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Summary 
Water and energy are widely recognized as being interlinked and interdependent. 

On the one hand, water extraction, distribution and desalination require a great 

amount of energy. On the other hand, water is essential to carry out energy 

production in both the extraction industry and the field of renewables. The 

“water–energy” nexus is furtherly challenged by the increasing global population 

and its growing demands of freshwater.  

An assessment of water reuse technologies applied to the energy sector is 

therefore of key importance to better managing the resources available. A case-

by-case assessment of the best technological approach must be carried out in order 

to reuse wastewater produced when extracting and harvesting energy, while 

exploiting the best source of energy available to run the same water reuse scheme.  

This thesis investigates and develops water reuse techniques in three relevant 

emerging applications related to energy production. The first two case studies are 

related to enhanced oil and gas extraction activities, which represent applications 

that currently able to meet the short-medium energy demand.  Such activities, 

based on hydraulic fracturing and polymer flooding techniques, are raising 

particular concern due to their significantly high water demand and growing 

implementation.  

Among possible water treatment technologies, thermally driven processes are 

particularly adaptive for the recovery of hypersaline produced water. In fact, shale 
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oil and gas reservoirs are usually characterized by abundant geothermal heat 

which can be exploited to drive thermal desalination processes. In particular, 

membrane distillation is recently gaining considerable interest due to its compact 

and modular configuration. In membrane distillation, the saline feed water is 

heated before being contacted with the cool permeate stream across an air-filled 

hydrophobic membrane. Due to the low liquid affinity with the membrane 

surface, water vapor can be easily produced from the feed to the permeate side 

under relatively low temperature if compared to other evaporative technologies.  

In the first case study, membrane distillation technology is applied for the 

treatment of produced water deriving from hydraulic fracturing application. Here, 

the advanced oxidation pretreatment before membrane distillation allowed the 

removal of surfactants and to obtain an overall water recovery above 70%. The 

quality of the effluent deriving from the Fenton-membrane distillation coupled 

treatment was adapted for further in-situ reuse, diminishing the overall freshwater 

demand within the extraction process.  Moreover, fouling was investigated under 

different operative conditions in membrane distillation. The accumulation and 

consequent flux decline was mainly dominated by the feed inlet temperature. The 

cross-flow velocity mainly influenced the final fouling thickness, which was 

monitored in-real time under continuous operation by non-invasive optical 

coherence tomography technique.  

When the target is the treatment of produced water deriving from polymer 

flooding application, the presence of divalent ions in the stream can be exploited 
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to induce the phase separation of the polymer under certain specific pH and 

temperature conditions. In this innovative treatment solution, the increment of the 

pH was revealed to be the most effective parameter to induce polymer 

precipitation. Ultrafiltration membranes were also investigated for the treatment 

of polymer flooding produced waters. This technology resulted effective when 15 

kDa cut-off membrane was used, which provided the best combination of 

productivity (100 LMH under 1 bar applied pressure) and polymer removal 

(92%). Overall, the best approach to obtain high-quality effluents from the 

treatment of produced water deriving from polymer flooding extraction would be 

to couple precipitation and ultrafiltration within the treatment train, as the two 

methods appear to complement each other in several ways. 

The last case study aims to increase the competitiveness of renewables compared 

to non-renewable energy sources by promoting the sustainable harvesting of 

microalgae as a promising bioenergy alternative. Differently from other renewable 

sources, bioenergy can operate under continuous energy output without requiring 

energy storage. However, a large amount of freshwater is required for algae to 

grow, live, and reproduce. The volumes of water that need to be treated and 

moved, and the associated energy, still limit the competitiveness of this 

technology with non-renewables. From this perspective, in-situ water reuse 

applied to this technology would promote the importance and effectiveness of 

biofuel production. Among harvesting techniques, membrane filtration seems to 

be particularly adaptive as able to highly concentrate the micro-sized biomass 
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without damaging cells and without using chemicals which might impair the 

water quality of the potentially reusable effluent. In the last case study, an 

innovative water reuse approach has been investigated for three different algae 

species such as Spirulina, Chlorella and Scenedesmus by carefully evaluating the 

permeate quality obtained with four different membranes ranging within the micro 

to ultrafiltration range. TiO2-based tubular ceramic membranes entirely made of 

high purity materials were used for the recovery tests, being particularly suitable 

for bio-technological applications and because of the possibility of sterilization by 

superheated water and oxidizing agents. As in the previous investigation, related 

to water reuse in polymer flooding applications, ceramic membranes were tested 

in both micro and ultrafiltration ranges. A wider range of nominal pore size was 

investigated in this case study to cover the whole size distribution of the different 

tested algae cells and their related algal organic matter. Specifically, ceramic 

membranes in the range between 0.8 µm and 15 kDa successfully concentrated 

biomass. Above 15 kDa, the stabilized productivity was in the range of 60-120 L 

m−2h−1, achieving a biomass concentration between 1.6 and 2 g/L at the end of 

three hour tests. Differently from polymer flooding applications, the 15 kDa pore 

size did not allow sufficient water flux. Within the selected pore size range, whole 

algae cells were rejected nearly at 100% rate. Instead, membranes retained 

between 40 and 90% of the small-size or dissolved organic molecules. Nutrient 

passage was almost complete (80 to 95%), allowing permeate reuse for further 

biomass growth. Satisfying growths of algae in the reused permeates were 
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observed with the combinations: (i) Scenedesmus o.-0.14 µm membrane; (ii) 

Chlorella s.-300 kDa membrane. For those specific conditions, almost 50% of the 

water volume may be recovered and reused, drastically reducing the freshwater 

and nutrients demand of the cultivation process. 

Overall, the results of this dissertation are aimed at promoting more sustainable 

processes to produce energy. The study investigates the site-specific factors that 

can be exploited to increase water recovery, while lowering the overall costs and 

the environmental impacts. This insight is expected to generate considerable 

interest in the exploration of novel systems, and therefore broaden the picture to 

more sustainable engineering applications. 
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Chapter 1 

1 INTRODUCTION 
Water and energy consumption have been rapidly increasing over the past decades 

due to many factors such as population growth, industrialization, urbanization, 

and climate change [5-7]. Historically, water and energy have been considered 

independently as water was not a threat to energy security, nor electricity a threat 

to water security. Recently, the increasing pressure on the water and energy 

systems is challenging this assumption. In particular, water is both an essential 

vector for energy production and a major energy consumer when it needs to be 

transported or treated [8]. In this regard, optimizing the link between water and 

energy represents one of the biggest global challenges to be faced in the incoming 

decades [9, 10]. 

In general, the nature of the water-energy nexus is still poorly understood while 

the net effect of these interactions is already able to generate important feedback 

loops between human actions and resource conditions [11, 12]. This nexus is 

extremely difficult to investigate, especially because the impacts on water 

availability and quality are mostly localized, while energy is supplied at different 



INTRODUCTION 

 

2 
 

locations [13]. As result, the environment is usually penalized to ensure water and 

energy supply, which are regulated by more stringent and independent policies. It 

is therefore of utmost importance to revise the current water and energy policies, 

implementing a better coordination between the two and integrating the adoption 

of an effective technological approach.  

Recent developments in research have focused on technological approaches 

specifically customized for energy production processes with the aim of 

minimizing competition between freshwater and energy. As a general example, in 

many parts of the word the desalination industry depends on waste heat resources 

and renewable energy sources (e.g. solar collectors, photovoltaic arrays, 

geothermal, wind and tidal energy sources) to provide drinking water [14, 15]. 

Currently, reverse osmosis, which is the most energy efficient desalination 

technology, accounts for over 60% of global desalination capacity, while thermal 

processes account for 34%. However, reverse osmosis systems cannot treat feed 

streams with concentrations of solutes above roughly 70 g/L and they require 

electricity input. On the other hand, thermally-driven desalination can desalinate 

high-salinity waters while using low-value heat sources that may be abundant and 

underutilized under several circumstances. 

Among new thermally driven water desalination technologies, membrane 

distillation (MD) recently attracted particular interest due to its simple and 

modular design [16]. Particularly, in direct contact membrane distillation 

configuration, the hot feed and the cold permeate solutions are in contact with a 
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hydrophobic membrane. Under ideal working conditions, only water vapor 

passage is allowed through this microporous membrane. Its easy configuration 

can also be adopted for emerging fossil fuel extraction applications where 

abundant geothermal heat can be exploited to treat hypersaline streams, such as 

produced water, and to reuse water in-situ [17]. On the other hand, for a large-

scale use of MD, such as for the treatment of produced waters, many phenomena 

posing challenges, such as wetting, scaling, and fouling currently need to be better 

understood and overcome. In fact, while membrane distillation is generally 

considered to have a lower fouling propensity than hydraulic pressure-driven 

membrane processes, MD often faces streams with significantly higher 

concentrations of foulants and salts than found in typical RO feed streams. In MD, 

fouling and scaling lead to both a reduction in the membrane permeability 

coefficient and an increase in the thermal conduction coefficient, thereby lowering 

desalination efficiency. Flux decline is not the only consequence of membrane 

fouling and scaling; pore wetting, which is often caused by surfactants or low 

surface tension foulants, lead to a significant deterioration in permeate quality and 

process failure. Table 1.1 summarizes various strengths and weaknesses of MD 

compared to RO.  
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Metric Membrane Distillation Reverse Osmosis 

Minimum energy required 

for 50% recovery of 35 g/kg 

solution 

667 kWh/m3 1.06 kWh/m3 

Typically achievable 

seawater recovery rate 
60-85% 30-50% 

Current scale operation Pilot Large-scale 

Utilizing low-grade energy 

sources 
Yes No / Difficult 

Fouling resistance Medium Low 

Pretreatment costs 50-66% of RO High 

Table 1.1. Comparison of membrane distillation with established reverse osmosis 
desalination technology. The minimum energy required for separation derives 
from the latent heat for MD and from the Gibbs free energy for RO. State-of-the-
art seawater RO consumes about two to three times the Gibbs free energy to 
produce one cubic meter of freshwater. Without recovering latent heat, a thermal 
process would consume more than six hundred times the Gibbs free energy [18]. 
This discrepancy highlights the need to use low grade energy for MD, which 
cannot be used directly by RO. Seawater recovery ranges were taken from real 
applications [19-21].  MD pretreatment performance was determined by 
comparing chemical additive costs relative to RO [22]. 

 

While more sustainable water reusing technologies are required for the treatment 

of produced water deriving from unconventional hydrocarbon extraction sites, 

bioenergy deriving from algae applications is gradually aiming to provide a 

potential substitute to non-renewable energies [23-25]. The main concern related 

to algae energy production, and more in general biofuel production, is the intense 

use of water, limiting sustainability on a large-scale [26, 27]. It follows how the 
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right technological approach is necessary, even for promising low-carbon 

applications, to highlight the advantages of biofuels in the water-energy debate 

and to increase the competitiveness of non-renewable energies. 

This dissertation focuses on more sustainable water and energy management 

approaches through three representative case studies. The first two include two 

emerging and highly water demanding fossil fuel extraction techniques such as (i) 

hydraulic fracturing and (ii) polymer flooding applications. Finally, the 

controversial theme of bioenergy is considered by seeking a more sustainable 

water usage approach during (iii) algae harvesting, with the aim to make a further 

step in the fossil to biofuels transition.
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1.1 Water needs in the energy sector: from fossil to 
biofuels 

Historically, strategic resources management was implemented to compensate the 

lack of technological instruments to deal with water-energy nexus approaches. A 

representative example is given by the extremely efficient Roman’s aqueducts and 

water-supply systems. To this day, nine major systems are still distributing water 

to the citizens of Rome by only relying on the gravity force, and with the sole 

limitation in the amount of water that can be supplied.  

In the modern society, energy efficient approaches have often been abandoned 

due to technological innovation and its subsequent ability to transfer water 

through electrical energy, allowing water supply beyond local resources [28]. The 

net result is that modern projects often require substantial energy investment due 

to a incomprehensive assessment of the magnitude of energy required to transfer 

and treat water [29]. More specifically, it can be noticed that, under ideal 

conditions, more than 1.5 MWe are needed to lift 100 m3 of water per minute to a 

height of 10 m. These numbers can be considered realistic for industrial oil and 

gas applications [30, 31]. These processes under realistic pump efficiencies would 

require 50,000 barrels of oil for month, thus largely contributing to lower the net 

energy production and to increase the overall carbon emission. From this 

perspective, water reuse in-situ, as well as the exploitation of locally available 
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energies and resources, would drastically decrease the overall carbon emissions 

and environmental impact. 

In the past decade, studies have thoroughly assessed water management guides for 

energy production [32, 33]. Previous work has mainly focused on water 

sustainability for the production of fossil fuels, since they are widely recognized 

as being able to satisfy a significant portion of the energy demand at a global 

scale, at least for a few incoming decades [34].  

The first case study (i) of this dissertation aims to fill the gap of previous studies 

by providing a more sustainable assessment of water usage for shale oil and gas 

applications. In this case, hydraulic fracturing is usually used as a water-based 

technology to extract hydrocarbons contained inside the low permeability 

sedimentary rocks characterizing these reservoirs [35]. Various studies assessed 

the water demand associated with this extraction techniques and reported the 

decline in regional water quantity and quality as a result [36-39]. In addition, this 

technique involves not only a massive water consumption, but also a considerable 

usage of chemicals, such as proppants and surfactants to increase the fracturing 

and displacing capacity of the fluid, making the extracted streams difficult to be 

treated and to be reused in-situ [40].Because of the massive consumption of water 

and energy associated with this practice, the oil deriving from shale reservoir is 

considered “hard to recover” [41-43]. The second case study (ii) presents a novel 

technique for the extraction of high-viscosity oil, characterizing one of the hardest 

to recover type of reservoir. The reason lies in the oil low mobility, which is 
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usually enhanced by the injection of hot water, or other excessively water/energy 

demanding techniques. Recently, polymer-flooding applications have been 

increasingly adopted to prevent early water cut in wells and to increase the final 

oil recovery [44]. This practice consists in the injection of high molecular polymer 

in the displacing fluid to enhance oil mobility and its consequent recovery [45]. 

Despite the aim of this technique is to reduce water usage for oil production, the 

residual water viscosity of the resulting streams makes it difficult for conventional 

water technologies to treat and reuse the effluent [46, 47].  

While extraction activities from hard-to-recover formations increased during the 

last years, the need to decrease our reliance on fossil fuels also emerged, in order 

to mitigate and prevent increasingly unsustainable climate change effects. 

According to the International Energy Outlook (IEO), the energy consumption 

will grow by nearly 50% between 2018 and 2050 [48]. It is therefore of 

paramount importance to improve the technological approach and move toward 

the reduction of global carbon emissions. Despite renewable energies are often 

depicted as the panacea, recent studies highlighted how these technologies can be 

rarely considered as an effective solution to reduce the overall carbon emissions, 

as they further exacerbate water and fuel demand to compensate for energy 

penalties [49].  

As a prime example, bioenergy is widely considered as a new type of renewable 

energy which exploits the energy contained into the grown biomass. Biomass 

processes such as transesterification, fermentation and gasification allow the 
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extraction of bioethanol, biogas and biodiesel [50, 51]. Compared to more 

conventional renewable energies such as solar and wind energy, bioenergy has the 

advantage of not being strictly dependent on weather conditions and not requiring 

energy storage. Nevertheless, there are major concerns for the large-scale 

implementation of bioenergy when the attention is drawn to the water demand 

[52]. In fact, when considering food-based biomass, according to the highlighted 

principle of resource trade-off, using more water for energy production implies 

less availability of water for food.  From this perspective, it has been argued how 

a suitable feedstock for biofuel production must not compete with food products. 

For this reason, algae are believed to be a new promising feedstock for biofuels.  

The third case study (iii) analyses algae as a more energetically feasible 

alternative to non-renewable energies. As evidence, algae have the advantage not 

to compete with food resources and to grow faster, even when stressed under 

harsh environments [10].  On the other hand, it is also true that algae require 

considerable amounts of water in order to grow and thrive [53].  Indeed, water not 

only is the main constituent of algae composition, but it also delivers their 

physical environment and nutrients. Further water usage is also required to 

remove waste products and to sustain the right temperature in the medium. More 

importantly, it has been demonstrated how water usage can make this technology 

a net energy consumer [54]. Many strategies can be adapted to reduce the volume 

of water involved such as acting on system geometries or losses from the growing 
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algae system but, potentially, the most important strategy is to reclaim and reuse 

water. 

In all the case studies, water treatment technologies and novel approaches are 

investigated to reuse water in-situ and to exploit locally available resources with 

the aim of reducing the energy and environmental impact, while increasing the 

energy-mix. 

1.2 A more sustainable water technological approach for 
energy production 

 The application of improper technological approaches to water treatment systems 

in the last decades has significantly contributed to the exacerbation of the 

environmental and social problems that the world is currently facing.  Since the 

technological sphere has a direct impact on the energy and water demand, it is of 

paramount importance to explore and pursue innovative approaches that take into 

consideration their impacts on nature and society. From this perspective, two 

important questions can be raised when novel adopted technologies must be 

implemented to respect the water energy nexus:  

• Is it possible to reuse water in-situ to produce energy?   

• Is the water technology driven by low-grade and locally available energy 

sources?  

In fact, the right technology approach evaluates the sum effect on water and 

energy consumption. 
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As mentioned before, interventions on fuel production greatly contribute to the 

optimization of the water-energy nexus. The water resulting from oil and gas 

recovery activities (i.e. produced water) is usually heavily contaminated by 

dissolved solids and oily based contaminants. Since those streams are usually too 

saline to be treated by RO, a thermal treatment is required to desalinate produced 

water deriving from shale applications.   

(i) Among various evaporating technologies, membrane distillation (MD) seems 

to be particularly adopted for highly saline produced water, such as that one 

deriving from shale applications involving hydraulic fracking. In MD, the saline 

feed water is heated before being contacted with cool permeate stream across an 

air-filled hydrophobic membrane [55]. Water evaporates at the membrane-

solution interface on the warmer feed-side of the membrane before diffusing 

through the air trapped in the membrane pores and condensing at the cooler 

permeate-side membrane-solution interface. Although MD is inherently less 

energy efficient than reverse osmosis, its ability to utilize low-grade thermal 

energy rather than electricity to treat high-salinity brines is particularly 

advantageous [18]. In particular, the use of geothermal heat energy is particularly 

promising for MD systems treating shale gas produced water as high temperatures 

are spatially abundant from relatively shallow wells. 

Other interesting MD features that make this technology particularly adopted for 

shale applications are flexibility, compactness, and modularity. Indeed, since 
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hydraulic fracking is an intermittent and non-continuous technique, the rate 

required by wastewater desalination systems may vary widely during extraction. 

Moreover, its lower fouling propensity allows MD to have minimal feed pre-

treatment and less frequent membrane cleaning. These properties facilitate simpler 

and more versatile process designs that can be readily adapted for different 

applications.  

A better and more sustainable water management can be achieved not only by 

novel technologies, but also by a correct exploitation of more consolidated 

technologies. 

As an example, the second case study (ii) investigated in this thesis is represented 

by a novel approach to treat produced water deriving polymer flooding 

applications. High molecular polymer can be added in high viscosity oil reservoir 

to better displace and recover the product. In this case, the produced water shows 

residual high viscosity, which makes the stream difficult to be treated by 

conventional water treatment technologies[56, 57]. Since this polymer causes 

unsustainable fouling during filtration and other viscosity-related issue to many of 

the currently used separation technologies, a novel treatment method of this 

complex stream may rely on the chemical-physical properties of the polymer 

itself. Most of the used polymers are well known to be susceptible to coagulation 

when dealing with divalent ions under high temperatures[58]. This is considered 

as an issue during the extraction phase, but it can be exploited as an advantage 

when the target is the removal of the polymer itself. An innovative coagulation-
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flocculation method involving the use of resources generally available in-situ, 

such as divalent ions contained in the stream and locally available geothermal 

heat, is considered in this dissertation as relevant case study.  

It might be worth highlighting how the purpose of this thesis is to provide and 

promote a more sustainable water usage not only in the fossil fuel production but 

also towards the transition to biofuels.  

(iii) The separation of algae from the growing medium (algae harvesting) is still 

considered as the main impediment of the process as it is extremely water and 

energy consuming. During this process, the separated water is usually discharged 

together with the indirect energy required to make the stream available for the 

algae growth. Inappropriate water management can easily bring this process to be 

a net energy consumer as roughly 1000 g of water are required to produce 1 gram 

of biomass [59]. Among different separation techniques, filtration is of interest as 

potentially able to remove significant amounts of water with relatively low energy 

inputs [60]. However, to date, economically viable and reliable means of filtering 

microalgae remain a technical challenge. This is in large part due to the tendency 

of small malleable algae cells to clog membranes or screens [61, 62]. In addition, 

filtration devices typically have short lifespans and are material intensive. The last 

case study of this thesis evaluates membrane filtration by ceramic membranes as a 

feasible technique to concentrate algae while reusing the permeate stream as new 

medium for algae growth. 
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To sum up, this thesis aims to propose innovative approaches for the treatment of 

streams deriving from emerging energy production applications that are known 

for their large water consumptions. The first two case studies investigate 

technologies aimed at in-situ water reuse starting from produced water deriving 

from enhanced oil recovery techniques, such as hydraulic fracturing and polymer 

flooding. These two techniques are extremely relevant as the treatment of the 

resulting extraction streams remains a challenge for commonly used water 

treatment technologies. In the first two case studies, the selection of water 

treatment technologies is also based on the analysis of locally available energy 

sources with the aim of reducing the energy and water demand.  The third case 

study aims to improve the efficiency of water usage in the bioenergy sector. This 

study investigates the in-situ reuse of water with compact micro/ultrafiltration 

systems for different algae species, with the aim to offer more promising 

perspectives on this potentially competitive bioenergy source. 
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Chapter 2 

2 CASE STUDY 1: Optimization of 
membrane distillation process to 
promote produced water reuse in 
hydraulic fracking applications 

In recent years, there has been a trend towards switching to alternative energy 

sources, but despite this, most of promising low-carbon technologies still suffer 

for high energy and water needs to make the technology available and/or 

operative. As result, most of these technologies often indirectly involve the use of 

fossil fuels making the complete decarbonization still an utopia [49]. According to 

most of the previsions, despite the uncertainty of fossil fuels availability in the 

incoming decades, the energy deriving from oil and natural gas activities will still 

be required by society, at least in the near feature. Due to an ever-growing 

consumption of fossil fuels, the more accessible deposits have been mostly 

depleted making the extraction activities more and more energy and water 

intensive thus, difficult to recover the remaining energy in the not completely 

empty reservoirs.  It is now urgent to look for alternative methods to maximize the 
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energy output from the existing extraction wells and to not increment the 

environmental stress by seeking for new extraction sites. For this reason, deposits 

of hard to recover oil are becoming increasingly important [63]. Those reserves 

are characterized by challenges in extracting the oil which can derive from high 

oil viscosity, low-permeability reservoirs, depleted deposits, non-conventional 

sources of hydrocarbons (shale reservoirs), and remoteness from infrastructure 

fields. It is important to note that oil reserves with high water cut are also regarded 

as hard-to-recover as massive energy is required for the water management. In 

fact, it is has been estimated that a reduction of water cut by 1% allows reducing 

the operational expenses for oil production by 15% on average [41, 64]. 

Extraction difficulties has recently been partially compensated by novel extraction 

techniques such as hydraulic fracturing and polymer flooding so that the reasons 

for such reserves being hard to recover is mainly due to the lack of special 

technological solutions in satisfying the massive water demand. From this point of 

view, water technology innovations can effectively improve the efficiency of 

extraction by facing the latest technical, technological, and operational challenges 

in the oil sector.  

In this case study, the use of membrane distillation as low-grade energy 

desalination technology is investigated for a specific case of produced water 

treatment deriving from hydraulic fracking applications. Membrane distillation is 

particularly appealing to treat highly saline produced waters as able to use 

geothermal energy, widely available especially in shale applications, to generate 
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the required driving force to evaporate water. Moreover, membrane distillation 

has the advantage to have a compact design which can make it competitive with 

other thermally driven technologies, especially in off-shore applications. On the 

other hand, when dealing with complex streams such as produced water, 

membrane distillation can be susceptible to wetting which consist in the feed 

liquid passage through the hydrophobic membrane and consequent process 

impairment. For this reason, an effective pre-treatment able to eliminate 

amphiphilic molecules prior to MD is necessary to prevent wetting. 

The second part of this case study is specifically related to an in-depth 

investigation of fouling during membrane distillation operation as the most 

persistent process limitation. In fact, effective pre-treatment might be able to 

prevent wetting to occur, but fouling will still limit the process under long term 

operations. Particular attention is given to humic substances as the main organic 

compound considered for the target produced water described in the first part of 

this case study. Indeed, fouling contribution is here isolated and investigated 

through an effective experimental modelling-based approach. Results were 

combined with the direct monitoring of the fouling layer thickness with the aim to 

drive the process at the most of its efficiency.  

To sum up, the aim of this study is to evaluate an effective pre-treatment able to 

prevent wetting in the early recovery stage and to optimize fouling under long 

term operation. The overall results give important insight on how to the 
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investigated thermal desalinating technology can be combined and driven to 

effectively treat this type of produced water. 



 

 

 

2.1 Desalination of Produced Water by Membrane 
Distillation: Effect of the Feed Components and of a 
Pre-treatment by Fenton Oxidation 

 

2.1.1 Introduction 

In oil & gas extraction activities, large amounts of water are injected into the 

reservoir to counteract the subsoil pressure and achieve high recovery levels. As 

this fluid resurfaces, it is enriched in valuable hydrocarbons and is referred to as 

“produced water”[65]. The global production of produced water is estimated at 

250 million barrels per day, with an increasing trend [40, 66]. This stream 

contains various organic and inorganic constituents at variable concentrations 

[67], which calls for a complex design of cost-effective, flexible, and low-

footprint treatment plants to separate the oil and to obtain a water effluent with 

sufficient quality [40, 68]. This problem is further exacerbated by the growing 

need to recycle the product for re-injection or reuse for beneficial purposes, e.g., 

irrigation, and in offshore applications, where space is limited and compactness is 

required [69]. The discharge of the treated water is of environmental concern for 

both soil and water, thus it is strictly regulated [70, 71]. 

Many efforts are currently focused on evaluating processes and schemes to 

improve the management of produced water, especially deriving from shale oil 

and gas applications, which would bring about tremendous environmental and 
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economic benefits. For example, Tsang and Martin[72] reported a system 

including dissolved gas flotation, walnut shell filtration, and softening followed 

by membrane bioreactor and reverse osmosis. Doran et al.[73] proposed another 

treatment train including precipitative softening to remove silica, boron, and part 

of the hardness, followed by organics and ammonia removal using a biological 

trickling filter. These steps were followed by filtration and ion-exchange softening 

before the final reverse osmosis desalination. Other authors investigated the 

efficiency of coagulation, adsorption, ultrafiltration, and reverse osmosis for the 

treatment of shale gas produced water from the Sichuan basin [74, 75]. 

When compactness, flexibility, and modularity are important, such as in the case 

of produced water management, membrane-based processes are highly 

promising[76]. The limitations of these technologies are mostly related to fouling, 

which discourages their application without extensive primary treatments[76]. 

The latter usually include sedimentation, coagulation, flocculation, and 

flotation[77]. Considering the final desalination step, reverse osmosis systems 

cannot treat feed streams with concentrations of solutes above 70 g/L[78, 79]. 

Such levels are easily reached in most produced waters, especially from wells late 

in their lifetime of production. Membrane distillation (MD) is an emerging 

thermally-driven membrane process with great potential for the treatment of 

produced water, because it can achieve high water recovery from feeds of 

virtually any salinity [80]. This process may be especially competitive when low 

exergy heat is available as energy source: this is the case of many oil & gas 
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extraction fields, where stream temperatures can exceed 100 °C due to geothermal 

heat [81-83]. Despite of its potentially promising characteristics, the MD 

technology still needs to be optimized for produced water desalination, and in 

particular to overcome the detrimental effects of wetting induced by the complex 

feed streams[84, 85]. 

Membrane wetting can be described as the progressive loss of hydrophobicity 

caused by compounds able to decrease the surface tension[86], such as organics 

(especially those with amphiphilic nature) and salt crystals. While these 

phenomena have been observed in many studies, the literature comprises 

contradictory reports concerning the extent and the mechanism of wetting, as well 

as the onset and consequences of scaling[87, 88]. Few MD experiments have been 

performed thus far with the complex mixture that characterizes produced water 

streams, and few as well had the aim of achieving high water recovery rates. 

Moreover, no compact and cost-effective pre-treatment has been identified to 

tackle membrane wetting in MD when managing produced waters. Interesting 

reports are available that discuss the use of forward osmosis (FO) as a pre-

treatment for MD, although these processes are not yet at a commercial readiness 

level. Therefore, they represent a promising but still impractical option in the near 

future [89, 90]. 

In this study, the performance of MD is discussed for the treatment of synthetic 

feeds mimicking hydraulic fracturing produced water effluents from primary 

treatment and containing a complex mixture of organic compounds and dissolved 
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solutes. The first goal is to understand the behavior of the MD process in terms of 

productivity and product quality with synthetic feed streams containing different 

constituents; the second objective is to propose a tailored pre-treatment that 

should be simple to be implemented and effective to enhance the MD 

performance. Fenton oxidation is here evaluated as a possible innovative solution 

to remove the organic components causing detrimental effects in MD[91]. 

Effluents from a Fenton oxidation step are thus fed to the MD system and the 

potential of this combined scheme is scrutinized by highlighting both its 

advantages and present limitations. 

 

2.1.2 Materials and Methods 

2.1.2.1 Produced water composition 

In this study, we used synthetic produced water that contained model 

contaminants, to obtain the desired value of total organic carbon (TOC) and total 

dissolved solids (TDS). The composition is based on published values of real 

produced waters [67, 92, 93] and is listed in Table 2.1 together with the respective 

TOC and TDS values. Humic acids and a liquid petroleum jelly consisting of 

paraffins were used as representative compounds for natural dissolved organic 

matter and oil & grease, respectively[94]. P-xylene, benzene, toluene, and MTBE 

were selected as representative VOCs[92], while SDS was used as model 

surfactant to better mimic conventional fracking fluid; cyclohexane, and 

naphthalene were added as representatives of the <C10 and >C10 hydrocarbon 
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fraction, respectively[67, 94]; finally, phenol was added because it is generally 

present in produced waters[40, 67]. The TDS in our synthetic water were mostly 

accounted for by sodium, chloride, and sulfate, because these are the most 

abundant ions present in typical produced waters[67]. One of the objectives of this 

study is to investigate the effect of dissolved anions on the effectiveness of the 

Fenton reaction, mainly sulfate and chlorides, both added at high concentration in 

the synthetic water. Naturally occurring cations have usually little or no 

detrimental effects on the Fenton reaction.   

Table 2.1 Composition of the synthetic wastewater used in this study, compared 
with the reference real effluents. The synthetic water composition includes 
representative pollutants of a hydraulic fracturing flowback and produced water 
effluent, to mimic typical for TOC and TDS values of the reference matrices. 

 Synthetic produced water Real produced water 

Parameter Component 
Concentratio

n 
(ppm) 

Equivalent 
TOC 
(ppm) 

Concentration 
(ppm) 

TOC 

Paraffins[94] 200 not dissolved 

Typically, 3.7 – 388 
[92] 

Surfactant 
(SDS)[67, 94] 

790 [2.7 
mM] 395 

Humic acids[94] 500 195 
Naphthalene[67] 1.0 1.2 
Cyclohexane[92] 2.0 1.8 

Phenol[92] 2.5 1.9 
P-xylene[92] 1 1 
Benzene[92] 12.0 11.3 
Toluene[92] 4 3.4 
MTBE[92] 260 178 

TOT 1,772.5 788.0 Maximum 500 [67] 

TDS 

Sodium chloride 98,870 

 Typically, 38,500 – 
238,000 [92] 

Sodium sulfate 5,270 
Sodium 

bicarbonate 853 

TOT 105,000  Avg. 100,000 [93] 
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2.1.2.2 Chemicals and membranes 

All the organic contaminants were purchased from Sigma-Aldrich (Italian branch, 

Milan, Italy). Sodium chloride, sodium sulfate, and sodium bicarbonate were 

acquired from Carlo Erba (Milan, Italy). Ferrous sulfate (FeSO4), hydrogen 

peroxide solution (30 % w/w), HCl and NaOH, were also purchased from Sigma-

Aldrich, together with the two polyacrylic acid sodium salts with MW of 45,000 

and 5,100, used as antiscalants.  

After a set of preliminary MD tests (see Figure A1 of the Supplementary 

Information), a commercially available hydrophobic polytetrafluoroethylene 

(PTFE) membrane (Aquastill, Sittard, Netherlands) was selected and used for all 

the subsequent experiments. The membrane choice was based on its high water 

flux, which is a basic requirement to ensure the feasibility of MD. Some of the 

membrane characteristics, provided by the manufacturer or obtained in the lab, are 

listed in Table 2.2. The contact angle was estimated by a sessile drop method 

using a Drop Shape Analyzer DSA100 (KRÜSS GmbH, Germany), following the 

deposition of deionized water or petroleum jelly droplets (~15 μL) onto a leveled 

membrane surface. The value of the angle observed immediately after deposition 

of the liquid on the membrane is reported. The membrane permeability coefficient 

was computed by dividing the experimental water flux by the vapor pressure 

difference across the membrane (see b coefficient in Table 2.2). The liquid entry 

pressure (LEP) was measured by placing the membrane in a hermetic filtration 



 
CASE STUDY 1: Optimization of membrane distillation process to promote 
produced water reuse in hydraulic fracking applications 

 

25 
 

cell (Amicon Stirred Cell Model 8050, Cole-Parmer) filled with 20% NaCl and 

immersed in a beaker containing pure water. The pressure in the cell was 

increased using regulated nitrogen gas until the NaCl solution penetrated through 

the membrane and was mixed with pure water, so as to be detected using a 

conductivity meter (COND 7+, XS Instruments, Italy). This method was also used 

by Hwang, H. J. et al. in a previous investigation with a similar PTFE membranes 

[95]. 

Table 2.2 Porous PTFE membrane characteristics  

Data source Parameter Symbol Units Value 

Provided by the 
manufacturer 

Thickness  δ µm 77 
Mean pore size d µm 0.17 
Porosity ɛ  0.83 
Thermal 
conductivity km J m−1K−1 0.038 

From 
experiments 

Water contact 
angle CAw Deg 127 

Petroleum jelly 
(paraffins) 
contact angle 

CAv Deg 51 

Membrane 
permeability 
coefficient  

b L 
m−2h−1bar−1 226 

Liquid entry 
pressure LEP bar 1.8 ± 0.2 

 

2.1.2.3 Direct contact membrane distillation lab system 

Among all the possible MD configurations, direct contact membrane distillation 

(DCMD) exhibits the simplest and most compact plant characteristics for lab 

experimentation[96]. In this process, the colder liquid is in direct contact with the 
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membrane at the distillate side, and it is enriched by the water vapor condensation 

during the process. All the MD tests were performed in DCMD configuration with 

a lab-scale batch system. The feed and distillate streams were circulated counter-

currently on their respective sides of the membrane. A constant cross-flow rate of 

1.66 L/min (0.28 m/s cross-flow velocity) was maintained during the tests. The 

housing cell comprised a 250-mm long, 50-mm wide, and 2-mm deep rectangular 

channel for a total active membrane area of 125 cm2. The flux across the 

membrane was computed by recording the change in weight of the distillate tank 

in time through a computer-interfaced balance. Initial volumes of 2.2 L and 1.0 L 

were used for the feed and distillate solutions, respectively, unless otherwise 

stated. On the distillate side, purified water with electrical conductivity below 20 

μS/cm was used. The temperature and the conductivity in the distillate tank were 

measured, respectively, through simple probe thermometers immersed in the tank 

and by a conductivity meter (COND 7+, XS Instruments, Italy). The temperatures 

in the feed and distillate tanks were maintained constant throughout the 

experiment, at respective values of 50 ± 2 and 25 ± 1 °C, by means of a 

thermostatic water bath and a chiller. 

2.1.2.4 Filtration experiments: protocol and DMCD model 

Different sets of high-recovery membrane distillation tests were performed. (i) 

The first set included filtration experiments to study the detrimental effect of the 

organic contaminants under study; in these tests, the feed solution was composed 

by individual organic compounds at the initial theoretical TOC concentration of 
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800 mgC/L and by 15 g/L of NaCl. (ii) The second set was performed to 

investigate the extent of scaling by NaCl and the maximum achievable recovery in 

the batch tests; in these experiments, the feed solution comprised NaCl only, at 

concentrations ranging between 15 and 150 g/L, with and without polyacrylate 

antiscalants, at concentrations (when present) of 30 mg/L (45,000 MW) and 10 

mg/L (5,100 MW). (iii) The third set of experiments involved the filtration of the 

synthetic produced water (see Table 2.1 for its features), and in some tests the 

synthetic water did not contain SDS. Furthermore, other tests were performed 

using as the feed stream the supernatant of the suspensions obtained upon Fenton 

oxidation, pH adjustment, and settling. During these MD experiments, three feed 

sample were collected in the beginning, in the middle, and at the end of the test. A 

final sample from the distillate tank was also collected. The TOC was measured 

with a TOC-VCSH analyzer (Shimadzu, Japan), based on the catalytic combustion 

method. The analyzer was fed with zero-grade air (Sapio, Italy). 

A simplified DCMD model was applied to interpret the experimental data[97]. 

Briefly, the transmembrane flux, Jw (L m−2h−1), is proportional to the interfacial 

water vapor pressure difference, ∆𝑝𝑖 (bar), and to the permeability coefficient, b 

(L m−2h−1bar−1), which is in turn a function of the membrane material properties, 

as well as of the operating temperatures according to the following equation:[98] 

𝐽𝑤 = 𝑏∆𝑝𝑖 

The vapor pressure for pure water, 𝑝0 (Pa), can be estimated using Antoine's 

equation: 
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𝑝0 = 𝑒
23.238−

3841
(𝑇−45) 

The vapor pressure calculated in this study is based on bulk temperatures of the 

feed, Tf,b (K), and permeate, Tp,b (K). Bulk temperatures can be used instead of the 

interfacial ones, by assuming sufficiently low temperature polarization[99]. The 

feed vapor pressure is also influenced by the coefficient of activity of water, 𝑎𝑤 (-

), which depends on the molality m (mol/kg) of the feed. This coefficient can be 

expressed as follows[100]: 

𝑎𝑤 = 1 − 0.03112𝑚 − 0.001482𝑚2 

The permeate molality is considered equal to zero for all the experiments due to 

the high ion rejection observed. Finally, the vapor tension difference between the 

feed and the permeate can be expressed as follows: 

∆𝑝𝑖 = 𝑝𝑓,𝑏 − 𝑝𝑝,𝑏 = 𝑎𝑤𝑝0,𝑓,𝑏 − 𝑝0,𝑝,𝑏 

For each time interval, the value of permeate concentration, cP (g/L), was 

computed by a mass balance of the relevant concentrations in the feed, cF (g/L), 

and in the distillate tanks. The average rejection of the membranes for each 

relevant time interval was calculated as: 

𝑅 = 1 −
𝑐𝑃

𝑐𝐹
 

2.1.2.5 Fenton oxidation experiments 

The oxidation of the synthetic produced water, with and without SDS, was 

performed at pH 3 by adding HCl and subsequently 11.62 g FeSO4 to achieve a 
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Fe(II) concentration of 19 mM. It is important to add FeSO4 in an already acidic 

medium in order to avoid its premature precipitation as hydroxide. HCl was 

chosen to adjust the pH because a high concentration of chloride was already 

present in solution, but the influence of the added acid on the ion balance of the 

synthetic solution was negligible. To promote organics oxidation, six additions 

were carried out, each one of a 7.2 mL aliquot of a stock solution of hydrogen 

peroxide (30%). With one addition every ten minutes, the final H2O2 

concentration was 32 mM and the total duration of an oxidation experiment was 

one hour. At the end of the reaction, the pH was increased to 8 by addition of 

NaOH and this step caused the precipitation of Fe(OH)3. After allowing for the 

sedimentation of the precipitate to continue overnight at 4.0 °C, at least 1.9 L of 

the supernatant was collected and used as feed solution for the following MD 

filtration test. 

 

2.1.3 Results and Discussion 

2.1.3.1 Effect of different organic components 

The study of the wetting behavior of the MD membrane when challenged by 

different organic compounds may help with the design of the best pre-treatment 

scheme to maximize the efficiency of this innovative desalination process. Figure 

2.1 presents the results of filtration tests performed to understand the behavior of 

the system with various individual organic components. All the membranes 
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showed fluxes that were consistent with theoretical expectations in the beginning 

of each test. Please note that the modeled flux represents the change in 

productivity that is expected only because of the loss in driving force due to 

increased salt concentration in the feed solution at increased recovery. The slight 

oscillation of the water flux profiles in the graphs is mostly attributed to the 

heating cycles of the feed solution by the intermittent heat exchanger. The 

presence of organic compounds caused diverse detrimental effects on the filtration 

performance during the tests.  
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Figure 2.1 Results of MD filtration tests at high water recovery with feed water 
composed by individual organic compounds, namely, a) paraffins (mixture of Cn 
saturated hydrocarbons, with n > 25), b) VOCs (volatile organic compounds, i.e., 
a mixture of p-xylene, benzene, toluene, and MTBE), c) humic acids, and d) SDS 
(sodium dodecyl sulfate). Blue open squares represent the experimental water flux 
(left Y-axis), while orange solid circles refer to the permeate conductivity (right 
Y-axis). The model for water flux is depicted by a blue dash line. For all the feed 
solutions, the initial concentration of TDS was 15 g/L and the nominal TOC was 
800 mgC/L, although a two-phase oil-water system was produced when non-
miscible compounds were used (e.g., paraffins). All the tests were conducted at a 
feed temperature of 50°C and a distillate temperature of 25°C, using PTFE 
membranes. 
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In detail, no significant flux decline was observed in the presence of paraffins or 

volatile organic compounds (VOCs); see Figure 2.1a, b. The permeate showed a 

continuously decreasing conductivity, implying an increasing improvement of the 

purity of the water in the distillate tank. The low fouling observed with paraffin is 

apparently in contrast with the high paraffins-membrane affinity observed through 

the CA measurement (see Tab 2.1). On the other hand, Velioğlu et al. reported 

that NaCl may lower the oil-membrane affinity [101]. The low fouling also 

suggests no obvious consequences on membrane wetting, i.e., no salt leakage; 

however, both paraffins and VOCs were found at relatively high concentration in 

the distillate tank. Evidence of this phenomenon is presented in Figure A2 of the 

SI, showing the relatively high levels of the permeate TOC. Specifically, VOCs 

were observed to instantly contaminate the distillate product, consistent with their 

volatile nature. A slight decline of the water flux was observed in the presence of 

humic acids, which can be rationalized with their deposition onto the membrane 

surface that results in fouling[102]. In fact, in contrast to the previously mentioned 

NaCl-paraffins behavior, sodium chloride may increase the affinity of polar 

molecules with the membrane. Indeed, results obtained with NaCl-humic acids 

feed agree with previous studies, in which aggregation increased because NaCl 

reduced the critical micelle concentration [101]. More investigation efforts on 

humic acid fouling are developed in this dissertation (second part of this case 

study) since this effect can largely limit DCMD performance under long term 

operations. Finally, SDS had important wetting effects that produced a sudden 
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increase of conductivity (i.e., salt concentration) in the permeate stream above 

approximately 70% recovery (Figure 2.1d). Surfactants are amphiphilic 

compounds that can lower the feed solution surface tension and the effective LEP, 

thereby allowing the passage of liquid water with its dissolved salts within the 

membrane pores [103, 104]. In such a case, the wetting kinetics is controlled by 

the rate at which the pore surface is saturated by the adsorbed surfactant 

molecules [87]. Once the membrane is wetted, the MD process is no longer 

governed by the trans-membrane vapor tension difference but is instead controlled 

by the hydraulic pressures.  

A common question among researchers is what happens when both oil (here 

represented by paraffins) and surfactants (here modeled with SDS) occur together 

in the feed water, as the two components interact. The adopted SDS concentration 

was lower than its critical micelle concentration (CMC, ~8.2 mM = 2.4 g/L)[105]; 

therefore, the organic compounds were not sequestered in the hydrophobic core of 

SDS micelles, but strongly interacted with the lipophilic tails of the surfactant. 

The results presented in Figure 2.2 suggest that wetting by SDS occurred 

immediately even when paraffins were dispersed in the feed water. This 

observation does not corroborate the hypothesis that the co-occurrence of oils and 

surfactants would result in reduced or delayed wetting compared to the presence 

of the two components free in solution. Our results are in agreement with the 

findings of Han et al[84], who proposed that the presence of sodium chloride in 

the feed solution decreases the surfactants-oil interactions, thus allowing that the 
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two compounds greatly impair the process integrity with no delay or obvious 

lessening of the wetting process.  
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Figure 2.2. Results of MD filtration tests at high water recovery with feed water 
composed by paraffins, SDS, and 15 g/L NaCl. Water flux data are depicted by 
open symbols and refer to the left Y-axis. Permeate conductivities are represented 
by solid symbols and refer to the right Y-axis. Orange squares and blue circles 
depict the data obtained with a theoretical TOC concentration of SDS of 395 
mgC/L and 800 mgC/L, respectively (equivalent to SDS concentrations of 2.7 mM 
and 5.5 mM, respectively). The model for water flux is depicted by a blue dash 
line. Paraffins were added into the feed water at an amount of 1000 mgC/L, but 
this component is only sparingly soluble in water. All the tests were conducted at 
a feed temperature of 50°C and a distillate temperature of 25°C, using PTFE 
membranes. 

 

The results presented so far suggest that, at medium salt concentrations, wetting 

and fouling by organic compounds may not directly affect the water productivity 

of the MD process. This finding is opposite to typical observations with pressure-
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driven membrane processes applied to similar aqueous streams[106, 107]. 

However, because the quality of the product (i.e., the permeate) may be 

significantly spoiled during the tests, suitable pre-treatments for the desalination 

step by MD should remove volatiles, oil, and grease. Due to their important 

wetting effects, any trace of surfactants should be eliminated as well[102]. 

Interestingly, the presence of humic acids was associated with significantly lower 

detrimental effects, compared to the other organic compounds. 

2.1.3.2 Effect of TDS concentration and importance of antiscalants 

The level of TDS in solution influences the formation of salt crystals, i.e., scaling, 

during the MD process. Due to the intrinsic variability of TDS in produced 

waters, experiments were performed with different initial NaCl concentrations in 

the feed solution, namely, 15, 70, 100, and 150 g/L. No substantial flux decline 

was observed with a feed solution containing 15 g/L NaCl (Figure 2.3). This 

finding indicates no significant scaling during the timeframe of the test and for a 

recovery rate up to 80%. As the initial NaCl concentration increased, inorganic 

fouling (i.e., scaling)[108] was observed with a consequent quick drop of 

membrane productivity (Figure 2.3 a) and a concurrent rise of permeate 

contamination by salt. The onset of this phenomenon can be identified in Figure 

2.3b as a sharp growth in permeate conductivity, which occurred at lower 

recovery rates for higher TDS concentrations in the feed. In such a case, the 

experimental data departed from the flux model sooner during the test. According 

to a simple calculation based on the recovery rates and reported in Figure A5 of 
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the SI, the bulk feed concentration of NaCl at the end of the tests was on average 

285 g/L, which is slightly below the NaCl water solubility. However, the salt 

concentration at the membrane interface is higher than that in the bulk due to 

concentration polarization[99], increasing the likelihood of crystallization. Similar 

results have been observed by John A. Bush et al. who performed replicate tests in 

which the water flux always declined rapidly to zero when the initial feed NaCl 

concentration was roughly above 300 g/L [109]. In their study, cross-sectional 

SEM micrographs were also analyzed revealing enlarged pores in the membrane 

structure and showing evidence of residual NaCl crystals embedded throughout 

the membrane. Since in our tests no other components were present in the feed 

solution, the fact that the convective water flux went to zero while the salt flux 

increased may be thus ascribed to scaling-induced wetting, because NaCl crystals 

reduce membrane hydrophobicity and let liquid water leak through the pores[88, 

110-112].  
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Figure 2.3 Results of MD filtration tests at high water recovery with feed water 
containing different concentrations of NaCl, namely, 15, 70, 100, or 150 g/L. a) 
Experimental (open data points) and modeled (dash lines) water flux; b) permeate 
conductivity; c) water flux and permeate conductivity with a feed of 150 g/L NaCl 
with and without antiscalants. All the tests were conducted at a feed temperature 
of 50°C and a distillate temperature of 25°C, using PTFE membranes. A 4-L feed 
tank was used for these experiments. 
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The results reported so far imply that the recoverable product water from a 

hypersaline feed is a strong function of the initial salinity; for example, a 

maximum recovery of roughly 50% was observed for an initial feed of 150 g/L 

NaCl under the operating conditions of this study. Experiments were also 

performed by adding polyacrylates in solution, chosen because common anti-

scaling agents and especially effective in the prevention of gypsum scaling. While 

no remarkable improvement of membrane productivity was achieved compared to 

the case without antiscalants, the quality of the product was greatly improved. 

Indeed, the constant value of permeate conductivity throughout the test with 

antiscalants contrasts with the sharp conductivity increase observed above 40-

50% recovery when antiscalants were not used; see Figure 2.3c. Possibly, the 

presence of antiscalants delayed or reduced the deposition of crystals within the 

membrane pores, although they did not prevent pore blockage at the membrane 

interface. It is important to notice that NaCl is characterized by high water 

solubility. Normally, scaling in MD is attributed to other non-alkaline cations, 

such as Ca or Mg, which are more likely to precipitate as carbonates, or as CaSO4, 

MgCl2, MgSO4, and for which antiscalants are usually more active than with 

NaCl[108, 112]. On the other hand, when anthropic streams are treated by MD, 

high NaCl concentrations represent a major concern at high recovery rates[113]. 

Overall, these results corroborate the initial assumption that MD is a promising 

technology to extract high-quality water from hypersaline feeds [114, 115]. With 

the goal of obtaining water for reuse purposes, addition of antiscalants is strongly 
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recommended for initial TDS concentrations higher than 40-45 g/L (Figure A5). 

However, antiscalants should be used at low doses to avoid potential membrane 

wetting due to their organic nature [84]. An interesting investigation of A.C.M. 

Franken et al., drew as main conclusion that the maximum allowable 

concentration of organic material in water cannot be calculated, but it has to be 

determined experimentally [116]. A range of 0.6-70 ppm was found acceptable by 

He, F., not inducing wetting while keeping the same acceptable degree of scale 

inhibition [117]. On the other hand, another investigation by Gryta revealed that 

the water flux was lowered by increasing the antiscalant concentration in the feed 

[118]. For this reason, we decided to maintain the antiscalant concentration below 

40 ppm, a mid-range value according to the literature, which was revealed 

efficient in preventing wetting while not affecting the flux in our investigation. 

Moreover, when treating real produced water, some of the organic contaminants 

that can already be present in the feed solution may act like antiscalants inhibiting 

the formation of crystal nuclei; these phenomena have been poorly understood. 

Further research should focus on the improvement of MD performance under 

these challenging conditions, also to maximize the recovery rates. 

 

2.1.3.3 Coupling of Fenton oxidation and membrane distillation for the reuse 
of produced water 

Currently, conventional treatment schemes for produced water management 

consist of a wide array of separation processes, due to the complexity of the 

influent stream. Typical schemes include primary treatments made up of primary 
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settling with flotation, oil removal, and stripping, followed by physico-chemical 

treatments, such as coagulation, flocculation and settling. These are usually 

combined with activated carbon or a depth filtration step, followed by 

ultrafiltration systems for the abatement of turbidity and organics before the final 

desalination. The latter is mostly performed through thermal processes or 

electrodialysis (Figure 2.4a) [67, 77, 81, 119]. In some cases, and mainly for 

onshore applications, biological treatment is also included and is coupled with a 

secondary sedimentation system[120, 121]. These current schemes do not fulfill 

the requirement of compactness, especially required in offshore sites. The results 

discussed so far and those available in the literature suggest that MD may become 

a feasible technology for water extraction from produced wastewater, but it 

requires a series of preliminary steps to remove the various contaminants that may 

affect the process performance. This study suggests that surfactants, oil & grease, 

as well as volatile compounds are mostly responsible for MD performance 

impairment that lowers both the quality of product water and the maximum 

recovery. Advanced oxidation processes (AOPs) are a family of innovative 

techniques aimed at efficiently degrading organic contaminants, and particularly 

the recalcitrant ones, from aqueous streams with diverse characteristics [122-125]. 

The Fenton reaction is a promising example of AOP that can be applied with 

reasonable flexibility to a wide range of organic contaminants [126]. One of the 

key advantages of this method is that it degrades the contaminants rather than 

merely separating them from the main stream, and it may potentially substitute 
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various physico-chemical treatments. The Fenton reaction involves the addition of 

iron and H2O2 in an acidic medium (pH ~3), followed by separation of iron 

hydroxide flocs in a settling or microfiltration unit after pH neutralization. In this 

way, it combines chemical transformation with the possibility to perform a further 

polishing/separation step of separation through flocculation, settling, and 

flotation, before MD desalination. In Figure 2.4, we compare the conceptual 

schemes of a traditional treatment train (2.4a), and of a system that combines the 

Fenton reaction with the MD technique (2.4b), to manage the synthetic water 

described in Table 2.1. 

 

Figure 2.4 Potential treatment schemes for the beneficial reuse of flowback and 
produced water, including the compact scheme achieved by coupling Fenton 
oxidation and membrane distillation (MD). In (a), physical treatments usually 
include the screening of large contaminants followed by pre-sedimentation with 
flotation and possible additional oil separation and stripping; physico-chemical 
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treatments usually include coagulation-flocculation and settling, as well as 
possible further treatment by depth filtration/adsorption. In b), these steps and the 
ultrafiltration step may be substituted with Fenton oxidation, followed by 
sedimentation with flotation or microfiltration. 

 

2.1.3.4 Advantages and drawbacks of coupling Fenton oxidation and 
membrane distillation 

When the synthetic water (see Table 2.1 for its composition) was used as feed 

solution directly for the MD treatment, the test was utterly unfeasible and 

immediate wetting was observed in several replicate experiments. This result is 

apparent in Figure 2.5a, which shows that both water flux and permeate 

conductivity increased rapidly at the onset of the test. The presence of various 

fouling and wetting agents in the mixture accelerated these mechanisms, with 

effects likely more significant than those given by the sum of the individual 

agents. Due to the previously assessed wetting potential of SDS, further tests were 

carried out using the synthetic mixture without SDS. Also, such composition 

reflects that of a produced water during the central and late period of extraction, 

when the composition, initially more similar to that one of the hydraulic fracking 

fluid, is replaced by that one of the reservoir. The results are presented in Figure 

2.5 Results of MD filtration tests at high recovery with synthetic feed water 

mixtures. The feed waters in the different graphs were as follows: a) synthetic 

water, b) synthetic water without SDS, c) synthetic water after Fenton oxidation, 

d) synthetic water without SDS after Fenton oxidation. Blue open squares 

represent the experimental water flux (left Y-axis), while orange solid circles and 

squares refer to the permeate conductivity and feed TOC concentration, 
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respectively (Y-right axis; note the double measure unit). The model for water 

flux is depicted by a blue dash line. The composition of synthetic waters is 

summarized in Table 2.1. All the tests were conducted at a feed temperature of 

50°C and a distillate temperature of 25°C, using PTFE membranes. Figure 2.5b. 

In the absence of surfactants, the MD filtrations achieved a reasonable recovery 

rates but with a sharp flux decline around 60-70% recovery, due to a combination 

of organic and inorganic fouling. Moreover, since the very beginning of the 

filtration, irreversible wetting of the membrane was observed with permeate 

conductivity increasing throughout the entire test duration.  
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Figure 2.5 Results of MD filtration tests at high recovery with synthetic feed 
water mixtures. The feed waters in the different graphs were as follows: a) 
synthetic water, b) synthetic water without SDS, c) synthetic water after Fenton 
oxidation, d) synthetic water without SDS after Fenton oxidation. Blue open 
squares represent the experimental water flux (left Y-axis), while orange solid 
circles and squares refer to the permeate conductivity and feed TOC 
concentration, respectively (Y-right axis; note the double measure unit). The 
model for water flux is depicted by a blue dash line. The composition of synthetic 
waters is summarized in Table 2.1. All the tests were conducted at a feed 
temperature of 50°C and a distillate temperature of 25°C, using PTFE membranes. 

 

Therefore, a robust pre-treatment is necessary before the MD step. MD 
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experiments were thus performed with synthetic waters that had previously been 

oxidized by the Fenton reaction. These tests showed a high level of 

reproducibility, as presented in Figure A4 of the SI. Interestingly, significant 

improvements in the MD performance were accomplished, as shown in Figure 

2.5c and 2.5d. The first Fenton-MD test was carried out with the initial solution 

containing SDS, in which case wetting was still apparent beginning at roughly 

40% recovery. This result marks an improvement compared to the direct 

application of MD to the untreated synthetic water. For a significant part of the 

experiment, the water flux was consistent with theoretical expectations and the 

product quality was high. However, the data also suggest the occurrence of 

significant concentrations of SDS and organic substances in the solution, even 

after the Fenton reaction. Actually, as reported in Table 2.3, the Fenton treatment 

did not significantly decrease the overall TOC concentration in the solution. This 

observation may be rationalized considering that the Fenton reaction does not 

necessarily achieve the complete mineralization of the contaminants, but their 

transformation to more oxidized organic molecules. With respect to this latter 

issue, an interesting investigation was performed by Farinelli et al. to precisely 

assess the breakdown of organics during Fenton reaction for this type of produced 

waters [127]. A near total degradation of phenol, xylenes, and cyclohexane was 

observed. The oxidation process degraded benzene and toluene with a yield 

around 75%. However, only a portion of MTBE was degraded, and this result may 

also explain the residual TOC after oxidation observed in this study. Indeed, 
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MTBE contributes to a large part of the total TOC of the synthetic PW (see Table 

2.1). Moreover, previous studies performed by Goldstone et al. and  Kiwi et al. 

Reported that a major challenge for the high efficacy of the Fenton reaction in a 

hypersaline produced water is the ability of humic acids and chloride to scavenge 

the hydroxyl radical [128, 129]. As a result, in our study the TOC value remained 

similar with and without the pre-treatment, possibly due to the high initial 

concentrations of MTBE and humic acids, and their resilience against the Fenton 

reaction. In our experiments, however, the Fenton degradation products appeared 

to be less prone to cause wetting compared to the initial compounds, possibly due 

to their higher hydrophilicity and lower tendency to interact with the hydrophobic 

membrane [130-132]. Furthermore, the partial oxidation of SDS tails can 

significantly decrease its amphiphilic properties decreasing the overall wetting 

ability of the Fenton treated water[133]. Moreover, the permeate had a significant 

concentration of TOC (around 90 mgC/L), despite a high solute rejection rate; see 

also Figure A3. A possible explanation for this finding is that some volatile 

components such as MTBE, may have escaped oxidation or even that some 

compounds with high vapor pressure were formed following the degradation of 

humic acids and other larger molecules, then passing as a distillate through the 

membrane. 
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Table 2.3 TOC, conductivity, and (where applicable) recovery rates in the main 
feed waters and in the permeate streams for each treatment step. The permeate 
quality is computed as the average of the entire high-recovery tests. 

Parameter 

Synthetic produced water  Synthetic produced water without SDS 

  
Initial feed 
solution 

Pretreated 
feed 
solution 

MD 
permeate 
of the 
pretreated 
feed 
solution 

 
Initial feed 
solution 

 Pretreated 
feed solution 

MD 
permeate 
of the 
pretreated 
feed 
solution 

Recovery  >95±3%d 70%c  >95±4%d 65%c 

TOC 
(mg/L) 444±34a 442±68a 88.8b 495±45a 354±57a 20.1b 

Conductivity 
(µS/cm) 124,200±1,260a 95,300±820a 475b 106,700±1,030a 109,600±1,309a 9.9b 

aMeasured 
bComputed from mass balance 
cMaximum achieved recovery during the membrane distillation test 
dOverall water recovery after Fenton oxidation (i.e., volume of recovered 
supernatant divided by the initial volume before the treatment). The remaining 
percentage of volume consisted in solid sludge at the bottom of the sedimentation 
tank  

 

Noteworthy results were obtained when the Fenton-oxidized synthetic water 

without SDS was filtered in MD. Clearly, the maximum recovery was still 

governed by scaling, and it reached a value of roughly 65%, related to a final feed 

TDS concentration of 300 g/L. Remarkably, no significant wetting was observed 

during these experiments, which may be ascribed to either the higher degradation 

efficiency of the Fenton reaction on this feed stream or the production of more 

hydrophilic substances compared to the starting compounds. Interestingly, the 

Fenton reaction was not inhibited by the high concentration of chloride in the feed 

solution, suggesting the possibility to apply this pre-treatment step even in 



 
Desalination of Produced Water by Membrane Distillation: Effect of the Feed 
Components and of a Pre-treatment by Fenton Oxidation 

 

48 
 

complex hypersaline solutions. This finding is also confirmed by the relatively 

low TOC concentration measured in the oxidized solution (Table 2.3). Even more 

importantly, low TOC and TDS concentrations were both associated with the 

permeate stream. The combined effect given by the partial or complete oxidation 

of the organics and the absence of SDS in solution strongly improved the 

efficiency of the desalination process.  

2.1.4 Conclusions 

Although this preliminary study cannot claim to provide ultimate answers to the 

problems of produced water treatment by MD, it puts forward important 

implications for both scientific and applied studies. In particular, our results 

suggest that: (i) to apply the innovative MD process and achieve high recovery of 

water from produced water, the nature and the extent of pre-treatment to remove 

certain organics is crucial; (ii) advanced oxidation, and specifically the Fenton 

reaction, is a promising pre-treatment option to produce an effluent that is suitable 

for MD, provided that upstream primary treatments are included to aid this 

degradation process by removing surfactants and of most of the immiscible 

compounds; (iii) the goal of the Fenton reaction should be to completely 

mineralize or at least extensively oxidize the organic contaminants and to 

minimize the occurrence of volatiles in the effluent. To do so, the process should 

be optimized in terms of reagent addition and residence time, and properly 

combined with the downstream polishing step. This downstream separation step, 

in addition to remove spent iron from the Fenton reaction, should also eliminate 
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all the remaining components that may be hazardous for the MD performance, 

and the goal could be achieved with a compact multipurpose settling/stripping 

reactor. Clearly, the individual processes of oxidation and MD, as well as their 

coupling should be further investigated and optimized, also considering the 

specific wastewater source and the intended use of the final product. 

 

2.2 Unraveling the role of feed temperature and cross-
flow velocity on organic fouling in membrane 
distillation using response surface methodology 

 

2.2.1 Introduction 

Membrane distillation (MD) is a thermal-based desalination technology which has 

gained an exponential interest during the last decades [134, 135]. Among all the 

possible MD configurations, direct contact membrane distillation (DCMD) is the 

most compact. Due to its simplicity, this process has been extensively studied at 

laboratory scale to approach scale-up applications in MD [136-138]. In fact, 

DCMD does not require an external condenser and it is suitable for water-based 

applications. In DCMD, the hot feed and the cold permeate solutions are in 

contact with a hydrophobic membrane. Under ideal working conditions, only 

water vapor passage is allowed through this microporous membrane [139, 140]. 

However, several operational challenges might cause decrease in productivity or 

even process failure [141]. According to the type of treated feed solution, three 
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main drawbacks observed in the operational DCMD phase are: (i) pore wetting, 

(ii) mineral scaling, and (iii) membrane fouling. Wetting mainly occurs when 

membrane hydrophobicity is reduced, together with the liquid entry pressure, to 

the point which allows liquid passage through the pores [88, 142]. Wetting is 

easily induced by amphiphilic molecules, such as surfactants, and it leads to 

process failure even in a preliminary recovery stage [143, 144]. Mineral scaling is 

due to crystal formation of salts at the solid membrane interface, initiating a rapid 

and severe flux decline which can also translate into pore wetting and membrane 

damage [145]. Membrane fouling leads to flux reduction over time due by 

accumulation of feed contaminants on the membrane surface [146].   

With the increasing interest in MD, the number of possible applications has been 

also expanded. As a thermal-based process, MD has been largely used for 

desalination to produce high-quality water while concentrating the feed above 

typical reverse osmosis limits [147]. Recently, DCMD has been also employed for 

the treatment of challenging wastewater, such as produced water (oilfield 

wastewater), textile, and pharmaceutical wastewater [1, 148, 149]. Within this 

range of possible applications, recent studies demonstrated how effective pre-

treatment strategies and process optimization could highly reduce pore-wetting 

and mineral scaling propensity [1, 150]. In this context, membrane fouling is still 

considered one of the main bottlenecks of MD operations [151, 152]. Among 

different foulant species, humic substances showed particularly high fouling 

propensity in low-pressure membrane processes due to high adhesion capacity of 
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these compounds on the membranes [153]. Humic acids are also the major 

constituents of natural organic matter, as well as widely present constituents in 

surface water, groundwater, seawater and produced water [154]. In this study, 

organic fouling in DCMD was investigated by using humic acid at the same 

concentration investigated in the previous section (see humic acid concentration in 

Table 2.1), thus relevant for case study 1. This organic compound was isolated 

from the other produced water constituents to evaluate specific fouling effects 

over previously considered, and optimized, wetting and scaling limitations. 

Optical coherence tomography (OCT) has been recently demonstrated as an 

effective and versatile tool for fouling characterization. This non-destructive 

technique enables monitoring the filtration system under continuous operation, 

providing real-time information of the fouling layer [155, 156]. OCT allows 

acquiring non-invasively 2D cross-sectional and 3D volumetric images with 

micron-level resolution without interfering with the membrane operation. 

Recently, the use of OCT has been employed for studying the fouling behavior in 

MD when treating textile, pharmaceutical wastewater, and concentrated brines 

[148, 149, 157]. In these studies, OCT results were efficiently linked to process 

performance data allowing an in-depth understanding on how fouling and scaling 

impact the water flux during the DCMD process. However, these literature studies 

were often limited to narrow ranges of operative conditions in MD. To extend the 

understanding of fouling under a wider range of temperatures and cross-flow 

velocities, response surface modeling (RSM) was implemented in this study 
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through Design Expert software [3, 158, 159]. One of the ways to implement 

RSM is by using central composite design (CCD), an array whereby investigated 

parameters are efficiently distributed to allow a second-order generalized 

regression between the experimental results [160, 161]. Recently, RSM combined 

with CCD has gained a growing interest in membrane process optimization as it is 

able to consider several variables at the same time with easy evaluation of the 

generated responses. An interesting application of RSM in MD was developed by 

Shokrollahi et al., who effectively modeled flux and thermal efficiency for a wide 

range of interacting parameters [162]. In accordance with previous works, 

numerical modeling with CCD method for flux optimization showed that 

temperature and module length have the most important influence on MD 

productivity and optimal conditions.  

In this study, CCD was implemented to guide the design of MD experiments 

conducted with different combinations of feed inlet temperature and cross-flow 

velocity. Additionally, OCT in-situ monitoring is employed to characterize the 

fouling layer developed at the end of each MD test. RSM modeling and OCT 

analysis were combined for the first time to evaluate the impact of operating 

condition on MD performance. The experiments are performed with a synthetic 

model solution of humic acid, where the distillate flux is monitored as a function 

feed volume concentration factor. The flux performance and fouling data are 

discussed and critically examined also to assess a valuable experimental based 

modeling. Therefore, (i) the initial flux decline rate, (ii) the near-stable flux, (iii) 
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the total flux decline, and (iv) the final steady-state fouling thickness are applied 

as responses (dependent variables) in the RSM analysis to investigate the 

mechanism of fouling and to identify the most suitable DCMD operating 

conditions. The investigation assesses the role of process parameters and 

governing factors on fouling in MD, and it proposes the rational deployment of 

RSM as a tool to move toward scale-up applications. 

2.2.2 Materials and Methods 

2.2.2.1 Membrane and feed composition  

Accelerated fouling conditions were employed in this study using a synthetic feed 

solution with an initial humic acid (HA) concentration of 500 mg/L in deionized 

(DI) water. This model compound and concentration are consistent with the 

produced water effluent investigated in the previous section of this case study (see 

Table 2.1 ). A stable HA water solution was obtained by diluting a concentrated 

stock solution previously obtained by dissolving HA at high pH, followed by 

filtration with a 0.45 µm microfilter. To enhance the fouling deposition, 20 mM of 

calcium chloride, CaCl2, was also added to the feed solution [163]. HA and CaCl2 

were purchased from Sigma-Aldrich. The organic compound was received in 

powder form. The stock solution was prepared by dissolving the chemicals in 600 

mL of DI water. The stock was then added, prior to flux stabilization, to the 

remaining 400 mL of deionized water used as initial feed. Initial volumes of 1 L 
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were thus used for both the feed and permeate solutions, the latter consisting of DI 

water. 

A commercially available hydrophobic polytetrafluoroethylene with a 

polypropylene support (PP-PTFE) membrane (Membrane Solutions corp., US) 

was used for all the experiments. The membrane characteristics, provided by the 

manufacturer or obtained in the lab, are listed in  

Table 2.4 Porous PP-PTFE membrane characteristics. The membrane 

permeability coefficient was calculated by dividing the experimental water flux by 

the vapor pressure difference across the membrane (see calculated angular 

coefficient from Fig. A6).  

Table 2.4 Porous PP-PTFE membrane characteristics  

Data source Parameter Units Value 

Provided by the 
manufacturer 

Thickness  µm 174 - 245 
Mean pore size µm 0.22 
Bubble point psi 16.0-20.3 

From experiments 
Membrane 
permeability 
coefficient  

kg m−2h−1bar−1 143.8 

 

2.2.2.2 MD lab setups 

All the MD tests were performed in DCMD configuration with a lab-scale batch 

system. In this process, the feed and permeate streams were circulated counter-

currently on their respective sides of the hydrophobic membrane, not enabling 

liquid passage through the pores. Thanks to the applied thermal gradient, the 

colder liquid is enriched by the water vapor extracted from the feed stream during 
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the process. Ranges of feed temperature of 35 - 65 °C and feed cross-flow 

velocity of 0.21 - 0.42 m/s (deriving from a cross-flow rate ranging from 25 to 50 

L/h) were investigated in this study. To clearly assess the role of feed parameters 

on fouling deposition, a constant temperature and cross-flow velocity of 20 °C 

and 0.1 m/s were maintained in the permeate side. For the same reason, no feed 

spacer was used. The temperatures in the feed and permeate inlet of the flow cell 

were maintained constant throughout the experiment using a thermostatic water 

bath and a chiller (Corio-CD, Julabo, Germany). The heat exchangers were 

accurately controlled by the temperature sensors integrated in the conductivity 

meters (TetraCon 325, Xylem Analytics, Germany) located just before the inlet of 

the flow cell. On the permeate side, purified water with electrical conductivity 

below 20 μS/cm was used, whereas the initial feed conductivity was 4.2 ± 0.2 

mS/cm. For each experiment, the permeate conductivity was continuously 

monitored to ensure no liquid passage during the tests, i.e., no pore wetting. 

Cross-flow velocity and outlet-temperature were measured by digital cross-flow 

meters located in proximity of the flow cell outlet. The flux across the membrane 

was calculated by recording the change in weight of the permeate tank in time 

through a computer-interfaced balance. All the instruments were digitally 

connected and controlled by Lab View software. The DCMD flow cell in 

polymethyl methacrylate was customized to allow in-situ characterization with 

OCT. The flow cell had dimensions of 10.0 × 3.3 × 0.1 cm (length × width × 

height) for a total active membrane area of 33 cm2.  
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2.2.2.3 Design of experiments and statistical analysis 
Design Expert software was used to setup and analyze the response surface 

methodology (RSM) for DCMD experiments. Central composite design (CCD) 

was applied to define the number of runs needed for the optimization of the 

variables and responses. Feed inlet temperature and cross-flow velocity were 

selected as operating factors, while the initial flux decline rate, the final flux 

decline ratio, the near-stable flux, and the final steady-state fouling layer thickness 

were selected as responses after a preliminary phase investigation of experimental 

results. The following sections describe how the four different responses were 

evaluated for each test prior to using the numbers as input for the model. The 

Supplementary Material appendix presents further details of the applied CCD 

method and analyses. The selected ranges of investigation for the various factors 

are reported in Table 2.5 Experimental design of the selected operating 

conditions, representing the range of experimental variables used in the RSM 

model, together with the coded experimental values extrapolated by Design 

Expert software. The CCD method generated a suggestion for nine total runs, each 

with a specific combination of values of Tf and CFV. This procedure allowed 

weighted probing of the entire multidimensional space. The experimental results 

were used as input data to generate the model for each response according to the 

best fit. ANOVA was used for the statistical analysis of the results to evaluate the 

quality of the model. 

Table 2.5 Experimental design of the selected operating conditions, representing 
the range of experimental variables used in the RSM model   
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Factors Unit Minimum Maximum Coded low Coded high Mean 

Temperature (°C) 35.0 65.0 40.0 60.6 50.0 

Cross-flow velocity (m/s) 0.21 0.42 0.24 0.39 0.31 

2.2.2.4 Evaluation of the parameters used as input for the experimental 
modelling. 

2.2.2.4.1 Filtration experiments protocol and process parameters calculation 
Fouling experiments consisted of two phases: (i) a stable flux phase and (ii) a 

fouling phase. The flux was first stabilized using DI water only as feed, without 

organic foulants (J0). This stage allowed achievement of the hydrodynamic 

equilibrium. The fouling phase then started at time zero, when the appropriate 

amount of organic foulant stock solution was added into the feed tank. This 

second phase was run until a volume concentration factor ~2.5 (ranging from 2.3-

2.6) was reached, which was always associated with sufficient operational time to 

obtain a near stable flux (Jw) and fouling layer thickness.  

The increment of CaCl2 concentration during experiments can be considered 

negligible for any possible effect in the reduction of the feed vapor tension value. 

For this reason, the flux decrement observed during the fouling tests can be 

predominantly attributed to foulant deposition. 

Flux data allowed calculation of three out of four responses used in the RSM for 

each of the nine tests. The initial flux decline rates were estimated from the best 

linear fit of the water flux measured between 1 and 1.25 VCF, the final flux 

decline ratio was calculated as Jw/J0, while the near-stable flux was assumed as the 

averaged value of the last five water flux values. The near-stable flux value was 

considered acceptable if the standard deviation was below 10% of their average 
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value. Data of the fouling thickness response were collected as described in the 

following chapter. 

 

2.2.2.4.2 Evaluation of the final fouling thickness: optical coherence 
tomography (OCT) analysis  

A spectral-domain optical coherence tomography (SD-OCT) system Ganymede II 

from Thorlabs, GmbH (Germany) was used to assess the fouling deposition on the 

membrane surface under accelerated fouling conditions. The OCT was equipped 

with a scan lens (LSM 03BB). The OCT probe was positioned on top of middle 

point of the DCMD module to characterize the fouling layer thickness at the end 

of each experiment. 3D cross-sectional OCT scans (666 pixel × 666 pixel × 1022 

pixel) corresponded to 4.0 mm × 4.0 mm × 2.25 mm (width × length × depth). 

The OCT scans were processed with the FiJi software. Images were filtered to 

reduce the noise, and then the contrast and brightness were adjusted. 3D scans 

were then visualized by AVIZO (Field Electron and Ion Company, Hillsboro, OR, 

USA) software and modified for visualization purpose. The fouling layer 

thickness was calculated using a customized MATLAB code.  

The final fouling thickness measured with the OCT was also used to evaluate 

fouling at the different operating conditions of cross-flow velocity and 

temperature. Results were used together with that of the filtration performance 

(i.e. the initial flux decline rate, the final flux decline ratio, the near-stable flux) to 
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generate the experimental based modeling with response surface methodology and 

to provide a general view of the fouling behavior during DCMD operation. 

2.2.3 Results and discussion 

2.2.3.1 Beyond the RSM: An overall picture of the process parameters in MD 

organic fouling 

2.2.3.1.1 The Effect of temperature and cross-flow velocity on the experimental 

flux 

This section describes the experimental results while providing an in-depth 

understanding of the selected responses (dependent variables) of the RSM model. 

In this study, Design Expert was employed as a statistical tool to create the 

experiment plan aimed at studying the impact of operating condition on the 

fouling behavior in DCMD. The list of experiments is reported in Table A1 and in 

the legend of Figure 2.6, where experimental results of water production in 

DCMD at different operating conditions are also shown. 

In DCMD process, the initial flux, J0, is related to the feed temperature and cross-

flow velocity [164, 165]. As expected, in this study the inlet feed temperature was 

found to govern J0. By increasing Tf from 35 to 65 °C, the J0 increased from 3 to 

22.5 kg m−2h−1, while increasing the cross-flow velocity from 0.21 to 0.42 m/s at 

fixed Tf 50 °C led to an increase of only 2 kg m−2h−1. This result can be attributed 

to the nature of the driving force, namely, the vapor tension difference between 

the feed and the permeate, which can be easily determined through Antoine 
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equation [111]. On the other hand, the cross-flow velocity can contribute to the 

flux increment by reducing the temperature polarization effects and residence time 

[166, 167].  
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Figure 2.6 Results of fouling experiments performed with the synthetic feed 
water in the presence of 500 mg/L humic acid and 20 mM of calcium chloride at 
different initial permeate flux, J0, obtained by changing the applied feed 
temperature and cross-flow velocity in DCMD. Water fluxes (Jw) were 
investigated until a volume concentration factor (VCF) of 2.5 was reached, at 
which a value of near-stable flux was observed for all the experiments. Dash lines 
represent the best linear fit of the first 1.25 volume concentration factor (VCF) of 
the initial flux decline. 

 

In all the tests, the water flux decreased almost linearly in the initial phase, to then 

reach an approximate flux stabilization over time when the nominal driving force 

was counterbalanced by resistances due to fouling accumulation to yield a 

constant effective driving force [168]. As fouling deposition is proportional to the 

water transport across the membrane, high accumulation typically occurs in the 
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initial phases of operation, contributing to the formation of a cake layer during 

this initial stage [169, 170]. The initial flux decline rates were estimated from the 

best linear fit (see dash lines in Figure 2.6a) of the water flux measured between 1 

and 1.25 VCF. The upper value (1.25) of this range was identified as maximum 

value below which all the curves were linearly fitted with reasonable 

approximation (See Tab A1). Note that higher is the initial flux, lower upper VCF 

value was obtained to get a R-squared value above 0.90. Figure 2.7, the values are 

reported as a function of the initial flux J0 (Figure 2.7 a) and of the inlet feed 

temperature (Figure 2.7 b). The results suggest a smooth and gradually 

incrementing correlation of the initial flux decline when increasing J0. The 

proportional effect of J0 on the initial flux decline has been also widely 

investigated in osmotically and pressure-driven membrane processes [171-173]. 

As expected, an analogous behavior was observed when looking at the data as a 

function of the inlet feed temperature (Figure 2.7 b), as the driving force is closely 

related to this parameter. The data also allow assessment of the role of the cross-

flow velocity, whose increment seems to slightly affect the initial flux decline, as 

an indirect effect of slightly larger values of J0 observed when increasing CFV. 

The values of near stable flux at the end of the tests, Jw, and the ratio Jw / J0 were 

also extrapolated from the flux decline data for each tested condition. 

Interestingly, Deyin Hou et al. obtained lower value of Jw / J0 when testing BSA 

and calcium chloride under the same initial concentration used for this study when 

driving the feed at 53 °C to a VCF 2.5 [174]. In fact, only 25 % of flux was lost 
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which is roughly the half of that one observed in our tests conducted at 50 °C. On 

the other hand, Gayathri Naidu et al. showed a faster permeate flux declining 

pattern for BSA compound when compared to the humid acids and alginate [153]. 

Contradicting observation regarding the effect of organic fouling in membrane 

distillation observed in literature are possibly due to the use of the permeate flux 

reduction as the only meter of evaluation. In this study, flux data are integrated by 

direct monitoring of OCT images which can provide important insight on the 

fouling layer deposition and characteristics as will be discussed in the next 

dedicated chapter. This method can provide interesting insight also for future 

studies on other compounds such as alginates and proteins. 
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Figure 2.7 Plot of the initial flux decline rate as a function of (a) the initial 
permeate flux J0, and (b) the inlet feed temperature (Tf). The arrows indicate the 
increment of the cross-flow velocity (CFV). Data were extrapolated from dash 
lines rates reported in Figure 2.6.  

 

A few interesting observations may be made by analyzing the data presented in 

Figure 2.6 and Figure 2.7. While utilizing an inlet feed temperature set at 65 °C 

produced an initial flux (22.5 kg m−2h−1) that is nine times higher the flux 

observed with a temperature equal to 35 °C (2.5 kg m−2h−1), the flux at the end of 

the tests (Jw) was only 3 times larger, reaching roughly 7.5 kg m−2h−1 for the 

former condition, whereas no significant decline in flux was observed at the lower 

feed temperature. These results give reasons for operating at low-medium feed 

temperatures, namely, at or below 50 °C for water streams with high fouling 

potential and if membrane cleanings are not frequently operated. In such cases, 

the long-term productivity may be similar within a wide range of bulk feed 

temperature and working at lower temperature would result in savings in terms of 

energy demand. This may in turn translate, e.g., into cheaper solar fields with 
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smaller footprints if the energy is harvested from the sun, or anyway into a higher 

energy efficiency and gain output ration (GOR) value for the overall process. 

2.2.3.2 OCT results for the fouling layer thickness 

Water flux data were linked to non-invasive direct fouling characterization 

performed with OCT to characterize the fouling layer developed on the membrane 

surface by scanning the central positions of the cell. Please note that the 

homogeneity of the fouling layer along the membrane length was confirmed by 

preliminarily evaluating the thickness growth at different positions of the cell. As 

no spatial gradient was observed, the middle position was selected as a 

representative location. The 3D OCT rendering images (Figure 2.8) show the 

fouling deposition obtained at Tf of 35, 50, 65 °C, thus covering the whole range 

of Tf investigated. The results highlight the increase of the foulant deposition by 

incrementing the inlet feed temperature. It is important to note that operating the 

DCMD at low feed inlet temperature generally provides greater opportunities to 

control the membrane fouling lowering the risk of gelation of the organics at the 

membrane interface [175].  The homogeneity of the foulant deposition (see Figure 

2.8) suggest the formation of a porous fouling layer for which the decline of the 

permeate flux mainly results from an increase of the thermal resistance than for 

the mass transfer resistance as occurs in non-porous layers [146]. Moreover, no 

clear evidence of salt crystallization was observed from the OCT images. This 

result is in good agreement with the absence of a sharp decrease of flux at the 

highest VCF (see Figure 2.6). In fact, inorganic fouling would be speeded up for 
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higher saturation index [176]. In these three examples, the same cross-flow 

velocity of 0.31 m/s was applied, representing the central point suggested by 

Design Expert within the explored CFV range (see Table A2). In general, a slight 

increment of the foulant roughness was observed by increasing Tf, as nodule-like 

and valley-like structures became more pronounced. This phenomenon was also 

discussed by Laqbaqbi et al. when testing DCMD fouling at a temperature close to 

70 °C [177]. 

 
Figure 2.8 3D OCT rendered scans (4mm × 4mm) of the final steady-state foulant 
layer thickness from the experiments conducted at cross-flow velocity of 0.31 m/s 
and feed inlet temperature of 35 °C, 50 °C, 65 °C.  

 

For all the experiments, fouling layer thickness measured with the OCT after 2.5 

of volume concentration factor (VCF) is reported in Figure 2.9. In general, a near-

linear increment of the thickness was observed as a function of Tf, for the entire 

investigated range of temperatures. Thus, the thickest deposition was observed for 

the experiment performed at 65 °C, achieving a layer thickness of almost 1200 

µm at the end of the test. A much smaller layer of roughly 200 µm was observed 

with Tf of 35 °C. This last result is in agreement with previous DCMD studies 

T = 35 °C 0.31 m/s T = 50 °C 0.31 m/s T = 65 °C 0.31 m/s

273 µm 940 µm 1180 µm
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reporting negligible organic fouling with a feed temperature below 40 °C [178]. 

As opposed to the effect of Tf, higher CFV values were beneficial for reducing the 

fouling layer development in MD. The arrows in Figure 2.9 indicate data points 

associated with different CFV values. As reported in the literature, the increment 

of the shear stress thwarted foulant accumulation by lowering the boundary layer 

thickness [97, 179]. To highlight the correlation between flux and fouling 

thickness, the overall flux decline is plotted in function of the overall fouling 

thickness in Fig. A7 of the supporting information. Results show how different 

conditions of feed temperature and cross-flow velocity proportionally affect the 

final overall flux and final thickness. The strong agreement within the obtained 

data opens perspectives for future mechanistic analysis of the factors governing 

flux and fouling deposition during MD filtration. 
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Figure 2.9 Here, the final steady-state thickness is plotted against the feed inlet 
temperature for all the tests. The number indicated close to each data point 
represents the cross-flow velocity associated with the respective test and 
expressed in m/s. 

 

The results presented imply a strong cause-consequence relation between the 

operating parameters in MD and fouling development, but without considering 

how fouling deposition can affect the overall driving force, i.e., the thermal 

balance during the process. Although the reciprocal influence between the driving 

force and fouling deposition has been widely investigated for pressure-driven and 

osmotically-driven processes [173, 180, 181], further research efforts are required 

to evaluate the interaction between governing factors and fouling in MD. In 

summary, the in-situ observation performed in this study confirmed the link 
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between feed temperature and fouling propensity. The fouling thickness was 

found to (i) increase with feed inlet temperatures Tf , while (ii) slightly decreasing 

with cross-flow velocity. The thickness of the fouling layer may thus also be used 

as a robust response parameter for the RSM analysis discussed below. 

2.2.3.3 Modeling of organic fouling in DCMD through response surface 

methodology (RSM) 

2.2.3.3.1 Significance of operating parameters 

Organic fouling in DCMD was investigated under different feed inlet 

temperatures and cross-flow velocities by performing nine DCMD filtration 

experiments, with combinations of operating parameters suggested by the central 

composite design approach. Based on the results described above, four parameters 

were selected as potentially valuable responses for the response surface analysis: 

(i) initial flux decline rate, (ii) Jw / J0 value at the end of the test indicating the 

relative loss of productivity due to fouling, (iii) near-stable flux, (iv) final steady-

state foulant layer thickness. Experimental results for these parameters were used 

as input data (responses) to generate the relative model function. According to 

Design Expert, all these responses were statistically significant to both Tf and 

CFV, i.e., low p-value. Table 2.6 summarizes the p-values obtained from 

ANOVA. Specifically, Tf was found to be considerably more significant than 

CFV. Each response was fitted by a different model function. The initial flux 

decline was described by a quadratic model while all the other responses were 

adequately described by a linear model, as can be seen by the absence of cross-
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correlation terms in Table 2.6 Summary of response significance values estimated 

by ANOVA statistical analysis. Within the three linear responses, CFV was not 

highly significant, as the p-value was > 0.1. However, CFV was included in the 

model to respect the hierarchy of the statistical method and to improve the fit 

[182]. For each response, the final equation calculated by Design Expert and 

relating operating parameters with fouling outcomes (responses) is reported in the 

Supplementary Material appendix (see Table A2 and A3). 

Table 2.6 Summary of response significance values estimated by ANOVA 
statistical analysis. 

Source Initial flux decline 
p-value 

Final Jw/J0 

p-value 
Final flux 
p-value 

Final thickness 
p-value 

Model 0.0001 0.0004 < 0.0001 0.0133 

A-Cross-flow velocity  0.0835 0.4156 0.2145 0.2191 

B-Feed temperature < 0.0001 0.0001 < 0.0001 0.0059 

AB 0.0812    

A2 0.1153    

B2 0.0017    

 

To provide a detailed statistical analysis, the diagnostic plots of the initial flux 

decline, the near-stable final flux, and the final Jw/J0 values are shown in Fig. A8, 

A9 and A10, respectively. Figure 2.10 displays the diagnostic plots for the steady-

state final foulant layer thickness. Please note that the following discussion relates 

directly to layer thickness, but the conclusions and implications are also valid for 

the other selected responses. Figure 2.10a reports the normal probability plot of 

residuals (error terms), a graphical tool for comparing a data set with the normal 

distribution: if the data can be adequately described with a normal distribution, 
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characterized by a mean and a variance, then a plot of the theoretical percentiles 

of the normal distribution versus the observed sample percentiles should be 

approximately linear. In Figure 2.10a, the red linear line represents the theoretical 

normal distribution while the ten dots represent the observed samples (10 runs, 

Table A2). For all the responses, normal probability plot of the residuals fell on a 

straight line, which implies that error terms had a normal distribution [183, 184].    

Figure 2.10b shows that all points are scattered around the 0 y-axis (variance or 

standard deviation) reflecting equal or similar variances of collected data. In fact, 

nine points out of ten lie within two standard deviations, meaning that 95% of 

values are included in this range (empirical rule). In this case, the variance of 

residuals can be considered as a constant (homoscedasticity). Homoscedasticity is 

an important assumption of parametric statistical tests. In Figure 2.10c, residuals 

vs. data points do not follow a specific pattern, which suggests that responses are 

not dependent on the order of runs. Lastly, Figure 2.10d illustrates that predicted 

values vs. experimental values lay on a straight 45 degree line, an indication of 

high-quality modeling outcome. In conclusion, the diagnostic plots of all the 

responses indicate the robustness of the statistical analysis, which enable to assess 

the impact of the operating parameters on the organic fouling behavior in MD. 
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Figure 2.10 Diagnostic plots for the foulant layer thickness response: (a) normal 
% probability vs. residuals; (b) residuals vs. predicted; (c) residuals vs. run order; 
(d) predicted vs. actual. 

 

2.2.3.3.2 Single responses evaluation 

Figure 2.11 shows the outcome of the RSM model in terms of effects of operating 

parameters, i.e., temperature and cross-flow velocity, on the fouling behavior, 

namely, initial flux decline rate, final Jw/J0, the near-stable flux, and the steady-

state final layer thickness. This discussion aims at providing an effective view of 

fouling behavior in the whole range of investigated conditions of Tf and CFV and 

to facilitate any direct comparison among the selected fouling parameters. In 



 
Unraveling the role of feed temperature and cross-flow velocity on organic 
fouling in membrane distillation using response surface methodology 

 

72 
 

accordance with the description in the section above, all the responses were 

mainly governed by the feed temperature. Specifically, Figure 2.11b shows how 

contour values decrease from a Jw / J0 of 0.7 to below 0.3 when the Tf increases 

from 40 to 65 °C, thus only roughly 1 kg m−2h−1 of stable flux is gained for each 5 

°C-step in ΔTf (see Figure 2.11c). As illustrated in Figure 2.11 c, a net increment 

of the fouling deposition can be observed by increasing Tf, as a twofold increase 

of layer thickness is associated to an increase of the temperature from 40 to 65 °C.  
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Figure 2.11  2D surface response plots as a function of the feed inlet temperature 
and cross-flow velocity for the (a) initial flux decline rate, (b) final to initial flux 
ration, (c) near-stable flux, and (d) final steady-state foulant layer thickness. The 
near-stable flux is the flux at volume concentration factor of 2.5 for the 
experiments reported in Figure 2.6. The magnitude for each response increases 
from blue to red and is also indicated by numeric values for each contour line. 

 

In contrast to feed inlet temperature, different behaviors were observed by varying 

the cross-flow velocity. The initial flux decline rate was more affected by the CFV 

at higher Tf values (see Figure 2.11a). This result can be explained by the 
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proportionality between Tf and temperature polarization (TP) [184]. Faster CFVs 

thwart TP and this effect is more pronounced when TP tends to be of greater 

magnitude, that is, at higher values of Tf. This translates into larger J0 (see Figure 

2.6) and the ensuing steeper flux decline, as observed for CFV values above 0.3 

m/s [185, 186]. On the other hand, increasing CFV yielded a positive outcome in 

terms of productivity when considering the magnitude of the near-stable flux (see 

Figure 2.11b, c), likely due to lower fouling deposition associated with smaller 

boundary layers, as observed in Figure 2.11c. In fact, the OCT scans highlighted a 

reduction in fouling layer thickness by increasing the CFV. Interestingly, the CFV 

was more impactful in decreasing the foulant thickness rather than increasing the 

overall flux decline Jw / J0, implying that foulant thickness and flux loss are not 

directly correlated but that a complex mechanism is in play. This result might be 

rationalized with the fact that these two parameters are not independent, for 

example, Jw may not simply intensify the likelihood of foulant deposition but 

simultaneously cause enhanced compactness of the resulting layer [187]. Both 

thickness and compactness of the foulant layer play a role in mass and heat 

transport, and thicker but more porous layer may be less detrimental than thin 

dense layers that would produce a larger variation in diffusion coefficients and 

thermal conductivity with respect to the bulk solution.  

In conclusion, the RSM analysis well depicted the link between fouling propensity 

and feed temperature, as fouling behavior worsened with the increase of the feed 

inlet temperature, thereby negatively affecting the flux decline, Jw/J0, while a 
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positive but gradually more marginal enhancement of productivity (near-stable 

flux) was observed when increasing the feed inlet temperature. Moreover, it was 

found that the increase in cross-flow velocity led to a slight decrease of the 

fouling thickness deposited on the membrane, while keeping an overall benefit in 

terms of productivity.  

 

2.2.4 Conclusions 

The goal of this study was to assess the role of the feed temperature and cross-

flow velocity on fouling behavior in DCMD.  Higher influence of feed inlet 

temperature than cross-flow velocity on loss of productivity was observed 

experimentally and then confirmed by robust statistical analysis, due to the 

major role of flux in the development of organic fouling in DCMD. In detail, a 

sharp increment in the overall flux decline, Jw/J0 occurred at higher feed inlet 

temperatures, making the case for the need to select an appropriately 

transmembrane temperature difference that guarantees feasible fluxes but also 

minimizes loss of driving force and energy demand. The benefits in water 

productivity obtained by increasing the feed temperature were always offset by 

higher fouling deposition. 

Another interesting trade-off between more rapid initial flux decline and 

thinner layer thickness was observed by increasing cross-flow velocity above 

0.3 m/s. Layer thickness is only one of many aspects of the foulant layer that 
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relates to productivity loss, others may include density, pore structure and 

thermal conductivity, which can directly influence mass and heat transport 

through this unmixed layer. Optical coherence tomography (OCT) was used in 

this study to assess layer thickness, but further efforts are needed to deepen 

investigations on foulant deposition and on how layer characteristics relate to 

deposition mode and then flux loss. Overall, working at relatively high cross-

flow velocity may be beneficial at high values of the nominal driving force, 

i.e., transmembrane temperature difference, while the results suggest that the 

effect of channel feed flow velocity may not play a significant role when the 

flux is below a certain level, approximately 10 kg m−2h−1. 

Finally, the proposed approach is not limited to this application but was proven to 

be a valuable tool to assess the role of the process parameters and governing 

factors on fouling and process performance in membrane distillation (MD). The 

results of this study highlight the effectiveness of combining flux data, OCT 

characterization, and response surface methodology (RSM) to advance the 

understanding of fouling in MD and open future perspective related to this crucial 

topic to making MD feasible at commercial scale.
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Chapter 3 
 

3 CASE STUDY 2: An innovative 
approach aiming to allow water reuse 
of produced water deriving from 
polymer flooding applications  

The more accessible deposits of fossil fuels have been mostly depleted making the 

extraction activities more and more energy and water intensive. On the other 

hand, it is important to exploit at its best the energy contained in the reservoir to 

not increment the number of extraction sites, drilling activities and environmental 

stress. One of the most relevant deposit types of hard to recover oil is 

characterized by high oil viscosity oils which are not displaceable by more 

conventional practices. To reduce the water demand for unit oil recovered, high 

viscosity polymers are now commonly used to augment the displacing ability of 

the injected fluid. This technique is called polymer flooding and, despite the 

reduction of direct water consumes, the limitation is still given by the difficult 

treatment and reuse of the resulting effluents. 
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This case study considers an innovative water treatment approach for polymer 

flooding applications. The proposed treatment technology investigates the 

effectiveness of calcium and magnesium to coagulate and flocculate the polymer 

under different conditions of temperatures and pH. Even in this case study, the 

resources availability is considered to reduce the overall environmental impact in 

treating the water. In fact, the salts used to flocculate the polymer are generally 

partially available in the stream itself and the locally available geothermal heat 

might be exploited to enhance the flocculation yield. Overall, a valuable model of 

polymer removal was obtained through experimental design approach with the 

aim to maximize the flocculation efficiency and the water reuse while minimizing 

the resources consumption such as ions, pH, and temperature. This proposed 

innovative solution was than compared and combined with membrane filtration to 

better assess its potential in treating the polymer under different stream salinities.
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3.1 Optimization of physico-chemical and membrane 
filtration processes to remove high molecular weight 
polymers from produced water in enhanced oil 
recovery operations 

 

3.1.1 Introduction 

Enhanced oil recovery (EOR) refers to the process of producing liquid 

hydrocarbons by increasing the mobility of the displacing phase [188, 189]. 

Conventional recovery methods, such as water and gas injection, can extract 

about one third of the initial oil in the formation, and the remaining resource is  

a large and attractive target for EOR methods [188, 190]. Among the various 

EOR techniques, polymer flooding (PF) represents an affirmed low-cost 

method to improve the oil extraction efficiency. In PF, water-based solutions 

of high molecular weight polymers are injected into the formation to improve 

the mobility of the oil resource, principally by enhancing the viscosity of the 

injected fluid [191-194]. In particular, partially hydrolyzed polyacrylamide 

(HPAM) is the most used polymer in PF due to its relatively low cost and high 

efficiency [195, 196].  

In the extraction industry, one of the major environmental problems related to 

oil recovery is the generation of produced water (PW), representing the largest 

waste stream of this industrial activity. PW is generally a highly complex 
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matrix, rich in salts and organic compounds, such as dispersed oils toxic 

dissolved substances (e.g., phenols) [65, 68, 197, 198]. When HPAM is used 

for PF, the PW also contains a considerable amount of the residual polymer, 

resulting in a more stable oil–water emulsion.[199] and causing levels of 

viscosity that are too high to safely discharging or efficiently reinjecting the 

water in reuse schemes [200, 201]. For those reasons, commonly used method 

for PW treatment, such as gravity settling and flotation [202], demulsification 

[203, 204], or conventional membrane separation [107, 205-208] may be 

inefficient for streams deriving from polymer flooding applications. From this 

prospective, considerably more efforts should be devoted to developing low-

cost and efficient methods able to separate the polymer from the stream in the 

light of water reuse schemes and stringent discharge regulations. 

Among relevant works developed in the last few decades, Deng et al. reported 

a strategy involving a crossflow oil–water separator to remove HPAM from 

PW [197]. However, this separation process is associated with high capital and 

maintenance costs and has limited applicability, i.e., it is only efficient at low 

polymer concentrations. Chemical and biological processes were also studied 

as pre-treatments of polymer flooding PW, and interesting results were 

reported in the literature [202, 209, 210]. In 2015, Yongrui et al. tested Fenton 

oxidation combined with biological processes to treat polymer flooding PW 

[211]. The use of photocatalysis (TiO2) was also investigated to degrade 

HPAM [212, 213]. However, a major risk of an oxidative method is the 
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potential generation of toxic by-products, which would require at least one 

additional degradation or separation step to ensure the effluent safety [214, 

215]. Moreover, chemical/biological degradation systems may result in high 

capital and operational costs, especially related to sludge management [216, 

217]. Literature reports suggest that ceramic membranes may potentially be 

applied for PW treatment from PF operations thanks to their high stability in 

harsh environments [210, 218, 219]. However, only few studies report the 

applicability of these membranes in the presence of significant polymer 

concentrations in solution [220]. A study performed by Wang et al. [56] 

demonstrated that hydrolyzed PAM had a more significant impact on the 

membrane critical flux than did the oil and the suspended solids in the stream. 

However, previous studies mainly focused on fouling phenomena rather than 

process performance and optimization in the range of realistic conditions 

related to PF applications. In summary, given the emerging use of PF 

application and the limitations in produced water treatment, there is an 

increasing and urgent need to find appropriate treatment techniques for such 

complex and uniquely viscous streams. 

As reported in the literature, HPAM behavior is particularly sensitive to 

salinity [221-223]. It is widely accepted that precipitation during EOR 

applications and consequent process impairment is often the result of the 

interaction between divalent cations and the carboxylate groups present within 

the hydrolyzed polymer. More in detail, the interaction of the carboxylate 
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groups of HPAM with divalent cations may induce the coagulation and the 

consequent precipitation of the polymer at a certain ionic concentrations, 

specifically, at the so-called cloud point [224]. This phenomenon, and thus the 

HPAM coagulation mechanisms, is also a function of temperature and pH 

[225, 226]. For this reason, PF is not usually applied when oilfield total 

dissolved solids (TDS) concentrations are above 20 g/L and the temperature is 

higher than 70 °C, above which the flooding solution would lose its viscosity 

and displacing properties [227]. However, when the goal is the treatment of a 

polymer flooding PW, divalent cations, pH, and temperature might represent 

allies to separate the polymer from the water phase by polymer precipitation.  

This work advances a facile physico-chemical polymer separation technique as 

a low-cost method to remove HPAM from produced water by exploiting 

common divalent cations, i.e., calcium and magnesium, as added or natural 

coagulants. To evaluate the best precipitation conditions, the physico-chemical 

properties of the HPAM and its rheological behavior are discussed along with 

the best coagulation and precipitation conditions, optimized by means of 

response surface methodology (RSM) [228, 229] [158, 159]. The parameters 

investigated in this study are the concentrations of calcium and magnesium, 

temperature, pH, and salinity. The RSM model is then tested with three diverse 

synthetic produced waters mimicking the composition of real waters to prove 

its feasibility in potential real scale scenarios. This work also evaluates the 

potential applicability of ceramic membranes for the removal of HPAM and 
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discusses their performance against that of the optimized precipitation method. 

Five ceramic membranes are investigated in the range of microfiltration (MF) 

and ultrafiltration (UF), under a wide range of HPAM and TDS conditions, 

aiming at filling the gap in knowledge related to the influence of water 

chemistry on membrane process performance in PW treatment. Limiting 

factors of the two processes are thus analyzed with the goal to identify the 

suitable application ranges for both investigated techniques. 

 

3.1.2 Materials and Methods 

3.1.2.1 Chemicals and membranes 

The HPAM was supplied by Yixing Bluwat Chemicals Co., Ltd (China) in the 

form of powder, while all the salts were purchased from Carlo Erba (Milan, Italy). 

Five TiO2-based ceramic membranes were selected for membrane filtration: four 

UF membranes with molecular weight cut-off ranging from 1 to 150 kDa and one 

MF membrane with 0.45 µm pore size. Each tubular membrane had an inner 

diameter of 6 mm and 250 mm length. All the membranes were purchased from 

TAMI Industries (Montreal, Canada). 

3.1.2.2 Investigation and optimization of HPAM precipitation 
 

3.1.2.2.1  HPAM precipitation tests 

The precipitation experiments were performed by varying the concentrations of 

NaCl, MgCl2, CaCl2, in HPAM solutions of varying polymer concentrations. The 
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other parameters affecting HPAM coagulation, i.e., pH and temperature, were 

adjusted during each experiment through controlled additions of NaOH and using 

a water bath, respectively, within specific ranges (7-11 and 25-75 °C). Polymer 

solutions at different concentrations were prepared from a 1500 ppm stock 

solution of HPAM dissolved in deionized water with a minimum amount of NaCl 

(0.25 g/L), essential to lower the solution viscosity, thus improving the 

deployment of the stock solution. The precipitation tests were performed by 

immersing a 50 mL beaker containing the HPAM stock solution in a thermostatic 

bath and by addition of stock salt solutions and NaOH solutions of appropriate 

amounts to reach the target ionic composition, pH, and HPAM concentration for 

each test. The precipitation was carried out for only about 1 min under gentle 

stirring, upon reaching the desired pH. Following this short time, the stirring was 

stopped, and simple gravity sedimentation was exploited to separate the cleared 

water from the flocs (see photographic examples in Figure B1 of the 

Supplementary Material file, SM). The HPAM abatement was determined by 

measuring the total organic carbon (TOC) of the untreated solution and of the 

supernatant solution. 

3.1.2.2.2 Design of experiments and statistical analysis 

Design Expert software was used to setup and analyze the response surface 

methodology (RSM) for precipitation experiments [230, 231]. Central composite 

design (CCD) was used to define the number of runs needed to develop an 

accurate response surface. Temperature, pH, as well as NaCl, HPAM, MgCl2, and 
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CaCl2 concentrations were selected as the six operating factors, while the final 

HPAM concentration in solution following treatment was the target parameter to 

be minimized (i.e., the HPAM removal maximized). The limit values of HPAM 

concentration were selected in order to evaluate the phenomena in the most 

common range of utilization of HPAM. The Appendix section in the SM provides 

further details of the applied CCD method and analyses. The selected ranges of 

investigation for the various factors are reported in Table 3.1, together with the 

coded experimental values extrapolated by Design Expert software. The CCD 

method generated 86 total recipes for this study, each with a specific combination 

of values for the six factors. This procedure allowed weighted probing of the 

entire multidimensional space. The results of HPAM removal obtained by the 

precipitation experiments were used as input data to generate the model according 

to the best fit. ANOVA was used for the statistical analysis of the results and 

allowed evaluation of the quality of the model [232].  

Table 3.1 Experimental design of the selected parameters 

Factors Unit Minimum Maximum Coded low Coded high Mean 

Temperature (C°) 25 75 34.0 66.0 50 

pH  7 12 7.9 11.1 9.5 

NaCl (g/L) 0.25 20 3.8 16.4 10.1 

Mg/HPAM (mM/mg) 0 0.6 0.11 0.49 0.3 

Ca/HPAM (mM/mg) 0 0.6 0.11 0.49 0.3 

HPAM (mg/L) 100 1500 353 1247 800 
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3.1.2.3  Synthetic produced water samples mimicking the composition of real 

streams 

Table 3.2 reports the composition of the three synthetic PWs tested in 

precipitation experiments aimed at addressing the feasibility of the treatment 

technology in potential real-case scenarios. The compositions of stream A and B 

were based on published values related to real PWs resulting from polymer 

flooding processes [233, 234]. Stream C was instead defined based on real 

wastewater samples collected by a company, Cannon Oil and Gas Well Service 

Inc., in one of its field works. For each of the synthetic waters, paraffins were 

used as representative substances for the oil & grease content, while phenol was 

added to account for the typical concentration of phenols in PW. TDS comprised 

sodium chloride, sodium sulfate, sodium bicarbonate, sodium carbonate, 

magnesium chloride, and calcium chloride, that is, the most abundant ions 

reported in produced waters [68, 198].  

 

Table 3.2 Composition of the synthetic produced waters investigated in this study 
mimicking the characteristics of wastewaters: A from Torabi et al. [233]; B from 
Chen et al. and Wang et al. [234]; C from a real sample (Oman oilfield) 

Parameter Unit Produced water 

  A  B  C  

Paraffins (not dissolved) (mg/L) 450 Paraffins/water 50% (v/v)  75 

HPAM  (mg/L) 500 352 800 

Na2SO4  (mg/L) 128 128 142 

NaHCO3  (mg/L) 428 428 84 

Na2CO3  (mg/L) 24 24 106 

MgCl2 (mg/L) 619 619 95 

CaCl2 (mg/L) 766 766 111 
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NaCl  (mg/L) 7410 7410 4680 

Phenol (mg/L) 75 n. p. n. p. 

Acetate  (mg/L) n. p. n. p. 2 

Silica (µL) n. p. n. p. 63 

Temperature  (°C) 50 65 34 

Viscosity  (mPa∙s) 34.9 32.0 166 

   n. p.: not present 

3.1.2.4  Membrane filtration experiments 

Separation experiments through ceramic membranes were performed using a 

cross-flow lab-scale system. The unit comprises a volumetric pump (Nuert, 

Pordenone, Italy), a thermally insulated feed tank of 8 L and a lab-scale tubular 

membrane housing cell (TAMI Industries, Montreal, Canada), consisting of a 

stainless-steel cylinder of 250 mm length and 10 mm inner diameter. Specifically, 

a tubular ceramic membrane sample with an active area of 47.1 cm2 can be 

allocated within the module. A flowmeter, back-pressure valve, temperature 

control, and data acquisition system comprising a computer-interfaced balance, 

were used to monitor the operating parameters and to measure the permeate flux. 

For each test, 3 L of initial feed solution was used; the feed stream was kept at 

constant temperature of 50 °C through a thermostatic coil directly immersed in the 

feed tank. The cross-flow rate of 200 L/h (cross-flow velocity of ~2 m/s) was 

monitored through a floating disc rotameter and adjusted, along with the operating 

pressure of 1 bar, by means of a pump inverter and a back-pressure regulator. The 

permeate flow rate was automatically measured every 3 min.  
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Preliminary tests were performed for the selection of the most promising 

membranes to be used for the following high recovery tests. The preliminary tests 

were performed with a solution of HPAM dissolved in deionized water at a 

concentration of 100 mg/L, while high recovery tests were performed with 

synthetic waters composed by varying the concentration of HPAM between 100 

to 1500 mg/L [209, 212]. During preliminary tests, the permeate stream was 

recirculated into the feed tank with the aim to keep the same operating polymer 

concentration during the duration of the experiment, namely, 3 h. The permeate 

flux trend was monitored and the final steady state flux (Jw) was determined. At 

the beginning of each preliminary experiment, the water flux of a deionized water 

feed solution was measured (J0). Conversely, for high recovery tests, the permeate 

stream was continuously collected in an external vessel. NaCl was used as 

representative salt, dissolved in the feed solution at concentrations between 1 to 

100 g/L [209, 233, 234], to investigate the effect of the interaction between NaCl 

and the polymer during filtration. A water recovery target of 80% was set for each 

experiment. However, some of the filtrations were stopped when the permeate 

flux reached values below 10 L m−2h−1 (LMH), considering such operating 

conditions unfeasible for real applications. At the end of each filtration, the 

membrane performance was evaluated through the total flux decline ratio, DRt, 

calculated as: 

Total flux decline ratio (DRt):(1 −  
𝐽𝑝

𝐽𝑊1
⁄ )                                                    

(3.1) 
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where Jw1 and Jp indicate the measured flux at the beginning and the end of the 

test, respectively [173]. Initial and final permeate TOC values were also analyzed 

in the recovery tests. 

3.1.2.5  Analytical and characterization methods 

The HPAM concentration in solution was determined with a Shimadzu (Milan, 

Italian branch) TOC-LCSH FA, E200 (catalytic oxidation on Pt at 680 °C). The 

calibration was performed using standards of potassium phthalate, 

NaHCO3/Na2CO3, and KNO3. The HPAM-TOC correlation was perfectly linear 

in the investigated range, with an R2 = 0.99. The HPAM removal rate was 

calculated as: 

HPAM removal: (1 −  
𝐶𝑡𝑟𝑒𝑎𝑡𝑒𝑑

𝐶𝑓𝑒𝑒𝑑
⁄ ) ∙ 100                                         

(3.2) 

where Ctreat and Cfeed refer to the TOC concentration of the treated sample and the 

initial feed sample, respectively. 

All viscosity measurements were performed with the Anton Paar rheometer, 

Physica MCR 301 (Brannenburg, Germany). The viscosity was measured under 

different shear rate conditions, ranging from 1 to 100 s−1, at different polymer 

concentrations. A shear rate of 10 s−1 was selected to investigate the role of NaCl, 

MgCl2, CaCl2, pH, and temperature. The electrokinetic potential of 100 mg/L 

HPAM solutions was measured in the pH range between 2 and 10. Here, the role 

of salinity was investigated by preparing solutions of 100 g/L NaCl, 5 mM CaCl2, 
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or 5 mM MgCl2. The concentrations of different ions were selected for their 

comparable influence on viscosity. All measurements were performed with a 

Zetasizer Nano analyzer purchased from Malvern, Italian branch. 

 

3.1.3 Results and Discussion 

3.1.3.1 Physico-chemical and rheological behavior of HPAM 

Aqueous HPAM solutions behave as non-Newtonian fluids, characterized by a 

drop of the viscosity at increasing shear rate [200, 235]; see Figure B2 in the SI. 

This behavior occurs by virtue of the orientation of the macromolecules along the 

streamline of flow and the consequent disentanglement of macromolecules [236, 

237]. Figure 3.1a shows that the observed viscosity of HPAM solutions increased 

by increasing the polymer concentration in water, while an increase in NaCl 

concentration strongly reduced the viscosity of the fluid. This phenomenon is 

reasonably related to the charge-shielding ability of NaCl, which thwarts the 

repulsive forces between the charged carboxyl groups of the polymer [238]. 

Repulsive forces cause the expansion of the polymer chains and are one of the 

main causes of the viscous feature of HPAM solutions. As the ionic concentration 

increases, polymer chains collapse causing a reduction in the degree of 

entanglement [223, 239]. Above 100 mM NaCl, all repulsive forces were screened 

by salt and no viscosity changes were observed by further increasing NaCl 

content.  
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Figure 3.1b shows the effect of divalent ions (MgCl2, CaCl2) on viscosity. In the 

absence of NaCl, a dramatic drop of the viscosity was achieved even at low 

concentrations of divalent ions, i.e., 10 mM. This effect was strongly mitigated by 

addition of NaCl; as a support to this claim, see the results reported for 1711 mM 

(100 g/L) NaCl. This behavior suggests that monovalent sodium ions at high 

concentration would compete with the divalent cations, thus minimizing the coil-

globule transition of the polymer chain that would be induced by the latter. 

Indeed, divalent ions may better suppress the viscosity of HPAM solutions thanks 

to their higher nominal charge and to their specific interaction/complexation with 

the carboxylate groups of HPAM [240].  

Finally, Figure 3.1c reports the effect of pH and temperature on viscosity, which 

increased with increasing pH until a value of ~6, namely, the natural pH of the 

HPAM solution (see titration curve in Figure B4 of the SI). This phenomenon is 

clearly related to the increase of deprotonated carboxyl groups, hence of 

electrostatic repulsion, moving toward the pH values at which all the moieties 

were negatively charged [239], above which no further increase of the viscosity 

was observed. On the other hand, the temperature did not visibly affect the 

viscosity of the HPAM solutions in the investigated range, although some effects 

were reported in previous reports [241, 242]. The expected effect associated with 

the increase of the temperature, which would theoretically reduce the viscosity of 

the solution, may be mitigated by the enhancement of the degree of the polymer 

hydrolysis (i.e., the amount of carboxylate groups).  
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Zeta potential measurements corroborated the previous discussions (Figure 3.1d), 

by indicating the expected increase of the negative charge at increasing pH. The 

presence of ions also strongly reduced the electric potential. Compared to NaCl, 

divalent ions showed a significantly more effective ability in lowering the 

potential, whose magnitude was similar at 1171 mM NaCl and 5 mM CaCl2. The 

substantial difference in ionic strength between these solutions suggests that 

charge shielding is not the only mechanism at play, but that Mg2+ and Ca2+ can 

specifically interact with the deprotonated carboxyl groups of HPAM, thus 

neutralizing them.  
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Figure 3.1 Behavior of HPAM in aqueous solutions. Viscosity measured at a 
shear rate of 10 s−1 as a function of: (a) HPAM and (x axis) NaCl concentrations; 
(b) NaCl and (x axis) combined divalent cation concentrations at fixed HPAM 
concentration of 1500 mg/L; (c) (top) pH and (bottom) temperature in the absence 
of salinity and at fixed HPAM concentration of 1500 mg/L. In (d), zeta potential 
values measured as a function of pH in a solution of HPAM 100 mg/L and (pink 
squares) NaCl 100 g/L, (orange circles) CaCl2 5 mM, (purple triangles) MgCl2 5 
mM, or (blue diamonds) no salinity. Lines connecting data points are only 
intended as a guide for the eye. All the experiments where pH was not a factor 
were performed at the natural pH of a solution of HPAM in water, namely, ~6. 
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3.1.3.2 Modeling and optimization of HPAM removal by precipitation  

3.1.3.2.1 Results of preliminary precipitation tests and significance of 

operating factors on HPAM removal 

Preliminary tests were performed to assess the influence of different physico-

chemical parameters (NaCl, pH, temperature, MgCl2, CaCl2) on HPAM 

coagulation and precipitation; see Figure B3 in the SI. Results showed that within 

the investigated range, the influence of CaCl2 and temperature as individual 

factors on HPAM removal was negligible when tested in a solution of HPAM at 

100 mg/L. Interestingly, the effect of the divalent ions on the removal was 

apparently related to the polymer concentration, with a considerable variation 

when the divalent ion/HPAM ratio was varied from 0 to 0.6 mM/mg. Results 

suggest that calcium played an important role in polymer phase separation at large 

HPAM concentrations (> 800 mg/L). On the other hand, Mg2+ was an efficient 

HPAM coagulant within the entire concentration range, generally resulting in 

higher polymer phase separation efficiency than calcium. Finally, no significant 

HPAM precipitation was observed through addition of NaCl within the wide 

investigated range (Figure B3c of the SI). Based on these preliminary tests, the 

range of investigation of the various factors influencing HPAM precipitation were 

selected and used as input for the RSM analysis. Subsequently, the 86 

precipitation experiments suggested by the CCD method were performed and the 

HPAM removal was determined for each test (see Table 3.1). 

Figure 3.2 shows diagnostic plots for the removal response of the RSM. As shown 
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in Figure 3.2a, all points fell on a straight line, which implies that residuals had a 

normal distribution [183]. In Figure 3.2b, all points are included between the 

externally studentized residuals, justifying the low coefficient of variation (CV) of 

17.9 % of the modeling fit. The independence on the order of runs was checked in 

Figure 3.2c, which shows that the plotted points did not follow a specific pattern 

[243]. Moreover, Figure 3.2d shows good agreement between predicted and 

experimental values [244]. In conclusion, the results summarized in Figure 3.2 

demonstrate ample accordance between the experimental HPAM removal data 

obtained through precipitation and the relative RSM model.  

The significance of each factor in producing HPAM phase separation and 

sedimentation is related to each respective p-value. As a rule of thumb, a factor is 

significant, i.e., is correlated to removal, if it presents a p-value <0.1. Table 3.3 

summarizes the p-values obtained from ANOVA. The pH and the Mg/HPAM 

ratio were both very significant, consistent with the preliminary tests discussed 

above. The quadratic cross-correlation terms were also significant, albeit less than 

pH and Mg dosage. NaCl concentration was not significant and was thus 

discarded from the model. While temperature, Ca/HPAM ratio, and HPAM 

concentration were not highly significant (0.1 < p-values < 1), they were however 

included in the model to respect the hierarchy of the statistical method and to 

allow the inclusion of all the residuals in the statistical area of the method [182], 

thus improving the fit. The modeling equation calculated by Design Expert is 

reported in the SI (Equation B1). This equation allows estimation of the HPAM 
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removal by inserting the values of the five factors included in the model. 

 

 

Figure 3.2 Diagnostic plots for HPAM removal rate response: (a) normal % 
probability vs. residuals; (b) residuals vs. predicted; (c) residuals vs. test number; 
(d) predicted vs. actual results. As reported in the legend, colors refer to the 
square root of the removal values obtained in each of the 86 experiments. 

  



 
CASE STUDY 2: An innovative approach aiming to allow water reuse of 
produced water deriving from polymer flooding applications 

 

97 
 

Table 3.3 Summary of response significance values extracted from the ANOVA 
table. 

Source Sum of squares Mean square F-Value p-Value 

A-Temperature 1.7 1.70 1.25 0.2664 

B-pH 751 751 554 < 0.0001 

D-Mg/HPAM 12.8 12.8 9.43 0.0030 

E-Ca/HPAM 1.14 1.14 0.838 0.3628 

F-HPAM 0.0063 0.0063 0.0046 0.9459 

BF 6.82 6.82 5.03 0.0279 

DF 9.55 9.55 7.04 0.0097 

EF 5.85 5.85 4.31 0.0413 

B² 13.85 13.85 10.22 0.0020 

E² 5.11 5.11 3.77 0.0560 

F² 49.57 49.57 36.58 < 0.0001 

 

3.1.3.2.2  Single response evaluation 

Figure 3.3 reports an overview of the influence of multiple parameters on HPAM 

removal process performance, by specifically presenting in each graph the HPAM 

removal rate as a function of two varying factors (x and y axes), with all the other 

parameters at their respective mean value (Table 3.1). Figure 3.3a and 3.3b 

present the modeled effect of magnesium and calcium, respectively, on HPAM 

removal through coagulation and precipitation, at different polymer 

concentrations. The analysis suggests that the removal efficiency should be higher 

when HPAM concentration is around 800 mg/L. Moreover, magnesium has 

projected high efficiency even at low Mg/HPAM ratio. The seemingly unexpected 

high HPAM removal efficiency at low values of Ca/HPAM is mostly an artefact, 

due to the concomitant effect of the presence of magnesium in solution in the tests 

suggested by the CCD method. However, this result allows the reasonable 
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hypothesis of a co-operation of the two cations in the removal of HPAM through 

phase separation. In particular, the enhancement of the removal efficiency in the 

presence of Mg2+ can be ascribed to the higher ability of carboxyl groups of 

HPAM to interact with magnesium rather than with calcium, the latter presenting 

a more localized positive charge [245, 246].  

Generally, the HPAM removal rates predicted by the model linearly increase with 

increasing pH (Figure 3.3c) and are also higher at mid-concentrations of HPAM. 

Higher pH would enhance the ability of HPAM to cross-link in the presence of 

multivalent cations, hence the ability to form flakes. It would also promote the 

formation of hydroxides of calcium and magnesium, which are sparingly soluble 

and act as flocculation enhancers. The strong pH influence on precipitation was 

confirmed by systematic experimental tests performed in the presence of calcium 

and magnesium, with results reported in Figure B5 of the SI. Finally, the model 

predicts the solution temperature to have only minor effects on precipitation 

(Figure 3.3d). 

Overall, the modeling calculations determined from the results of the 86 

precipitation experiments were in very good agreement with the physico-chemical 

and rheological investigation results. The manipulation of the factors influencing 

the hydrolysis degree of the polymer and the dose of cross-linking agents can 

effectively be used to control the phase separation and precipitation phenomena. 

Interestingly, at low and at high HPAM concentrations, the removal rates 

decreased in the experiments and this phenomenon was correctly captured by the 
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model. At low polymer concentration, there may not be sufficient chains to 

interact among each other and form sufficiently large flocs. At high concentration, 

this result may be instead related to the lower diffusivity of salts, hydroxides, or 

flocs themselves in the medium due to the high viscosity of the solutions. It may 

also be rationalized with the need of a higher cation concentration than what was 

investigated in this study to effectively neutralize the higher content of carboxyl 

groups and induce polymer cross-linking. 
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Figure 3.3 2D surface response plots for the removal of HPAM as a function of: 
(a) polymer concentration and magnesium/HPAM concentration ratio; (b) 
polymer concentration and calcium/HPAM concentration ratio; (c) pH and 
polymer concentration; and (d) temperature and polymer concentration. HPAM 
removal rate increases from blue to red. For each graph, the values of the non- 
plotted parameters are equal to their mean. 

  



 
CASE STUDY 2: An innovative approach aiming to allow water reuse of 
produced water deriving from polymer flooding applications 

 

101 
 

3.1.3.3 HPAM removal in synthetic produced waters mimicking the 

composition of real waters 

An effective treatment is one that minimizes the dosage of coagulation agents, i.e., 

MgCl2, CaCl2, as well as the chemicals used for pH adjustment, while maximizing 

HPAM removal. The model developed through the RSM was validated with the 

three complex streams presented in Table 2.3 In these tests, NaCl concentration, 

temperature, and HPAM concentration were fixed at the respective realistic 

values. For each PW, three different scenarios were investigated, with the goal to 

challenge the model and understand its potential for use with real waters. In 

scenario 1, the HPAM removal rate was targeted to 100%, while the divalent ions 

concentration and the pH were minimized, the latter up to 11. In scenario 2, the 

HPAM removal response was targeted to values not necessarily as high as 100%, 

while minimizing the pH (with 10 as the upper limit) and minimizing the divalent 

ion concentrations. In scenario 3, the HPAM removal was maximized within the 

range 70-100% while the pH was minimized (with 10 as the upper limit) and 

again minimizing the divalent ions concentrations. The results of the desirability 

functions are shown in Figure B6, B7, B8 of the SI. As an example, a removal of 

99% was predicted by the model in scenario 1 for PW “A” (Figure B6a), with 

doses of 0.108 mM/mg for both magnesium/HPAM and calcium/HPAM, and a 

pH value of 10.5. The desirability function was 0.56, the highest among the 

suggested recipes. On the other hand, when testing the same produced water in 

scenario 3, the output of the software suggested the use of the same previous ratio 
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of divalent ions/polymer, while lowering the pH to 9.79. This result was 

obviously obtained at the expense of a lower HPAM removal, which decreased to 

roughly 77%.  

Figure 3.4 presents the predicted and the experimentally determined removal rates 

for each of the three produced waters in all the three scenarios. Significantly, the 

HPAM removal rates measured upon addition of the appropriate reagents as 

suggested by the model were close to the model prediction (also considering the 

error) in seven out of the nine cases. The two less consistent cases were related to 

PW “B” (scenarios 2 and 3), which may be rationalized with the high content of 

paraffins (i.e., oil/water 50/50%) that renders the emulsion a complex matrix to 

treat [247, 248]. Notably, the experimental HPAM removal rates were always 

higher than 85% and, in most cases, higher than the values projected by the 

model, suggesting that the model is partially conservative in its predictions, and 

implying the validity of both the model and the precipitation process for a wide 

range of realistic conditions. 

 

Figure 3.4 (Blue solid bars) measured and (orange pattern bars) predicted HPAM 
removal rate for produced waters “A”, “B”, “C” (Table 3.2). The error bars for the 
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experimental removal rates represents average and standard deviation values of 
replicate experiments. 

 

3.1.3.4 Productivity of ultrafiltration and removal of HPAM  

The results of preliminary membrane filtration tests performed with only HPAM 

dissolved in water, thus avoiding the presence of other confounders in solution, 

are reported in Figure B9 of the SI. As expected, the pure water flux before 

polymer addition (J0) increased with membrane pore size. After polymer addition 

(time zero), the permeate flux (Jw) declined instantaneously, suggesting possible 

rapid clogging of the membrane pores caused by HPAM [249]. Furthermore, 

results suggest the existence of a membrane cut-off threshold, above which a 

critical flux governs the filtration process [250, 251]: this cut-off threshold was 

apparently around 15 kDa for this specific application. Indeed, similar permeate 

flux values were obtained when treating the HPAM solution by using membranes 

with larger MWCOs, despite their intrinsic higher permeability (Figure B9b, SI). 

This interesting result may be ascribed to the quick deposition of HPAM onto the 

membrane surface and within the surface pores, with the consequent pore 

clogging [252-254]. On the other hand, membranes with lower MWCO are less 

subjected to this phenomenon, thanks to the smaller pore size that causes lower 

permeability but also lower probability of pore clogging and possibly larger 

turbulence at the membrane/feed stream interface [255], which may partially 

prevent the formation of the cake layer [256]. Finally, according to the polymer 

size when dispersed in water (i.e., ~1500 nm, Figure B10 of the SI), membrane 
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filtration always achieved high HPAM rejection (> 92 %).  

The results of preliminary tests suggest that membranes with MWCO larger than 

15 kDa are not feasible for this specific application. Thus, the high recovery tests 

were performed by deploying 15 kDa and 5kDa cut-off membranes, with results 

reported in Figure 3.5 at varying feed HPAM concentration and NaCl 

concentration. While NaCl ranged from 1 to 100 g/L, the investigated polymer 

concentrations were 100, 800, and 1500 mg/L, reflecting the minimum, medium 

and maximum values adopted in the HPAM precipitation tests. It is important to 

note that the presence of divalent ions was not considered in these filtration tests 

to avoid any possibility of polymer phase separation during the process and to 

remain conservative in the comparison with the precipitation-based treatment. At 

100 mg/L of HPAM, promising results were achieved when filtering a solution 

with a low NaCl concentration (< 5 g/L) by the 15 kDa membrane, with steady-

state permeate flux, Jw1, roughly equal to 100 LMH (Figure 3.5a). However, high 

salinity feed waters were associated with lower performance in terms of permeate 

flux: Jw1 decreased to 30 LMH in 5 g/L NaCl solutions and lower than 10 LMH in 

100 g/L NaCl, with consequently low permeate recovery achieved in the tests. 

Recovery experiments suggested that working with a membrane with lower 

MWCO, namely, 5 kDa, does not entail any substantial benefits. In fact, even in 

the presence of low salinity (1 g/L of NaCl), the permeate flux was low and 

decreased dramatically during filtration, most probably due to the detrimental 

effects of the polymer concentration increasing within the feed solution during the 
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test, polymer deposition onto the membrane, and the formation of a thick cake 

layer.  

As expected, increasing the HPAM concentration in solution induced a reduction 

of the permeate flux, also due to higher solution viscosity (Figure 3.5b and c). 

High HPAM removal rates, similar to what determined during the preliminary 

tests (92%), were observed even at high polymer concentration. Interestingly, the 

quality of the permeate stream was not worsened by the increase of salinity, which 

instead consistently resulted in a more pronounced flux decline during filtration, 

regardless of the HPAM concentration. This behavior can be more clearly 

appreciated by evaluating the results summarized in Figure 3.5d, which reports 

the flux decline ratio (DRt) for the experiments performed with the 15 kDa 

membrane. This phenomenon may be rationalized with the changes in polymer 

conformation in the presence of a significant concentration of monovalent ions, 

also consistent with previous studies [218]. At the same time, the solution 

viscosity did not seem to play a significant role in fouling. This finding is 

suggested by the decrease of the DRt values with increased polymer 

concentration, hence viscosity, of the feed solution. This result may be ascribed 

to: (i) the lower starting flux at higher HPAM concentration; and (ii) the decrease 

of the NaCl/HPAM ratio, which would entail less overall morphological changes 

of the polymer chains in solution. It has been initially mentioned how monovalent 

ions may affect morphological changes of the polymer chains in solution. As the 

NaCl/HPAM ratio decreases, the number of HPAM molecules interacting with 
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sodium chloride ions would statistically decrease.  This effect may be the main 

reason behind the decreasing flux decline with the increase of the HPMA 

concentration, for any given NaCl concentration. 

To conclude, overall salinity would strongly affect the membrane filtration, while 

this effect was instead negligible for the HPAM precipitation process.  

 

Figure 3.5 Ultrafiltration experiments with target recovery of 80% performed at 
1, 5, and 100 g/L NaCl for different initial polymer concentrations: (a) HPAM 
concentration of 100 mg/L with 15 kDa and 5 kDa UF membranes; (b) HPAM 
concentration of 800 mg/L with a 15 kDa UF membrane; (c) HPAM concentration 
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of 1500 mg/L with a 15 kDa UF membrane. In (d), the DRt coefficient for 
experiments performed with a 15 kDa UF membrane: here, the line connecting the 
data points is only intended as a guide for the eye. 

 

3.1.3.5 Limits and ranges of application of the two investigated HPAM 

removal techniques 

It may be worth discussing the results reported above in the light of the 

potential integration of the two investigated techniques within PW treatment 

trains and in relationship to the PW characteristics. UF generally showed high 

fluxes for relatively low initial concentrations of polymer (100 mg/L) and for 

low salinity values (1 g/L). The feasible application range of membrane 

filtration thus appears to be somewhat narrower (i.e., relatively low salinity 

and organic contents) than that of polymer precipitation, which instead showed 

a versatile applicability. Indeed, the optimized phase separation and 

sedimentation process worked efficiently regardless of viscosity and stream 

salinity. Note that several PWs contain high concentration of divalent cations, 

which may be exploited as natural coagulants, and the precipitation process 

would only require a suitable pH increase, in the range 9-11. When the 

divalent cations concentrations in the PW are low or insufficient to obtain 

adequate polymer precipitation, these coagulants may be added in the form of 

salts or hydroxides during treatment. Nevertheless, high dosage of base 

reagents may be generally required to ensure high HPAM removal rates. It 

may be interesting to couple the two techniques, thus, to apply precipitation as 



 
Optimization of physico-chemical and membrane filtration processes to remove 
high molecular weight polymers from produced water in enhanced oil recovery 
operations 

 

108 
 

pre-treatment step for the subsequent ultrafiltration, to abate the concentration 

of HPAM without necessarily striving to achieve complete HPAM removal, 

thus minimizing the dosage of coagulation agents and the pH increase. This 

pre-treatment step would enhance the performance of membrane filtration, 

provided that the stream is not too salty, and the overall train would guarantee 

very high HPAM and general TOC removal rates with feasible productivity 

and with limited needs for chemicals, aimed at the safe management of the 

final effluent or improved further tertiary treatment, e.g., desalination. 

 

3.1.4 4. Conclusions 

Physico-chemical and rheological characterization of HPAM aqueous solutions 

showed that Mg2+ and Ca2+ induced the phase separation of the HPAM 

polymer at neutral and basic pH values and its precipitation from clean water 

by simple gravity sedimentation. This mechanism was exploited to remove 

HPAM and it was optimized through a response surface methodology model. 

The results of the model allowed identification of the best recipes to achieve 

HPAM removal (>85%) in complex emulsions mimicking real PW streams. 

Magnesium dosage and pH were the most influential parameters governing 

precipitation and may be exploited to remove HPAM from polymer flooding 

produced water in real application. One of the outcomes of the model is an 

equation that may be directly applied in field operations to predict and to 
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maximize the HPAM removal from PW by exploiting or adding divalent 

cations as coagulants and using pH as a trigger parameter. This equation is 

present in the Supplementary Material. 

Moreover, ultrafiltration membranes with 15 kDa cut-off provided the best 

combination of productivity (100 LMH under 1 bar applied pressure) and 

HPAM removal (92%) when applied in a surface filtration process. However, 

ultrafiltration was increasingly less effective in providing a clean permeate 

with high flux when polymer and salt concentrations were high, conditions that 

induced more severe fouling. On the other hand, the precipitation method 

showed high efficiency even for streams of high salinity. Perhaps, the best 

approach for particularly complex waters and with the goal to obtain high-

quality effluents would be to couple precipitation and ultrafiltration within the 

treatment train, as the two methods appear to complement each other in several 

ways. 
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Chapter 4 
4 CASE STUDY 3: Reducing the water 

and nutrients demand for biofuel 
production while increasing 
competitiveness of bioenergy on non-
renewables. 

The increase in the energy use, coupled with recently visible climate effect, 

has led us to reanalyze a more sustainable energy-mix which aims to diminish 

the almost total actual dependence by fossil fuels. Despite the plethora of 

renewable energy and their increasing efficiency, biofuels remain one of the 

most promising sustainable alternatives as virtue of a non-intermittent output 

and to be storage technology free. Among potential sources of biofuels, the 

most competitive one derives from photosynthetic microalgae as not using land 

and not competing with food. Moreover, these versatile organisms can be used 

to produce bioethanol, biodiesel, biohydrogen, and biogas. 

In a large scale prospective, water is the major potential limiting factor for 

renewable energy, and biofuels produced by algae do not make an exception 
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[53]. Water extraction requires energy which results in emissions.  Since a 

continuous water flow is necessary to algae to growth in a suitable environment, a 

more sustainable water usage must be considered as the industry expands to avoid 

a future ‘water versus fuel’ debate. Moreover, in algae application water is 

commonly extracted and directly discharged into the environment leading to 

contamination of groundwater and eutrophication of superficial water bodies. 

Particularly, eutrophication occurs as discharged streams are still rich of residual 

nutrients such as phosphorous, nitrogen, iron and sulfur. On the other hand, 

recover the nutrients would be advantageous due to high cost products and their 

provenience from non-renewable sources such as fossil fuels or mining [257].  

Overall, water and nutrients will remain a central issue for algae biofuels 

production and will need to be considered carefully. From this prospective, 

reusing the water destined to be discharged would potentially make biofuels more 

competitive with fossil fuels. This water derives from the harvesting process, 

which is necessary to concentrate the diluted algal suspension into a thick algal 

paste which can be used to extract the valuable products more easily. Researchers 

mainly focus on making more efficient the harvesting phase, as particularly 

energy intense, often overlooking the reuse of water as efficient strategy to reduce 

energy consumption, costs, and environmental impact of the overall process. 

Among harvesting techniques, membrane filtration seems to be particularly 

adaptive as able to highly concentrate the micro-sized biomass without damaging 
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cells and without using chemicals which might impair the water quality of the 

potentially reusable effluent.  

In this section, an innovative water reuse approach has been investigated for three 

different algae species such as Spirulina, chlorella and Scenedesmus by carefully 

evaluating the permeate quality obtained with four different membranes ranging 

within the micro to ultrafiltration range. Nutrients concentrations were 

reintegrated to ideal values before reusing the stream as new medium for algae 

growth with the aim to drastically reduce water and nutrients consumes while 

increasing the competitiveness on non-renewables energies



 
 

 

 

4.1 Microalgae Biomass Concentration and Reuse of 
Water as New Cultivation Medium using Ceramic 
Membrane Filtration 

4.1.1 Introduction 
Microalgae market is experiencing a significant growth in a plethora of 

commercial applications. Among the possible uses of microalgae, water and 

wastewater treatment, cosmetics, food, and biotechnology already represent 

mature sectors [258, 259]. More recently, achievements have been obtained also 

in the use of algae for CO2 fixation and biofuel production [260, 261]. Indeed, 

biofuel production from microalgae is currently considerably more efficient if 

compared to traditional feedstocks, such as corn [260]. Microalgae represent also 

a valuable asset for the treatment of concentrated industrial flue gases, since 

promising CO2 fixation rates of roughly 5 gCO2 L−1day−1 were observed in 

ambient air, highlighting higher efficiencies than terrestrial plants [262]. 

Nevertheless, the harvesting process of microalgae consumes large water volumes 

and it is associated with high energy absorption and relevant cost investments, 

which combined are estimated to account for over the 30% of the total algae 

production costs [263]. In fact, large-scale cultivations of microalgae are rarely 

feasible as of today.  

Technology advances are mandatory to reduce water and nutrients usage up to 

percentage values of 84% and 55%, respectively, according to literature reports 
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[264]. An optimization of the harvesting techniques that also includes water reuse 

is important for achieving sustainable solutions in terms of both energy and water 

consumption [265-267]. A recent review on water recycling in microalgae 

cultivation has highlighted limitations and potential benefits of this strategy, 

strongly suggesting that the success of further cultivation in reused water is varied 

and may depend on several factors, mainly, the algae strain and the quality of the 

recycled stream [268]. Another review work indicated that accumulated ions, 

dissolved organic matter, residual flocculants, and cell debris can negatively affect 

the water reusability [269]. Clearly, the characteristics of the reused water 

strongly depend on the separation process deployed for algae harvesting and 

concentration. 

The most applied dewatering methods to concentrate algae biomass are: (i) 

coagulation/flocculation, (ii) dissolved air flotation, (iii) electrically run processes, 

(iv) centrifugation, and (v) membrane filtration [270, 271]. Membrane-driven 

separation processes have advantages in terms of footprint and effectiveness, also 

allowing the concentration of high-quality biomass [271, 272]. In fact, it has been 

observed that algal cells are less prone to damage during membrane filtration and, 

thus, their reproduction capacity should not be affected [273]. Specifically, 

microfiltration (MF) and ultrafiltration (UF) are the most promising pressure-

driven membrane separation techniques for this specific application: they can 

harvest algal biomass achieving high concentration factors while using low 

operating pressures [274].  
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When it comes to the reuse of permeate streams upon algae dewatering achieved 

with membrane-based processes, sparse and dissimilar results have been reported. 

For example, Scenedesmus acuminatus growth in a water stream obtained upon 

filtration of the algae suspension with a 50 kDa cut-off PVDF membrane was 

found to be strongly inhibited by organic matter, with a 13.4% rate of growth 

observed with respect to fresh media [275]. On the other hand, Nędzarek et al. 

evaluated the composition of the permeate solution obtained by filtering 

Monoraphidium contortum through a 300 kDa UF membrane, specifically 

focusing on the presence of macronutrients necessary for new cultivation cycles, 

and indicated that high concentrations phosphorus and nitrogen imply high 

potential for reuse [276]. The varied reports available in the literature underline 

the current incomplete knowledge in this field and imply that further efforts are 

required to identify the combinations of algae, membranes, and conditions that 

would result in successful water reuse [267-269, 275-283]. 

Another factor that greatly influences both the performance of membrane-based 

microalgae concentration and permeate stream reusability is fouling [283]. It has 

been highlighted how fouling phenomena are particularly detrimental when 

membranes are used for algae concentrations [266, 284]. In this respect, ceramic 

membranes have been suggested as effective solutions for algae dewatering due to 

their chemical resistance under a wide range of cleaning and disinfecting 

conditions. This characteristic allows substantial values of flux recovery during 

the cleaning processes, as well as adequate sterilization of the systems when they 
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need to be deployed with different strains or after intense biological 

contamination [263, 285]. Reports indicate that membrane pore size greatly 

influences both fouling behavior and system performance, and that the selection 

of the appropriate porosity and operating conditions can successfully reduce the 

detrimental effects of fouling and promote water reuse [60, 272].  

In this research, we discuss how MF/UF may be applied to concentrate algae 

biomass and simultaneously reuse the water as new medium for other cycles of 

microalgae cultivation. Specifically, suspensions of three algae strains (Spirulina 

platensis, Scenedesmus obliquus, Chlorella sorokiniana) are filtered through 

ceramic membranes with different pore sizes to find the best combinations that 

would maximize productivity and permeate reuse potential. Flux behavior is 

presented as a function of time and recovery rate, together with removal rates of 

nutrients, algal cells, and algal organic matter. The algal cells are re-inoculated in 

the permeate solutions and the growth rates are compared to those obtained with 

ideal fresh media. Finally, the most suitable algae-membrane combinations are 

proposed, while issues limiting the reuse of water are underlined. 

4.1.2 Materials and Methods 

4.1.2.1 Microalgae cultivation in photobioreactor 

The concentration and the reuse of water from the cultivation of three microalgae 

strains were investigated, namely, Spirulina platensis (NIVA-CYA 428), 

Scenedesmus obliquus (SAG 276-3b), and Chlorella sorokiniana (NIVA CHL-

176) [286]. Spirulina p. has a main dimension of about 8 μm with an elongated 



CASE STUDY 3: Reducing the water and nutrients demand for biofuel 
production while increasing competitiveness of bioenergy on non-renewables. 

 

117 
 

shape, while Scenedesmus o. and Chlorella s. are characterized by a more 

spherical shape with a diameter of roughly 10 μm and 2 μm, respectively. The 

biomass was obtained from a medium-size non-commercial photobioreactor, 

which provided a suspension with microalgae concentration of roughly 1 g/L. The 

biomass concentration was estimated from dry weight measurements, conducted 

by first filtering the suspension through glass microfiber filters with a pore size 

equal to 1.5 µm and then using a thermal scale operating at 120 °C for 10 min to 

eliminate the remaining moisture. The optimal growth medium used for algae 

cultivation was the BG-11 medium (pH 7) for Scenedesmus o. and Chlorella s., 

and the AO medium (pH 9.5) for Spirulina p.; see Supplementary Data file (SD) 

for the composition of the two media. The growth rates in the BG-11 and AO 

media were used as benchmark to compare the growth rates obtained using the 

reused water collected from the membrane filtration system (permeate water). 

 

4.1.2.2 Microfiltration protocols, systems, and materials 

The microfiltration tests were performed in a cross-flow lab-scale system. The 

unit comprises an inverter-controlled volumetric pump (Nuert, Pordenone, Italy), 

a thermally insulated feed tank, and a tubular membrane housing cell (TAMI 

Industries, Montreal, Canada) consisting of a stainless-steel cylinder of 250 mm 

length and 10 mm inner diameter. A volume of 3 L of initial feed suspension was 

used for filtration tests, each with duration of three hours. For each algae species, 
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the initial feed concentration was 1 g/L. The cross-flow velocity (CFV) and the 

trans-membrane pressure (TMP) were set equal to 2 m/s and 1 bar, respectively, 

adjusted using the pump inverter and a back-pressure valve. The temperature of 

the system was kept at 20±2 °C during the filtration by means of a coil immersed 

in the tank, cooled by a chiller. The temperature was monitored with probe 

thermometers immersed in the tank. The permeate flux was calculated 

continuously by monitoring the change in weight of the increasing permeate 

stream collected in a small tank placed on a computer-interfaced balance, with 

weight measurements taken every 3 min. To convert the weight into volume, the 

permeate density was considered always equal to that of water (998 g/L at 20 °C).  

Four TiO2-based ceramic membranes purchased from TAMI Industries (Montreal, 

Canada) were selected to evaluate the membrane filtration. Their pore sizes were 

0.8 µm, 0.14 µm, 300 kDa, 15 kDa. Each tubular membrane had an inner diameter 

of 6 mm, 250 mm length, and an active filtration area of 47.1 cm2. Each of the 

three algae strain was cultivated in the photobioreactor and then the suspension 

filtered through each of the four membranes, for a total of 12 combinations. 

Filtration tests were conducted in duplicates. After filtration of the biomass, 

chemical and physical cleaning was applied to recover the membrane flux. The 

cleaning was performed in three steps: (i) three quick tap water flushing steps of 

the feed loop to replace the algae culture in the filtration unit; (ii) two physical 

cleaning steps with demineralized water flowed in the feed loop for at least 10 

min each; (iii) backwash at 2 bar of pressure using a cleaning solution composed 



CASE STUDY 3: Reducing the water and nutrients demand for biofuel 
production while increasing competitiveness of bioenergy on non-renewables. 

 

119 
 

by 6 mL/L of NaClO and 1.5 g/L of citric acid and a temperature of ~65-70 °C. 

These conditions were chosen to remove and inactivate all the microalgae in the 

system and allow for the utilization of the filtration unit in a new filtration test 

with the same or with different algae strains. 

 

4.1.2.3 Modeling of fouling 

Generally, permeate flux during filtration (𝐽𝑝) can be described by a resistance 

model that includes different possible fouling resistances in series, as described by 

Equation (1) [287]: 

𝐽𝑝 =
∆𝑃

𝜇𝑅𝑡
=

∆𝑃

𝜇(𝑅𝑚 + 𝑅𝑟𝑓 + 𝑅𝑖𝑓)
 (4.1) 

where ∆𝑃 is the transmembrane pressure (Pa), 𝜇 is solvent viscosity (Pa∙s), and Rt 

is the total filtration resistance. The total filtration resistance can be described as 

the sum of the intrinsic membrane resistance (𝑅𝑚), the reversible fouling 

resistance resulting from the concentration polarization layer and particle deposit 

(𝑅𝑟𝑓) , and the irreversible fouling resistance comprising pore blocking and cake 

deposit (𝑅𝑖𝑓). All the resistances are expressed in units of m−1. Rt was calculated 

from the final near-stable permeate flux measured at the end of the 3 h filtration, 

while Rm was computed from the initial membrane permeability. The term Rm + 

Rif is the fouled membrane resistance after removing the reversibly deposited 

foulants. This term was calculated based on the flux determined after membrane 

cleaning. Therefore, Rif  and Rrf  can be then calculated.  
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In addition to the resistance in series model, the empirical model proposed by 

Hermia for cake layer formation was associated to experimental results [288]: 

1

𝐽𝑝
2 =

1

𝐽𝑤1
2 + 𝐾 ∙ 𝑡 (4.2) 

where 𝐽𝑤1 is the initial permeate flux when the cultivation medium is used as feed 

(L m−2h−1), t is time, and K is the regression coefficient, which was retrieved by 

fitting of the experimental data.  

 

4.1.2.4 Rejection measurements 

The removal of algae organic matter (AOM) and nutrients by the membranes was 

evaluated for each filtration test. The overall observed rejection, R(%), is 

calculated as 1−(Cpermeate/Cfeed), where Cpermeate and Cfeed indicate the concentration 

of a component in the total permeate volume collected at the end of each test and 

in the concentrated feed obtained at the end of each test, respectively. NO3
− was 

used as representative molecule for the behavior of nutrients, since nitrogen is the 

most abundant one in the cultivation medium, while dissolved organic carbon 

(DOC) was set as a proxy for AOM concentration. DOC measurements were 

performed with 40 mL samples with a Shimadzu (Milan, Italian branch) TOC-

LCSH FA, E200 (catalytic oxidation on Pt at 680 °C), after filtration through 0.45 

μm filters. DOC analyses were performed in non-purgeable organic carbon mode, 

following appropriate calibration [289]. Algae cells rejection was also evaluated 

through both optical density measurements and cell counting using a fluorescence 
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microscope (Axioscope 5, Zeiss), which allowed a direct quantification of algae 

cells in the feed, concentrate, and permeate samples. The microscope was also 

used to evaluate the AOM size distribution in the feed of the investigated algae.  

 

4.1.2.5 Assessment of water reuse potential 

For all the membrane filtration experiments, macronutrients and micronutrients, 

including nitrogen, phosphorous, magnesium, iron, calcium, and manganese were 

measured in the initial feed and in the final permeate solutions. Any concentration 

difference between the ad hoc medium (see Table C1, SI) and the cultivation 

medium before filtration (feed) (see Table C2, SI) may be attributed to metabolic 

algae activity, while any difference between the feed and the permeate 

concentrations may be attributed to the membrane filtration process. The permeate 

nutrient concentration was measured (see Table C3, SI) to allow precise nutrient 

reintegration to the target values of the respective ad hoc medium. The 

reintegration was performed by means of the salts listed in Table C1 of the SD 

(i.e., NaNO3, K2HPO4, MgSO4∙7H2O, CaCl2 and MnCl2∙4H2O). All the salts were 

purchased from Carlo Erba (Milan, Italy). Ionic concentrations were measured 

with an Eco IC ion chromatography system purchased from Metrohm. The growth 

in these solutions was conducted in 250 mL laboratory flasks and the algae 

concentration was monitored by means of optical density (OD) measurements 

conducted with a UV-31 spectrophotometer (Onda) at 680 nm wavelength. The 

initial concentration of microalgae was set to achieve an approximate OD value of 
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0.5 (~0.2 g/L), to have a reference common starting point. The growth of biomass 

was thus assessed for the following 10 days. Flask illumination was provided h 

24/24 with a neon light (Extrastar T5-13W) and the suspensions were 

continuously agitated at 100 rpm. Each day, the OD was measured on duplicate 

samples. The resulting OD increase was fitted with a line, and the fitting was 

considered reliable only when associated with an R2 higher than 95%. The slopes 

of the OD fitting lines (dOD/dt) observed with the reused waters collected in the 

filtration tests performed with the various membranes were compared with that 

observed when each microalgae strain was grown in its respective ideal medium. 

 

4.1.3 Results and discussion 

4.1.3.1 Productivity observed for different membrane-algae combinations 

The first set of tests had the goal to investigate the productivity of the various 

membranes in the dewatering of microalgae, which would inform the most 

appropriate pore size to concentrate each of the three strains [290, 291]. The 

average fluxes measured in the filtration tests for all membrane-algae 

combinations are displayed in Figure 4.1 a-c. The values of final achieved 

recovery are also reported next to each curve and indicate the amount of extracted 

permeate with respect to the initial feed volume. As expected, the pure water flux, 

Jw1, reported before time 0, was proportional with membrane pore sizes, with 

values higher than 200 L m−2h−1 for membranes with pore size ≥ 300 kDa and 
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roughly 30 L m−2h−1 for the smaller pore dimensions of 15 kDa. When pure water 

was replaced by the algae feed (time zero), the permeate flux (Jp) showed a very 

rapid reduction, typically in the first 20 min of filtration. This sudden flux decline 

was likely due to the development of a microalgae-rich cake layer. This trend in 

coherent with what observed in other literature studies [281, 291]. Following this 

phase, the flux reached a near-stable value or slowly declined as the feed 

suspension became increasingly concentrated with time. Differently from Jw1, the 

value of Jp at the end of the tests did not correlate with the nominal pore size: 

during this stage, flux is possibly dominated by the fouling cake layer. In fact, the 

three more porous membranes displayed similar productivity in the long-term, 

with fluxes in the range 70-100 L m−2h−1 when using different algae. On the other 

hand, the final flux measured with the membranes characterized by the narrowest 

pores tended to always reach a much lower value of approximately 10 L m−2h−1, 

regardless of the algae strain. These results are in good agreement with previous 

research reporting that similar fluxes, once stabilized, were achieved with both 

MF and UF membranes [292]. This effect is also due to the fact that permeate flux 

in MF membranes is initially higher compared to UF, with a consequent higher 

fouling tendency. In summary, the comparable values of final water flux for the 

three more porous membranes suggest that a cake layer represented the dominant 

resistance and governed the process above a certain nominal membrane porosity 

[293-295]. These observations are coherent with previous ones that suggested that 
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pure water flux has little correlation with the value of possible critical flux in MF 

or UF of colloidal suspensions [296, 297].  

To further evidence this interesting phenomenon, the cake layer formation model 

was applied for each experimental dataset (see Equation 2). The adequate fits 

observed with all data support the hypothesis of the cake layer being the most 

likely fouling mechanisms for the investigated algae-membrane combinations. 

Details of the terms implemented in Equation 2 are listed in Table C4 (SI). Even 

though the fouling formation mechanism seems to be similar for all the test, a 

smoother flux decline was observed with the 15 kDa membrane: note that the K 

regression coefficient for this membrane is generally one order of magnitude 

smaller than those estimated for the other membranes. This result can be 

attributed to the more relevant role of the membrane resistance to filtration 

exerted by the membrane with smaller nominal pore size and, conversely, a lower 

relative contribution of the cake layer. 
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Figure 4.1 Productivity measured for different algae-membrane combinations. 
Permeate flux observed with different membranes as a function of time with: a) 
Spirulina p.; b) Scenedesmus o., and c) Chlorella s. The final value of recovery 
(collected permeate volume divided by initial feed volume) is reported next to 
each profile. Dash lines represent the results from the cake layer filtration model. 
d) Total resistance at the end of each experiment. Estimated reversible and 
irreversible resistances are shown in Figure C1 (SI). 

 

4.1.3.2 Resistances and fouling effects 

According to our results, different cell shape and physical properties may affect 

the development and the characteristics of the cake layer, such as its porosity and 
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compactness, which in turn yield different resistances to filtration. Such behavior 

was also observed in previous research. For example, in the investigation 

conducted by Marbeila et al., filamentous Pseudanabaena was found to be the 

most challenging species in terms of filtration behavior, compared to differently 

shaped cells. Also in this study, the elongated shape of Spirulina p. might be 

responsible for the more rapid flux decline and lowest long-term flux value, by 

giving rise to a more compact framework together with AOM in the cake layer, 

resulting in more severe fouling effects. Also, wider AOM particle size 

distribution was observed in the Spirulina medium compared to other species, 

potentially contributing to enhancing the flux decline (see Figure B2, SI). On the 

other hand, spherical shaped Scenedesmus o. and Chlorella s. showed a smoother 

flux decline. Among these two species, Chlorella s. cells have smaller average 

diameter, thus they are more likely to penetrate inside the membrane pores 

causing more severe irreversible fouling [284, 298].  

Figure 4.1d presents the calculated total resistance at the end of each experiment. 

The membrane with the nominal pore size of 15 kDa showed total resistance 

values 3-4 times higher than those calculated for the other membranes, and was 

characterized by similar contribution from the membrane resistance and from the 

cake resistance. For other membranes (pore size above 15 kDa), the filtration was 

dominated by the cake layer rather than the membrane itself. In general, the total 

resistance was mostly associated to the membrane pore size rather than the algae 

species. However, among the different algae species, Spirulina p. seemed to have 
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the highest tendency to increase the total fouling resistance, possibly due to its 

elongated shape. On the other hand, the cake layer formed by Chlorella s. 

generally had lower resistance, possibly due to the characteristic rigid cell-wall of 

this species, which did not allow cells to form a dense or compressible cake [299, 

300]. 

The contribution of the reversible and irreversible resistances is shown in Figure 

C1 (SI). The irreversible fouling was generally low and always lower than the 

reversible one. This result is in good agreement with the study by Wu et al. [263], 

who reported a steady filtration performance with low amount of irreversible 

fouling under conditions similar to those investigated in this study. Interestingly, 

the reversible fouling was correlated to the membrane pore size. In fact, the 

cleaning performance was generally lower as the pore size decreased, indirectly 

suggesting that fouling mechanisms were progressively more detrimental for 

smaller pores. This result is consistent with previous reports [301]. Pore blocking 

phenomena are usually more pronounced in MF/UF applications as the foulant 

size to pore size ratio is close to 1. This general observation is in good agreement 

with our results suggesting that worst fouling outcomes were observed when 

filtering media with a wider AOM particle size distribution (see Figure C2, SI).  

Finally, further implications of the filtration results may be highlighted by 

assessing the data summarized in Figure 4.2, which reports the values of the 

measured water fluxes at selected recovery values. This representation helps 

performing a more robust and rigorous comparison of the productivity in the 
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various tests: as also observed by other researchers [281], the flux is also affected 

by feed suspension concentration, which in our tests constantly increased in time 

and did not reach the same final value for all membrane-algae combinations. The 

results indicate that, when considering productivity as the target parameter for 

maximization, Spirulina p. may be concentrated with membranes with any pore 

size equal or above 300 kDa, Scenedesmus o. with membranes of large (0.8 µm) 

pore size, while Chlorella s. with medium-sized pores.  

In summary, algae cell shape and size, in combination with membrane pore size, 

may be the main characteristics affecting fouling behavior. A non-spherical shape 

with large size and rigid cell walls may cause less severe cake layer formation, 

while a wide particle size distribution would result in more probable pore 

blockage, higher cake density, hence fouling irreversibility [300, 302, 303]. 

Modeling of the fouling behavior suggested cake layer formation as the main 

fouling mechanism, associated with the main resistance to transport for the 0.8 

µm, 0.14 µm, and 300 kDa membranes. However, when it comes to coupling 

effective biomass concentration with potential permeate water reuse, the quality 

of the permeate stream plays a role at least as important as productivity. The 

selectivity of the different membranes for different compounds is discussed below 

and provides additional complexity to the system and to analyses aimed at the 

selection of the most appropriate membrane for each algae strain with the goal of 

water reuse. 
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Figure 4.2 Comparison of the measured fluxes obtained with algae-membrane 
combinations at various values of recovery ratio (%). 

 

4.1.3.3 Separation of algae cells, organic matter, nutrients 

To be able to reuse the permeate stream effectively as a medium for subsequent 

cycles of algae growth, the filtration process should ideally retain all unwanted 

matter in the concentrate (other than the biomass that needs to be concentrated), 

namely, accumulated ions, cell debris, and dissolved organic matter, while 

allowing the passage of all the beneficial components [275, 283]. In this case, 

algal cells and AOM should be retained, while macro and micro-nutrients should 

be found in the permeate stream for their reuse. Figure 4.3 indicates that the algal 

cells removal efficiency was virtually complete (~100%): the concentrate 

suspensions (column b) showed a considerable higher density of algae if 

compared to the respective initial feed (column a), while the permeate solutions 

(column c) did not contain appreciable amounts of algal biomass. Microscope 



Microalgae Biomass Concentration and Reuse of Water as New Cultivation 
Medium using Ceramic Membrane Filtration 

 
 

130 
 

images of initial feed, concentrate, and permeate, taken in both normal and 

fluorescence mode for each strain, are reported in the SI (see Figure C4-C6, SI). 

Optical density results are reported in Table C5 to provide a quantitative analysis 

not limited to the area sampled by the microscope. The increase in the optical 

density in the concentrate stream and the negligible OD in the collected permeate 

solutions corroborate the results inferred from microscope images. 

 

Figure 4.3 Representative fluorescence microscope images of samples obtained 
filtering with 300 kDa membrane the feed streams of: (first row) Spirulina p.; 
(second row) Scenedesmus o.; (third row) Chlorella s. The columns display 
images for: (a, first column) the initial feed algae suspension; (b, second column) 
the final concentrate suspension obtained at the end of the filtration process; (c, 
third column) the final collected permeate. Red and green cells in the photos refer 
to alive and dead algae, respectively.  
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Figure 4.4 summarizes the results obtained in terms of AOM and nitrate 

rejections. Results were not reported for Spirulina p., as both nutrients and DOC 

levels were below the instrument’s detection limits in the permeate stream. For 

both Scenedesmus o. and Chlorella s., a strong correlation can be observed 

between the DOC rejection and membrane nominal pore size: higher rejection 

values were measured when the pore size was smaller. This trend is consistent 

with the study by Luo et al. [304], who analyzed the relation between molecular 

weight of organics and their rejection in microfiltration, finding that rejection 

increased when the organic to membrane pore size ratio increased. The same trend 

was also reported by Villacorte et al., who observed that the rejection of both 

AOM and biopolymers increased when lowering the membranes pore size in 

MF/UF processes [305]. In our study, ultrafiltration membranes ranging from 300 

to 15 kDa were likely able to remove medium to low molecular weight 

compounds [306]. Note that the DOC rejection values for Scenedesmus o. 

suspensions were significantly lower than those observed with Chlorella s. This 

result may be due to diverse types of AOM and other algal debris produced by the 

two strains, but they may also be related to the higher recovery reached for 

Scenedesmus o. at the end of the 3 h filtration (see Figure 4.1). As shown in 

Figure C7, the DOC concentration increased progressively in the permeate stream 

during filtration, suggesting that organics passed more quickly through the 

membrane as the cake layer developed, possibly due to cake-enhanced 

polarization effects and/or the passage of small molecular weight organics 
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progressively produced in the cake layer due to biological activity. On the other 

hand, conductivity reached values at steady-state in the permeate stream, 

indicating constant rejection rates for ions, i.e., the cake layer did not interfere 

with rejection of ions. These results were obtained for the specific test comprising 

Scenedesmus o. and 0.14 µm pore size membranes, but they provide insight for 

further investigation on the permeate quality depletion during filtration and for 

reuse optimization. 

 

Figure 4.4 Separation performance of different membranes in terms of a) DOC 
rejection; b) NO3

− passage with suspensions containing (patterned pink) 
Scenedesmus o. and (solid green) Chlorella s. microalgae. In a), the DOC 
rejection is used as a proxy for AOM removal. In b) NO3

− is used as 
representative ion to indicate salts removal. Other nutrient species were also 
measured in the initial feed and in the final permeate solutions, and their 
rejections calculated (see Table C1, Table C2, and Figure C3 of the SD). The 
behavior of Spirulina p. is not reported since nitrate and AOM amounts were 
always under the detection levels in the permeate stream.  

 

Figure 4.4b presents that the passage of NO3
− into the permeate stream was 

generally relevant and similar (~88-93%) when the membrane pore size was 
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above 15 kDa. High passage implies lesser need of salts reintegration before the 

subsequent cultivation process, with a resultant positive effect in term of both 

economics and sustainability of the process. Rejection results for other macro- and 

micro-nutrients, such as phosphate, calcium, magnesium, are reported for the 

specific test conducted with the combination Scenedesmus-0.14 µm, showing 

similar values (see Figure C3, SI). Indeed, nitrates and other ions are significantly 

smaller than the pore size of the investigated membranes and high passage was 

expected. That being said, the data suggest that a fraction of nutrients was 

rejected, probably due to interactions with the cake layer. The final concentration 

of nutrients in the permeate solution is reported in Table C3 (SI) to assess the 

reuse potential and to allow a precise nutrient reintegration to the target values of 

the respective ad hoc medium (see Table C1, SI). Interestingly, the nutrient 

reintegration was mainly required due to the metabolic activity, as evidenced by 

the differences in concentration between the feed and the ad hoc media (see 

Tables C1, C2 of the SI), rather than to the membrane filtration step. Therefore, 

membrane filtration had a negligible impact on nutrient and ion reintegration. 

Note that high nutrients passage is not necessarily desired and that balance 

between nutrients should be the target, instead. Accumulation of non-limiting 

nutrients or a change in medium salinity may limit new growth cycles [307, 308].  
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4.1.3.4 Potential of water reuse for new cultivation cycles 

The permeate solutions collected during each filtration experiment were used as a 

new cultivation media to grow the respective algae species. The performance was 

always compared with that obtained with the ideal fresh growth medium [279, 

282]. Figure 4.5 shows optical density values measured during cultivation as a 

function of time, to assess the evolution of algae biomass concentration. A trend 

line is shown only when the fitting of the dataset was characterized by an R2 value 

higher than 95%. Each data point is the result of duplicate experiments, while the 

R2 was retrieved by the fitting of the entire data population of OD values (2 per 

day for 10 days). Inconsistent results were obtained with Spirulina p., as no 

growth was observed with two of the reused permeate solutions, while a trend of 

growth in the initial 4-5 days was followed by a decline in optical density for the 

rest of the test in permeates obtained with membrane characterized by pore sizes 

of 0.8 µm and 300 kDa, the latter being the only case in which a reasonable R2 

was obtained. Even so, the results indicate considerable discrepancy in the growth 

of Spirulina p. between this permeate solution (0.049 1/day) and the ideal fresh 

medium (AO medium). Previous literature studies and preliminary results (not 

shown) suggest that the limited growth may be due to imbalance in the 

concentration of macro- and micro-nutrients in the reused permeate solution 

and/or to the presence of toxic low molecular weight trace compounds and cell 

debris [282, 308]. For this reason, knowledge of the performance of a system and 

of the composition of a permeate stream is crucial to manage the replenishment of 
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macro- and micro-nutrients in the stream, or its partial dilution with freshwater, a 

topic that merits sustained additional research efforts also from a biological 

standpoint. 

 

Figure 4.5 Growth rates in reused water and comparison with fresh ad hoc media 
for: a) Spirulina p.; b) Scenedesmus o.; c) Chlorella s. Growth rate were estimated 
trough optical density measurements. Tests were performed in duplicates: data 
points represent the average value. The dashed lines are the best linear fits of data 
points and are shown only if the R2 value is higher than 95%. d) Growth rate of 
the three algae strains in (white bar) each respective fresh ad hoc medium and 
(colored bars) the reused water showing the best performance among those 
obtained from filtration tests using membranes of different pore sizes. 
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More consistent results were obtained with Scenedesmus o. and Chlorella s. For 

Scenedesmus o., modest growths were recorded, but quite similar in the reused 

permeate and in the ideal fresh medium (BG-11 medium). Specifically, 70-75 % 

of growth rate was estimated in the “15 kDa permeate” and in the “0.14 µm 

permeate” with respect to the ideal medium (0.108 1/day); see Figure 4.5b. Given 

the significant difference in productivity between the two membranes, the 

membrane with pore size equal to 0.14 µm should be preferred in a potential 

scale-up. Chlorella s. showed the most promising results (Figure 4.5c). This strain 

presented the most rapid absolute growth rates. The highest rate (0.156 1/day) was 

observed in the permeate solution obtained with the 300 kDa membranes, having 

a value of 69% with respect to the ideal medium (0.224 1/day). Finally, for each 

algae a summary picture is provided in Figure 4.5d, which displays slope values 

obtained in the ideal medium and with the most suitable reused permeate, selected 

by taking into consideration both productivity and reuse potential performance. 

Overall, the growth results obtained in the reused water in this study suggests an 

intermediate situation between reports that initially discouraged the reuse of algae 

growth media [308] and more recent research suggesting that recycled culture 

media may be used without any decline in biomass productivity [309]. Careful 

control of the cake layer role and of the composition of the reuse streams may be 

the key for successful reuse of a high percentage of cultivation water. 

Overall, the results of this research imply that permeate solutions can effectively 

be reused as new growth media to create a semi-closed harvesting and cultivation 
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cycle. If the permeate is reused without blending and if no further optimization is 

achieved, the results suggest a maximum retention time of the algae in the 

photobioreactor equal to 2-3 days during growth cycles. Therefore, it seems 

appropriate to limit the percentage of reused water by blending, which would 

imply taking into account discharging a fraction of wastewater and the need for 

makeup freshwater. However, a large room for improvements exists: for example, 

the balance of both macronutrients and micronutrients should be carefully 

assessed, monitored, and managed in the reused water, especially if a substantial 

portion of water is reused in every cycle, which would be associated with risks of 

deterioration of the quality of the growth medium after various cycles. Moreover, 

the presence and toxicity of potential organic by-products in the cultivation step 

should also be investigated because these compounds may also accumulate in the 

recycled water.  

 

4.1.4 Conclusions 

Ceramic MF and UF membranes were evaluated in the harvesting of algal 

biomass and the permeate stream was reused as new cultivation medium. Ceramic 

membranes successfully concentrated biomass with productivity of 60-120 L 

m−2h−1 when feed algal concentrations were between 1.6 and 2 g/L. Whole algae 

cells were rejected nearly at 100% rate. Instead, membranes retained between 40 

and 90% of the small-size or dissolved organic content. The comparable values of 
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measured water flux at near steady-state for the three more porous membranes 

(nominal pore sizes of 0.8 µm, 0.14 µm, 300 kDa) suggest that a cake layer 

represented the dominant resistance and governed the process above a certain 

nominal membrane pore size. The elongated shape of Spirulina p., and the wide 

AOM particle size distribution associated with this species, generally contributed 

to enhanced fouling when compared to Scenedesmus o. and Chlorella s. Lastly, 

nutrient passage was almost complete (80 to 95%), highlighting how metabolic 

activity was the main factor to be considered for nutrient reintegration in the 

reused stream. Satisfying growth of algae in the reuse permeates were registered 

with the combinations: (i) Scenedesmus o.-0.14 µm membrane; (ii) Chlorella s.-

300 kDa membrane. 



 
 

 

Chapter 5 

5 Final conclusions and perspectives 
This thesis has highlighted the need to develop novel technologies to optimize 

both the freshwater efficiency of energy production and the energy efficiency of 

water management. In particular, three case studies , i.e. (i) hydraulic fracturing, 

(ii) polymer flooding, (iii) algae harvesting, were analyzed  as considered to be 

essential to extract energy from non-renewable (case i and ii) and renewable 

sources (case iii) and to be still extremely fresh water demanding. An innovative 

technological approach has been carefully analysed in each case study with the 

aim to enhance the reliability and resilience of energy and water systems.  

In this thesis, innovative solutions were proposed and assessed with the aim to 

increase safe and productive use of non-traditional water sources (i.e., water reuse 

in-situ), promote responsible selection of available and low-grade energy sources, 

thus, exploiting productive synergies among water and energy systems.  
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(i) The following conclusions can be drawn from the work presented in the first 

case study of this thesis, related to the treatment of resulting hydraulic 

fracturing fluid by membrane distillation:

 

1. An effective pretreatment such as advanced oxidation is crucial for the 

effective use of MD. 

2. The overall water recovery was increased to more than 70%. This value 

was limited only by salinity as immediate wetting was prevented by the 

Fenton pretreatment. 

3. This thermally driven technology can effectively desalinate high salinity 

streams such as produced waters deriving from hydraulic fracturing 

applications while using low grade heat. 

4. The quality of the resulting effluent was adapted for further in-situ reuse, 

diminishing the overall freshwater demand within the extraction process. 

5. Fouling was investigated as the more persistent MD limitation in long 

term operation, the accumulation and consequent flux decline was mainly 

dominated by the feed inlet temperature. 

6. Response surface methodology and optical coherence tomography were 

successfully combined to get a complete investigation of fouling in MD. 

7. Optimization of cross-flow velocity and temperature can be retrieved from 

this study to get the most adaptive operative conditions in reducing fouling 
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in MD under organic concentrations that can be found in this type of 

produced water. 

(ii) The investigation of produced water treatment deriving from polymer flooding 

application has led to the following conclusions: 

1. Divalent ions, commonly available in the produced water, induced the 

phase separation of the HPAM polymer when the pH was increased. Its 

precipitation from clean water by simple gravity sedimentation was 

achieved.  

2. The optimization of the process to remove HPAM was performed 

through a response surface methodology model, which allowed 

determining the influence of each parameter considered (pH, 

Temperature, divalent ions, and polymer concentration) for the removal 

efficiency.  

3. The results of the model allowed identification of the best recipes to 

achieve HPAM removal (>85%) in complex emulsions mimicking real 

produced water streams.  

4. Magnesium dosage and pH were the most influential parameters 

governing precipitation, revealing their potential to be exploited for the 

removal of HPAM from polymer flooding produced water in real 

application.  

5. Ultrafiltration membranes were also investigated for the treatment of 
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this type of stream resulting effective when 15 kDa cut-off membrane 

was used, which provided the best combination of productivity (100 

LMH under 1 bar applied pressure) and HPAM removal (92%) when 

applied in a surface filtration process.  

6. The precipitation method resulted more efficient than membrane 

filtration as the salinity increases due to fouling enhancement by NaCl  

7. The best approach to obtain high-quality effluents for particularly 

complex waters would be to couple precipitation and ultrafiltration 

within the treatment train, as the two methods appear to complement 

each other in several ways. 

(iii) The investigation of water reuse in the emerging bioenergy sector of 

algae allowed drawing the following conclusions: 

1. Ceramic membranes successfully concentrated biomass with productivity 

of 60-120 L m−2h−1 when feed algal concentrations were between 1.6 and 

2 g/L. Whole algae cells were rejected nearly at 100% rate. Instead, 

membranes retained between 40 and 90% of the small-size or dissolved 

organic content.  

2. The comparable values of measured water flux at near steady-state for the 

three more porous membranes (nominal pore sizes of 0.8 µm, 0.14 µm, 

300 kDa) suggest that a cake layer represented the dominant resistance and 

governed the process above a certain nominal membrane pore size.  
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3. The elongated shape of Spirulina p. and the wide AOM particle size 

distribution associated with this species generally contributed to enhance 

fouling when compared to Scenedesmus o. and Chlorella s.  

4. Nutrient passage was almost complete (80 to 95%), highlighting how 

metabolic activity was the main factor to be considered for nutrient 

reintegration in the reused stream.  

5. Satisfying growths of algae in the reuse permeates were registered with the 

combinations: (i) Scenedesmus o.-0.14 µm membrane; (ii) Chlorella s.-

300 kDa membrane. 

6. Almost 50% of the water volume can be recovered and reused for those 

specific conditions, drastically reducing the fresh water and nutrients 

demand 

7. This study represents an important first step toward the increment of 

bioenergy competitiveness on non-renewables as algae applications are 

currently mainly limited by the massive water and energy usage.  

The discussion of this thesis is focused on the development of less consuming 

water treatment technologies for oil and gas applications with a special 

consideration to improve the competitiveness of renewable bioenergy on non-

renewables. The case studies presented are a first step towards the enhancement of 

innovative ideas and approaches to better assess the water-energy nexus issues. 
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Further studies are therefore required to fully develop and apply these 

technologies.  

It is argued that the only way to protect water is to give it an economic value. 

Even though this would incentivize a better resource management and reduce 

water overexploitation, it would also increase inequality on a social level. Indeed, 

this type of inequality is already perpetuated worldwide when it comes to energy 

need. As depletion of water resources will continue to occur by not considering 

the water-energy nexus, the price of water as a product could be set directly in the 

future in addition to the already paid energy cost related to its management. We 

recently faced how prolonged drought events due to global warming and inoculate 

water management can lead politics to make hard decisions in constraining and 

limiting water usage for society. When the rule of market “he who can pay, gets; 

he who cannot, goes without” comes with water, tremendous social implications 

are posed. Sandra Postel expresses with admirable directness the drawbacks of 

considering water as an ‘economic good’: 

“The risk…is that water’s economic functions will be elevated over its life-

support functions, and that the three pillars of sustainability-efficiency, equity, 

and ecosystem protection-will not be given equal weight.”[310] 

To a large degree this is a matter of choosing what sort of a world we want to live 

in. But it is also about a question of prevention, to urgently act on the factors that 

threaten the accessibility of water by reusing the water that we draw from natural 

source and that we contaminate, to reduce the energy needed to transporting it and 
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to treating it, and to invest on technology able to reduce energy and water 

demand. 
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