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Abstract

:

Reverse osmosis technique was applied in removing hexavalent chromium ions from artificial wastewater. Different operating conditions were studied to monitor the separation process using commercial Reverse Osmosis BW30XFR membrane. Different concentrations of hexavalent chromium; 5, 30, and 100 ppm were tested. Samples were subjected to incrementally increasing operating pressure; 10, 30, and 45 bar and flow rates; 2.2, 3.4, and 4.5 L/min under various temperatures; 25, 35, 45, and 55 °C. Collected permeate and concentrations were measured after each experiment using a UV spectrophotometer. Results obtained presented a higher rejection percentage at lower feed concentrations with a value up to 99.8% for 5 ppm in comparison to 94.3% for 30 ppm and 77.2% for 100 ppm concentration due to concentration polarization; however, it showed no effect of increasing operating flow rates. Moreover, the increase in feed temperature from 25 to 55 °C had positively increased permeate flux to more than 300 times. The permeate flux at 25 °C is recorded for all tested samples in the range of 30 to 158 kg/h·m2, this range has risen at 55 °C under the same conditions to the range of 70 to 226 kg/h·m2, indicating alteration within the membrane pore size due to temperature increase and high applied pressure concluding high sensitivity of polymeric membranes towards changing permeate flow rate with increasing temperatures.
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1. Introduction


Heavy metals impose significant environmental and economic risks. Hexavalent chromium Cr (VI) is among these heavy metals. Chromium is a common contaminant in both surface and groundwater. Its concentration increase is a result of numerous natural and industrial activities. The textile industry is considered among the major players impacting the increase of Cr (VI) contaminations, in addition to leather tanning, electroplating, and metal finishing [1,2]. Chromium can be found in several oxidation forms ranging from Cr (II) to Cr (VI) Cr (VI) [2,3,4], among these states, Cr (III) and Cr (VI) are the most dominant and stable compounds. Even though both oxidants are interconnected and can form each other either by oxidation or reduction, the physical and chemical characteristics of both compounds are relatively opposite [5]. AsCr (III) is less mobile, stable, and nontoxic; Cr (VI) on the other hand, is reactive and toxic in excess concentrations and is responsible for developing various harmful diseases [5,6,7]. Cr (VI) has been reported to be responsible for lung cancer, chromeulcers, nasal septum perforation, brain damage, and kidney damage [7,8]. The WHO guidelines concentration for Cr (VI) limit is 0.05 mg/L, the United States Environmental Protection Agency (US EPA) has identified Cr (VI) as one of the seventeen chemicals posing a threat to humans and has set a maximum allowable concentration in the effluent discharge of 0.1 mg/L [9,10].



Various studies have been conducted on the removal of Cr (VI) using different techniques; precipitation is among the first chemical remedies chemists looked upon. The process involves the transformation of dissolved metals into insoluble solids followed by physical separation such as clarification and/or filtration. Sodium hydroxide and lime were tested and have shown satisfying results in chromium removal [8]. The use of electrochemical precipitation (ECP) which can be considered as a modified precipitation technique was tested on electroplating wastewater containing high concentrations of chromium. The technique involved the use of a bipolar ECP unit operating under 6.70 amp/m2 power and pH 4.5, the study revealed removal of 85.1% of Cr by precipitation [11]. However, despite the efficiency and simplicity of precipitation in Cr and heavy metals removal in general, several drawbacks were reported when applying this technique—such as large volumes of sludge generation including the additional waste-disposal costs besides, as each dissolved heavy metal has its distinct level of pH and operating conditions for its removal—hence reducing the reliability on precipitation as a large scale treatment method [8].



Adsorption of chromium from wastewater, by either natural or synthetic means, has been under focus for some time. Considerable efforts were made to control the Cr (VI) concentration within the recommendation level using activated carbon generated from natural resources—i.e., rice straw activated carbon [12], apple pulp [13], nuts [14,15], and sugar cane bagasse [16]. These adsorbents have proven to be cheap, efficient, and environmentally friendly with high removal efficiency; however, most of these reported materials have to undergo many physical and chemical treatments before gaining the capacity to operate as an adsorbent [17,18]. Table 1 summarizes different technologies reported in the literature for Cr (VI) removal and their efficiencies.



The application of membrane technology in the removal of chromium has been a formidable technique that is presented in the literature [19,20,21]. Nanofiltration, ultrafiltration and RO were tested and compared in the removal of mono and divalent ions independence of pH and feed solutions by monitoring ion rejection and membrane flux. Obtained results revealed removal of Cr (VI) ions to more than 90% under different operating conditions of altering pH, conductivity, and pressure, whereas nanofiltration and ultrafiltration systems recorded a range of removal percentage between 25 to 95 and 30 to 90 respectively under the same operating conditions [22]. Seawater reverse osmosis high rejection (SWROHR) and brackish water reverse osmosis membrane (BWRO) types were investigated in the removal of chromium from wastewaters with the study of pH effect, operating pressure and solute concentration on the chromium rejection. Results concluded dependency on membrane type with an optimum pH value of 3 for more effective removal of chromium. Brackish water reverse osmosis membranes had a higher rejection percentage of 91% in comparison to that obtained using seawater reverse osmosis high rejection membrane SWROHR [1].



Membrane life span and permeate flux are primarily affected by the solute build-up on the surface of the membrane. Accumulation of solute retained leads to increasing permeate flow resistance at the membrane wall region [23]. This phenomenon can be controlled in a membrane module by velocity alteration, pulsation, ultrasonication, or electrical fields [24,25]. Permeate and salt passage within membrane increases with increasing feed water temperature with a reported 3% increase in water production rate for each degree rise in temperature. However, the increase in feed water temperature accelerates the rate of membrane degradation. High temperature also affects the membrane retention coefficient. Low membrane retention is obtained at high temperatures. Therefore, optimizing the operation of reverse osmosis system should be studied to maintain the desired product water quality at the optimum operating variables [26,27,28,29].



This work investigates chromium VI removal from artificially generated wastewater using reverse osmosis. The effect of incremental increasing pressure on the permeate flux was studied under different operating temperatures. The influence of feed pressure level, feed flow rate, and feed concentration were investigated. Membrane rejection of chromium was monitored by measuring the permeate concentration.




2. Materials and Methods


2.1. Chemicals and Membrane


The tested aqueous solutions were made of potassium dichromate (K2Cr2O7)—analytical grade—obtained from Merck Co. (Darmstad, German)—in concentrations of 5, 30, and 100 mg/L. Dow Polyamide TFC Flat Sheet Membrane, BW30XFR, with pH range from 2–11, molecular weight cutoff (MWCO) 100 Da with an effective membrane area of 140 cm2, a rejection tolerance of 99.7% and operating pressure of up to 50 bar, was tested over Sterlitech Sepa Cell bench-scale cross/tangential flow membrane cell holder. The testing rig is a Sterlitech Sepa CF 042 membrane Digital Membrane Test Skid consisting of a high-pressure stainless-steel diaphragm pump with digital pressure and flow meters supported with a five-gallon stainless steel feed tank with a controllable operating pressure up 69 bar. The rig is supported with a highly sensitive Mettler Toledo balance to measure the permeate weight.




2.2. Test Method


Experiments were conducted using flat sheet membranes. The top plate of the membrane cell was made with flow channels and the bottom was used as support with permeate passage. The experimental setup is presented in Figure 1. The feed mixtures of different chromium concentrations (5, 30, and 100 ppm) were treated with commercial polyamide RO membrane in crossflow circulation mode. The feed concentration was maintained at a constant value by continuous recycling of permeate and retentate to the feed tank. The experimental tests were run for 2–3 h at operating pressures of 10, 30, and 45 bar with controlled feed flow rates at 2.2, 3.4, and 4.5 L/min. The solution temperature was altered to 25, 35, 45, and 55 °C. Mass permeate was collected and weighed for a period of 10 min after reaching stable operation.



The flux (Ji) (kg/h·m2) (Equation (1) was calculated by the ratio of the permeate mass flow (mp) to the membrane surface area (A).


   J i  =  m P  / A  



(1)







To evaluate the separation efficiency, the retention [R%] is calculated by comparing the concentration of the permeate (Cp) to those in the feed (Cf) according to Equation (2)


  R  [ % ]  =  {  1 −    C p     C f     }  × 100 %  



(2)







After each set of experiments, the testing rig was cleaned using distilled water for 10 to 20 min at a pressure of 5 bar and a new membrane sheet was mounted. Collected permeate samples were tested for Cr (VI) concentrations using UV spectrophotometer Shimadzu 1600 with a wavelength of 350 nm using the diphenylcarbazide method [31,32].





3. Results and Discussion


3.1. Membrane SEM Characterization


Figure 2 shows the SEM image of the membrane sheet surface. It shows the clear microstructure fibrous of the membrane surface, its dense and low porosity. In the adjusted figure the membrane surface appears completely affected by the phenomena of concentration polarization where solute accumulates on the surface after sample testing using 5 ppm Cr (VI) concentration using the same imaging conditions. It can be noted that accumulation of solute on the membrane surface has caused its fouling. Moreover, distribution of the solute on the surface can be noted which is caused by the spacer on which the membrane is placed, separating it from the plate.




3.2. Permeate Flux under Different Temperatures and Feed Flow Rates


Figure 3 shows the effect of increasing the operating temperatures from 25 to 55 °C on the permeate flux with increasing feed flow rate from 2.2 to 4.5 L/min for 5 ppm Cr (VI) solutions concentration at 10, 30, and 45 bar consecutively. Results show that as temperature increases, higher permeate flux is obtained with increasing operating pressure. The increase of temperature from 25 to 55 °C has caused an increase in the permeate flux to 155% at 10 bar with 2.2 L/min flow rate whereas the permeate increase at 45 bar has been 60% at 2.2 L/min, 49% at 3.4 L/min, and 38% at 4.5 L/min with temperatures; 25, 35, 45, and 55 °C. It can thus be concluded that the lower feed flow rate has caused a higher increase in permeate flux with increasing temperature. On the other hand, increasing the feed flow rate from 2.2 to 4.5 L/min at constant temperatures has shown no significant alteration within the observed permeate flux obtained.



Figure 4 examines the same parameters for 30 ppm concentration. Results revealed an increase of permeate flux to 90% at 10 bar with 2.2 L/min flow rate whereas the 45 bar increase was only 13% with 4.5 L/min flow rate with temperature increase from 25 to 55 °C. Similarly increasing the feed flow rate from 2.2 to 4.5 L/min at constant temperatures has shown no alteration in permeate flux; therefore, it can be noted that the increase in permeate flux is caused by the increase in temperature and operating pressure only. This finding is true based on Speigler–Kendem–Katchalsky model where the driving force for solute transport through membrane medium is governed by pressure and concentration respectively [33].



When looking at the effect of increasing the operating pressure from 10 bar to 30 bar the permeate flow rate has noted to be increased for 5 ppm Cr (VI) concentration from 30 to more than 100 kg/h·m2 of permeate flux at 25 °C, which is almost 250% increase (Figure 4). The next increase for the operating pressure was from 30 bar to 45 bar and as expected for 5 ppm concentration, permeate flux has shown an increase from 107.6 kg/ h·m2 with a 2.2 L/min flow rate at 25 °C to 172.5 kg/h·m2 at the same conditions. This increase is not as significant as that obtained from increasing the pressure from 10 to 30 bar which was more than 300 times. The feed flow rate has also shown limited alteration on the permeate flux at this point Figure 5.



With increasing Cr (VI) concentration to 30 and 100 ppm under the same investigated conditions, overall results show a similar pattern when increasing permeate flux as operating temperature increases, 30 ppm concentration recorded an increase of 112%, whereas 100 ppm had an increase of 143%. In addition, different profiles were obtained as presented in Figure 5. The effect of increasing the feed flow rate was not similarly observed at 10 bar operating pressure. Similar findings were also concluded when evaluating the permeate flux with 100 ppm concentration at 10 bar operating pressure, where the same trend of increasing permeate flux was noticed as temperature increases without clear impact on permeate flux under different feed flow rates.




3.3. Chromium VI Rejection under Tested Conditions


The rejection percentage calculated has revealed a range of removing percentages from 100% removal to as minimum as 80%. Figure 6 shows the rejection percentage of different concentrations at 4.5, 3.4, and 2.2 L/min feed flow rates and 10 bar operating pressure under different feed temperatures from 25 to 55 °C, it can be noted that samples with lower concentrations—5 ppm—were having higher removal than that obtained at 100 ppm indicating increasing concentration polarization on membrane surface thus decreasing Cr (VI) rejection. However, the impact of temperature under the tested conditions revealed a limited effect on the removal obtained.



When looking at the rejection calculated at 30 bar operating pressure under identical operating conditions; removal of 90% was obtained at higher temperatures than those obtained at lower (Figure 7). In addition, the increase of flow rate results in limited effects similar to the temperatures, concluding that rejection is mainly dominated by the concentration rather than operating conditions. Identical findings are also presented with 45 bar operating pressure (Figure 8).



As feed concentration increases, it has been noted that permeate flux flowrate decreases which are justified by concentration polarization on the surface of the membrane with feed concentration increases. Pressure increase, on the other hand, has also increased rejection percentage, justification for this is presented by [9] arguing that concentration polarization phenomenon is overcome by increasing pressure which forces more ions through membrane pores, hence having higher rejections.




3.4. Temperature Impact of RO Performance


As a rule of thumb, membrane permeation increases as temperature increases due to the reduction in the solution’s viscosity in addition to the increase in the diffusion phenomenon through the membrane surface. As a consequence, permeation flux is noted to increase with increasing temperature. It is reported that the change in permeate flux with temperature is governed by the temperature correction factor TCF calculated from Equation (3), [26]


  TCF =    permeate   flux   at   t    °  C       permeate   flux   at    25   °  C       



(3)







Accordingly, Table 2 shows the calculated Temperature correction factor from the permeate flux due to temperature rise for 100 ppm concentration at different operating pressure and flow rates. It can be noted that there is a significant increase in the TCF as the temperature increase which can thus lead to the conclusion of having higher permeate flux; however, when looking at the impact of increasing both the feed flow rate and the operating pressure, it can be noted that there is no significant change in the TCF values calculated.





4. Conclusions


The effect of temperature has been presented in this study. It can be concluded that polymeric membranes are very sensitive to changes in feed temperature. Results revealed that increasing temperatures from 5 to 55 °C causes an increase of permeate flux to more than 100%, this increase has been found to take place on different concentrations of Cr (VI), nevertheless, the feed flow rate has shown to have limited impact on the permeate flux. Thus, it can be concluded that the flux increase with temperature is due to changes in the physical properties of the polymeric membrane such as pore size swelling or possibly due to water diffusion through the membrane sheet thus allowing transit of large amounts of ions to the product, thus reducing the efficiency of the removal process. The salt rejection percentage was found to be inversely proportional to feed concentrations and the impact of feed flow rate showed little effect on the rejection percentage.
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Figure 1. Testing rig. 
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Figure 2. SEM images for RO membrane surface before and after testing. (a) Before; (b) after. 
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Figure 3. Impact of temperature on permeate flux at different feed flow rates for 5 ppm concentration at (a) 10, (b) 30, and (c) 45 bar operating pressure. 
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Figure 4. Impact of temperature on permeate flux at different feed flow rates for 30 ppm concentration at (a) 10, (b) 30, and (c) 45 bar operating pressure. 
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Figure 5. Impact of temperature on permeate flux at different feed flow rates for 100 ppm concentration at (a) 45, (b) 30, and (c) 10 bar operating pressure. 
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Figure 6. Cr (VI) rejection % of different concentrations at (a) 4.5, (b) 3.4, and (c) 2.2 L/min flow rate and 10 bar pressure. 
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Figure 7. Cr (VI) rejection % of different concentration at (a) 2.2, (b) 3.4, and (c) 4.5 L/min flow rate and 30 bar pressure. 
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Figure 8. Cr (VI) rejection % of different concentration at (a) 4.5, (b) 3.4, and (c) 2.2 L/min flow rate and 45 bar pressure. 
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Table 1. Summary of different Cr (VI) removal techniques and their efficiency [30].
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	Type of Treatment
	Removal Efficiency (%)





	Carbon membrane
	96



	Nitrated carbon membrane
	84



	Polymer-enhanced ultrafiltration
	30



	Composite polyamide membranes (NFI)
	99



	Polyamide thin-film membrane
	77



	Dowex 2-X4 ion exchanger (Strongly basic resin with trimethylbenzylammonium as the active group)
	100



	Solvent impregnated resin with aliquot 336
	99.5



	Carbon aerogel (Electrochemical treatment)
	98.5



	Iron rotary (Electrochemical treatment)
	99.6



	Wool (bio sorbent)
	69.3



	Olive cake (bio sorbent)
	47.1



	Almond shell (bio sorbent)
	23.5
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Table 2. Calculated temperature correction factors for permeate flux under different operating pressure and flowrate.
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Temperature °C

	
TCF




	
10 Bar

	
30 Bar

	
45 Bar




	
2.2

L/min

	
3.4

L/min

	
4.5

L/min

	
2.2

L/min

	
3.4

L/min

	
4.5

L/min

	
2.2

L/min

	
3.4

L/min

	
4.5

L/min






	
35

	
1.51

	
1.48

	
1.42

	
1.16

	
1.32

	
1.32

	
1.61

	
1.23

	
1.16




	
45

	
1.82

	
1.95

	
2.00

	
1.86

	
1.75

	
1.67

	
1.54

	
1.42

	
1.29




	
55

	
2.48

	
2.40

	
2.31

	
2.01

	
1.87

	
1.82

	
1.53

	
1.43

	
1.36
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