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Abstract 

Polyurethane (PU) based algae biocomposite is synthesized, 

characterized and tested for boron removal from oil produced 

water (OPW). The percentage of algae is varied in the 

biocomposite and its physical and chemical properties are 

evaluated. The surface morphology, crystalline structure, 

thermal stability is characterized using scanning electron 

microscope (SEM), Fourier transform infrared spectroscopy 

(FITR) and thermal gravimetric analysis (TGA). The density of 

synthesized PU/algae composites is in the range of 1.12 and 

1.20 g/mL based on content of filler in the PU matrix. Weight 

losses of the tested specimens in various chemical solutions are 

less than 10%.  The boron removal efficiency is in the range of 

84 to 85%, depending upon the algae filler at pH 7.19.   

Keywords: Polyurethane, Green composites, Oil produced 

water, Boron, PU/algae.  

 

1. INTRODUCTION   

The combination of biomaterials with synthetic polymers is a 

good alternative to traditional products. This biocomposite will 

address the pertaining environmental and social issues in 

today’s life [1.2]. It is a great advantage that abundant available 

biomaterial such as algae can be utilized to produce valuable 

polyurethane polymer composite. Using algae as filler is having 

many advantages. Low cost, renewability, environmental 

friendly, non-toxic, high strength and low density [3,4]. Jute-

fiber-reinforced green composites based on Mesua ferrea L. are 

prepared with poly (urethane ester) and poly (urethane amide) 

resin blends with commercially available partially butylated 

melamine-formaldehyde and epoxy resins through solution 

impregnation and hot-curing methods. The water uptake in 

different chemical media is observed, and found that all of the 

composites possessed excellent hydrolytic stability against 

almost all of the media except the alkali. Thermogravimetric 

analysis (TGA) of the composites showed degradation much 

above that of the virgin blends, which indicated their high 

thermostability [5]. 

A series of polyurethane (PU) green composites are 

synthesized with varying amounts, viz. 0, 2, 4, 8, and 12 wt% 

of soya protein isolate (SPI). Formation of the urethane linkage 

in the prepared green composites is revealed by infrared 

spectroscopy. TGA thermograms clearly revealed that the 

fabricated composites were thermally stable upto 181°C and 

show a three‐ step of thermal degradation [6]. Indian butter tree 

seed waste (mahua seed cake [MSC]) is sued as filler and a 

series of PU composites have been fabricated with varying 

amounts, namely, 0, 2.5, 5.0, 7.5, and 10 wt%, of MSC. It was 

found that the tensile strength of the green composites 

increased from 5.61 to 9.5 MPa and tensile modulus increased 

from 4.75 to 6.07 MPa with an increase in filler content from 

2.5 to 7.5 wt% [7]. 

Oil industry worldwide produces large amounts of oil produced 

water (OPW). OPW accompanies with crude oil during the 

production process. OPW is highly saline with suspended 

solids, organic compounds, heavy metals, microorganisms and 

dispersed oil droplets [8].  The disposal of OPW is a big 

challenging task for oil producing companies. Treat and reuse 

of OPW is viable option other than injection to the oil wells in 

an enhanced oil recovery process [9]. The treatment of OPW is 

necessary due to the large amounts that are generated during 

the production of crude oil and its environmental impacts on 

discharge, which includes biological effects on marine pelagic 

ecosystems, causing: endocrine, non-endocrine and 

reproductive problems [10].  

Boron is one of the major chemical contaminant in OPW [11]. 

The pH of OPW is generally ranges between 6-8.5 and 

concentration of born in OPW is about 26-28 ppm [12]. The 

presence of boron in water affects the reproducibility of living 

organisms [13]. When water with high boron concentration 

is used for irrigation, boron compounds form complexes 

with heavy metals like Pb, Cu, Co, Ni, Cd etc. and 

increase the potential toxicity of these heavy metals. 

These metal complexes create serious health issues [14-

16]. Long term ingestion of high boron contaminated 

water can lead to the impairment of some organ systems 

of humans and animals; composition of blood changes, 

children become physically and intellectually challenged, 

and risk of low birth increases [17].  Treatment of boron in 

water and wastewater systems is a bit tedious [18].  The treated 

OPW for reuse should follow WHO standards of 0.5 mg/L [19]. 

Various methods include reverse osmosis, adsorption, ion 

exchange, electro dialysis, electrocoagulation, and co-

precipitation applied for the removal of boron from aqueous 

systems [20-26].  
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Very few studies are reported in the literature for removal of 

born from OPW. Synthetic wastewater is prepared simulating 

the range of boron concentrations in produced water. Four 

operating parameters pH (3–11), charge loading (1200–

3600Ah/m3), contact time (15–90 min) and concentration (10–

30 mg/L) are selected and their optimum conditions 

investigated through electrocoagulation process [27]. Various 

studies reported on the usage of polymer composites for the 

removal of boron from aqueous solutions. Boron removal is 

evaluated by using calcium alginate beads (CA) and a novel 

alginate–alumina (CAAl) as sorbents in a batch system. The 

eff ects of diff erent parameters such as pH, temperature, 

contact time, and composition of alginate (at diff erent 

concentrations of guluronic and mannuronic acids) on boron 

sorption are investigated. The results confirm that calcium 

alginate beads (CA) exhibited a better adsorption capacity in a 

slightly basic medium, and the composite alginate–alumina 

(CAAl) exhibited improved boron removal at neutral pH [28].  

Boron removal from water using zero-valent iron nanoparticles 

(nZVI) stabilized by two biopolymers is analyzed. Modified 

nZVI is synthesized using the method of ferrous sulfate 

reduction. The function of S-nZVI in boron removal is 

examined under the influence of various factors including 

initial concentration of boron, S-nZVI dose, pH, and contact 

time in batch conditions. The results showed that 1 mg/L of S-

nZVI can reduce up to 20 mg/L of boron to less than its 

maximum allowable concentration in the pH of 8.5 and reaction 

time of 90 min [29]. A chitosan hydrogel supported with ceria 

(labelled Ce-CTS) is prepared by an encapsulation technique 

and used for the efficient removal of excess B(III) from aqueous 

solutions. The results demonstrated that Ce-CTS removes boric 

acid from aqueous solutions more efficiently than either 

ceriumdioxidehydrate or raw chitosan beads, the precursors of 

the Ce-CTS biosorbent. The maximum adsorption capacity of 

13.5±0.9 mg/g is achieved at pH 7 after 24 h [30]. In the present 

research, an attempt is made to treat boron present in the oil 

produced water with synthesized polyurethane algae based 

biocomposite. This is first time a polyurethane algae based 

biocomposite is used as adsorbent for the treatment of boron 

present in OPW. The performance of adding the algae additives 

on PU properties is studied with different mass ratios. The 

characterization of the formed PU polymer with different algae 

composition is carried out to estimate the effects of amount of 

filler content on the density, chemical resistivity, crystalline 

structure and thermal stability.     

 

2. EXPERIMENTAL  

2.1 Materials and methods 

Tolylene 2,4 Diisocyanates (TDI) of analytical grade (95%), 

Dibutyltin dilaurate (DLDBT), Methyl isobutyl ketone (MIBK) 

is purchased from Sigma- Aldrich, Germany. Castor oil (CO) 

is procured from local markets. Castor oil is the only natural oil 

polyol available in the market, which is produced directly from 

a plant sources without any chemical modifications. An alga is 

extracted from the sea rack, which is glued to the rock surface. 

The algae is dried and crushed into powder form. Before 

mixing algae with polymer, it was screened by sieve mesh size 

300 micro to get uniform particle size. The filler density is 

estimated as 1.27 g/ml. All other analytical grade reagents are 

procured from local market and used as pure as supplied.  

 

2.2 Synthesis of PU/Algae biocomposites  

50 ml of methyl iso butyl ketone (MIBK) solvent is placed in 

the necked round bottom flask.  Calculated amounts of tolylene 

2,4 disocyanates (TDI), castor oil (CO) and 3 drops of catalyst 

dibutyltin dilaurate (DLDBT) are added to MIBK solvent as per 

standard procedure [6,7].  The flask is then kept on digital hot 

plate fitted with a condenser. The temperature is maintained 

between 60-70o C and stirred at 1200 RPM. The reaction 

between the aromatic TDI isocyanates, which is having two 

isocyanates groups (NCO) and a hydroxyl group (present in the 

castor oil) in the presence of catalyst DLDBT produce urethane 

groups as showed in the equation 1 [6,7].  

ROH + R′NCO → ROC(O)N(H)R′                               (1) 

The algae powder is added to the PU solution after 30 minutes 

of mixing with different polymer-algae weight ratios (100/0, 

97.5/2.5, 95/5, 92.5/7.5 and 90/10). PU/algae is stirred again 

for 1 hour. The resulting viscous solution poured into a clean 

glass mold of dimension of 20×10×4 cm to get the uniform 

polymer film. The solution is cooled and dried slowly under 

ambient temperature overnight. The created PU sheet in the 

glass mold has been post cured in the electric oven at 60o C for 

5 hours. The prepared biocomposite sheets are taken out and 

stored for characterization and experimentations.  

 

2.3 Collection of OPW  

Oil Produced water (OPW) is collected from (Oxy-Oman) site 

(Makizina) for this experimental purpose. Mukhaizna field is 

located in Oman's south central interior and it is producing very 

high viscosity oil. The initial boron and other multi component 

concentrations are estimated using Shimadzu model 9000 

plasma atomic emission spectrometry (ICP-AES). The initial 

boron concentration in the produced water is obtained as 6.44 

mg/L. The initial pH value of OPW sample is measured as 7.19.  

 

2.4 PU/Algae Characterization  

ASTM D792-08 method is used to determine the experimental 

density of the specimens. The weight of the specimen is taken 

in the air and in immersed water at room temperature to 

determine the specific gravity. Accordingly calculated the 

density of PU/Algae polymer specimens. The theoretical 

density is calculated for the composites by the weight additive 

principle as shown in equation 2 [6,7]. 

ρ = ω1ρ1 + ω2ρ2                                                           (2) 

Where ρ is the density of composite, ω1, ρ1, ω2, ρ2 are the weight 

fraction, the density of the filler and neat polymer respectively.  

The chemical resistance of PU/Algae polymer composites is 

studied in the various chemical reagents such as acids, basis, 

salts and organic solvents. Uniform surface area of PU/Algae 

composites is taken and immersed in the prepared chemical 

solutions for 7 days under laboratory environment. After 7 
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days, the specimens are removed and wiped with tissue papers 

and weighted. Then, the percentage weight changes are 

calculated. Also, surface to mass of the specimens are 

estimated. The morphological behavior, chemical composition 

and crystalline structure of the PU/algae composites is 

investigated by using Jeol model JSM-7500F scanning electron 

microscopy (SEM) technique with an operating voltage of 15 

kV, magnification of 1000x and quality resolution of 10 

microns. Perkin Elmer spectrum FTIR spectroscopy is used to 

analyze the physiochemical properties of synthesized 

PU/Algae composites as per standard procedure in the range of 

wave number 600 to 4000 cm-1 [31].  

A thermal property of polymer is investigated by using thermal 

gravimetric analysis (TGA) using SDT Q600 V20.9 Build 20 

TA instrument in order to determine the test conditions and the 

behavior of the polymer with increasing temperature. The 

sample is cut into a small piece and after that loaded into sample 

ceramics pan to complete thermal analysis. The nitrogen gas 

grade 5 is used as purge gas and it is supplied at a constant flow 

rate 100ml/min. The thermal analysis in TGA is started in the 

temperature range between 32 and 38°C and the final 

temperature considered for this analysis is 800°C. The heating 

rate is customized at 10°C/min. The thermograms are 

interpreted for all composites by using TA instrument explorer 

software universal V4.7A.  

 

2.5 Boron adsorption characteristics  

The treated oil produced water (OPW) is analyzed to examine 

the boron adsorption efficiency for different PU/algae 

composites. The adsorbent dosage is fixed as 1 g in 50 mL of 

OPW for all PU compositions. The agitation is adjusted at 100 

RPM to assist the contact between adsorbent and the untreated 

OPW for 72 hrs. The adsorption process is very slow and 

reached the optimum values after 72 hours. The final boron 

concentration is obtained using plasma atomic emission 

spectrometry (ICP) and then the removal efficiencies are 

estimated.  

 

3. RESULTS AND DISCUSSION  

3.1 Physical Properties  

Three specimens are taken from each sample to determine the 

average density of PU/Algae compositions. The changes in 

density in a single polymer sheet are due to localized 

differences in crystalline structure, loss of plasticizer, 

absorption of methyl iso butyl ketone solvent and differences 

in algae filler compositions. The densities of neat polymer and 

algae filler estimated as 1.124 and 1.27 g/mL respectively. Both 

theoretical and experimental values for the PU/algae green 

composites is estimated and tabulated in Table 1. The densities 

estimated are in the range of 1.12 and 1.20 g/mL based on the 

content of the filler in the PU matrix. The density increased 

with an increase of the filler in green composite. This may be 

due to the restriction of soft PU to pass through the tiny space 

between the rigid filler particles. The experimental results are 

slightly higher than theoretical results. This is due to the 

aggregation of filler at its higher content and maybe the filler 

not wetted completely in the PU matrix [6,7]. The surface area 

of the uniform mass of specimens is decreased with an increase 

in the filler content. This may be due to the passage of the high 

density filler into the gaps of the PU matrix. Hence, the higher 

filler content polymer has less surface area compared to the 

analogous mass of less filler content polymer.  

 

Table 1. Physical properties of PU/algae composite 

PU/algae 

compositions 

Density (g/ml) 
Void 

content 

(%) 

Surface to 

mass of the 

specimens 

(cm2/g) 
Experimental Theoretical 

100/0 1.122188 1.122188 0 31.25 

97.5/2.5 1.126353 1.125883 0.0004 26.67 

95/5 1.162581 1.129578 0.0284 24.09 

92.5/7.5 1.206 1.133273 0.0603 21.86 

90/10 1.208182 1.136969 0.0589 21.16 

 

3.2 Chemical Resistivity   

The chemical resistivity of synthesized PU/algae polymer 

composites is studied in the various chemical reagents. The 

chemical resistivity study helps to understand, the applicable 

uses of the PU/algae. It shows to what extent the algae powder 

can stay in touch with the PU specimen under various chemical 

environments. The weight losses for different PU/Algae 

specimens are obtained after 7 days are shown in Table 2. The 

percentage weight losses of the tested samples in the various 

chemical agents are within acceptable limit, which is less than 

10% [6,7]. Furthermore, it is observed that PU/algae 

composites are dissolved rapidly in the acidic and basic 

solution than other chemical solutions. There is no significant 

change in surface color and thickness of the PU/algae 

specimens in the various tested chemical solutions.  

 

Table 2. Chemical resistivity of PU/algae composites  

 %Weight Loss for PU/algae Composition 

Chemical 

Reagent 
100/0 97.5/2.5 95/5 92.5/7.5 90/10 

5% Sodium 

Hydroxide, 

NaOH 

2.87 5.24 4.0 7.73 6.55 

5% Sulfuric 

Acid, H2SO4 
1.98 5.65 4.96 6.50 6.31 

5% Ethanol, 

C2H6O 
0.5 2.13 2.69 1.42 1.92 

5% Methanol, 

CH3OH 
1.08 2.47 0.65 1.05 1.87 

5% Sodium 

Carbonate, 

Na2CO3 

0.18 0.25 0.30 0.55 0.21 
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3.3 Surface Morphology 

The SEM images of different PU/algae composites are shown 

in Figures 1(A)–1(E). SEM images indicate that algae powder 

have been distributed and integrated properly in the PU matrix.  

The 5% of filler weight in the PU matrix (Figure 1C) is 

distributed uniformly compared to the other filler composites.  

All the SEM images shown good adhesion of the filler into PU 

matrix. It is observed, the roughness and deformation of the 

polymers increased with an increase of the algae filler content. 

It may be due to the restriction of soft PU to pass through the 

tiny space between the rigid filler particles [6,7]. 

 

  
 

  
 

 

Figure 1. SEM images of PU green composites with 

(A) 0%, (B) 2.5%, (C) 5%, (D) 7.5% and (E) 10% of algae filler 

 

3.4 FTIR Studies  

FTIR spectra of PU/algae composites are shown in Figure 2.  

Most of the synthesized biocomposite polymers shown the 

absence of the peak between 2270 and 2280 cm-1 indicating that 

no free NCO groups [32]. All the isocyanate groups have 

reacted during the polymerization process. Furthermore, NCO 

group peak areas are increased slightly with an increase of algae 

mass ratio. This indicates the reactivity of urethane NCO group 

decreased with an increase in the algae green composition. OH 

group peaks are not observed for all the developed polymer 

composites as shown in the Figure 2. Complete reaction of OH 

group with isocyantes groups. It is also observed absence of 

Urethane -C=O vibration in the range of 1720-1730 cm-1 for the 

7.5% algae content and appearance of C=C aromatic vibration 

in the all the synthesized PU/algae composites. Table 3 

illustrates the expected range of the peaks of FT-IR spectra of 

PU/Algae composites and the observed peaks from the 

estimated curves. 

 

(A) (B) 

(C) (D) 

(E) 
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Table 3. FTIR spectroscopy peaks of PU/algae composites 

Group Expected Peak (cm-1) 

Observed Peak (cm-1) 

0 2.5 5 7.5 10 

NCO Vibration 2270-2280 None None None None None 

C=O Vibration 1700-1750 1726 1725 1726 1701 1726 

Urethane –C=O Vibration 1720-1730 1726 1725 1726 None 1726 

C=C aromatic Vibration 1520-1600 1533 1533 1533 1528 1530 

C-H stretching 2840-3000 2922 2923 2923 2922 2923 

OH vibration 3530-3550 None None None None None 

 

 

Figure 2. FTIR Spectra of PU/algae Composites 

 

3.5 Thermogravimetric analysis  

TGA is used to estimate the thermal stability of the PU/algae 

composites. The obtained thermograms are shown in Figure 3. 

The TGA thermograms indicated that PU matrix with different 

mass content of algae are stable up to 70-75°C. The PU/algae 

composite degradation can be described in three stages. First 

stage at temperature range of 75-251.80°C, the sample loses 

about 5.29% of its initial weight due to the gradual evaporation 

of the methyl iso butyl ketone solvent and the slight 

degradation of the soft segment in the PU/algae composite. 

Second stage at temperature range of 251.80– 520°C, the 

sample losses about 88.46% of its weight attributed to thermal 

degradation of the hard segment and partially degradation of 

the algae component. Finally, the third stage starting at 

temperature 520°C up to upper limit temperature considered for 

this study (800°C), the sample loses about 2.14% of total 

weight due to decomposition of the algae composite and 

degradation of the remains hard segment and other associated 

compartments. More algae content has less weight loss, which 

indicates that algae can act as good filler for thermal 

degradation stability of PU polymer.  

The relative thermal stability of the PU matrix with different 

algae content is estimated by comparing the decomposition 

temperatures at different weight loss percentages as shown in 

Table 4. The T0 is expressing the temperature of onset 

decomposing, whereas T10, T20, T50 and T70 expressing the 

decomposition temperature at 10, 20, 50, 70 weight loss 

percentage. The temperature of degradation of PU/algae 

composites is increased with an increase of algae content at 

different weight loss percentages. This lead to conclude that 

filler content is improving the relative thermal stability of the 

PU polymer. It can be act as a thermal insulator due the ability 

to block the volatile component during the thermal degradation 

analysis process. 

Table 4. Effect of algae filler on the thermal stability of the 

PU matrix 

Algae 

content in 

PU 

matrix 

Sample 

weight 

(mg) 

Temperature at different weight 

losses 

T0 T10 T20 T50 
T70 

0 24.775 70 278 298 382 438 

2.5 24.593 71 278 297 378 437 

5 27.81 73 278 299 383 440 

7.5 23.785 74 280 300 386 442 

10 23.474 75 280 301 386 443 
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Figure 3. Thermograms of PU/algae composities 

 

3.6 Boron adsorption studies  

The boron removal from OPW is estimated for different 

PU/algae composites after 72 hours of contact time. The 

percentage removal efficiency was estimated using equation 3 

[32]. 

Percentage removal efficiency = 
(𝐶𝑜− 𝐶𝑓) 

𝐶𝑜
𝑥100                (3) 

Where, c0 and cf are the initial and final concentrations in mg/L 

respectively. 

The removal efficiency is in the range of 84 to 85% as shown 

Figure 4.  The maximum boron removal efficiency is observed 

in case of neat PU polymer as adsorbent due to absence of filler 

and availability of space between PU matrix molecules. 

However, there is not much difference between the different 

PU/algae composites for boron removal efficiency. It was 

observed that the adsorption process is very slow and took 72 

hours to reach the optimum values.  

 

 

 

Figure 4. Boron content in OPW after adsorption on PU/algae composites 

 

4. CONCLUSIONS  

This study investigated the performance of algae based PU 

polymer composites for the treatment of boron presence in oil 

produced water (OPW). PU/algae composites synthesized by 

varying the content of filler algae and their physical and 

chemical properties are estimated. The density of PU/algae 

composites is in the range of 1.12 and 1.20 g/ml based on 

content of filler. The density increases with an increase in algae 

content. The surface area decreased with an increase in the filler 

content of the uniform mass of PU/algae composites. Weight 

loss of the tested specimens in various chemical solutions are 

less than10%, indicated stable chemical resistance by PU/algae 

biocomposites. SEM images showed the proper distribution 

and integration of algae filler in PU matrix. The roughness and 

difficulty for deformation increases with filler content. FTIR 
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spectroscopy indicates the absence of NCO peaks which 

indicates there is no free NCO group in the formed polymers. 

Thermogravimetric analysis showed with increases in filler 

content, the thermal stability increased.  The boron removal 

efficiency is found to be in the range of 84% and 85% at pH 

7.19. 
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