to 95% phenols from wastewater.19,20 RO has also
been recently studied for water reuse in coal seam gas associated water, focusing on the improvement of the economics
involved.21 Despite the advances in improving pump efficiencies and energy costs, high energy demand remains a draw-
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back in RO processes, with electricity accounting for at least
35% of the total operating costs in seawater desalination systems.22 Therefore, determining the energy consumed in any
RO treatment is of major importance, including refinery
wastewater treatment, to ensure a proper insight regarding
its economic feasibility.
The last published study of refinery stripped sour treatment through RO focused on the removal of a particularly
relevant pollutant at the refinery at hand, selenium, with
some pre-treatment steps being involved.9 The present study
focuses on the removal of phenols, a pollutant which has
been the reason behind the blocking of the reuse of stripped
sour water within refineries that contain catalytic cracking
complexes, the main emitter of phenols. A technical and energy evaluation was performed for on-site stripped sour water
treatment through stand-alone RO, at a pilot scale. The pilot
plant results were the basis of an economic and sustainability
evaluation in the projection to an industrial scale and the potential to recover energy was evaluated based on reported energy recovering methods and the specific physico-chemical
nature of the effluent studied.

2. Materials and methods
2.1 Pilot scale experimental setup
To assess the technical performance of the RO membrane at
a pilot scale for refinery stripped sour water treatment, a
membrane filtration experiment was set up as shown in
Fig. 1. The phenomena of fluid dynamics control play a major role in a spiral-wound module configuration, which
match the conditions at an industrial scale. The pilot unit
was equipped with a permeate and feed tank, a high-pressure
diaphragm pump (Hydra-Cell, Wanner Engineering, Inc.) and
a valve to regulate pressure. The pilot assays were performed
in concentration mode where the concentrate stream was
recirculated back to the feed tank, while permeating the
treated water into a clean tank. In order to calculate the

Fig. 1 Schematic representation of the reverse osmosis pilot unit coupled to an energy measuring device.
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energy consumption of the pilot installation, a 324 Plus True
RMS Clamp Meter (FLUKE CORPORATION) was used to measure the voltage and current during the filtration, allowing instantaneous and accumulated measurements. The electrical
readings were then converted to pump power (kW) and translated into energy consumption (kW h) considering the total
duration of each assay.23 The data obtained were used to estimate the average energy consumption in treating 1 m3 of
stripped sour water.

2.2 Membrane and chemicals
A polyamide thin-film composite spiral-wound FILMTEC
SW30–2540 reverse osmosis membrane element was used for
the filtration assays. The membrane has an active area of 2.8
m2, a stabilized salt rejection of 99.4%, a maximum operating temperature and pressure of 45 °C and 69 bar, respectively and a pH range of 2–11. P3-ultrasil® 73 (Ecolab,
Lenntech) was used for membrane chemical cleaning after
the reverse osmosis filtration experiments. This membrane
integrates the features that proved to be the most appropriate
and efficient for phenol retention for the wastewater studied,
as concluded from preliminary laboratory studies.24 Although
brackish water membranes may lead to higher permeate
fluxes, the laboratory studies, where a BW30 reverse osmosis
membrane was used, showed an 80% phenol rejection, generating permeates unsuitable to be reused, based on the water reuse quality standards.

2.3 Refinery wastewater and reverse osmosis pilot assays
Two batches of stripped sour water were consecutively collected from the effluent of the sour water stripping unit of
the cracking complex, at the Sines refinery. While the laboratory studies24 allowed the assessment of membrane treatment performance over a 6-month representative operational
period, the pilot scale studies involved an energy consumption evaluation upon operating at different transmembrane
pressures. Therefore, to avoid feed quality variations, the
batches were successively withdrawn and processed for
treatment.
Samples from the initial wastewater and permeates
obtained after reverse osmosis were analysed by standard
methods for oil and grease and phenols concentration
(SMEWW 5520 C/F and SMEWW 5530D, respectively). COD
was analysed using the LCI 500 cuvette kit (Hach, Germany)
in agreement with ISO 15705. Ammonium and sulphides concentration were determined using the LCK 304 and LCK 653
cuvette test, respectively (Hach, Germany). Total dissolved
solids (TDS) and conductivity measurements were obtained
by means of a WTW portable conductivity meter. Table 1
shows the physico-chemical characterization of the feed
batch.
Before the experiment, the membrane was rinsed and
compacted with tap water at 51 ± 1 bar for about 2 h until
constant permeability was achieved. The hydraulic permeabil-
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Table 1 Refinery wastewater characterization for pilot scale treatment

Stripped sour water characterization
Parameter
pH
TDS (ppm)
Conductivity (μS cm−1)
COD (mg O2 per L)
Phenols (ppm)
Polar O&G (ppm)
Non-polar O&G (ppm)
Total O&G (ppm)
Ammonium (ppm)
Sulphides (ppm)

7.2
74
122.1
1179
257
38
179
217
23
0.18

ity of the spiral wound reverse osmosis membrane was measured before the filtration assay at around 21 °C.
The performance of the reverse osmosis filtration was determined by measuring the permeate flux throughout the filtration time and collecting instant permeate samples at different volume concentration factors, for chemical analysis.
The wastewater was concentrated until the instantaneous permeates started to lose chemical quality regarding water reuse
standards. The first and second filtration assays were
performed in concentration mode at a constant transmembrane pressure of 50 ± 1 bar and 35 ± 1 bar, respectively, and
a feed flow rate of around 420 L h−1. For pilot plant studies,
operation under concentration mode is a practical alternative
to continuous operation with a defined recovery rate, with
the advantage of requiring lower feed volumes. A volume reduction factor of 10 corresponds to a 90% permeate recovery,
which is considered a rather ambitious target and usually requires multiple stages to achieve rather than in a single step.
Some temperature variations occurred throughout the assays, as they were carried out outdoors. The temperature of
the feed was continuously measured over time until the end
of the experiment. The permeate fluxes calculated for both
assays were corrected for a reference temperature of 22 °C.
Apparent rejections of phenols and COD were calculated
using eqn (1),


Cp
Apparent rejectionð%Þ ¼ 1 −
× 100
(1)
Cf
where Cp and Cf are the concentration of the pollutant in the
permeate and feed, respectively.
2.4 Economic study evaluation
An average of 50 m3 h−1 of stripped sour water from the
cracking complex at the Sines refinery is generated and sent
as wash water to the desalters. The stream then undergoes a
series of pre-treatment steps until a final accumulated effluent, averaging 350 m3 h−1 based on 2017–2019 data, is
discharged to the external wastewater treatment plant
(WWTP). This means that the key-effluent of this project represents about 14% of the total wastewater discharged. Therefore, an economic evaluation which focuses on volume
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reduction as well as the reduction of fresh make-up water demand for the cooling tower is essential to determine the economic feasibility of the technology proposed.
An economic evaluation of treating 1200 m3 per day (50
3 −1
m h , 24 h per day) of stripped sour water by reverse osmosis was performed. The calculations were based on a direct
projection of the pilot plant data obtained onto an industrial
RO treatment unit, considering an overall 90% recovery rate,
therefore generating 1080 m3 per day of permeate. Bearing in
mind that energy consumption in RO is typically the major
contributor of operating costs, different scenarios were studied, extrapolating different energy demands based on the
possible energy recovered through an energy recovery device
(ERD) and the real data obtained in the pilot plant assays. Recent studies go into detail regarding technical efficiencies of
ERDs in large desalination plants, from turbines to pressure
exchangers which have reported yields of up to 90%, reducing specific energy consumptions down to 3–4 kW h m−3.25–27
As electricity generally accounts for the largest portion of the
operating costs of a RO plant, different energy recovery scenarios allow a sensitivity analysis regarding total operating
expenses as an added insight for economic evaluation. A sensitivity analysis related to the frequency of the RO unit shutdowns for membrane cleaning and maintenance was also
conducted, which allows an overview of the economic assessment for cases where changes in the refining process upstream might lead to wastewater feed variations.
The final operating and capital costs were directly compared with the savings in fresh water and the reduction of
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the volume discharged per year, in order to evaluate the economic feasibility of the treatment.
Finally, an environmental and sustainability assessment
was conducted through analysis of relevant parameters, such
as global warming potential, ecotoxicity potential and impact
of water saving.

3. Results and discussion
Stripped sour water from the cracking complex, at the Sines
refinery, is currently subjected to a sequence of pre-treatment
steps, to diminish the phenolic levels before the final effluent
is sent to a municipal WWTP (wastewater treatment plant).
Fig. 2 shows the current route taken by the wastewater
stream and an alternative route through membrane treatment, at the source of phenolic emission. Such proposed
technology results from the motivation of both reducing the
volume discharged to the WWTP and saving water through
reclamation as make-up water in cooling towers.
3.1 Performance of pilot scale RO filtration – permeate fluxes
and rejections
A first batch of 600 L of stripped sour water was processed in
concentration mode, operating at the highest volume concentration factor possible. This allows a technical evaluation of
the process, while avoiding the generation of a large volume
of concentrate, which needs to be adequately disposed. The
wastewater was processed at 50 bar until a final concentrate
volume of 52 L, leading to an approximate volume

Fig. 2 Schematic representation of the wastewater route taken by stripped sour water from the cracking complex at the Sines refinery and the
alternative membrane treatment.
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concentration factor of 11.5. The second batch of 400 L was
identically processed, but at a transmembrane pressure of 35
bar. The final concentrate volume was approximately 95 L,
reaching a volume concentration factor of 4.2.
Fig. 3 shows the profile of the normalized permeate fluxes
obtained as a function of the volume concentration factor
(VCF). It is possible to observe that while operating at 35 bar,
the flux decline is significantly lower throughout filtration
than the permeate flux in the experiment operating at a
transmembrane pressure (TMP) of 50 bar. At a VCF of 2, an
approximate 20% drop from the initial flux was felt at TMP =
50 bar, whereas only a 5% drop was felt at TMP = 35 bar. This
could be generally attributed to membrane fouling being less
severe at milder operating pressures. Higher transmembrane
pressures generate greater permeate fluxes, but also push
foulants strongly towards the membrane surface, leading to a
more extensive and faster adsorption on the membrane and,
ultimately, to flux decline throughout filtration. It can also be
observed that the permeate flux remained practically constant from VCF = 2 to VCF = 10, with permeate flux declines
ranging from 2 to 6%. An overall flux decline of around 47%
was felt, at a concentration factor of 10. This means that by
the time the flux had dropped by almost half, 90% of the initial feed wastewater volume had already been converted into
clean permeate. This is due to the relatively high permeate
fluxes encountered (up to 44 L h−1 m−2), which has only been
found to be reported in studies with a looser RO membrane
and lower salt rejections, after UF treatment, in a similar
phenolic industrial wastewater.19 As was observed in previous
lab studies,24 the low osmotic pressure of the feed plays the
most decisive role in the high permeate flux obtained in the
present pilot study, due to low conductivity resulting from
the lack of salts with average reported salinities measuring
down to 113 mg L−1 and conductivities no greater than 335
μS cm−1.
The goal of testing the system at a transmembrane pressure of 35 bar was to evaluate the impact on energy consump-

Fig. 3 Normalized permeate fluxes at the pilot scale as a function of
the volume concentration factor.
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tion, as lower consumptions would decrease operational
costs related to electricity, at an industrial scale. As previously mentioned in the Materials and methods section, the
voltages and currents were continuously measured throughout the filtration. The instantaneous and accumulated values
that were recorded were actually not lower than those
obtained while operating at 50 bar. Therefore, gains related
to energy savings ceased to exist when operating at the lower
TMP and thus, it was decided not to concentrate the wastewater any further than a VCF of 4.2, matching the total filtration times for both assays.
Fig. 4 shows the membrane performance regarding apparent rejection of phenols and COD for both assays, along with
the corresponding permeate fluxes as a function of the VCF.
High rejections of phenols and COD were obtained (approximately 97.5% and 98%, respectively at a VCF of 3) with phenol rejections remaining high throughout the entire assay up
to a VCF of 10 (>92%). A slight loss of rejection started to
take place at a VCF of 6 (2.5% drop in rejection) and a 4%
drop at a VCF of 10. Regarding COD, a similar behaviour was
witnessed with instant rejections remaining over 94% even
after 90% of the wastewater was filtered. At a VCF of 10.3, the
permeate started to lose quality regarding COD values,
according to the quality standards for water reuse (COD < 75
mg O2 per L).3 Regarding the recovery obtained, it can be
seen that the feed was concentrated until a VCF of 10, which
corresponds to a 90% permeate recovery rate, without loss of
permeate quality. Such recovery obtained in a single step is
considered high, compared with typical RO applications
where such recoveries are achieved but through multiple
stages, which lead to more space being required in the installation of the RO industrial units. Such high recoveries and
fluxes compared with other forms of wastewater19 that are
treated using RO go back to the physico-chemical nature of
stripped sour water, which are very low in salts and therefore
have low osmotic pressures, as explained in detail by the authors in a previous study.24
Table 2 shows the final rejection and permeate quality regarding the parameters studied for both assays, where it possible to observe the consistency in complete rejection of
O&G, as was seen in the previous lab studies. The fact that almost all O&G compounds in the feed are insoluble (non-polar
hydrocarbons) provides a potential advantage in a highly efficient removal of O&G, since applying a high cross flow velocity allows the formation of a second or dynamic membrane
on the surface, which maintains a reasonable flux and high
rejection of phenols.
Ensuring the safe use of the final permeates arises as a decisive procedure for water reclamation in any industry, after
wastewater treatment. Since cooling water plays a large role
in water demand in the oil and gas industry, an opportunity
emerges for water reclamation as make-up water in the refinery cooling towers, where most industries resort to fresh industrial water. Using reclaimed water for make-up water also
appears as a feasible possibility, since the quality of makewater required for safe use is lower than most forms of water
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Fig. 4 Reverse osmosis membrane performance in stripped sour water treatment at the pilot scale (rejections hardly changed between assays;
points are overlapped).

Table 2 Accumulated permeate characterization of pilot assays and overall rejections

TMP = 50 bar (VCF = 11.5)

TMP = 35 bar (VCF = 4.2)

Parameter

Feed

Final permeate

Overall rejection (%)

Final permeate

Overall rejection (%)

pH
TDS (ppm)
Conductivity (μS cm−1)
COD (mg O2 per L)
Phenols (ppm)
Polar O&G compounds (ppm)
Non-polar O&G (ppm)
Total O&G (ppm)
Ammonium
Sulphides

7.2
74
122.1
1179
257
38
179
217
23
0.18

6.2
6
10.9
19.9
5.4
0
0
0
3.3
0

—
91.9
91.1
98.3
97.9
>99.5
>99.5
>99.5
86
>99.5

6.2
6
10.9
21
4.5
0
0
0
3.3
0

—
91.9
91.1
97.9
98.2
>99.5
>99.5
>99.5
86
>99.5

at refineries, such as boiler feedwater. The final permeates
where therefore characterized and compared with water reuse
quality standards3 for cooling processes, showing chemical
compatibility for the most relevant parameters, such as pH,
TDS, conductivity and COD. The permeates should also show
physical compatibility with the material in which the
reclaimed water will come into contact with, to prevent corrosion phenomena in the cooling systems. The authors previously reported28 a corrosion evaluation in mild carbon steel
for permeates generated with the same wastewater treatment
as the present study, with a wide range of physico-chemical
qualities for water reclamation through means of electrochemical methods. The final permeates shown in Table 2
therefore showed chemical and physical compatibility for reclamation as make-up water in the cooling towers.

membrane fouling, based on the permeability recovery after
chemical cleaning. Fig. 5 shows the hydraulic permeability of

3.2 Hydraulic permeability and membrane cleaning
Before and after each pilot assay, the hydraulic permeability
of the reverse osmosis membrane was determined on site, in
order to evaluate the degree of reversible and irreversible
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Fig. 5 Hydraulic permeabilities of the reverse osmosis membrane
before and after filtration at the pilot scale.
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the membrane before and after the assay and after chemical
cleaning. The initial hydraulic permeability obtained was
1.22 L h−1 m−2 bar−1. It can be observed that rinsing the
membrane with warm tap water (30–35 °C) for 30 min
allowed a 70% permeability recovery (0.86 L h−1 m−2 bar−1).
Although a 30% drop in permeability is significant as far as
membrane performance goes, it can be assumed that most of
the fouling is reversible and can be corrected with warm water rinsing. After chemical cleaning for about 1 h, almost
complete permeability recovery (>90%) was achieved.

3.3 Flux decline, fouling and the influence of O&G content in
wastewater
Suitable membrane protection procedures are of great importance when upscaling to an industrial wastewater treatment
program resorting to reverse osmosis, in order to extend the
lifetime of the membrane and allowing maximum efficiency
of the treatment, regarding permeate fluxes and solute rejections. Therefore, many industries use as RO pre-treatment
microfiltration or ultrafiltration, which has the main goal of
removing suspended solids and colloidal material from the
feed before entering the RO unit.
The experimental study focused on working in concentration mode, allowing to test the system under operating
limits. The concentrate stream is sent back to the feed tank,
increasing the volume concentration factor as much as possible, while maintaining permeate quality. Furthermore, the
RO filtration applied was studied as a stand-alone technology, avoiding capital costs associated with pre-treatment such
as ultrafiltration. The design of the sour water stripper unit
itself justifies the naturally “clean” aspect of the wastewater,
due to separation of oily matter in the feed drum before entering the stripper.10,29,30 A photograph of the wastewater
studied in a best-case scenario and a worst-case scenario, regarding the existence of suspended solids and oily matter, is
shown in Fig. 6. Operating in concentration mode is most often used when the feed stream is not continuous and is low,
whereas operating in continuous mode is mostly used in industrial scale membrane applications, where a concentrate
stream is continuously generated31 and not sent back into

Fig. 6 Photograph of stripped sour water samples in a) best-case scenario and b) worst-case scenario regarding suspended solids and oily
matter content.
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the RO unit. This allows a more constant feed quality continuously entering the RO plant.
Fig. 7 shows the normalized apparent permeate fluxes (Jv/
Jv0) as a function of the VCF, which allows the observation of
the influence of oily matter on the permeate flux. The
greatest flux decline took place in the feed with a high O&G
content (>98 ppm). For lower concentrations, the real permeabilities remain approximately constant compared to the feed
containing O&G greater than 98 ppm, for the same volume
concentration factor (VCF = 3). Real permeabilities were calculated, already taking into account the osmotic pressure difference, which in turn was calculated using the van' t Hoff
equation.32 It was observed that the osmotic pressure difference ended playing a minor role, even at high concentration
factors (5.8 bar obtained at a VCF of 11.5). Low osmotic pressures in the pilot assays were in line with the laboratory studies previously published, where the explanation of flux declines due to osmotic pressure differences was discarded,24
leading to fouling phenomena having the highest relevance
to explain the flux decline. Fouling due to membrane adsorption of non-polar hydrocarbons was hardly felt whenever the
feed contained less than 98 ppm of O&G. As the O&G content
increased in the feed, fouling was greatly felt, causing a significant flux decline.

3.4 Energy consumption evaluation of RO treatment at the
pilot scale
The main drawback associated with the use of reverse osmosis processes in major desalination plants resides on the high
energy input demand. This is mainly due to the high hydraulic pressure required to overcome the osmotic pressure of the
seawater feed. Although there have been advances in technologies to overcome the high energy demand, a typical RO
plant still uses around 3–10 kW h of electricity to produce
one cubic meter of freshwater from seawater.33

Fig. 7 Normalized apparent permeate fluxes as a function of the VCF
for feeds with different O&G contents.
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A 324 Plus True RMS Clamp Meter (FLUKE CORPORATION) was used to measure the voltage and current during
the RO process which allowed instantaneous and accumulated measurements of such parameters. The electrical readings were then converted to pump power (kW) and translated
into energy consumption (kW h) considering the total duration of each assay.23 The data obtained were used to estimate
the average energy consumption in generating 1 m3 of clean
permeate. The input power load was calculated using the following eqn (2)
V × I × cos φ
Pi ¼
(2)
1000
where Pi is the pump power in kW for three phase motors, V
is the measured voltage in volts, I is the current obtained in
A and cos φ represents the pump efficiency as a decimal, indicated in the pump specifications. Table 3 shows the results
obtained for all parameters measured or calculated for both
pilot assays operating in concentration mode and the final
energy input required to produce 1 m3 of clean permeate.
It can be observed that while operating at a transmembrane pressure of 50 bar, the pilot plant required an energy
consumption that is approximately in line to that of a typical
RO plant to desalinate seawater, at similar operating pressures, deviating slightly from the energy input range of 3–10
kW h m−3. Operating at a transmembrane pressure of 35 bar
ended up showing a lower efficiency in terms of the energy
consumed to generate the same amount of permeate, which
explains why the energy consumption per cubic meter of permeate was higher. Although absolute energy values over time
while operating at higher pressures were indeed greater, once
the amount of permeate generated due to higher fluxes was
taken into account, a more energy-efficient process was
witnessed while operating at 50 bar.
3.5 Economic study evaluation
Three scenarios were considered for an economic evaluation
which allow an insight on the effect that an industrial RO installation equipped with an energy recovery device (ERD)
would have on energy consumption. Scenario 1 was studied
using the real pilot plant data without any recovery of energy.
Scenario 2 assumed a 70% drop in energy demand and was
based on a conservative energy reduction assumption compared with the reductions described in the literature for a

Table 3 Energy consumption evaluation at the pilot scale for pilot assays

Parameter

TMP = 50 bar

TMP = 35 bar

Voltage (V)
Average I (A)
cos(φ)
Pi (kW)
Filtration time (h)
Volume concentration factor
Permeate generated (L)
Feed flowrate (L h−1)
Energy consumption (kW h m−3)

408
2.05 ± 0.02
0.8
1.16
5.67
11.5
548
420
11.97

408
2.58 ± 0.08
0.8
1.46
5.67
4.2
305
420
27.14
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similar industrial RO desalination application, with energy
recovery efficiencies reaching 90%.25–27,34,35 Scenario 3 used
a more optimistic 90% drop in energy consumption.
In all scenarios, the RO plant was assumed to operate 24
h per day, with 1 day shutdowns occurring for membrane
cleaning, maintenance, and plant start-ups every 3 weeks, giving a total of 17 shutdown days and 348 working days per
year. The scenarios are presented for a volume reduction factor of 10 (similar to an overall permeate recovery rate of
90%), where larger recovery rates witnessed significant loss
in permeate quality based on the pilot plant data obtained.
For a plant capacity of 1080 m3 of permeate per day and a
constant flux of 25 L h−1 m−2 (based on the average constant
permeate flux generated in pilot assays), a total of 1800 m2
would be required, given an active membrane area per element of 35.2 m2. Data presented lead to 51 spiral-wound
SW30HR-380 elements being therefore required for such a
plant capacity.
The capital costs (CAPEX) associated were determined
based on the current prices for the equipment cost of the RO
plant, from feed pumps, pipelines and valves to pressure regulators and microfilter cartridges for pre-filtration, reaching
values of 600 € of (all) equipment per m2. A reported study involving the evaluation of an ERD application for the treatment of brackish water with a very similar permeate production rate estimated the capital cost of about 150 000 € for a
pressure exchanger.34 Therefore, the acquisition and installation of turbines or pressure exchangers as energy recovery devices could increase the capital costs up to 750 € per m2. Investment in membrane modules was calculated based on the
price of one SW30HR-380 element, provided by the manufacturer (672 € per element) and the number of modules required for the plant capacity. The cost per membrane unit
area was therefore determined to be 19 € per m2, which represents less than 5% of the total installation investment. Civil
and engineering costs were estimated to be 75% of the total
elements cost, according to similar reported refinery wastewater treatment projects.36 The total capital costs (equivalent
per year) were calculated considering a lifetime span for the
RO installation and membranes of 20 years and 5 years,
respectively.
Total operation costs (OPEX) were determined based on
energy consumption, membrane replacement, chemical
cleaning, concentrate disposal, manpower and repair and
maintenance. Energy costs were calculated using the electricity prices for the industry in Portugal based on the relevant
annual consumption (0.0891 € per kW h).37
Table 4 shows the total economic data for one year for the
RO treatment for all scenarios, assuming a 1080 m3 per day
plant capacity operating 348 days per year. It can be clearly
seen that energy consumption is the greatest contributor of
the operating costs, with energy demand alone reaching almost 80% of the total OPEX for the treatment. Therefore,
mild deviations in energy consumption can be clearly felt,
when comparing the direct extrapolation of the pilot plant
data with the different scenarios assumed. A 90% drop in
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Table 4 Economic data per year for the reverse osmosis treatment of refinery stripped sour water

Assumptions
Capacity (m3 per day)
Membrane area (m2)
348 days per year; 24 h per day
Capital costs (CAPEX) (€ per year)
Equipment cost of RO plant with ERD (750 € per m2)
(€) (including membranes and civil + engineering costs)
(20 year lifetime)a
Operation costs (OPEX)
Energy (0.089 € per kW h)
Manpower (€)
Membrane chemical cleaning (€) (every 3 weeks)
Concentrate + washing effluent disposal (€)
Repair and maintenance (2% of capital costs) (€)
Membrane replacement (€) (5-year lifetime)
Total operation costs (€ per year)
Total operation costs (€ per m3)
a

Scenario 1

Scenario 2

Scenario 3

Direct extrapolation of pilot
plant data (no ERD)

70% energy
recovery

90% energy
recovery

1080
1800

1080
1800

1080
1800

63 181

78 143

78 143

400 741
48 000
10 710
47 608
2408
6873
516 340
1.37

120 222
48 000
10 710
47 608
2978
6873
236 391
0.63

40 074
48 000
10 710
47 608
2978
6873
156 242
0.41

A depreciation over 20 years and 1% annual tax was assumed.

energy consumption allows a new energy demand of 1.2 kW
h m−3 permeate, leading to a decrease from 1.37 € per m3 to
0.41 € per m3 permeate, translating into a reduction of over
300 000 € per year in electricity alone, which showed to be in
line with the benefits reported in the use of energy recovery
devices34 for similar projects.
The remainder of operation costs include manpower,
considering the average monthly payment of employees in
the oil and gas industry. Membrane cleaning and replacement was calculated based on the current prices of Ultrasil
and its concentration used in the pilot plant assays for
chemical cleaning, as well as the current quotes for new
membrane modules, assuming a 5 year lifetime. Concentrate and washing effluent disposal costs were estimated
based on the external WWTP fees applied to an equivalent
wastewater quality and volume, whereas repair and maintenance costs were considered as 2% of the capital costs, as
per a similar reported economic evaluation.32 In order to
assess the feasibility of the treatment from a strictly economic point of view, the economic data were compared
with the gains that would be generated with the implementation of the project. Such gains represent savings in fresh
water and reduction in volume of the final effluent
discharged from the Sines refinery to the external WWTP.
The final effluent discharged is classified according to its
quality, where the higher the class, the higher the fee.
Therefore, savings in wastewater reduction upon the implementation of the RO treatment are felt quicker in scenarios
where the final effluent is inserted in a higher class, due
to the higher fee applied to the refinery per cubic meter.
Savings in fresh water were assumed to be constant, as the
stripped sour water treatment is expected to operate at
90% recovery, allowing the generation of 1080 m3 per day
of reusable permeate.
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Table 5 shows the results obtained for economic assessment that allows direct comparison of data for the main classes, for scenarios with energy recovery systems. The different
scenarios studied also allowed a sensitivity analysis regarding
the parameter that possesses the greatest impact on RO operating expenses, electricity, and the effect the energy recovery
can have on net savings and payback periods. The difference
between gross savings (fresh water + wastewater volume reduction) and the total costs (operating + capital costs) each
year can be classified as the net savings. It can be observed
that the class in which the final wastewater is inserted in,
and the energy recovery efficiency during the membrane filtration, are key parameters which affect net savings and payback periods. For a fixed class (for example class 3), a 20% increase in energy recovery would increase the net savings by
almost 10%, which is due to the extremely high contribution
of electricity to the total operating costs. However, the same

Table 5 Economic assessment of RO treatment of stripped sour water
for different classes of final wastewater quality for scenarios studied with
energy recovery systems

Scenario 2–70% energy recovery

Total CAPEX (€)
Total OPEX (€ per year)
Net savings (€ per year)
Payback period (years)

Class 3

Class 4

Class 5

1 410 136
236 391
6063
18

1 410 136
236 391
68 343
10

1 410 136
236 391
206 417
5.1

Scenario 3 – 90% energy recovery
Total CAPEX (€)
Total OPEX (€ per year)
Net savings (€ per year)
Payback period (years)

Class 3

Class 4

Class 5

1 410 136
194 953
86 212
8.9

1 410 136
194 953
148 492
6.4

1 410 136
194 953
286 566
3.9
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20% increase in energy recovery would lead to an increase in
net savings by almost 50%, if the final wastewater discharged
falls in class 4. The significantly higher fee per cubic meter
applied by the WWTP to the refinery for classes 4 and 5 are
behind the explanation of the boost felt in net savings each
year as well as the improvement in payback periods. Nevertheless, the inevitably high payback periods for this study
lean on the fact that stripped sour water from the cracking
complex at the Sines refinery accounts for 12–14% of the total wastewater flow rate discharged to the WWTP. Net savings
with no energy recovery system proved to be always negative
(data not shown) and was therefore withdrawn from the economic evaluation. A further sensitivity analysis was
performed related to the frequency of RO unit shutdowns for
membrane cleaning and maintenance. It was observed that
shutdowns for membrane cleaning every 2 weeks led to a 6%
drop in total net savings per year and a 6-month increase in
the payback period. On the other hand, if membrane
cleaning occurs every week, a 20% drop in savings is expected
to be felt every year. Therefore, on-site monitoring of the
O&G content of the wastewater feed arises as an important
tool to avoid frequent shutdowns and to protect the membrane lifetime, as previously reported.24

3.6 A sustainability analysis for refinery stripped sour water
treatment
RO is known to be a mature and solid technology to overcome water shortages through desalination, with more appealing energy input requirements when compared with traditional processes such as distillation.38 However, when it
comes to using RO for industrial wastewater treatment, sustainability assessments arise as vital for a project approval
and investment, especially when analysing the carbon footprint, energy sources for electricity consumed in the treatment and the environmental impact of the waste generated
from membrane cleaning.
The electricity production mix in mainland Portugal has
undergone a boosting shift from the dominant technologies
for the past decades.39 As of May 2020, over 70% of the total
mix originated from renewable energy resources, with wind
and hydropower averaging 23% and 30% of the total renewables.40 Some studies have presented sustainability assessments of RO processes aiming primarily at desalination,38,41,42 rather than using RO as refinery wastewater

treatment. However, the environmental impact through interpretation of the global warming potential (GWP) for RO has
been reported, for the same energy demand (3 kW h) (considering scenario 2) as the present manuscript for refinery
stripped sour water treatment, as 1.77 kg CO2-Eq. to produce
1 m3 of permeate41 when resorting to cogeneration for electricity production. Considering the updated energy production mix in Portugal, a promising opportunity arises to drop
the GWP to the reported 0.235 kg CO2-Eq. or 0.0335 kg CO2Eq.41 if wind or solar power, respectively, is used as energy
supply for the industrial RO unit at the refinery.
Regarding the assessment of the waste generated when
resorting to RO for refinery wastewater treatment, an analysis
of the ecotoxicity potential (ETP) is of great importance to
predict environmental impact and can result from the
chemicals used for membrane cleaning. Based on the number of shutdowns of the RO unit for membrane cleaning, the
volume of the effluent resulting from it was calculated to be
less than 2% of the permeate generated and less than 0.2%
of the total wastewater at the refinery. Therefore, a safe assumption of minor ecotoxicity impact from the detergents involved can be made, when considering a realistic scenario
within the refinery.
It is also worthwhile to be aware of the energy consumption and chemicals used currently in the refinery wastewater
treatment circuit and compare it with the energy consumptions after the implementation of the proposed RO treatment. Bearing in mind that using RO, the volume of the final
effluent discharged to the municipal WWTP would be reduced by as much as 14% (less 50 m3 h−1 from the total 350
m3 h−1), a fair indication that energy savings in pumping for
the current treatment may arise, as well as milder amounts
of chemicals and reagents being required for the flotation
and oxidation tanks. Table 6 shows the typical energy consumed in dissolved air flotation units (DAF) and common
flocculants and coagulants used in oily wastewater treatment,
where the former resort to compounds based on acrylamides
and the latter through inorganic metal-based components.
Regarding oxidation, many industries use hydrogen peroxide
(H2O2) due to its appealing efficacy in degrading organic persistent pollutants. However, the auto-oxidation of anthraquinone still dominates as technology to produce H2O2 worldwide. Therefore, opportunities associated with milder use of
these chemicals and reagents due to smaller volumes of
wastewater to be treated should be encouraged.

Table 6 Energy consumed in dissolved air flotation units (DAF), common flocculants and coagulants used in oily wastewater treatment and chemicals
used for oxidation

Dissolved air flotation (DAF)
Energy
Chemicals & reagents

−3

0.02–0.04 kW h m (ref. 43)
0.05–0.075 kW h m−3 (ref. 44)
Flocculants: polyacrylamide derivatives
(200 mg L−1 to 6 g L−1 for optimum results)
Coagulants: aluminium and polyaluminium chloride45
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Oxidation basin
—
Hydrogen peroxide (35%) (H2O2)
Estimated concentrations (0.56 g L−1)
(auto-oxidation of anthraquinone as dominating
technology for H2O2 production worldwide)46
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Table 7 Reported technologies for phenol removal from phenolic refinery wastewaters and predicted impact on concentrate treatment

Technology

Removal
efficiency (%)

Expected
concentration after
treatment (mg L−1)

Expected concentration
after dilution effect
(mg L−1)

Fenton (no neutralization)
Neutralization + Fenton

Up to 65
95–99

1225
35–175

20.4
0.6–2.9

Published on 27 January 2021. Downloaded by Universiteit Twente on 1/28/2021 12:39:10 PM.

a

Average concentration
in final effluent
dischargeda (mg L−1)
3–12

Operating costsb
(€ per m3)

Ref.

4
4.6

48, 53
48, 53

Based on Sines refinery 2017–2019 data. b Based on market values of products involved in 2019.53

Another relevant aspect regarding sustainability evaluation
is the effect on fresh industrial water savings upon the implementation of the proposed RO treatment which is expected
to work at 90% recovery, generating 1080 m3 per day of reusable water, translating into 375 840 m3 per year of water to be
reclaimed in the refinery cooling towers (Fig. 2, stream 2). As
part of an encouragement for industries to efficiently use and
reuse water, growing as a scarce resource, the fee applied to
the refinery has suffered, on average, a 3% increase every 3
years. This means that besides the savings in water volume,
the Sines refinery could actually save up to 163 000 € per year
in 6 years' time, rather than the expected 150 000 € per year.
A further analysis can be made through the current route
taken of stripped sour water from the catalytic cracking complex and the proposed treatment (Fig. 2). A technical analysis
and evaluation on the best way to proceed regarding the
management of the concentrate stream should not be
overlooked. One of the main advantages of membrane technology in wastewater treatment is the reduction in volume of
the effluent, which usually leads to a more practical handling. The expected 120 m3 per day of concentrate generated
(with phenol concentrations up to 3500 mg L−1 and COD concentrations up to 12 000 mg O2 per L) can be expected to be
treated based on several studies that go into detail regarding
treatment and remediation of phenolic wastewaters involving
advanced oxidation processes.47–51 Table 7 shows the predicted phenol removal, operating costs, and impact of the
treated concentrate regarding discharge, through reported
studies for similar highly phenolic refinery wastewaters. The
concentrate (Fig. 2, stream 3b), once treated and discharged
into the refinery effluent pre-treatment system, is expected to
suffer a dilution effect as it would be mixed with other forms
of wastewater (ex: desalter effluent, non-phenolic sour waters,
etc.). This would mean that the phenolic concentration could
decrease as much as 60 times, which will be taken into account for a realistic assessment in the Sines refinery scenario.
It can be seen that neutralization/acidification, followed by
Fenton, is expected to present higher phenolic removal efficiencies (up to 99%) than without acidification, generating a
treated concentrate with minimal environmental impact
(down to 0.5 mg L−1 in phenols) compared to the usual effluent quality. Furthermore, a recent study regarding these oxidation processes applied to oil refinery wastewater has also
shown their suitability to degrade pollutants other than phenols that compose the concentrate stream and that are
equally important regarding environmental impact, typically
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present in such wastewaters, such as oil and grease compounds.53 However, operating costs associated with AOPs are
known to be relatively high, due to the high cost of reagents
involved (inorganic compounds for Fenton and H2O2) and
the need for sufficiently high concentrations of H2O2 for appropriate oxidation, which also poses challenges in terms of
green metrics.
Another option would be to study the possibility of
reusing the phenolic compounds as added-value products
(Fig. 2, 3a). Depending on the type of compounds present,
their use as jet fuel or lubricant additives could be considered an option, where many forms of branched phenols, such
as 2,6-di-tert-butylphenol are applied as jet fuel additives.52
Moreover, the actual use of additives on different forms of
fuel, including diesel and jet fuel, usually leads to a higher
quality and more efficient use of fuel, which results in lower
consumptions and therefore lower greenhouse gas emissions.

4. Conclusions
The present study involved an on-site pilot plant treatment of
stripped sour water originating from the cracking complex at
the Sines refinery, Portugal, using reverse osmosis, with the
goal of reusing water and reducing wastewater volume. A
technical, economic and energy assessment was performed to
evaluate the overall feasibility of the treatment. Technical
analysis focused on the permeate recovery and rejection of
phenols/COD, which was 90% and 98%, respectively. The naturally low osmotic pressure of the wastewater allowed high
fluxes (up to 44 L h−1 m−2) and a concentration factor of 10,
without loss of permeate quality as quality standards for water reuse. The pilot plant results indicated a relatively high
energy demand. However, the installation of an energy recovery device with reported 90% recoveries would allow a decrease in energy input demand to 1.2 kW h m−3, translating
into a drop in OPEX from 1.37 € per m3 to 0.41 € per m3. An
economic evaluation for different scenarios was performed
taking into account savings associated with fresh water and
wastewater volume reduction and energy recovery efficiencies. Results showed that it can be possible for the Sines refinery to save up to 375 840 m3 per year in fresh water and up
to 417 850 m3 per year of wastewater discharges, translating
into net savings of up to 286 566 € per year and a payback period of down to 4 years. The RO proposal showed a low carbon footprint and negligible waste generation; however,
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careful consideration should be taken in the management
and treatment of the concentrate stream.

Conflicts of interest
There are no conflicts to declare.

Published on 27 January 2021. Downloaded by Universiteit Twente on 1/28/2021 12:39:10 PM.

Acknowledgements
The authors would like to acknowledge the financial support
from Galp and Fundação para a Ciência e Tecnologia (Portugal) through the PhD grant PD/BDE/128604/2017 (Pedro D. A.
Bastos) in a PhD project within an industrial environment and
Doctoral Program in Refining, Petrochemical and Chemical
Engineering (EngIQ). P. J. Carvalho also acknowledges FCT for
a contract under the Investigador FCT 2015, contract number
IF/00758/2015. The authors would like to thank the Associated
Laboratory for Sustainable Chemistry – Clean Processes and
Technologies – LAQV and CICECO – Aveiro Institute of Materials, which are financed by Portuguese national funds from
FCT/MCTES (UIDB/50006/2020, UIDB/50011/2020 and UIDP/
50011/2020) and co-financed by the ERDF under the PT2020
Partnership Agreement (POCI-01-0145-FEDER e 007265).

References
1 H. Wake, Oil refineries: a review of their ecological impacts
on the aquatic environment, Estuarine, Coastal Shelf Sci.,
2005, 62, 131–140.
2 B. H. Diya'uddeen, W. M. A. W. Daud and A. R. Abdul Aziz,
Treatment technologies for petroleum refinery effluents: A
review, Process Saf. Environ. Prot., 2011, 89, 95–105.
3 M. Eddy, Water Reuse: Issues, Technologies and Applications
AECOM, ed. T. Asano, 2007.
4 B. Mrayyan and M. N. Battikhi, Biodegradation of total
organic carbons (TOC) in Jordanian petroleum sludge,
J. Hazard. Mater., 2005, 120, 127–134.
5 S. Mohammadi, A. Kargari, H. Sanaeepur, K. Abbassian, A.
Najafi and E. Mofarrah, Phenol removal from industrial
wastewaters: a short review, Desalin. Water Treat.,
2015, 2215–2234.
6 L. G. C. Villegas, N. Mashhadi, M. Chen, D. Mukherjee, K. E.
Taylor and N. Biswas, A Short Review of Techniques for
Phenol Removal from Wastewater, Curr. Pollut. Rep.,
2016, 157–167.
7 J. Richard, Metcalf: Process for phenol recovery and crude oil
desalting, ed. G. O. Corporation, Pittsburg, USA, 1957, vol. 2,
785, 120.
8 G. Stoneburner, Method of removing phenolic compounds from
waste water, ed. S. O. Company, Chicago, Illinois, 1961, p. 4.
9 C. A. Dyke, Process for Removing Organic and Inorganic
Contaminants from Phenolic Stripped Sour Water Employing
Reverse Osmosis, White Plains, N.Y, USA, 2000.
10 D. K. Stevens and A. Mosher, Fundamentals of Sour Water
Stripping, KNP Group, 2008.
11 P. Leprince, Water Treatment, in Petroleum Refining Pétrole,
Institut Français du Pétrole, 2001, vol. 3, pp. 640–641.

Environ. Sci.: Water Res. Technol.

Environmental Science: Water Research & Technology
12 A. Salahi, I. Noshadi, R. Badrnezhad, B. Kanjilal and T.
Mohammadi, Nano-porous membrane process for oily
wastewater treatment: Optimization using response surface
methodology, J. Environ. Chem. Eng., 2013, 1, 218–225.
13 S. Norouzbahari, R. Roostaazad and M. Hesampour, Crude
oil desalter effluent treatment by a hybrid UF/RO membrane
separation process, Desalination, 2009, 238, 174–182.
14 R. Kumar and P. Pal, Removal of Phenol from Coke-Oven
Wastewater by Cross-Flow Nanofiltration Membranes, Water
Environ. Res., 2013, 85, 447–455.
15 L. N. Nthunya, L. Gutierrez, S. Derese, B. B. Mamba, A. R.
Verliefde and S. D. Mhlanga, Adsorption of phenolic
compounds by polyacrylonitrile nanofibre membranes: A
pretreatment for the removal of hydrophobic bearing
compounds from water, J. Environ. Chem. Eng., 2019, 7, 103254.
16 M. Razali, J. F. Kim, M. Attfield, P. M. Budd, E. Drioli, Y. M.
Lee and G. Szekely, Sustainable wastewater treatment and
recycling in membrane manufacturing, Green Chem.,
2015, 17, 5196–5205.
17 G. Szekely, M. Jimenez-Solomon, P. Marchetti, J. Kim and A.
Livingston, Sustainability Assessment of Organic Solvent
Nanofiltration: from Fabrication to Application, Green
Chem., 2014, 16, DOI: 10.1039/c4gc00701h.
18 S. Judd, in Membranes for Industrial Wastewater Recovery and
Re-use, ed. S. Judd and B. Jefferson, Elsevier Science,
Amsterdam, 2003, ch. Membrane technology, pp. 13–74.
19 X. Sun, C. Wang, Y. Li, W. Wang and J. Wei, Treatment of
phenolic wastewater by combined UF and NF/RO processes,
Desalination, 2015, 355, 68–74.
20 A. Bódalo, E. Gomez, A. Hidalgo, M. Gomez, M. Murcia and
I. López, Nanofiltration membranes to reduce phenol
concentration in wastewater, Desalination, 2009, 246,
307–313.
21 C. Hirsimaki, J. G. Outram, G. J. Millar and A. Altaee,
Process simulation of high pH reverse osmosis systems to
facilitate reuse of coal seam gas associated water, J. Environ.
Chem. Eng., 2020, 8, 104122.
22 R. S. Timur, A. Corum, H. E. Okten, A. Çoban, G. Demir and
F. Bozbura, Comparative cost analysis of pressure exchanger
(PX) and turbine type energy recovery devices at seawater
reverse osmosis (SWRO) plants, J. Environ. Prot. Ecol.,
2011, 12, 1186–1194.
23 Energy, U. S. D. o. Determining Electric Motor Load and
Efficiency Fact Sheet.
24 P. D. A. Bastos, M. A. Santos, P. J. Carvalho and J. G. Crespo,
Reverse osmosis performance on stripped phenolic sour
water treatment – A study on the effect of oil and grease and
osmotic pressure, J. Environ. Manage., 2020, 261, 110229.
25 S. Arenas Urrea, F. Díaz Reyes, B. Peñate Suárez and J. A. de
la Fuente Bencomo, Technical review, evaluation and
efficiency of energy recovery devices installed in the Canary
Islands desalination plants, Desalination, 2019, 450, 54–63.
26 T. H. Chong, S.-L. Loo, A. G. Fane and W. B. Krantz, Energyefficient reverse osmosis desalination: Effect of retentate
recycle and pump and energy recovery device efficiencies,
Desalination, 2015, 366, 15–31.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Published on 27 January 2021. Downloaded by Universiteit Twente on 1/28/2021 12:39:10 PM.

Environmental Science: Water Research & Technology
27 B. Peñate, J. A. de la Fuente and M. Barreto, Operation of
the RO Kinetic® energy recovery system: Description and
real experiences, Desalination, 2010, 252, 179–185.
28 P. D. A. Bastos, A. C. Bastos, M. G. S. Ferreira, M. A. Santos,
P. J. Carvalho and J. G. Crespo, A corrosion evaluation of
mild carbon steel in reclaimed refinery stripped sour water,
J. Environ. Manage., 2020, 272, 111080.
29 L. Addington, C. Fitz, K. Lunsford and L. Lyddon, Sour
Water: Where it comes from and how to handle it, Bryan
Research and Engineering, Inc, 2011.
30 T. Armstrong, B. Scott, K. Taylor and A. Gardner, Sour Water
Stripping, in Today's Refinery, 1996.
31 S. Ramaswamy, H. Huang and B. Ramarao, Separation and
Purification Technologies in Biorefineries, 2013.
32 S. Sanches, M. Fraga, N. Silva, P. Nunes, J. Crespo and V.
Pereira, Pilot scale nanofiltration treatment of olive mill
wastewater: A technical and economical evaluation, Environ.
Sci. Pollut. Res., 2016, 24, DOI: 10.1007/s11356-016-8083-1.
33 M. Sarai Atab, A. J. Smallbone and A. P. Roskilly, An
operational and economic study of a reverse osmosis
desalination system for potable water and land irrigation,
Desalination, 2016, 397, 174–184.
34 L. R. Littrell and J. M. Pinto, Energy recovery in desalination:
returning alternative water supplies to consideration, Reiss
Engineering Inc., 2015.
35 M. A. Al-Obaidi, C. Kara-Zaïtri and I. M. Mujtaba, Significant
energy savings by optimising membrane design in the multistage reverse osmosis wastewater treatment process, Environ.
Sci.: Water Res. Technol., 2018, 4, 449–460.
36 B. Santos, J. Crespo, M. Santos and S. Velizarov, Oil refinery
hazardous effluents minimization by membrane filtration:
An on-site pilot plant study, J. Environ. Manage., 2016, 181,
DOI: 10.1016/j.jenvman.2016.07.027.
37 Statista Prices of electricity for the industry in Portugal from
2008 to 2018 (in euro cents per kilowatt hour), 2019.
38 J. Zhou, V. W. C. Chang and A. G. Fane, Environmental life
cycle assessment of brackish water reverse osmosis
desalination for different electricity production models,
Energy Environ. Sci., 2011, 4, 2267–2278.
39 R. Garcia, P. Marques and F. Freire, Life-cycle assessment of
electricity in Portugal, Appl. Energy, 2014, 134, 563–572.
40 APREN - Electricity Generation by Energy Sources in Mainland Portugal (May 2020).
41 K. Tarnacki, M. Meneses, T. Melin, J. van Medevoort and A.
Jansen, Environmental assessment of desalination processes:
Reverse osmosis and Memstill®, Desalination, 2012, 296, 69–80.

This journal is © The Royal Society of Chemistry 2021

Paper
42 M. Herrero González, N. Admon, A. Dominguez-Ramos, R.
Ibáñez, A. Wolfson and A. Irabien, Environmental
sustainability assessment of seawater reverse osmosis brine
valorization by means of electrodialysis with bipolar
membranes, Environ. Sci. Pollut. Res., 2020, 27, DOI: 10.1007/
s11356-019-04788-w.
43 L. A. Féris, S. C. W. Gallina, R. T. Rodrigues and J. Rubio,
Optimizing dissolved air flotation design system, Braz. J.
Chem. Eng., 2000, 17, 549–556.
44 D. D. Ratnayaka and K. M. Johnson, Dissolved Air Flotation Storage, Clarification and Chemical Treatment, in Water Supply, 6th edn, 2009.
45 C. S. Lee, J. Robinson and M. F. Chong, A review on
application of flocculants in wastewater treatment, Process
Saf. Environ. Prot., 2014, 92, 489–508.
46 Q. Chen, Development of an anthraquinone process for the
production of hydrogen peroxide in a trickle bed reactor—
From bench scale to industrial scale, Chem. Eng. Process.:
Process Intesif., 2008, 47, 787–792.
47 H. Suzuki, S. Araki and H. Yamamoto, Evaluation of
advanced oxidation processes (AOP) using O3, UV, and TiO2
for the degradation of phenol in water, J. Water Process. Eng.,
2015, 7, 54–60.
48 E. B. Estrada-Arriaga, J. A. Zepeda-Aviles and L. GarcíaSánchez, Post-treatment of real oil refinery effluent with
high concentrations of phenols using photo-ferrioxalate and
Fenton's reactions with membrane process step, Chem. Eng.
J., 2016, 285, 508–516.
49 R. C. Martins and R. M. Quinta-Ferreira, Remediation of
phenolic wastewaters by advanced oxidation processes
(AOPs) at ambient conditions: Comparative studies, Chem.
Eng. Sci., 2011, 66, 3243–3250.
50 A. Coelho, A. V. Castro, M. Dezotti and G. L. Sant'Anna,
Treatment of petroleum refinery sourwater by advanced
oxidation processes, J. Hazard. Mater., 2006, 137, 178–184.
51 S. Esplugas, J. Giménez, S. Contreras, E. Pascual and M.
Rodríguez, Comparison of different advanced oxidation
processes for phenol degradation, Water Res., 2002, 36,
1034–1042.
52 E. George, S. R. W. Totten and J. S. Rajesh, Fuels and
Lubricants Handbook: Technology, Properties, Performance and
Testing; ASTM, 2003.
53 A. I. Rita, C. S. D. Rodrigues, M. Santos, S. Sanches and
L. M. Madeira, Comparison of different strategies to treat
challenging refinery spent caustic effluents, Sep. Purif.
Technol., 2020, 253, 117482.

Environ. Sci.: Water Res. Technol.

