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There is an increased discharge of produced water in the USA, which is causing decrease in the 

amount of usable water and is being rendered useless by refinery and extraction operations. 

Produced water that is obtained from these activities is usually not feasible to be used in any form. 

So, it becomes necessary to get the water to a quality standard, as per the US EPA, which will 

make this water suitable for both commercial as well as household purposes. 

 

There have been a number of studies on Au, Ag and Carbon Nanotubes solar enabled steam 

generation with potential applications in water purification, distillation and sterilization of medical 

equipment. The key challenge with these nanoparticles is cost of production, hence limiting its 

wide application for clean water production. This work, for the first time, reports on activated 

carbon enabled steam generation hence addressing the cost limitations of metallic nanoparticles. 

Activated carbon has high solar absorptivity at various wavelengths of visible light. 
 

This work uses Activated Carbon coated Polyurethane foam to simultaneously adsorb oil from the 

produced water and also yield surface vapors under application of solar light to get a clean distillate 

which can be used in various ways be it commercial or household. The given fabricated system 

will be an inexpensive and simple method to get clean water. The temporal evolution of the 

distillate has been measured as well as the temperature characteristics. Experiments were carried 

out using activated carbon and CNT nanofluids and polyurethane membrane with immobilized 

activated carbon and CNT. A simulated solar light of 1 KW ~1 Sun was used. The rate of 

evaporation, temporal and spatial evolution of bulk temperature in the water were monitored 

automatically and recorded for further data reductions. Parametric studies of the effect of 

nanoparticle concentration, water quality and salinity were performed. Experimental evidence 

showed that activated carbon has potential. Previous work reported for the first time that optimal 
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activated carbon concentration for maximum steam generation is 60 % vol. There was a 160 % 

increase in steam production rate at 60 % concentration of activated carbon when compared with 

D.I. water. Different atmospheric conditions were varied and the concentration of the sun to see 

the effects on the production of water. The recovery capacity of the foam was also tested so as to 

determine the waste oil that can be obtained from the foam and if the foam can be reused without 

being disposed of. More than 95% oil can be recovered The quality analysis has been performed 

and is an integral focus of the work as the comparison with the USA EPA (Environmental 

Protection Agency) will make it more robust and real world ready. The inclusion of Polyurethane 

foam, which is a major accumulating waste in the environment because of its use in packaging 

industry, and solar light as the energy source, to drive the distillation process, makes this a very 

clean and green process to treat produced water.  
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CHAPTER 1. INTRODUCTION 

Freshwater is an ever-increasing need in industrial, household and agricultural sectors [1, 2]. Due 

to this overconsumption, that there has been an increase in the demand for more water because of 

the excessive consumption [3, 4]. The fresh water resources are fast declining and we need to 

recycle water instead of using more freshwater [5, 6]. Freshwater is very essential for human life 

and wasting it on industrial and energy purposes is not a wise choice [7-9]. 

 

 

Figure 1 Water use in Texas. 
 

There is an ever increasing need for oil and natural gas because of the population and the demands 

for vehicles, factories and machines [10-16]. Like water, oil and natural gas have become much 

required necessities for us. In the last decade there has been a very sharp increase in demand which 

has simultaneously caused an increase in extraction of oil [17, 18]. There is a large amount of oil 

being extracted in USA right now and most of it comes from the Permian Basin in Texas, the most 

active oil producing area in the USA accounting for more than 70 % of the oil being produced 

[19,20]. This high demand of water because of extraction causes requirements for a lot of 

(Raw data from SM of Bridget R. et al., 2017) 
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freshwater resources, which is almost 8 million gallons per oil well [20, 21]. About 50% of this 

water cannot be used after its first use cycle and hence needs to be replaced with new freshwater 

[22].  

 

 

Figure 2 Produced water uses and treatment process. 
 

Produced water is a product of the flow-back and residue water obtained after hydraulic fracturing 

and drilling operations to extract oil and natural gas. The physical and chemical characteristics of 

produced water vary with different geographical formations from which it is extracted, the location 

of its formation and the type of petro product being extracted [23-25]. The lifetime of the reservoir 

also plays a part in the composition of he produced water that is obtained. The major components 

that are present in produced water are salts, oil and grease, dissolved solids, naturally occurring 

radioactive material, heavy metals, dissolved gases and organic compounds [26-30]. The salts are 

defined by salinity, electrical conductivity and total dissolved solids [31]. Analytical methods 

measure the organic compounds and the hydrocarbons present in the formation [32-35]. Oil is 

found in different forms like free oil/ large droplets, dispersed oil / small oil droplets and dissolved 

hydrocarbons which are very difficult to remove. There are different organic and inorganic 

compounds that are added to the oil extraction process to enhance the process. In addition to these 

compounds there are also constituents that occur naturally in the produced water formation [36]. 
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So there is a need to monitor the water quality to keep track of these characteristics for their 

treatment [37-40].  

 

 

Figure 3 Produced Water samples. 
 

There is a greater consumption of energy in the recent times because of modernization. [41]. There 

is an ever-increasing need for renewable resources / alternative sources of energy so that we do 

not run out of energy [42]. There needs to be an increase in the utilization of solar energy to make 

sure that some pressure can be taken off the grids. At an individual point of view we should be 

trying to reduce the dependence on other sources of renewable energy almost on the verge of 

running out of the non- renewable sources of energy and also cause a lot of harm to the 

environment which has been a known fact. The drive to go green should be a priority [43, 44]. 

Solar energy systems are being employed variedly in several different fields so as to utilize and 

improvise a clean, free and never-ending source of energy [45]. They are being used in many 

energy systems, storage systems and very intricate processes like generation of hydrogen, which 

is also possible now due to rapid technological advances [46]. The light energy of the sun can be 

used to generate steam using a varied number of nanoparticles that can harvest the light from the 

sun because of their optical absorption properties [47, 48]. 

 

In the recent times a very interesting and potent topic like nanoparticles is emerging [49]. The 

applications and opportunities are limitless for nanoparticles. Modern nanotechnology can produce 

https://n.ahmadullins.com/publiclist/produced-water/produced-water-
treatment 
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metallic or non-metallic particles of nanometer dimensions which have unique mechanical, optical, 

electrical, magnetic, and thermal properties [50]. Studies in this field indicate that exploiting 

nanofluid in solar systems, offers unique advantages over conventional fluids which cannot offer 

the same properties and advantages. They are being implemented in solar collectors, evacuated 

solar collectors, photovoltaic thermal systems, thermal energy storage, solar thermoelectric and 

solar cells [51]. They also decrease the operating temperatures of various applications. These 

additions also are responsible to change the different thermo-physical properties of the fluids 

which can be used in different ways. Nanofluids are the next generation in heat transfer fluids and 

are used as a substitute in various fields for traditional heat transfer fluids and phase change 

materials [52]. Different physical properties like specific heat, thermal conductivity and viscosity 

can be affected by nanoparticles [53]. 

 

Carbon is one of the materials that is very versatile in nature and has been used in a varied number 

of fields for its effectiveness for solar steam generation at a low-cost point of view [54-56]. A 

cheap but very effective nanoparticle is activated carbon that can be used and implemented in the 

process of water purification because of its high surface area, which allows it to absorb 

contaminants [57, 58] and also generate steam efficiently. Polyurethane foam is a waste that is 

generated in the industrial and household sector [59-61]. This foam is very effective at adsorbing 

oil and can be an effective tool to treat produced water in terms of removal of emulsified and non-

emulsified oils [62-65]. 

 

For the first time, based on literature review, this work uses Activated Carbon coated Polyurethane 

foam to simultaneously adsorb oil from the produced water and also yield surface vapors under 

application of solar light to get a clean distillate, which can be used in various ways, either 

commercial or household. There was a need for the development of a low-cost system which can 

generate steam with the same effectiveness as the commonly used nanoparticles.  Different 

parametric studies have been conducted to get the optimal concentration of activated carbon for 

steam generation. The temporal evolution of the distillate has been measured, as well as the 

temperature characteristics. Different atmospheric conditions and the concentration of the sun are 

varied to see the effects on the production of water. The recovery capacity of the foam was also 

tested so as to determine the waste oil that can be obtained from the foam and if the foam can be 



17 
 

reused. The quality analysis has been performed and is an integral focus of the work as the 

comparison with the US EPA standards. The inclusion of polyurethane foam, which is a major 

accumulating waste in the environment, and solar light as the energy source to drive the distillation 

process makes this a very clean and green process to treat produced water. 
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CHAPTER 2. LITERATURE REVIEW 

2.1 Produced water 

The composition of produced water obtained are not fixed with its geographical location [66, 67]. 

The composition typically varies from place-to-place with different physical and chemical 

properties. The variation also depends on the age and the formation of the hydrocarbon source. 

The main components of produced water are different dissolved salts, oil, grease, benzene, toluene, 

xylene, organic acids, phenol, organic impurities and additives during hydraulic fracturing [68, 

69]. There is dissolved oil and large particles of oil floating on the surface, which is a major source 

of concern and removal [70]. This oil causes the most problems in the present purification systems 

of produced water. The second most important aspect of purification is the dissolved salts in the 

produced water, which is present in a very high quantity of about 300000 mg/L [71]. The salinity 

present in produced water can sometimes be higher than the salinity that is seen in seawater. The 

major contributors to the Total Dissolved Solids (TDS) are 𝑁𝑁𝑁𝑁+, 𝐶𝐶𝐶𝐶−, 𝐻𝐻𝐶𝐶𝑂𝑂3− and 𝑆𝑆𝑂𝑂42− ions 

which cause an increase in the TDS of the water that is obtained [72-78]. There are also metal ions 

like 𝐵𝐵𝑁𝑁2+, 𝑁𝑁𝑁𝑁2+, 𝐹𝐹𝐹𝐹2+, 𝑍𝑍𝑍𝑍2+ and 𝐶𝐶𝐶𝐶2+ present and have higher concentration in produced water 

than in seawater [79, 80]. There is also presence of total suspended solids (TSS) like silt, sand and 

clay which can be suspended in the produced water extracted from the formations. Organic 

impurities like algae and plankton can also be found in produced water [81, 82]. Total organic 

carbon (TOC) is also present which can range up to 11000 mg/L. Organic acids, benzene, toluene, 

xylene and ethylene are some of the organic compounds present in the water according to studies 

[82]. Chemicals like methane hydrate are found in the oil formations along with emulsions and 

emulsion breakers to make the produced water usable [83]. 

2.2 Present technologies to purify produced water 

Methods like microfiltration, nano-filtration, UV treatment, electrochemical and adsorption are 

currently employed to treat produced water [84-86]. Produced water is also stored in wells and is 

reused again in the fracking process [87]. Usually a multi-step approach is required to purify 

produced water, since it is difficult to remove all the contaminants with different concentrations in 

one step [88]. If the water can be treated to a certain quality then it can be reused for various 
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industrial, household and commercial applications without the need for new fresh water resources 

[89]. A combination of physical, chemical and biological methods are optimal to remove most 

contaminants from produced water [90]. Physical treatment processes like filtration, electro 

dialysis, electro dialysis reversal, floatation and adsorption are used to remove the oil, salts and 

organic impurities [91-98]. Chemical treatment processes like precipitation, chemical oxidation, 

electrochemical technologies, and biological treatment processes like activated sludge, aerated 

filters, microbial capacitive desalination cell and Microalgae based treatment is being employed 

to treat produced water [99-105]. 

 

 

Figure 4 Produced water treatment technique.  

2.3 Solar energy and use 

Solar energy systems are being employed variedly in several different fields so as to utilize and 

improvise a clean, free and never-ending source of energy [106]. They are being used in many 

energy systems, storage systems and very intricate processes like generation of hydrogen [107]. 

The light energy of the sun can be used to generate steam using a varied number of nanoparticles 

that can harvest the light from the sun [108]. Nanoparticles in conjunction with solar energy are 
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being used as it’s a renewable source of energy which can help us take pressure off the grid [109]. 

Nanofluids are being currently integrated with solar energy systems to generate steam and get pure 

water [110]. 

2.4 Nanoparticles 

Nanoparticles have been used to generate steam under a solar simulator [111-113]. The particles 

have been varied with concentration and size to study the effects on the rate of steam generation 

[114-116]. The nanoparticles help localize the heat to the surface of the nano-fluid hence, the solar 

energy that is received is not wasted in increasing the overall bulk fluid temperature. Various 

nanoparticles like CNT, Au, Ag, TiO2, Graphene, and Carbon black have been used as the 

nanoparticle options to perform the experiments [117-120]. The efficiency of the systems and the 

overall temperature rise in the fluid was determined. Ag and Au nanoparticles are very effective 

but expensive. When used in very small amounts, CNT can almost give the same results of steam 

generation. However, it has the problem of agglomeration which settles to the bottom of the 

solution, which calls for re-sonication. Graphene is a good alternative but needs to be used with 

other nanoparticles to become effective and produce efficient results. In summary, these are the 

nanoparticles that are very effective and produce a good rate of steam generation [121, 122]. 

2.5 Surface Plasmon resonance 

The optical properties of nano-fluids play a very critical role in their application. These particles 

are able to absorb light at different wavelengths and are responsible for a phenomenon known as 

Local Surface Plasmon Resonance, which is the excitation of these particles from a level of lower 

energy to a level of higher energy which causes transfer of energy from the nanoparticles to the 

fluids in which they are suspended [123]. This transfer of energy is used to vaporize the fluid 

surrounding it and aids in evaporation [124]. This phenomenon takes place at a specific wavelength 

which excites the nanoparticle. The other phenomenon that is used for steam generation is light 

absorbance of the nanoparticles, the extinction coefficients of the fluids are measured which help 

us in determining the optimal absorption of light by the fluid [125, 126]. Moreover the optical 

properties also help us determine the transmittance of the solution which plays a very vital and 
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crucial role in the solar steam generation process. The transmittance can also be used to determine 

the stability of the nano-fluid [127]. 

2.6 Solar steam generation via nanoparticles 

The nanoparticles like Au, Ag and CNT are very efficient in the process of photo thermal 

conversion where the reported efficiencies for these systems are 300-400 % increase in evaporation 

performance of the system which cannot be achieved by conventional methods [128-135]. 

Although the nanoparticles are efficient in generating steam in nano-fluid form, when the 

nanoparticles are used in conjunction with a membrane then the solar efficiency obtained is higher 

than the ones used in the base nano-fluid [136-138]. The membranes are very efficient in localizing 

the solar energy on the surface of the fluid and hence prevent the bulk heating to a very large extent 

so are more efficient [139-141]. 

2.7 Activated carbon 

One of the emerging candidates in the field of nanomaterials is carbon [142-144]. Carbon has 

always been there around us having a lot of potential to be applied in different fields like 

adsorption , water purification and gas cleaning purposes very efficiently [145, 146]. Owing to its 

different forms, carbon is a very versatile material and very cost effective as well. Carbon 

nanotubes, nanohorns, graphite, graphene and carbon fiber are some of the few allotropes which 

are scaling new heights in research as well as in the industry [147].  
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CHAPTER 3. METHODOLOGY 

3.1 Materials used 

The activated carbon was purchased from charcoalhouse.com USA. Dopamine, sodium chloride 

(NaCl) buffer solution (pH=8) and ethyl alcohol was obtained from Sigma Aldrich USA. PU foam 

was obtained from generalplastics.com USA. Multi-walled carbon nano-tubes were obtained from 

cheaptubes.com USA. Motor oil (SAE- 5W 30) was obtained from Amazon, USA. All the 

chemicals obtained were used as provided by the supplier. Acrylic Glass, plastic tubes and other 

fittings were procured from ACE Hardware, Hammond, USA. Other materials include 500 W 

halogen lamps bulb, halogen lamp setup, and magnetic stirrer and Hielscher UP200 ultrasonic 

processor. Distilled water was used for the produced water preparation and the nanofluid 

preparation. 

3.2 Preparation of the activated carbon nanofluid 

The activated carbon nanofluid was prepared by sonicating the activated carbon nanoparticles in 

500 ml D.I water for 30 minutes using UP 200 s Ultraschallprozessor (amplitude = 50 and 

frequency 0.5) as shown in figure 5. It was then magnetically stirred at 1000 rpm for 60 minutes 

to make sure all the nanoparticles are well dispersed. Different concentrations ranging from 1% to 

100 % by volume were prepared. 
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Figure 5 UP 200 s Ultraschallprozessor. (Source-Hielscher.com) 

3.3 Preparation of the activated carbon nanoparticle immobilized polyurethane foam 

The PU Foam was first sonicated (amplitude = 50 and frequency 0.5) for 60 minutes to remove all 

the impurities in the foam. It was then washed thoroughly with ethyl alcohol. The nanofluid used 

was mixed with 2mg of dopamine solution prepared in the pH=8 buffer solution. It was then 

magnetically stirred for 60 minutes in 200 ml of nanofluid. After that it was dried in an electrical 

oven for 15 hours at 60 𝐶𝐶 𝑂𝑂 . 

3.4 Preparation of produced water  

The Produced Water was prepared by magnetically stirring tap water, NaCl (25000 mg/L) and 

SAE- 5W 30 (10 %- 25 % by volume) for 60 minutes so as to create an oil water emulsion with 

dissolved impurities. This is the synthetic version of the effluent that has been prepared to imitate 

real produced water as shown in figure 6. 
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Figure 6 Synthetic Produced Water. 

3.5 SEM characterization 

The activated carbon nanoparticles were analyzed using a SEM microscope (figure 7) to observe 

the size uniformity and porous structure. The morphology and the microstructure of the given 

nanoparticles were also obtained for analysis. The structure of the PU foam was also observed 

using a SEM Microscope (JEOL JSM-6010LA) before immobilization and after immobilization. 

 

Figure 7 SEM Microscope for microstructure characterization. 

https://www.jeol.co.jp/en/products/detail/JSM-7800FPRIME.html 
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3.6 Analytical Measurement of oil and contaminants 

The water samples were analyzed using UV-Vis spectrometer (Ocean optics HR 4000 series) by 

measuring the absorbance of the oil and nanofluid solution as seen in figure 8. Halogen and 

deuterium tungsten bulbs provide the light sources for illumination for the light source. Three 

readings were taken and the average value was used. 

 

Total organic carbon analysis is a good estimation of the total concentration of organic carbon 

compounds/oil in the produced water. The reduction in TOC depicts the extent at which the oil is 

removed from the system. The TOC was measured using high sensitive TOC analyzer (Shimadzu 

TOC-LCSH) and a standalone computer for monitoring result. A standard air at a pressure of 29 

PSI was used to operate the TOC equipment. 2ml samples were ejected into the TOC-L sample 

chamber. The UV-Vis spectrometer and TOC Analyzer is shown in figure 9. 

 

 

Figure 8 UV-Vis spectrometer step for analysis of Filtrate and Condensate.
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Figure 9 TOC Analyzer for analysis of oil mixture.



27 

CHAPTER 4. EVAPORATION AND ADSORPTION 
       EXPERIMENTS SETUP 

4.1 Steam generation from saline water using solar simulator 

The experimental setup as depicted in figure 10 was used for the solar steam generation using 

activated carbon nanofluids and PU foam immobilized with activated carbon. The setup consists 

of a quartz glass beaker (diameter=75mm, height =150mm, thickness=3mm) which was placed on 

an electronic weighing scale (AND GX-8000) which recorded the weight loss of the sample in 1 

minute intervals. It was connected to a computer, which gave the output for the scale. The light 

source is a 500 W lamp that has uniform flux output. The intensity of the light on the top surface 

of the container was measured by a solar meter (TES 2000) as shown in figure 13 and the value 

obtained was 1000𝑊𝑊�𝑚𝑚2. This was kept constant for all the experiments. Then the thermocouples 

were attached to a PVC pipe that was 3D printed and placed in the beaker. It held the 5 

thermocouples (T-type) each at a distance of 20 mm from each other. The thermocouples were 

connected to the data acquisition unit (Agilent-34970A) which was in turn connected to the 

computer which recorded the data for temperature in intervals of 1 minute. Each trail was 

conducted for a time of 30 minutes each. 
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Figure 10 Schematic of the steam generation system. 

4.2 Steam generation from saline water using electronic heat source  

In this setup as shown by figure 11 the container was placed in an enclosure which was airtight 

and the heating source was placed on the top of the enclosure. The container was placed just below 

the heating source and it was made sure that the intensity of heat was analogous to the light source 

used in figure 10. This experiment served as the control to show contribution of ambient 

evaporation. The container was placed on the weighing scale and the thermocouples were attached 

as well. The mass loss and the change in temperature from the container were observed 

simultaneously every 1 minute for 30 minutes in total for each trail. 
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Figure 11 Schematic for steam generation via electric heater. 

4.3 Distillation of saline water using solar simulator 

The experimental figure 12 shows the setup that was used for water distillation from the activated 

carbon nanofluid and the activated carbon coated polyurethane foam. The given setup consists of 

an acrylic glass container that was fabricated to be the steam generation compartment which 

housed the nanofluid in it. The cover of the container was the area where majority of the 

condensation was taking place in the setup. The cover was placed on the setup in an inclined 

manner at an angle of to the horizontal which was the optimum value as mentioned and determined 

from previous literature review. A baffle was placed at the end of inclination of the glass cover to 

collect the condensed water droplets. Baffles were also attached to the side walls on all the three 

walls around the main baffle so as to collect condensate from the walls as well, so as to increase 

the collection efficiency of the system. Inlet, outlet and waste removal valves were attached to the 

evaporation chamber where the inlet valve was used to get in the nanofluid. The outlet was used 

to get the condensate out to the collection chamber and the waste valve to remove concentrated 

solution after the experiment. The outlet valve had a pipe connected from it to the collecting 

container which was placed on an electronic weighing scale (AND GX-8000) which recorded the 

mass of the distillate obtained in intervals of 5 minutes each for a total time of 10 hours and after 

10 hours the light source was turned off and the setup was left for 30 minutes more so as to collect 

more distillate from the after-heating effects of water. The light source used was a 500 W lamp 
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with a uniform light output. The intensity on the top surface of the container, 1000𝑊𝑊 𝑚𝑚2�  ,was 

measured by solar meter (TES 2000). The T-type thermocouples were attached at different 

locations to measure the temperature effects as shown in figure 13. Two were attached at the 

bottom surface, two were attached at the top surface at the brim of the nanofluid and two were 

attached to the top condensing surface. The thermocouples were attached to the data acquisition 

unit (Agilent-34970A) which is connected to a computer and the data is collected for the same 

time interval as the mass measurement. 

 

 

Figure 12 Experimental setup used for the distillation experiments. 
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Figure 13 Placement of thermocouples in the setup. 

4.4 Determination of stability of the nanofluid 

To determine the stability of the nanofluid first the nanoparticles were dispersed in D.I. water (60 % 

by volume) and sonicated for a total time of 4 hours. Samples were collected after 1 hour each, 

amounting to 4 samples in 4 hours. Then the absorbance of the samples was measured with (Ocean 

Optics HR 4000) once every 24 hours to see the variance of the absorbance values which is directly 

related to the stability of the nanofluid. The containers the nanofluids were kept in and not 

disturbed whatsoever to make sure the sample obtained each time is the upper liquid and none of 

the settled nanoparticles so as to not deter the absorbance values. 

4.5 Steam generation from produced water using solar simulator 

To test the feasibility of the setup for purifying Produced water initial experiments were done in 

an insulated beaker. The setup consisted of a quartz glass beaker (diameter=75mm, height 

=150mm, thickness=3mm) which was placed on an electronic weighing scale (AND GX-8000) 

which recorded the weight loss of the sample in 1minute intervals. It was connected to a computer 

which gives the output for the scale. The light source was a 500 W lamp which has uniform flux 

output. The intensity of the light on the top surface of the container was measured by a solar meter 
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(TES 2000) as shown in figure 14 and the value obtained was 1000 𝑊𝑊 𝑚𝑚2� . This was kept constant 

for all the experiments. It is depicted in Fig.10 

 

.  

Figure 14 TES 2000 solar meter. 

4.6 Steam generation from produced water using fresnel lens 

The produced water was irradiated with concentrated solar light using a fresnel lens. The 

thermocouples were attached to multiple areas to measure the temperature changes. The 

electronic weighing scale (AND GX-8000) which recorded the weight loss of the sample in 

1minute intervals. It was connected to a computer which gives the output for the scale. It is 

depicted in figure 15.The temperature changes were measured by a thermal camera.  
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Figure 15  Steam generation using fresnel lens. 

4.7 Oil adsorbance by polyurethane foam 

The oil water mixture was passed through Polyurethane foam to check the amount of oil and 

dissolved solids that can be absorbed by the foam. The oil water mixture was put into the inlet 

and the outlet was obtained at the other end via the outlet. The absorbance values were measured 

by using UV-Vis spectroscope (Ocean Optics HR 4000) to observe the variation of absorbance. 

The change in absorbance was given by 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴−𝐹𝐹𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴

× 100, where initial 

absorbance was the absorbance of the produced water and final absorbance was the absorbance 

obtained at the outlet and was measured once every 10 minutes to see the variation of 

absorbance. The setup is depicted in figure 16. 
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Figure 16 Produced water filtration by Polyurethane Foam. 

4.8 Distillation experiments using polyurethane foam under simulated solar light 
 and natural solar light. 

The obtained filtrate from the polyurethane filter was then added to the evaporation chamber 

where it was irradiated with simulated solar light. The distillate was obtained and the temporal 

evolution was obtained from the weighing scale. The steam generated was condensed on the 

surfaces and then collected. The experimental setup is depicted in Fig. 12. The same experiments 

that were performed using natural solar light and the evolution of the steam was monitored. It is 

depicted in Fig 17.
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Figure 17 Produced Water evaporation using natural solar light.
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CHAPTER 5. RESULTS AND DISCUSSION 

5.1 Physics and calculations 

The steam generation that takes place is due to two major contributors, solar light which is 

absorbed effectively by the activated carbon nanoparticles and the heat which is absorbed by the 

polyurethane foam from the incoming solar light.  The solar light that is incident on the activated 

carbon coated polyurethane foam causes the top surface of the foam to get heated, which causes 

a temperature differential as seen in figure 18. This temperature differential is the cause for the 

process that is happening. The manual holes that are made, serve as capillary tubes through 

which the produced water flows up because of the temperature differential. As the produced 

water flows up the oil present in it is filtered by the oleophilic nature of the foam and the clean 

water reached the top surface of the foam, where it is turned into vapors because of the high 

temperature localization. The process continues as the water is evaporated and the new water 

coming to the surface from the capillary tubes and the process continues because of the 

temperature differential. 

 

The amount of heat absorbed by the foam can be given by Stefan Boltzmann Law Q=∈𝜎𝜎𝜎𝜎^4 𝐴𝐴, 

where ∈=emissivity =1 (assuming integrated PU Foam is a black body), A= area of the foam = 

0.0177 𝑚𝑚2, T= ambient temperature, σ = 5.6703 10-8 (𝑊𝑊/(𝑚𝑚^2.𝐾𝐾^4 )). We get Q= 7.7 W 

which is he heat absorbed by the foam. Conversely, we get 13 grams of steam at the end of the 

experiment (, from which the necessary heat used is obtained as Q=mL, where m= mass 

evaporated and L= latent heat of vaporization of water= 2258000 J/kg. We get Q= 16.3 W, so 

there is a disparity between the wattage actually obtained and the wattage due to heating alone. 

Hence we can say that the remaining wattage that is obtained is due to the light interaction 

effects of the nanoparticles with solar light. Heat localization is created around the immobilized 

nanoparticles which enhance evaporation at the surface of the foam which is further proved by 

experiments showing that nanoparticles play a major role in enhancing the efficiency and 

effectiveness of the process. 
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Figure 18 Process of steam generation and oil adsorption. 

5.2 Characterization of activated carbon 

The activated carbon nanoparticle was analysed with SEM and the high surface areas with 

irregularities on the surface were observed as can be seen in figure 23. For the PU foam there was 

a porous structure and tri linkage bonds were observed which were repeated throughout the 

framework. This tri linkage bonds made up the whole foam as observed in Figure 21. After the 

activated carbon was immobilized on the foam it was attached on the surface of the tri linkage 

bonds of the foam as there were irregularities observed after immobilization on the linkage 

structures which were smooth before immobilization as seen in Figure 22.  

 

The absorbance of the activated carbon nano-fluid solution was observed with increase in 

concentration from 1% to 5% where it was linear (figure 19) according to Beer Lambert’s law but 

as the concentration was increased from 10% to 100 % the increase in absorbance was not linear 

to the increase in concentration as observed in figure 25 which is in violation of Beer Lambert’s 

law suggesting that the law is applicable to a low concentration of nanofluids and not to the higher 

concentrations because at higher concentration due to the presence of a large number of particles 

there is inter particle interaction which causes deviation from the actual law. The higher 
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absorbance at high concentrations suggests that more light can be absorbed by the nanoparticles 

and hence there is more photo thermal conversion which results in better performance. The peak 

absorbance was observed at 390 nm. This is the wavelength of light at which the phenomenon of 

LSPR takes place. In this phenomenon usually at this wavelength of light the electrons in the 

conduction band absorb energy from the incident flux and then move to a higher state. These 

electrons at a higher state provide energy to the water molecules surrounding them and hence cause 

immediate vaporization of water molecule and formation of a nanobubble around the nanoparticle. 

Since all this is taking place at the nano level so the flux incident on the nanoparticles gives them 

very high energy and temperature which is the driving force of the vapour generation process.  

 

The transmission was also observed with respect to concentration which showed a logarithmic 

trend. The lower transmission at higher concentration also sheds light to the fact that these higher 

concentration values can prevent the phenomenon of bulk heating in the nanofluids which is very 

necessary to limit the unnecessary loss of energy from the Sun. We can see the trend in figure 20. 

 

 

Figure 19 Relationship between absorbance and concentration at low concentration. 
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Figure 20 Relationship between transmission and concentration. 
 

 

Figure 21 The tri linkage structure of the PU foam and visible porosity. 
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Figure 22 The immobilized black activated carbon nanoparticles on the tri linkage structures. 
 

 

Figure 23 The high surface area of the activated carbon which is embedded on the tri linkage 
structures. 
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Figure 24 Relationship between absorbance and concentration at high concentrations. 

5.3 Evaporation performance of activated carbon nanofluids versus CNT nanofluids 

This trial was conducted with activated carbon nanofluid, activated carbon foam, CNT nanofluid 

and CNT foam to observe performance of the individual types of nanofluids and membranes. As 

depicted in Figure 25 it was observed that the CNT nanofluid gave the better performance when 

compared with the activated carbon nanofluid. Likewise CNT coated foam was better than the 

activated carbon coated counterpart. This is because of the fact that the CNT nanoparticle has 

better photo thermal conversion characteristics than activated carbon nanoparticles because of their 

lower band gap between the conduction and valence band than the activated carbon. So it takes a 

lower amount of energy to achieve the phenomenon of LSPR in CNT rather than in activated 

carbon. Moreover the thermal conductivity of CNT is better than that of activated carbon so it is 

better able to absorb the incoming heat and use it more effectively. But this comes at a price; the 

CNT nano-particle is very expensive and moreover is difficult to fabricate which can be a 

challenge in the developing and third world countries so activated carbon can be used as an 

alternative which is inexpensive and gives an acceptable performance when compared to CNT as 

we are looking to develop a cost effective system. 
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Figure 25 Comparison between CNT and Activated Carbon nanoparticles  
evaporation performance. 

5.4 Photo thermal evaporation performance of activated carbon nano-fluids  
with varying concentration 

The effect of concentration on the evaporation performance was observed from this experiment. 

The evaporation performance as seen in Figure 26 increases as the concentration increases from 

0% until 60% concentration after which it starts decreasing until 100 % at intervals of 10 % 

showing that the optimal value of concentration is 60% at which the maximum evaporation (9.3 

grams/30minutes) takes place in the nano-fluid. The temperature difference at the top surface and 

bulk of the nano-fluid shows an increase with increasing concentration showing similarity with 

the results of transmission studies that were conducted .For a small sample size (30 minutes) a 

polynomial trend is observed but when the  experiment is carried out for a larger time frame (180 

minutes)  we observe that the trend slowly becomes linear in nature which shows linearity of mass 

of water evaporated with time which can  be used to obtain the evaporation rate by extrapolation. 

Studies conducted in the past have a very small sample space and an ambiguity regarding better 

evaporation performance values at higher concentrations. There has not been any optimal 

concentration usually specified in them which is one of the major focus of this work as we see in 

figure 26. Figure 28 for the temperature difference also shows the difference between the top 
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surface temperature and the bulk temperature indicating that there is not a lot of energy that is 

wasted in bulk heating and the phenomenon is strictly at the surface only. The evaporation at t=25 

minutes was observed which showed us a bell curve relationship of mass evaporated with 

concentration where it increases to an optimum value (60%) and then decreases as seen in Figure 

27. 

 

 

Figure 26 Evaporation performance for Activated Carbon at different concentrations. 
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Figure 27 Comparison of mass evaporated at T=25 minutes for different concentration values. 
 

 

Figure 28 Difference between top surface and bulk temperatures showing  
effect of the surface evaporation. 
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5.5 Thermal Evaporation performance of Activated Carbon Nano-Fluids 

The evaporation performance for increase in concentration for thermal energy 1000 𝑊𝑊 𝑚𝑚2�  

remains more or less the same for concentrations ranging from 0% to 100 %. This shows that there 

is not much effect of concentration in increase of evaporation rate which stays around 1.5g -2g/30 

minutes as observed in Figure 29 .The observed phenomenon brings to our notice that the mass 

obtained for the optimal concentration 60% under solar light is 9.3 grams whereas for the one 

using just a heat source we observe it is around 2.2 grams which proves and brings to life the fact 

that the evaporation takes places majorly as a result of LSPR and not due the heat from the sunlight 

which has a small contribution to make in evaporation. It is a photo thermal dominated 

phenomenon rather than just a thermal process. 

 

 

Figure 29 Evaporation performance with a heating source. 

5.6 Efficiency analysis of photo-thermal unit 

The efficiency of the system here is determined for each value of concentrations. The evaporation 

efficiency is defined as 𝜂𝜂𝐸𝐸𝐸𝐸𝐼𝐼𝐸𝐸𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐼𝐼𝐴𝐴𝐼𝐼 = 𝑚𝑚𝑔𝑔𝐿𝐿
𝐼𝐼𝐴𝐴𝐼𝐼

. Where 𝑚𝑚𝑔𝑔= mass of water evaporated (kg), L= 2257 

kJ/kg, I= incident flux = 1000𝑊𝑊 𝑚𝑚2� , A= area of the container on which the flux is incident (𝑚𝑚2), 

t= 1800 s. The heating efficiency is defined as 𝜂𝜂ℎ𝐴𝐴𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑔𝑔 = 𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟𝐴𝐴𝑝𝑝Δ𝑇𝑇
𝐼𝐼𝐴𝐴𝐼𝐼

,  where 𝑚𝑚𝐴𝐴𝐴𝐴𝑚𝑚  is mass 
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remaining after evaporation(kg), 𝐶𝐶𝐸𝐸 is specific heat capacity of water = 4200 , temperature increase 

in the bulk fluid is Δ𝜎𝜎, I= incident flux = 1000 𝑊𝑊 𝑚𝑚2� , A= area of the container on which the flux 

is incident(𝑚𝑚2), t= 1800 s. The total efficiency is defined as 𝜂𝜂ℎ𝐴𝐴𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑔𝑔 + 𝜂𝜂𝐼𝐼𝐸𝐸𝐼𝐼𝐸𝐸𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐼𝐼𝐴𝐴𝐼𝐼. The total 

efficiency of the system is the efficiency with which vapor is produced from the system .From 

Figure 30 we observe that the efficiency increases up-to the optimum value of 60% and then 

decreases, the same trend that is observed with the concentration trend. The highest evaporation 

efficiency obtained was 66.75 % which is ~160 % increase in steam production than that from that 

of D.I water (27.9 %). The heating efficiency is highest for D.I. water and lowest for concentration 

60%. This shows that the presence of the nano-particles helps in reducing the bulk heating 

phenomenon. The best system here is the one with 60% concentration of activated carbon with a 

total efficiency of 85%. 

 

 

Figure 30 Comparison of efficiency for different concentration values. 

5.7 Effect of turbidity on the evaporation performance 

The effect of turbidity on the evaporation performance was determined by using D.I water (0.04 

NTU), tap water (4.85 NTU), brine (12.86 NTU) and mud water (145.06 NTU). Figure 31 shows 

that the evaporation performance was almost similar in all these cases showing that there is no 

Concentration (%) 
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pronounced effect of turbidity on the evaporation rates of the nanofluid. So the evaporation 

performance is independent of the turbidity of the water that is being used. 

 

 

Figure 31 Effect of turbidity on evaporation performance. 

5.8 Photo-thermal evaporation performance of the distillation unit 

To determine the evaporation performance of the given fabricated system three different trails 

were run for the given setup with saline water, activated carbon nanofluid in saline water and 

activated carbon embedded foam. We observe from figure 32 that the highest obtained distillate is 

for the one which has activated carbon nanofluids mixed with the saline water which is roughly 

240 grams of water for 10 hours of experiment. We also observe there is a decrease in the 

production when the solar simulator is turned off at the 10 hour mark but there is steam generation 

after that also for some time and distillate can be obtained with the sensible heat that was added to 

the water by the light source suggesting that the system can be used after the sun actually goes 

down to still collect steam from all the heat that has been imparted to the water .The activated 

carbon coated foam comes in after the nanofluid showing that the foam is also an effective method 

to obtain distilled water but works a little less efficiently giving about 150 grams of water in 10 

hours of operation. This shows that the micro channels in the foam are effective enough to wick 

water from the bottom surface to their top. Although these are not as productive as the nanofluids 
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but still utilize much less nanoparticles to coat them and hence if there is a cost constraint then 

these can be used instead of nanofluids, the use of which may be extravagant but in this case 

activated carbon is a very inexpensive nanoparticle so there are no such constraints. Lastly the 

saline water gives around 80 grams of distilled water which serves as the control for the experiment. 

So we observe a very notable increase in the mass of the distillate that is obtained that is about 

200 % increase for the one with activated carbon nanofluid and about 90 % increase for the one 

with the activated carbon coated foam showing their effectiveness. 

 

 

Figure 32 Temporal evolution of water with time for different types of fluids. 

5.9 Temperature variation of the distillation unit 

The temperature variation at the top surface of the fluid and the bulk temperature was measured 

using the thermocouples and there was a difference in temperatures that was observed in both the 

saline water which was the control fluid and in the activated carbon nanofluid in saline water. For 

the saline water in figure 33 we observe that the difference in temperature of the top and the bulk 

is not too much and hence we see that most of the energy that is incident on the top surface of the 

water is dissipated due to the inability of the fluid to restrict this energy loss hence it is not preferred. 

For the activated carbon nanofluid in saline water as shown in figure 34 we observe that the 
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temperature difference for the top surface and bulk is much more than the one observed in the 

control experiment. So this suggests that the energy that is incident on the top surface of the 

nanofluid is not dissipated much into the bulk fluid which in turn correlates to less amount of 

energy used to heat the overall fluid but only concentrated at the top which increases the rate of 

evaporation. This suggests that it can be a much more efficient process than conventional boiling 

where bulk heating is the major contributor for evaporation unlike nanofluids. One more 

interesting observation that we make is the difference in top surface temperatures between the 

nanofluid and the control. The surface temperature for the control is higher than that of the 

nanofluid which points out to the fact and correlates with the earlier observation that is made of a 

higher amount of water being evaporated from the nanofluid. So the higher amount of fluid that is 

being evaporated from the nanofluid causes a decrease in the surface temperature owing to the fact 

that it is a surface phenomenon. Due to the less amount of water being evaporated from the surface 

the temperature is higher in the control as observed. 

 

 

Figure 33 Temperature profile for saline water obtained at the top surface of the 
 fluid and the bulk fluid. 
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Figure 34 Temperature profile for activated carbon nanofluid in saline water obtained at the top 
surface of the fluid and the bulk fluid. 

5.10 Performance variation of the unit due to variation in fluid height 

The variation in the distillate production was observed in the system from figure 35 by varying the 

height of the fluid from 5 cm from the bottom to 15 cm from the bottom. There was a steep increase 

in the production of the condensate at the higher height of 15 cm because of the fact that the vapors 

that were produced could easily travel to the top condensing surface as well as the baffles that were 

placed in the sides. Hence, it was easy for them to be recovered but when we start decreasing the 

height of the fluid column then it becomes increasingly difficult for the vapors to get to the top 

surface of the condensing cover or the side walls with the baffles. Most of the vapors are seen 

condensing on the walls which are well below the baffles. Hence, there is a very sharp decline in 

the distillate output as majority of the distillate cannot reach the top surface. Thus, a higher height 

is desired for the best performance of this type of system so as to benefit the full benefits of the 

top condensing surface as well as the baffles that are located on the walls in the side. 
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Figure 35 Variation of distillate obtained with fluid column height. 

5.11 Performance variation due to an induced wind speed 

The performance of the system was observed from figure 36 when an induced wind speed was 

applied to the condensing areas of the system (the top cooling surface and baffles) there was an 

increased rate of condensation in these areas as the speed of the wind that was applied increased. 

These were compared with the performance of the system with that given by still air. Three wind 

speeds 1 m/s, 2 m/s and 5 m/s were applied. The one with wind velocity 10 m/s gave the best result 

(the maximum amount of distillate) when compared with the ones of 5 m/s, 2 m/s and still air. As 

the wind speed increases on the condensing areas which simultaneously causes increase in the 

Reynolds number of the surrounding area (turbulent flow) which causes an increase in the heat 

transfer coefficient of the condensing areas and hence there is better dissipation of heat as the 

velocity of the wind increases as compared to the one in which the velocity of the wind is low or 

is still air condition. From figure 36 we observe the temperature variation of the condensing areas 

of the system where we observe that the temperature of the surface which is operating under still 

air conditions is very high than the one that is under the influence of forced air. Here we see that 

the effects of the change in the heat transfer coefficient of the areas. For the one of still air we see 

that there is a lower heat transfer coefficient and hence the heat dissipation to the surroundings is 
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much less and hence the higher temperature that is observed. For the one with the induced air we 

see that the temperature at the condensing surface is much less because of the fact that the heat 

transfer coefficient is much higher due to the forced convection that is setup because of the fan 

and hence the heat dissipation process is much higher in this giving a lower temperature. 

 

 

Figure 36 Variation of distillate obtained due to different induced wind speeds 
 along with still air. 

 

 

Figure 37 Temperature variations due to different induced wind speeds versus still air. 
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5.12 Water quality analysis of the distillate obtained 

The water quality of the obtained distillate was checked and compared with the one of D.I. water 

as the control quality as shown in figure 38. The initial turbidity, pH and absorbance values were 

measured for the D.I water. In the UV-Vis spectrophotometer the D.I. water was the control and 

assigned 0 absorbance. Then the distillate qualities were measured and compared with the control. 

The usual drinking water standards by WHO are pH of 8.2 to 8.8 at25𝐴𝐴𝐶𝐶, the turbidity less than 

1.5 NTU .The results show that the quality of the water that was obtained was almost at par with 

the distilled water. There was no objectionable taste and odor. So this shows that the quality of the 

water that was obtained from the process can be a reliable source of water that can be used for 

either drinking purposes or either for commercial purposes. So even without very complicated 

equipment there can be high quality distilled water obtained from this setup at a very low initial 

investment. 

 

 

Figure 38 Quality analysis of distillate obtained. 
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5.13 Efficiency analysis of distillation unit 

The efficiency of the system here is determined for each value of concentration. The evaporation 

efficiency is defined as𝜂𝜂𝐸𝐸𝐸𝐸𝐼𝐼𝐸𝐸𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐼𝐼𝐴𝐴𝐼𝐼 = 𝑚𝑚𝑔𝑔𝐿𝐿
𝐼𝐼𝐴𝐴𝐼𝐼

. Where 𝑚𝑚𝑔𝑔= mass of water evaporated (kg), L= 2257 

kJ/kg, I= incident flux = 1000𝑊𝑊 𝑚𝑚2� , A= area of the container on which the flux is incident (𝑚𝑚2), 

t= 36000 s. The heating efficiency is defined as 𝜂𝜂ℎ𝐴𝐴𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑔𝑔 = 𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟𝐴𝐴𝑝𝑝Δ𝑇𝑇
𝐼𝐼𝐴𝐴𝐼𝐼

,  where 𝑚𝑚𝐴𝐴𝐴𝐴𝑚𝑚  is mass 

remaining after evaporation(kg), 𝐶𝐶𝐸𝐸 is specific heat capacity of water = 4200 , temperature increase 

in the bulk fluid is Δ𝜎𝜎, I= incident flux = 1000 𝑊𝑊 𝑚𝑚2� ,, A= area of the container on which the flux 

is incident(𝑚𝑚2),, t= 36000 s. The total efficiency is defined as 𝜂𝜂ℎ𝐴𝐴𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑔𝑔 + 𝜂𝜂𝐼𝐼𝐸𝐸𝐼𝐼𝐸𝐸𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐼𝐼𝐴𝐴𝐼𝐼. Here we 

observe in figure 39 that the efficiency of the system increases from 41 % in the saline water to 

73 % in the nanofluids which shows a viable increase in performance due to addition of the 

nanoparticles. The foam also gives an efficiency of 60 % which is more than the one with the 

control of saline water. The best result is obtained with the one of nanofluid used with forced air 

(6 m/s) which is 84 % showing the increased effect of the air in enhancing the condensation of the 

system. 

 

 

Figure 39 Efficiency values of the system for 1. Saline water, 2. Nanofluid, 3. Foam, 4. 
Nanofluid with forced air. 
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5.14 Stability of nanofluid 

The stability of the nanofluid was observed for a total of 10 days as seen in figure 40. Absorbance 

values were measured and it is seen that the values for the sonication time of 4 hours and 3 hours 

give an almost equal and better result as compared to the one with sonication time of 1 and 2 hours 

respectively. They can be effectively used for 4 days without much hamper in performance. But 

the only drawback is that sonication of such a large amount of nanofluid at once is challenging. 

 

 

Figure 40 The comparison of stability of nanofluids sonicated for different time intervals. 

5.15 Economic analysis of the setup 

The payback periods for the different types of methods used have been determined and are stated 

in figure 41. The price for 1 L of distilled water has been taken as 0.5 $. The amount of distillate 

produced has been calculated per day and the formula for 𝑃𝑃𝑁𝑁𝑃𝑃𝑃𝑃𝑁𝑁𝑃𝑃𝑃𝑃 = 𝐼𝐼𝐼𝐼𝐸𝐸𝐴𝐴𝐴𝐴𝐼𝐼𝑚𝑚𝐴𝐴𝐼𝐼𝐼𝐼
𝐸𝐸𝐼𝐼𝐴𝐴𝐼𝐼𝐼𝐼𝐼𝐼𝑔𝑔 𝐸𝐸𝐴𝐴𝐴𝐴 𝑑𝑑𝐼𝐼𝑑𝑑

, where 

investment is the total amount of money spent on the system and earning is calculated by using 

the amount of distillate that is produced and the price for it. This is for an ideal condition but still 

would be very much applicable to the real world scenario. 
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Figure 41 Cost analysis 

5.16 Produced water proof of concept of evaporation and adsorption 

For the initial tests performed using activated carbon nanofluid and activated carbon foam using 

different concentrations of oil. These are shown in Fig. 42 and we observe that the best result is 

obtained by the activated carbon coated polyurethane foam followed by the nanofluid. The 

experiments were almost comparable even when the concentration of the oil was increased to 25 % 

by volume from 5 % by volume. The activated carbon nanofluid did not show very convincing 

results for steam generation from the produced water. There was no steam generated when there 

was solar irradiation to the produced water suggesting that normal evaporation is not a viable 

option. There has to be some sort of surfactant or adsorbent that has to be used to make the process 

viable. 
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Figure 42 Steam generation results with activated carbon nanofluid and activated carbon foam. 

5.17 Temperature variance 

For the temperature values obtained from the setup of the produced water and the produced water 

with the foam. Figure 43 shows the heat localization on the produced water setup and figure 44 

shows the heat localization in the produced water and the floating foam on top of it. As we observe 

in Figure 43 there is some heat localization on the top surface of the produced water but on the top 

of the foam there is higher heat localization because the foam is black in color and absorbs more 

heat from the incoming solar radiation. This localization causes the capillary effect and the water 

gets drawn up to the surface where the evaporation takes place.   
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Figure 43 Heat localization in produced water. 

 

Figure 44 Heat localization in produced water and foam. 
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5.18 Oil absorbance by polyurethane foam 

The oil absorbance of the polyurethane foam was observed for different concentration values of 

the oil from 10 % to 25 % by volume. We observe that the lower concentration of oil 10 % is 

absorbed almost 80 % in 15 minutes time whereas for the other higher concentration values it takes 

25 minutes to reach the same amount of absorbance because the higher amount of oil requires a 

higher residence time to be adsorbed by the foam. The higher concentration values take longer 

time to reach the same filtered value as seen in Fig.45. We see the input oil that enters the filter 

and the output in Fig 46. The characteristics were also tested before and after treatment. 

 

 

Figure 45 Comparison of different volume % of oil used 
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Figure 46 Produced water before and after treatment. 

5.19 Oil recovery 

The oil recovery capabilities were also tested for the polyurethane foam as shown in figure 

47.There is a pipe that is attached to the vacuum pump via an oil collection unit. This draws in the 

adsorbed oil from the foam. The oil adsorbed was removed by two methods. The mechanical 

separation process in which the foam was mechanically pressed to remove the oil and secondly 

using the unit as shown in figure 46. The efficiencies are given by 𝜂𝜂𝑚𝑚𝐴𝐴𝐴𝐴ℎ𝐼𝐼𝐼𝐼𝐼𝐼𝐴𝐴𝐼𝐼𝐼𝐼 = 𝐴𝐴𝐼𝐼𝐼𝐼 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑
𝐴𝐴𝐼𝐼𝐼𝐼 𝐼𝐼𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑

=

140
150

= 93.33 %  and 𝜂𝜂𝐸𝐸𝐼𝐼𝐴𝐴𝑣𝑣𝑣𝑣𝑚𝑚 = 𝐴𝐴𝐼𝐼𝐼𝐼 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑
𝐴𝐴𝐼𝐼𝐼𝐼 𝐼𝐼𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑

= 110
150

= 73.33 % . So we see that the mechanical 

process is better than the vacuum process even when the latter uses energy. The mechanical process 

is better than the vacuum process because the latter is unable to penetrate the whole area of the 

foam to obtain all of the oil, rather just oil is obtained from the surface of the foam. The mechanical 

process is effective in removing both the avenues. A combination of both the methods would give 

the best removal of oil if it is not too contaminated. It can help get the oil back so that the foam 

can be reused as long as it does not degenerate, which it would not because it is a plastic.  
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Figure 47 Oil recovery unit. 

5.20 Comparison with ongoing methods 

The present method was experimentally compared to some of the ongoing methods that are being 

undertaken to purify oil-water mixtures. There is the air diffuser method where the water is 

diffused to separate the oil and water mixture so that they can be effectively separated and is 

depicted in figure 48. The centrifuge method is used where the oil and water mixture can be 

separated by mixing them at high rotational speeds as shown in figure 49.  

 

The absorbance values of the produced water was compared before and after the filtration process 

for the three processes as seen in figure 50. The amount of oil absorbed by the polyurethane foam 

is the maximum at around 85 % whereas for the diffuser and the centrifuge process is 55 % and 

45 %. The foam is better at adsorbing oil because of its high adsorbing properties. It was able to 

adsorb 45-60 times its own volume of oil so it is very effective and efficient. 

 

The evaporation performance was also tested for the three methods to test the feasibility of the 

steam collection capabilities of the purified water from them. We see that from figure 51 the best 

performance is observed from the polyurethane foam as it removed the maximum amount of oil 

which promotes rapid evaporation rather than the diffuser and the centrifuge methods. 
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Figure 48 Air diffuser oil removal. 
 

 

Figure 49 Centrifuge for oil removal. 
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Figure 50 Comparison of oil absorbance between the three methods. 
. 

 

Figure 51 Comparison between the evaporation performances of the three methods. 

5.21 Distillation experiments using natural and simulated solar light 

The distillation was done with polyurethane foam and activated carbon foam. There was a higher 

output obtained with the activated carbon coated polyurethane foam than the normal polyurethane 

foam from Fig.52. The water obtained characteristics were also mentioned in Fig .53 we see that 
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the water characteristics are almost similar to the D.I water, the TOC is a bit higher but under the 

US-EPA standards. The distillation experiments were carried out in natural solar light as well so 

as to make sure that the ongoing process is applicable. So we see the activated carbon foam is 

better than the normal foam even under natural solar light. The water characteristics obtained were 

similar as the simulated solar light. 

 

 

Figure 52 Distillation results in natural sunlight. 
 

 

Figure 53 Water characteristics of obtained water compared with D.I water.  
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5.22 Evaporation with fresnel lens and temperature variance 

The evaporation performance was monitored for the polyurethane foam, activated carbon coated 

polyurethane foam and detergent membrane as seen in figure 54.The best performance is observed 

from the activated carbon coated polyurethane foam as it facilitates the maximum heat localization 

at the top surface of the foam. This causes the water to wick through the foam faster than the one 

in the polyurethane foam. Although the detergent coated membrane was also effective but it is not 

as effective in removing the oil traces from the produced water as the foam. The simultaneous 

adsorption and the evaporation from the top surface seems to be an effective and energy efficient 

method for produced water purification. 

 

The temperature variation on the polyurethane foam was observed using a thermal camera and as 

well as thermocouples for different experiments as we can see in figures 56 and 57 respectively. 

We observe that the top surface reached high temperatures of up to 200 degrees C. Even at such 

high temperatures the foam being a good insulator keeps the heat out of the fluid column as we 

see the temperature does not increase more than 45 degrees C. So we see there is no heat transfer 

which increases the efficiency of the process as the bulk temperature increase is prevented. SEM 

analysis of the foam in figure 55 also shows there is not any visible degradation of the top surface 

of the foam because of such high temperatures of the order of 150-200 degrees C because the 

melting point of the foam is about 100 degrees C. 
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Figure 54 Evaporation performance of different methods. 
 

 

Figure 55 Before and after pictures after concentrated solar experiment. 
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Figure 56 Heat localization on top of the foam due to concentrated solar light. 
 

 

Figure 57 Temperature variation due to concentrated solar light. 

5.23 Evaporation rates with impurities and effect of foam thickness 

The evaporation rates were also studied with the varying thickness of the foam so as to get the 

optimal thickness for the polyurethane foam as seen in figure 58. We observe that the 50 mm foam 

is the optimal thickness where the maximum evaporation takes place. At lower thicknesses the 
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foam gets logged and hence there is not much evaporation through it and for the high thickness 

there is not enough capillary power to pull enough water to the top surface, so an optimal amount 

of thickness which prevents the foam from being clogged and enough capillary power to pull the 

water to the top surface for evaporation to occur. 

 

 The evaporation performance was also studied by adding mud and organic material to the 

produced water to test the feasibility of the performance of the process so that this can be applied 

in a real world scenario to purify produced water. We observe from figure 59 that the performance 

they are very similar even with the addition of the impurities showing that the process is 

independent of the organic material. So this can be a viable option to purify produced water with 

organic material. 

 

 
 

Figure 58 Evaporation performance due to various thickness of foam.
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Figure 59 Evaporation performance due to organic impurities  
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CHAPTER 6. CONCLUSION 

In this work, the activated carbon coated polyurethane foam was used to purify produced water in 

a simultaneous method where the oil was adsorbed by the foam and the temperature difference 

caused the movement of water through the pores to be evaporated by the solar light. There is a 

temperature variation that is observed in the nanofluids which shows that the majority of the energy 

that is incident on the surface is used for evaporation rather than the bulk heating phenomenon 

which is unnecessary and a waste of energy. The steam generation properties of activated carbon 

as a low cost alternative was studied and compared with conventional nanoparticles. It was 

observed that 60 % concentration by volume was the optimum value of concentration for this work. 

The thermal evaporation experiments proved that light is the major driving force in the evaporation 

process. The turbidity analysis reveals that the work can be done at different values of turbidity 

without affecting the steam generation rate. Oil concentrations up to 25 % by volume could be 

purified and salt concentrations up to 25000 mg/L have been treated to get pure water, which can 

be used in several different ways, be it household, agricultural or industrial. The oil adsorbed could 

also be recovered for reuse and recycling. About 95 % of all the impurities were removed from the 

synthetic produced water using this method. The process also shows promise under natural solar 

light (600-1000 W/m^2), showing it can be a viable option to use as a method to purify this on a 

larger scale. The high volume steam generation properties also show that the process can utilize 

wastewater and generate steam which can be used to drive a turbine, essentially making it an 

efficient process from waste water. This can also be used to obtain a large amount of distilled water 

from the high volume steam. 
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