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Abstract

:

For the last four decades, viability of photocatalytic degradation of organic compounds in water streams has been demonstrated. Different configurations for solar TiO2 photocatalytic reactors have been used, however pilot and demonstration plants are still countable. Degradation efficiency reported as a function of treatment time does not answer the question: which of these reactor configurations is the most suitable for photocatalytic process and optimum for scale-up and commercialization? Degradation efficiency expressed as a function of the reactor throughput and ease of catalyst removal from treated effluent are used for comparing performance of different reactor configurations to select the optimum for scale-up. Comparison included parabolic trough, flat plate, double skin sheet, shallow ponds, shallow tanks, thin-film fixed-bed, thin film cascade, step, compound parabolic concentrators, fountain, slurry bubble column, pebble bed and packed bed reactors. Degradation efficiency as a function of system throughput is a powerful indicator for comparing the performance of photocatalytic reactors of different types and geometries, at different development scales. Shallow ponds, shallow tanks and fountain reactors have the potential of meeting all the process requirements and a relatively high throughput are suitable for developing into continuous industrial-scale treatment units given that an efficient immobilized or supported photocatalyst is used.
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1. Introduction


In the mid-1970s, the viability of photocatalytic degradation of organic compounds in water using titanium dioxide (TiO2) was demonstrated by several research groups [1]. Since that time, there was an increase in research done using TiO2 for photo-oxidation of organic compounds, inorganic compounds, metal-containing ions as well as disinfection. More than 1000 substances have been tested [2]. Advanced oxidation using TiO2 offer potential treatment opportunities for: tertiary treatment of municipal wastewater [3,4], for removal of endocrine disrupting chemicals [5,6,7] and disinfection [8,9], especially effluents containing pathogens resistant to chlorination [10,11,12,13,14,15,16]; treatment of hazardous effluents from hospitals [17,18]; industrial effluents from pulp and paper [19,20,21,22], dairy manufacturing [23], textile dyeing [24,25,26,27,28,29,30,31], agricultural oil mills and distilleries [32,33], and pharmaceutical industry [34,35,36,37]; wastewater effluents containing phenols [38,39,40,41] and chlorophenols [42,43], herbicides and pesticides [44,45,46], ammonia [47,48] plasticizers [49] and surfactants [50]; drinking water disinfection [51]; and purification from micro-pollutants [52], cyanide [53,54] and arsenic [55,56].



In the late-1980s, parabolic trough concentrator was used for the first field demonstration for solar heterogeneous photocatalytic water treatment tests [57]. Despite the extensive research on photocatalytic oxidation using TiO2, pilot and demonstration plants through the last four decades are still countable [1], [57,58,59,60,61,62,63,64,65,66] as shown in Table 1.



Different reactor configurations have been used to degrade various types of pollutants using solar light or artificial light simulating sunlight. However, which of these reactor configurations is the most suitable for the photocatalytic process and is optimum for scale-up and commercialization? The aim of this paper is to find an evaluation criterion to ease performance comparison and selection of a reactor configuration optimum for scale-up into an industrial scale and commercialization.



The quantum yield, which is the ratio of rate of reaction to rate of light absorption, was used by some researchers to demonstrate photoreactor energy efficiency [76]. The quantum yield was further modified into photochemical thermodynamic efficiency factor [77], which is given as:


   η =    Q  used      Q  absorbed     =    r  OH   × Δ  H  OH   × W    Q  absorbed       



(1)




where rOH is the rate of OH radicals formation (mol/g of catalyst) ΔOH is the enthalpy of OH radicals formation (J/mol) and W is mass of catalyst (g). In addition to the difficulty of determining these energy efficiency factors [78], they cannot be used for the intended reactor configuration comparison. Two other parameters are of extreme importance for scale-up and commercialization of photocatalytic wastewater treatment: the treated volume, and the reactor foot print.



Figures of merit in terms of collector area per mass (ACM) and collector area per order (ACO) were proposed for comparison of advanced oxidation technologies (AOTs) reactors of different configurations based on the collector area. Collector area per mass (ACM) is the collector area required to degrade 1 kg of pollutant in one hour after receiving solar radiation of intensity 1000 W/m2 while collector area per order (ACO) is the collector area required to decrease the pollutant concentration of 1 m3 by one order of magnitude [79].


    A  C M   =    A  r   ×   E ¯  s  × t × 1000   M ×  V  t   ×  E s o  ×  t  o    (   c i  −  c f   )      



(2)






    A  CO   =    A  r   ×   E ¯  s  × t      V  t   ×  E s o  ×  t  o   × log    c i     c f        



(3)




where ACM and ACO are in m2/kg and m2/m3-order, respectively, Ar is the actual reactor area (m2), t and to are irradiance and reference time (h),      E ¯  s     and     E s o     are average solar irradiance and reference solar irradiance (W/m2), Vt treated volume (L), M molar mass g/mol, and ci and cf are initial and final pollutant molar concentrations, respectively. Collector area per mass has been used by researchers to compare performances of reactors of different configurations based on estimate of area required for scale-up [80,81]. For the cases in which the treated volumes/degraded pollutants are much lower than the proposed 1 m3 treated volume and 1 kg of pollutant identified by the proposed figures of merit, ACM and ACO figures of merit will be extrapolated indicators [58] not real reflection of the system performance. Hence, figures of merit will not be used for reactor performance comparison.



For a given degradation efficiency, reactor throughput (L/min/m2) will be used as an actual indicator on the treatment unit production rate based on the area it occupies. In case of batch operations, reactor throughput is the volume treated/total treatment time/reactor area, while in case of continuous operations it is the flow rate/reactor area. For solar reactors, aperture area is area in which solar radiations enter the reactor while gross area is area based on reactor outer dimensions. Throughput calculation will be based on the area having the bigger footprint.



Another aspect of evaluation is ease of catalyst removal from treated effluent. One of the major financial obstacles hindering widespread of TiO2 photocatalysis is the use of fine TiO2 particles in suspension [82]. Costly post separation of the catalyst from the effluent is required to avoid catalyst loss [83]. Another ecological concern is effluent contamination with TiO2 particles. Several studies have shown that long exposure to TiO2 nanoparticles adversely affect aquatic organisms [84]. Not only effluent contamination with TiO2 nanoparticles is encountered when using slurry TiO2 but also when using immobilized TiO2 the immobilization technique is not robust enough to avoid photocatalyst spalling and attrition.



Comparison between different types of TiO2 photoreactors is done through reviewing treatment trials for each reactor type to illustrate system components and calculate throughput. Photocatalytic Reactors whose reaction solution volume is less than 1 L are classified as Lab-scale reactors [59]. This review focuses on pilot scale demonstrations using solar or artificial lighting simulating solar radiation.




2. Reactor Configurations


2.1. Parabolic Trough Reactor


Parabolic Trough reactor (PTR) consists of a transparent pipe through which contaminated water flow. The pipe is located at the focal line of a collector that is a parabolic light-reflecting surface. The collector is mounted on a mobile platform equipped with solar tracking system [63]. PTRs have concentrating ratio 10–50 [64]. Concentrating ratio is calculated based on collector width and half the circumference of the glass pipe, taking into consideration reflective and transmissive losses [67]. PTRs are operated at high flow rates; turbulent flow ensures high mass transfer rates between the pollutants and photocatalyst [65].



PTR was used in Sandia National Laboratory, New Mexico for treating water contaminated with salicylic acid. PTR was 218 m in length and 2.1 m in width, having borosilicate glass pipe of 38 mm diameter. The system had a total aperture area of 465 m2 and a concentrating ratio of 50. The reactor worked in a recirculating batch mode using slurry TiO2. An air radiator was used for cooling water, however the radiator cooling capacity or extent of temperature rise during treatment were not specified. One thousand one hundred liters of water contaminated with salicylic acid were treated using slurry TiO2. Ninety-six percent destruction was achieved in 40 min. The same system was used in treating trichloroethylene, tetrachloroethylene, chloroform, trichloroethane, carbon tetrachloride, and methylene chloride. Chlorinated ethylenes were easily destroyed [85].



PTRs were used in treating groundwater contaminated with trichloroethylene in Lawrence Livermore National Laboratories (LLNL), Livermore, CA, USA. The solar detoxification system consisted of two PTR strings. Each string had a length of 36.6 m and a width of 2.1 m, borosilicate glass pipe of 51 mm diameter. The used PTRs had a concentrating ratio of 20 and a total aperture area of 154 m2. A heat exchanger was used for cooling water [68]. In addition, the researchers did not specify the heat exchanger cooling capacity nor the extent of temperature rise during treatment [68]. An important outcome of Mehos and Turchi work was a comparison of performance of concentrating PTRs and one-sun configuration. In one-sun configuration, the PTRs were aligned horizontally such that the PTRs are not concentrating any sunlight. While concentrating PTR has an aperture area of 465 m2 (PTR width × length), one-sun system has an aperture area of is 3.73 m2 (pipe diameter × length). The system throughput in case of one-sun PTR was eight times higher than concentrating PTR suggesting that photocatalyst efficiency is increased at low Ultra violet ( UV ) light intensities [68], a finding which has been confirmed by many other researchers [62]. Recently a pilot scale PTR has been used for the treatment of diluted paper mill effluent, the increase of biological oxygen demand to chemical oxygen demand (BOD/COD) ratio proofed the viability of using solar photocatalytic as a pretreatment to increase paper mill effluents biodegradability [19].



PTRs receive large amount of energy per unit volume thus reactor tube is small enabling use of high quality UV transmission material. Despite the fact that the tube area is small, area equipped by the parabolic collector for light harvesting is huge. Moreover, installation of PTRs requires additional large area to avoid PTR modules projecting shadows on each other [86]. Another limitation of PTRs is using only direct radiation [87]. For thermal applications this is not a problem since diffuse radiation account only to 10%–15% of total solar radiation [57]. For photocatalytic applications this is a disadvantage. TiO2 Photocatalysis uses only solar UV radiation, which accounts for 4%–6% of total solar radiation [5]. Fifty percent or more of UV radiation is in the diffuse radiation especially at humid areas and during cloudy days [65]. Thus, PTR does not function efficiently during cloudy and overcast days.



A major demerit of PTR is reaction solution overheating [66]. Not only does overheating of reaction solution lead to leaks and corrosion [65], but it also affects treatment efficiency. As temperature increases, solubility of oxygen in water decreases leading to bubble formation. Since oxygen is needed for reaction completion [85], continuous supply of oxygen to reaction solution is essential. To avoid bubble formation electron scavengers such as hydrogen perioxide/sodium persulfate can be used [69]. However, addition of more reagents complicates water purification process and render it less practical [61]. Slurry PTR system operating in a recirculating batch mode is illustrated in Figure 1.




2.2. Concentrating Falling Film Reactor


A concentrating falling film reactor consists of heliostats (large rotating mirrors) that are used to concentrate solar radiation on a vertical falling film of water. Pacheco and Tyner used large tracking heliostats to concentrate solar radiation on a vertical aluminum panel (3.5 m × 1 m). The aluminum panel was mounted on a tower 37 m above the ground. Used heliostats had a total aperture area of 750 m2. Three hundred eighty liters of water were treated at a flow rate of 17 L/min resulting in a thin film thickness of 3 mm. The experiments were conducted at two concentrating levels, 30 and 60, by increasing number of heliostats focused on the falling film reactor. A cooler was required to remove excess heat energy before recirculation [67]. Use of concentrating thin films for photocatalytic treatment of water was not reported by any other researchers. This may be attributed to the complexity of system set-up. Concentrating falling film reactors, similar to PTRs, have the demerits of requiring huge area for light harvesting, reaction solution overheating, high capital cost for solar tracking devices and high operational cost for water cooling.




2.3. Compound Parabolic Concentrator


Compound Parabolic Concentrator (CPC) reactors are static reactors that consist of transparent pipes mounted on a reflector. The reflector has the shape of two half parabolas intersecting beneath each tube, this shape allows any incident light to be concentrated on transparent pipe without need for sun tracking systems. CPCs use direct as well as diffuse solar radiation while exhibiting a small concentration factor (<1.2) [88].



A demonstration plant using CPC reactors was erected in HIDROCEN, Madrid. The plant is fully automated plant for treatment of 1000 L of water. The plant consists of two rows of 21 CPC collectors connected in series having a total aperture area of 100 m2. Each collector is 1.5 m × 1.5 m, encompassing 16 parallel glass tubes of 29.2 mm inner diameter (ID). The collector reflector is made of anodized aluminum. The plant was operated in a recirculating batch mode. After treatment, pH was adjusted in sedimentation tank to enhance TiO2 agglomeration into bigger particles for quick settling. Supernatant from sedimentation tank containing <7 mg/L TiO2 was passed through a microfiltration system for final catalyst removal [73].



Treatment performance of the demonstration plant and the larger pilot plant (LPP) in Platforma Solar de Almeria (PSA), Almeria, Spain, were compared using cyanide. LPP has a total plant volume of 247 L, and an aperture area of 8.9 m2. In total, 0.2 g/L slurry TiO2 was used to degrade aqueous cyanide solution having an initial concentration of 50 mg/L. Complete degradation of Cyanide could be achieved in LPP after a normalized illumination time (t30W) of 1.5 h. Only 76% degradation could be achieved in the demonstration plant after t30W of two hours [54]. Lower treatment efficiency achieved by the demonstration plant was partially attributed to difference of water matrix. LPP used distilled water while demonstration plant used tap water. Presence of carbonates that are hydroxyl radical scavengers leads to tapering off photocatalytic degradation rates [83]. Another reason was low O2 concentration and uneven O2 distribution in the demonstration plant. O2 injection was carried directly in reactor pipes of the demonstration plant using an injection system, while, for the LPP, oxygenation was carried out in the recirculation tank [54].



CPCs are closed reactors that require continuous supply of oxygen to the reaction solution by purging of the reaction solution with oxygen/air or use of oxidants. Experiments studying treatment of synthetic sewage water were conducted in the small pilot plant in PSA. For an accumulation energy of 50 KJ/L, corresponding to six hours of illumination, dissolved organic carbon (DOC) was decreased by only 18% when using 0.2 g/L TiO2 alone. For the same accumulated energy and experimental conditions, degradation increased to 51% when adding 2 g/L H2O2. When using 4.3 g/L Sodium Persulfate, degradation further increased to 75% [89].



Packed CPC in which TiO2 is immobilized on a support eliminates the need for expensive post-separation. A packed CPC composed of five Pyrex tubes (1.9 m length and 22.2 mm outer diameter (OD)) connected in series was used for treating 21 L of aqueous triclosan solution. The tubes were packed with TiO2 immobilized on volcanic porous stones. Stones having an average size of 1 cm were coated using sol-gel method followed by sintering for three hours at 605 °C. Locally available porous stones serve as a cheap catalyst support, however the stones size should be optimized to avoid high pressure drop across the reactor and associated excessive pumping cost [90].



SOLWATER reactor is another packed CPC reactor. The reactor is composed of four tubes mounted on a CPC collector. The first two tubes contain TiO2 immobilized on Ahlstrom paper. The other two tubes contain supported photosensitizer. The water to be treated runs in series through the four pipes. Field tests were carried in Los Pereyra, Tucumán, Argentina to disinfect groundwater from shallow aquifer for use as drinking water. Groundwater was contaminated by fecal coliforms, Enterococcus faecalis and Pseudomonas aeruginosa, which is a chlorine resistant pathogen. The reactor was operated in a recirculating batch mode and treated 20 L. A 20 cm free fall of water returning to the feed tank was allowed for water oxygenation. The reactor efficiently removed fecal coliforms and Enterococcus faecalis while removal of Pseudomonas aeruginosa was not achieved. For fecal coliforms, total disinfection of groundwater contaminated with 6.6 × 105 CFU/100 mL fecal coliforms could be achieved in six hours during cloudy days with a maximum UV-A intensity of 30 W/m2 [91]. After three months of operation, removal efficiency decreased. One to three percent of bacteria were still cultivable at the end of the tests. This loss of efficiency was attributed to calcium carbonate deposition on the photocatalyst and the photosensitizer [91].



A similar finding regarding loss of TiO2 effectiveness with prolonged use was obtained when CPC packed with TiO2 immobilized on glass spheres was used for degradation of emerging contaminants spiked in secondary treated wastewater effluent. Researchers found that hydroxybiphenyl, triclosan, progesterone, ibuprofen, diclofenac, ofloxacin, acetaminophen and caffeine could be degraded within t30W of one hour. After five cycles of treatment, a prolonged treatment duration was required. Contaminants were degraded in t30W of 1.5 h [92].



Loss of efficiency due to clogging of packed CPC and catalyst fouling is an operational concern. Platinized titanium dioxide immobilized on silica gel was packed in M-7 plastic tube of ID 12.7 mm and length of 2 m. The reactor was used to treat groundwater spiked with BTEX in a single pass mode. Reactor efficiency decreased significantly after two days of operation when treating extracted groundwater. A filter (0.35 microns) and an anionic/cationic ion exchange resin were used as a pretreatment for well water. Reactor receiving the pretreated water worked efficiently continuously during daytime for 25 days [93]. Problem of catalyst fouling was also encountered when using a Tubular reactor packed with TiO2 immobilized on silica beads for city water treatment. After one month of operation, red iron deposits fouled the catalyst impairing the treatment efficiency [52].



CPC has the merits of maintaining a turbulent flow that guarantees good mixing and negligible mass transfer. They use both direct and diffuse radiations [62]. However, CPC suffer from optical losses due to UV absorbance by the tube and the reflector material [87]. Another aspect is glass tubes aging known as UV-solarization. Long exposure to solar radiation lead to further reduction of tubes UV transmittance [86] impairing treatment efficiency and incurring additional costs for tubes regular replacement. One of the CPC limitations is the need for oxygen injection or alternatively adding oxidants to act as electron scavengers as well. In the case of using supported catalyst, problems of reactor clogging, and catalyst fouling are operational concerns. The demonstration plant in PSA using slurry TiO2 for treating just 1000 L of water was encompassed of 672 pipes, each having a length of 1.5 m. If supported catalyst were to be used, the ease of operation regarding regular inspection and replacement of supported catalyst is questionable. Pressure drop and high pumping cost are operational concern as well. Slurry CPC system operating in a recirculating batch mode is illustrated in Figure 2.




2.4. Tubular Reactor


Tubular reactor is a non-concentrating reactor in which water flows through transparent pipes. The pipes can be connected between an inlet and outlet header [94] or directly folded in a coil shaped pattern [95]. Tubular reactors are a variation of CPC. The difference is absence of reflector, which allows CPC to have a small concentrating factor. A field-test facility based on tubular photoreactors was used to treat groundwater spiked with BTEX at Tyndall Air Force Base, Florida. Experiments were conducted in a recirculating batch mode using five photoreactors connected in series. Each photoreactor contained 132 tubes (6.4 mm ID). The tubes were made of a UV transparent material and had a length of 2.4 m. The reactors had an aperture area of 10 m2 and gross area of 37.2 m2. Groundwater was filtered through 0.5 microns filter. Five hundred thirty liters of filtered groundwater were recirculated with TiO2 slurry with a high flow rate maintaining a turbulent flow. BTEX destruction using TiO2 only with no oxidant was limited [94]. Adding 100 mg/L H2O2, 75% destruction of BTEX was achieved in three hours [70]. Recently, a tubular pilot plant has been used to treat 15 L of water contaminated with nitrophenol, naphthalene, and dibenzothiophene, which are typical oil industry pollutants using slurry TiO2 [95]. Tubular reactors share the operational merits and demerits of compound parabolic concentrators.




2.5. Shallow Pond Reactor


Shallow pond reactor is a non-concentrating reactor utilizing both direct and diffuse radiations, thus operating in sunny as well as cloudy and overcast days. A solar pond fabricated from plywood and lined with polyethylene sheets was used for degradation of chlorophenol in tap water. Solar pond (106.5 cm × 53.3 cm) had a surface area of 0.57 m2, and depth of 5 cm. The pond worked in a recirculating batch mode employing slurry TiO2. Strong mixing was achieved using a recirculating pump and a submerged spray bar. After treatment was ended, the mixing facility was stopped and TiO2 settled to the pond bottom. Treated effluent was decanted from the pond surface [96]. However, the researchers did not evaluate TiO2 content of treated effluent.



Chlorophenol solution was treated using 3 g/L TiO2. Eighty-eight percent degradation was achieved in two hours, under an average UV intensity of 31.4 W/m2. A test was done using two identical ponds of 5 cm depth; one of the ponds was equipped with bubbler wands for air sparging. Pollutant concentration with time in the two ponds were almost identical indicating that dissolved oxygen in the 5 cm ponds were sufficient. When pond depth was increased to 10 and 15 cm, degradation efficiency decreased to 60% and 48%, respectively [96]. This can be attributed to limited solar radiation penetration or insufficient dissolved oxygen.



A fluidized bed photoreactor using TiO2 coated on floating ceramic spheres was used for treating distilled water spiked with phenol. The photoreactor was rectangular (15 cm × 25 cm). When treating one liter, the reactor had a depth of 2.66 cm, and can be viewed as a shallow pond reactor employing TiO2 immobilized on floating spheres. The reactor was aerated using air diffusers and illuminated using black light lamps. Light intensity at water surface was 30 W/m2. The ceramic spheres had a density of 1 g/cm3 so that they are easily suspended in water. The spheres were 0.7 mm in diameter so that they can be easily removed after treatment. Sol gel was used for TiO2 immobilization on the spheres by dip coating followed by drying and sintering at 600 °C for five hours. However, the researchers did not specify TiO2 loading on the spheres. Although the researchers did not quantitatively evaluate the stability of immobilized TiO2 on spheres, they noted that water remained transparent during treatment. The reactor operated in a batch mode. Using a catalyst loading of 8%, 10 mg/L of Phenol were degraded in 12 h while degradation byproducts were mineralized in 20 h [97].



Another photocatalytic reactor for treating of 1350 L was mounted in a mobile container to be easily transferred to sources of polluted water. The reactor tank had an operating volume of 0.06 m3 and an area of 1.8 m2. The water depth in the reactor was 3.3 cm and can be viewed as a shallow tank reactor. The system was equipped with an impeller pump for water recirculation. The 1500 L recirculation tank was aerated through an air diffuser using an air compressor. The reactor was illuminated by a 6 kW mercury lamp giving a UV intensity of 330 W/m2, which is a very high UV flux. Most researchers agree that reaction rate is proportional to the radiant flux (φ). At UV flux higher than 50 W/m2, reaction rate becomes proportional to φ0.5 [62]. Loss of photonic efficiency is due to the fact that at higher UV flux, rate of electron/hole recombination is higher.



The photoreactor worked in a recirculating batch mode for treatment of phenol solution with a concentration of 25 mg/L. Commercial photospheres-40 were used as photocatalyst. Photospheres-40 are hollow microspheres of silica coated with TiO2, having an average particle size of 45 microns, and a low density (0.22 g/cm3) that make them float on water surface. Photospheres were completely destroyed after three cycles of treatment as the fragile floating spheres did not withstand vigorous mixing and flow through the pump impeller [74].



In addition, the researchers tested degradation efficiency using TiO2 immobilized on a steel mesh. A mixture of TiO2 and a white titanium photocatalytic paint was applied on steel mesh. Additional TiO2 was added to the wet surface. The reactor bottom was also painted using the same procedure. However, organic materials wash out from the painting was encountered when using the coated steel mesh. The researchers tested degradation efficiency using TiO2 immobilized on commercial fiberglass cloth as well. TiO2 was immobilized by immersion of the filter glass cloth in TiO2 ethanol suspension and then drying at 80 °C [74]. The researchers did not report TiO2 stability on the fiberglass cloth as well. Although slurry deposition is simple, produced TiO2 coatings lack sufficient mechanical integrity and are prone to rapid attrition [98].



Shallow ponds has the potential for treatment of industrial wastewater especially in industries that already use holding ponds including pulp and paper, pharmaceuticals and textiles [57]. Sparging the pond/tank with air might not be needed given that pond/tank depth does not limit a continuous oxygen supply from atmosphere and light penetration. However, finding an efficient immobilized catalyst is still needed. Shallow pond systems working in a batch mode are illustrated in Figure 3.




2.6. Double-Skin Sheet Reactor


Double-skin sheet reactor (DSSR) is a non-concentrating reactor made of commercially available Plexiglas double skin sheet that is modified by milling the connecting straps at alternating ends and sealing the sheets sides by Plexiglas [99]. Plexiglas transmits all light above 320 nm. DSSR uses Slurry TiO2. High flow rate guarantee a turbulent flow that overcomes mass transfer limitations between TiO2 and pollutants. Since DSSR is a closed reactor, purging reaction solution with air is required.



A pilot plant consisting of 12 DSSRs (2.45 m × 0.94 m) having a total surface area of 27.6 m2 was constructed in Volkswagen plant in Wolfsburg to treat 500 L/day biologically pretreated wastewater employing 5 g/L TiO2 [72]. Pretreated wastewater was passed over a filter, then to reservoir that contained TiO2 suspension. The pilot plant worked in a recirculating batch mode. When treatment ended, TiO2 was allowed to settle down in the reservoir, then supernatant was filtered. Forty percent reduction of TOC could be achieved under an average UV solar intensity of 13.3 W/m2 in 5.5 h [100].



DSSRs have the merits of using direct and diffuse radiation, maintaining a turbulent flow regime. However they can only be operated in a slurry mode. They suffer from low optical efficiency and bubble entrapment [87]. They need purging of reaction solution with oxygen or addition of oxidants [88].




2.7. Flat Plate Reactor


Flat plate reactor is an inclined rectangular flat plate covered with a thin UV transmissive glazing. The reactor is closed preventing contact between water to be treated and ambient air [87].



An outdoor flat plate reactor made of a stainless steel flat back plate (243.8 cm × 111.8 cm, 2.73 m2 aperture area) was used for treating 57 L of aqueous solution of 4-Chlorophenol. The back plate was covered by a woven fiberglass mesh to damp out surface waves and even out flow. The reactor had a thin film glazing made of fluoropolymer that is 90% UV transmissive. Water to be treated was evenly distributed from a spray bar at the reactor top. Water was drained from the reactor by gravity through two drain holes. The reactor worked in a recirculating batch mode.



About 60% degradation of Chlorophenol was achieved after 2.5 h under sunny conditions using slurry TiO2 having a concentration of 1 g/L. When TiO2 was immobilized on fiberglass mesh, degradation efficiency was lower. Although Fiberglass mesh is not an expensive support for TiO2, catalyst loading on the mesh and the immobilization technique efficiency in terms of TiO2 content of treated effluent need to be evaluated. Recently, a reverse flow flat plate reactor employing slurry TiO2 was used for the degradation of pyrimethanil which is the active compound found in fungicides used in agriculture [101].



Flat plate reactors are characterized by a laminar flow [102]. At higher flow rates, water film thickness is increased limiting solar radiation penetration required to activate photocatalyst thus degradation efficiency decreases [103]. Enclosing the flat plate reactor with a UV transparent material is a limitation against scale-up and commercialization as well. For covering large scale flat surfaces, cost of UV transmissive glazing will significantly add to reactor cost. Glazing need to be thick to withstand pressures, increasing the thickness will decreases UV transmisivity. Additional support may be required [57] increasing construction complexity and reactor cost. Filming of the glazing from inside and outside will decrease UV transmisivity into the reactor thus decreasing its optical efficiency. Regular cleaning of the glazing from inside and outside is an operational concern.




2.8. Falling Film Photoreactor


Falling film reactor is a variation of the flat plate collector where the surface of reactor is left open to the atmosphere [60]. Falling film reactor is a non-concentrating reactor employing both direct and diffuse solar radiations. Laminar flow conditions prevail resulting in film thickness of 1 mm [63]. Eliminating reactor cover has two advantages: (1) Purging reaction solution with air/oxygen is unnecessary since oxygen is exchanged rapidly between air and water [61]; (2) Falling film reactors have higher optical efficiency, elimination of transmissive losses due to cover material and thickness [60]. Thin-film fixed-bed reactor (TFFBRs) is a falling film reactor having TiO2 immobilized on the reactor surface.



Diluted pretreated leachate of Goslar landfill, Germany, was treated using TFFBR. TFFBR was made of glass plate having an area of 0.7 m2 (60 cm × 118 cm). TiO2 was immobilized on the glass plate. UV-A lamps having a maximum intensity of 100 W/m2 were used for illumination. Wastewater was dispersed over the top of the coated plate via a multichannel peristaltic pump. In a single pass experiment, 52% reduction of TOC and 56% reduction of COD were achieved at a flow rate of 1.5 L/h [104].



A TFFBR pilot plant was constructed in a textile factory in Menzel Temime, Tunisia. The pilot plant had two concrete reactors, each having a width of 2.5 m and a length of 10 m, resulting in a total illuminated area of 50 m2. Each reactor was connected to a 1000 L tank from which water is pumped to a distributor at the top of the reactor [71]. One of the pilot plant reactors was used for destruction of two commercial textile azo dyes in well water using immobilized TiO2. A painting roll was used to apply TiO2 suspension in water as a coat to the reactor surface. The researchers reported that some of the photocatalyst was stripped off under the employed experimental conditions [103]. Coatings resistance to abrasion and attrition is highly questionable using this primitive immobilization technique. The reactor was operated in a recirculating batch mode to treat 730 L having a TOC of 44.8 mg/L. forty-seven percent degradation of TOC was achieved in 8 h [103].



Falling film reactors suffer during strong winds from problem of losing of homogeneity of the falling film [32]. Catalyst film on TFFBR is exposed to pollution agents [87]. During cross winds, parts of the catalyst film are dry too impairing the treatment efficiency [105]. Another profound limitation is difficulty of immobilizing TiO2 on large flat surfaces without stripping off the photocatalyst by the water flow. Falling film reactor with immobilized TiO2 working in a recirculating batch mode is illustrated in Figure 4.




2.9. Thin Film Cascade Photoreactor


Laminar flow conditions associated with thin film flow pattern result in mass transfer limitations between the pollutants and photocatalyst resulting in a limited treatment efficiency [87]. Waterfall effect of the cascade photoreactor offer turbulence that reduce mass transfer limitations and enhance oxygen transfer [106].



When three plates thin film cascade reactor was used for degradation of an aqueous solution of benzoic acid, slightly higher degradation was achieved than when using flat plate reactor. Final dissolved oxygen concentration was also higher suggesting that better degradation results could be achieved with a cascade reactor having an increased number of steps [107]. A pilot scale thin film cascade reactor consisting of nine stainless steel plates (17.5 cm × 28 cm each) was developed. The plates were coated with TiO2 using electrophoretic method resulting in a catalyst loading of 0.89 mg/cm2 [106]. Electrophoretic deposition method requires plates degreasing, and then etching with nitric acid. An electrolytic cell equipped with a magnetic stirrer is used for TiO2 deposition. Plates are then dried and annealed in an oven at 200 °C for 90 min [107]. The reactor worked in a recirculating batch mode to treat benzoic acid in deionized water using sunlight. Similar to falling film reactor, thickness of thin film is approximately 1 mm. Seven liters of water having a 100 mg/L benzoic acid were treated at an average UV-A intensity of 17.4 W/m2. Thirty percent reduction of was achieved after three hours [106].



Although immobilization of TiO2 on plates eliminated necessity of a post-separation step of TiO2 out of treated effluent, the researchers did not evaluate coat resistance to abrasion and attrition nor did they clarify why the coated plates needed to be washed with deionized water for 15 min after each treatment cycle. Plates encountering filming and deposition problems might be an operational concern.




2.10. Step Photoreactor


Step photoreactor is based on cascade thin-film principal. It is a stainless steel staircase (2 m × 0.5 m) having 21 steps, covered with a Pyrex glass sheet. TiO2 is deposited on a flexible support of Ahlstrom paper using a silica-based inorganic binder. The coating method is patented. It is based on impregnation of Ahlstrom paper in a mixture of TiO2 and silica binder, and then the paper is pressed by cylindrical rolls under constant speed and pressure [108]. However, the researchers did not report TiO2 loading on Ahlstrom paper nor coating stability. The reactor was operated in a recirculating batch mode, treating 25 L. The photoreactor was used for treating an aqueous mixture of pesticides having an initial TOC concentration of 8 mg/L. Eighty percent degradation was achieved in 4.5 h under an average UV-A intensity of 30 W/m2 [108].



The researchers did not report dissolved oxygen levels throughout their experiment. Since step reactor is a closed reactor, initial dissolved oxygen in water might not be sufficient to complete the reaction and additional air sparging would be required.



Another concern is that the silica binder surface is negatively charged as silica has a point of zero charge close to 2 in contrast to TiO2, which has a neutral point of zero charge. This hinders adsorption of anionic pollutants leading to a decrease in their photo-degradation efficiency [108]. Although using this supported TiO2 eliminates post-separation process, it deprive TiO2 photocatalysis from the merit of being non-selective degrading various organic contaminants.



Similar to flat plate reactors enclosing of large scale reactor with a UV transparent material is a limitation against scale-up and commercialization due to increased capital cost associated with cover material, filming problems that would decrease reactor efficiency, increased operational cost associated with need for reaction solution purging with oxygen or oxidants addition as well as regular cleaning requirements. Step reactor with immobilized TiO2 working in a recirculating batch mode is illustrated in Figure 5.




2.11. Fountain Photocatalytic Reactor


Shama et al. developed a water bell photocatalytic reactor in which water pass through a nozzle forming a water bell that flows around a vertical UV-lamp [109]. Water generated as an unsupported thin film offer two advantages: (1) a high oxygen exchange rate between air and water thus eliminating the need for additional aeration system; and (2) light penetration for excitation of the photocatalyst, thus allowing use of higher catalyst loading [110]. The water bell reactor was modified by Puma and Yue to use an external UV light source or sunlight, as illustrated in Figure 6. The fountain photocatalytic reactor is a slurry type reactor in which a thin film of polluted water containing dispersed TiO2 is continuously generated by pumping water through a specially designed nozzle [111]. Use of a reflecting surface mounted beneath the lower side of the fountain allows the water thin film to be irradiated from both sides. Fountain photoreactor was operated in a continuous mode with very high recycle ratios, almost all the water was recirculated through the nozzle with a minimum effluent flow rate. The photoreactor was used for degradation of 20 mg/L salicylic acid in deionized water using UV-A intensity of 68.5 W/m2. Degradation attained using 1 g/L of TiO2 was 21% for feed flow rate of 0.2 L/min and an irradiated diameter of 0.9 m [112]. Treated effluent was directed to a settling tank for TiO2 recovery. However, this is not efficient, since 10% of photocatalyst is lost each run [57].



Although the reactor has been further developed since 2000, it has not been further tested by other researchers. Thin film configuration allows light penetration to activate photocatalyst and provide a continuous oxygen supply. Recirculation of the reaction solution allow for good mixing and efficient mass transfer while avoiding treatment dead zones. Fountain reactor works on a continuous mode however using TiO2 in the slurry form is still an operational concern.




2.12. Slurry Bubble Column Reactor


Kamble et al. used a slurry bubble column reactor composed of a borosilicate glass column of 10 cm ID and 3 m length, and supported by steel rods [113]. Water to be treated entered the column at the top while air was supplied to reaction medium from column bottom. Sieve plates were used to reduce backmixing throughout the column. A parabolic reflector of a total surface area of 6 m2 was used to concentrate solar radiation on the reactor. The collector position was changed every 15 min to continuously track the sun. TiO2 was separated from treated water via a candle filter placed before the effluent outlet.



The photoreactor worked in a recirculating batch mode treating 19.5 L. Aqueous solutions of nitrobenzene, chlorobenzene and phenol were treated using slurry TiO2 with concentrations of 3, 0.15 and 2 g/L respectively. In each case, the pollutant initial concentration was 100 mg/L. After four hours, degradation achieved for nitrobenzene and chlorobenzene were 70% and 96%, respectively. Only 25% degradation of phenol was achieved in six hours [113].



The photoreactor performance was higher when using a low TiO2 concentration. When using 1 g/L TiO2 in a parabolic trough collector, transmittance drops in the reactor pipes to zero over a 1 cm path length [54]. In this 10 cm column, increased suspension opacity caused a screening effect that reduced the system efficiency.



A schematic drawing of a non-concentrating slurry bubble column photoreactor is illustrated in Figure 7. The concept of slurry bubble column reactor is not attractive for scale-up and commercialization for the following reasons: (1) presence of moving solar tracking parts in case of a concentrating column add to investment and operation costs; and (2) reactors with transparent walls for radiation transmittance experience problems of filming and are prone to breakage risks, loss of UV transmittance and aging due to long exposure to sunlight.




2.13. Flat Plate Column Reactor


Designing a photoreactor must take into account the hydrodynamic field, radiation source and field, mass balance and reaction kinetics [114]. Vaiano et al. used CFD model in conjunction with Helmholtz equation for predicting the light distribution to design a reactor having a flat plate geometry [115]. The resultant reactor had a width of 5 cm, thickness of 2.5 cm and height of 30 cm. The reactor walls along the width are transparent. The reactor is packed with N-doped TiO2 immobilized on glass spheres. Influent is being aerated then pumped to the column bottom through a liquid distributor for a homogeneous liquid flow through the packing material. The reactor has been tested for degrading an aqueous solution of methylene blue (10 mg/L). Sixty-five percent degradation was achieved after 6.5 h using visible light, while degradation reached 90% when using UV light [115].



A schematic drawing for a flat plate column reactor is illustrated in Figure 8. Since the reactor is closed, aeration or addition of oxidants is a must. For scaling up purposes, channeling can be avoided through using multiple liquid distributors throughout the column however pressure drop across the column associated with excessive pumping cost will still be a concern.




2.14. Pebble Bed Photoreactor


The Pebble photocatalytic reactor was used for treatment of water containing dyes simulating textiles dye house effluent. The reactor composed of a trough (52 cm × 45 cm) made of Perspex transparent sheet. White pebbles having a mean diameter of 9 mm were fixed on the trough surface using two epoxy adhesives [81]. TiO2 was immobilized on the pretreated pebbles surface by spraying of a 2% TiO2 ethanol suspension followed by drying at 70 °C. Five coating cycles were conducted to obtain an adequate TiO2 coating. The coated pebbles were dried at 150 °C for eight hours [116]. The stability of the immobilized TiO2 is questionable since only drying was performed while firing of the coated pebbles at high temperatures is normally practiced to enhance TiO2 coat adherence to the support [39,41,42,117].



The photoreactor worked in a recirculating batch mode treating ten liters of water having an initial TOC concentration of 83 mg/L. Fifteen percent TOC reduction was achieved in 5 h [81]. Similar to all reactors characterized by a laminar flow, pebble bed reactor experiences limited degradation efficiency. Epoxy resins have limited UV resistance, which raise an operational concern regarding the pebbles stability on the trough.




2.15. Flat Packed Bed Reactor


TiO2 immobilized on sand was used as a photocatalyst in the photoreactor. The photoreactor had a packed bed of 40 grams sand, length of 35 cm and width of 2 cm. Using naturally occurring sand as a support enables the production of a cheap photocatalyst. TiO2 was immobilized on quartz sand with average grain size of 250 microns using sol gel method, followed by calcination at 850 °C. Although unsupported anatase generally transform to rutile at temperatures around 600 °C [118], the researchers reported that diffusion of Si from sand onto TiO2 coating restricted the atomic rearrangement leading to stabilization of the anatase phase. The photoreactor operated in a recirculating batch mode. One liter of deionized water inoculated with E-Coli, was recirculated through the photoreactor. At a UV intensity 3.7 W/m2, complete sterilization was not achieved after 100 min. Poor performance was attributed to limited catalyst exposure to light since only the top layer of grains were exposed to light [119]. Packed bed reactor working in a recirculating batch mode is illustrated in Figure 9.





3. Comparison of Different Reactors Throughput


Table 2 presents throughputs of different slurry reactors and their degradation efficiencies achieved during selected treatment trials. Throughputs of reactors employing immobilized TiO2 and their degradation efficiencies are presented in Table 3. All the selected treatment trials were conducted using solar light or UV-A light simulating solar light at neutral pH without chemical oxidants addition. An exact comparison between all reactor configurations is not possible, since the treatment trials have different target pollutants in different concentration levels, with different water matrices. However, an insight on the throughput and efficiency that can be achieved by each reactor configuration is given.



Although PTRs could achieve high degradation efficiency for wastewater streams having a low organic content (tens milligrams per liter), throughput is low due to large light harvesting areas. Lower throughput is achieved when PTR was used for treating wastewater of relatively high COD (2000 mg/L). This reflects that advanced oxidation is considered optimum for treatment of water containing a low organic load—having a TOC lower than 100 mg/L—and a COD lower than 250 mg/L [1].



Throughputs achieved by CPC vary greatly according to the water matrix and pollutant concentration. Throughputs for CPC is calculated based on the reflector area, however these throughputs will further decrease when taking into account area left between CPC modules to prevent CPC shadowing on each other [58].



All reactors employing immobilized TiO2 and characterized by a laminar flow (thin-film fixed-bed, pebble bed, and thin film cascade reactors) experience limited degradation efficiency as well as limited throughput. Solar pond photoreactor operating in a slurry mode achieved high throughput and an acceptable degradation efficiency. Fountain reactor has shown a relatively high throughput. However, it should be taken into consideration that only 20% degradation efficiency was achieved while the system was operating in continuous flow mode. Allowing for a higher residence time will increase degradation efficiency and lower the throughput. Similarly shallow tank reactor employing immobilized TiO2 achieved the highest throughput while degradation efficiency was only 50%. A lower throughput is expected when allowing longer treatment to attain an acceptable degradation efficiency.




4. Conclusions and Future Prospects


Design of TiO2 photocatalytic reactor is not a trivial process; it involves the reaction solution, solid photocatalyst, oxygen gas stream and ultra-bandgap light. Photocatalytic reactor engineering is complicated due to the necessity of provision of adequate irradiation throughout the whole reaction volume to activate photocatalyst, uniform reactor irradiation to avoid treatment dead zones, efficient mass transfer, continuous oxygen supply to the reaction solution, and easy catalyst separation after treatment.



Degradation efficiency as a function of system throughput is a powerful indicator for comparing the performance of photocatalytic reactors of different types and geometries, at different development scales as well. PTRs have a low throughput. PTRs are expensive due to presence of moving parts and solar tracking devices. They have high operational cost associated with water cooling. PTRs are not competent for scale-up and commercialization. For the same reasons as well as the complexity of set-up, concentrating falling film reactors are not competent for scale-up either.



DSSRs have low throughput. Being closed reactors that need purging of reaction solution with oxygen or addition of oxidants, they may encounter filming problems. Operating only using slurry TiO2 render them not competent for commercialization. Flat plate reactors have a relatively low throughput. They are not competent for scale-up and commercialization since they operate in the laminar flow regime, they are closed reactors that need purging with oxygen or addition of oxidants, they require additional support for glazing, and glazing experience filming problems due to accumulation of either dust from the outer side or contaminants from the inner side leading to low optical efficiency.



Falling film reactors employing supported TiO2 have very low throughputs and limited degradation efficiency. Operating with a laminar flow, large area is required to attain an acceptable degradation efficiency. A robust affordable immobilization technique for immobilizing TiO2 on large flat surfaces without stripping off the photocatalyst needs to be developed. CPCs are the most commonly used reactor configuration for use in experimental testing and demonstration plants. This can be partially attributed to the ease of experimental set-up. CPC need purging with oxygen or addition of oxidants. They suffer from optical losses and tubes aging. For packed CPCs, they encounter problems of reactor clogging, catalyst fouling and high pumping cost that render them not competent for scale-up and commercialization.



Shallow pond and shallow tank reactors and fountain reactors have the potential of meeting all the process requirements, light penetration to activate photocatalyst, uniform reactor irradiation to avoid treatment dead zones, efficient mass transfer, continuous oxygen supply, with a reasonable reactor throughput given that easy catalyst separation after treatment is achieved through finding an efficient immobilized photocatalyst.
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Figure 1. Schematic drawing of PTR (Parabolic Trough reactor) system. 
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Figure 2. Schematic drawing of slurry CPC (Compound Parabolic Concentrator) system. 
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Figure 3. Schematic drawing of: a) shallow pond employing slurry TiO2; and b) fluidized bed shallow pond reactor. 
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Figure 4. Schematic drawing of TFFBR (Thin-film fixed-bed reactor) system. 
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Figure 5. Schematic drawing of Step reactor system. 
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Figure 6. Schematic drawing of fountain reactor. 
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Figure 7. Schematic drawing of non-concentrating slurry bubble column reactor. 
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Figure 8. Schematic drawing of flat plate column reactor. 
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Figure 9. Schematic drawing of packed bed reactor system. 
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Table 1. Solar TiO2 pilot and demonstration plants.







Table 1. Solar TiO2 pilot and demonstration plants.







	
Reactor Type

	
Treated Water

	
Pollutant

	
Treated Volume

	
Erection Year

	
Location, Country

	
Ref.






	
PTR a

	
Deionized water

	
Salycilic acid

	
1100 L

	
1989

	
Albuquerque, NM, USA

	
[67]




	
PTR

	
Contaminated groundwater

	
Trichloroethylene

	
15 L/min

	
1990

	
Lawrence Livermore National Laboratories (LLNL), Livermore, CA, USA

	
[68]




	
PTR

	
Industrial wastewater

	
Pentachlorophenol

	
837 L

	
1991

	
Platforma Solar de Almeria (PSA), Spain

	
[69]




	
Tubular

	
Pretreated groundwater

	
BTEX b

	
530 L

	
1993

	
Tyndall Air Force Base, FL, USA

	
[70]




	
CPC c

	
Deionized water

	
Cyanide

	
247 L

	
1996

	
Platforma Solar de Almeria (PSA), Spain

	
[54]




	
Fixed-bed thin-film

	
Textile wastewater

	
TOC d

	
1000 L

	
1998

	
Menzel Temimi, Tunsia

	
[71]




	
DSSR e

	
Biologically pretreated industrial wastewater

	
TOC

	
500 L

	
1998

	
Volkswagen factory, Wolfsburg, Germany

	
[72]




	
CPC

	
Raw water

	
Cyanide

	
1000 L

	
1999

	
Hidrocen, Madrid, Spain

	
[73]




	
Packed Tubular

	
City water

	
Aromatic organics

	
1000 L/day

	
2004

	
Kitakyushu City, Japan

	
[52]




	
Shallow tank

	
Tap water

	
Phenol

	
1350 L

	
2011

	
Szczecin, Poland

	
[74]




	
Open tank

	
Oil and gas wastewater

	
Oil, phenol and ammonia

	
4000 L

	
2011

	
Grati, East Java,, Indonesia

	
[75]








a Parabolic trough reactor, b Benzene, Toluene, ethylbenzene, Xylene, c Compound parabolic concentrator, d Total organic carbon, e Double-skin sheet reactor.
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Table 2. Slurry Reactors throughput and degradation efficiencies.







Table 2. Slurry Reactors throughput and degradation efficiencies.







	
Reactor Type

	
Pollutant and Concentration

	
Treated Volume/Flow Rate

	
Water Matrix

	
TiO2 conc a

	
UV-A (W/m2)

	
Destruction Percent (%)

	
Reactor Footprint (m2)

	
Treatment Duration

	
Throughput (L/h/m2)

	
Ref.






	
PTR

	
Salicylic Acid

	
1100 L

	
Deionized water

	
1 g/L

	
NA

	
96

	
465

	
40 min

	
3.54

	
[67]




	
30 mg/L




	
PTR

	
Trichloroethylene

	
15 L/min

	
Filtered groundwater

	
1 g/L

	
NA

	
90

	
154

	
Single-pass mode

	
5.82

	
[68]




	
0.1 mg/L




	
PTR

	
Pentachlorophenol

	
838 L

	
Deionized water

	
1 g/L

	
24–30

	
100

	
384

	
20 min

	
6.55

	
[69]




	
10 mg/L




	
PTR

	
COD

	
3.5 L

	
Diluted paper mill effluent

	
0.75 g/L

	
35–45

	
70.5

	
3.7

	
3 h

	
0.32

	
[19]




	
2075 mg/L




	
CPC

	
Cyanide, 50 mg/L

	
1000 L

	
Tap water

	
0.2 g/L

	
30

	
76

	
100

	
2 h

	
5.16

	
[54]




	
DCA b, 50 mg/L

	
100

	
1 h

	
10.58




	
CPC

	
Cyanide

	
247 L

	
Deionized water

	
0.2 g/L

	
30

	
100

	
8.9

	
1.5 h

	
18.72

	
[54]




	
50 mg/L




	
CPC

	
Dichlorophenoxyacetic acid, 58 mg/L

	
5 L

	
water containing herbicides

	
1 g/L

	
30

	
80

	
0.248

	
1.3 h c

	
15.05

	
[44]




	
Bentazon, 32 mg/L

	
100




	
CPC

	
DCA

	
39 L

	
Deionized water

	
0.2 g/L

	
30

	
100 d

	
3

	
0.5 h

	
21.97

	
[54]




	
50 mg/L




	
CPC

	
DOC

	
35 L

	
Synthetic wastewater

	
0.2 g/L

	
30

	
18 e

	
3.08

	
5.5 h

	
2.06

	
[89]




	
200 mg/L




	
CPC

	
COD

	
24 L

	
Real cardboard industry effluent

	
2 g/L

	
NA

	
38

	
2.15

	
7 h

	
1.59

	
[21]




	
11,000 mg/L




	
CPC

	
COD

	
30 L

	
Olive oil mill effluent

	
1 g/L

	
NA

	
12 f

	
3.08

	
32 h

	
0.3

	
[32]




	
89,000 mg/L




	
Tubular

	
BTEX

	
530 L

	
Filtered groundwater

	
1 g/L g

	
45.3

	
75

	
37.2

	
3 h

	
4.74

	
[70]




	
2 mg/L




	
Tubular

	
Naphthalene (15 mg/L) & Dibenzo-thiophene (1.2 mg/L) mixture

	
15 L

	
Deionized water

	
1.5 g/L

	
30

	
92

	
NA

	
21 min

	
Could not be calculated

	
[95]




	
Shallow pond

	
Chlorophenol

	
28.8 L

	
Tap water

	
3 g/L

	
31.4

	
88

	
0.57

	
2 h

	
25.3

	
[96]




	
9 mg/L




	
DSSR

	
Dichloroacetic acid

	
25 L

	
Deionized water

	
7.5 g/L

	
NA

	
100

	
1.37

	
3.5 h

	
5.21

	
[99]




	
50 mg/L




	
DSSR

	
TOC

	
500 L

	
Biologically treated wastewater

	
5 g/L

	
13.3

	
40

	
27.6

	
5.5 h

	
3.36

	
[100]




	
16.7 mg/L




	
Flat plate reactor

	
Chlorophenol

	
56.8 L

	
Deionized water

	
1 g/L

	
37.5

	
60

	
2.73

	
2.5 h

	
11.1

	
[102]




	
12.85 mg/L




	
reverse flow flat plate

	
Pyrimethanil

	
15 L

	
Deionized water

	
1.5 g/L

	
30

	
100

	
0.3

	
10.37 h

	
4.82

	
[101]




	
23 mg/L




	
Fountain reactor

	
Salicylic acid

	
12 L/h

	
Deionized water

	
1 g/L

	
68.5

	
20

	
0.64

	
Continuous flow

	
18.75

	
[111]




	
20 mg/L




	
Slurry bubble column reactor

	
nitrobenzene

	
19.5 L

	
Deionized water

	
3 g/L

	
NA

	
70

	
NA

	
4 h

	
Could not be calculated h

	
[113]




	
chlorobenzene

	
0.15 g/L

	
96

	
4 h




	
phenol

	
2 g/L

	
25

	
6 h




	
100 mg/L each








NA: not available; a concentration; b Dichloroacetic acid; c degradation efficiency was reported as a function of accumulated energy, assuming UV-A intensity of 30 W/m2, a normalized treatment duration is calculated; d pH adjusted to 2.8; e conducted at pH 3.8; f conducted at pH 3.3; g in addition to 100 mg/L H2O2; h Calculating throughput for this reactor based on its aperture area is not valid since the parabolic trough is vertical. Calculating throughput should be based on reactor’s footprint area, which is area bounded by the path of the revolving parabolic trough. Since the radius of the revolving path is not specified, throughput could not be calculated.
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Table 3. Immobilized TiO2 Reactors throughput and degradation efficiencies.







Table 3. Immobilized TiO2 Reactors throughput and degradation efficiencies.







	
Reactor Type

	
Pollutant and Concentration

	
Volume/ Flowrate

	
Water Matrix

	
Support

	
UV-A W/m2

	
Destruction Percent (%)

	
Reactor Footprint m2

	
Treatment Duration

	
Throughput L/h/m2

	
Ref.






	
One packed tube

	
BTEX

	
2.4 L/h

	
pretreated groundwater

	
Silica gel

	
3.2

	
100

	
0.375 a

	
Single-pass mode

	
6.4

	
[93]




	
2 mg/L




	
Packed CPC

	
Triclosan

	
21 L

	
Water-ethanol solution

	
porous stones

	
30

	
50.5

	
1.71

	
2 h

	
6.14

	
[92]




	
12 mg/L




	
Packed CPC

	
Humic acids

	
50 L

	
Deionized water

	
Ahlstrom paper

	
NA

	
100

	
1

	
12 h

	
4.16

	
[120]




	
5 mg/L




	
Packed CPC

	
Amazil

	
8 L

	
Secondary treated municipal WW

	
Glass spheres

	
30

	
70

	
0.25

	
13.3 h b

	
2.41

	
[45]




	
Acetamiprid

	
10




	
thiabendazole

	
10




	




	
Packed CPC

	
15 emerging contaminant

	
10 L

	
Secondary treated municipal WW

	
Glass spheres

	
30

	
90 c

	
0.3

	
2.3 h

	
14.7

	
[92]




	
0.1 mg/L each




	
Packed CPC (Solwater)

	
F.coliforms

	
20 L

	
Ground water

	
Ahlstrom paper

	
30

	
100

	
1 d

	
6 h

	
4.98

	
[91]




	
Enterococcus faccalis




	
Packed Tubular

	
TOC

	
100 L /h e

	
City water

	
Silica beads

	
NA

	
Variable through 3 month

	
NA

	
Single-pass mode

	
Could not be calculated

	
[52]




	
TFFBR

	
TOC

	
1.5 L/h

	
pretreated landfill leachate

	
reactor surface

	
100

	
52

	
0.7

	
Single-pass mode

	
2.16

	
[104]




	
66 mg/L




	
TFFBR pilot plant

	
dyes

	
730 L

	
Well water

	
reactor surface

	
NA

	
47

	
25

	
8 h

	
3.65

	
[103]




	
44.8 mg/L




	
Fluidized bed shallow tank

	
Phenol

	
1 L

	
Deionized water

	
ceramic carriers

	
30

	
100

	
0.0375

	
13 h

	
2.05

	
[97]




	
Bisphenol A




	
10 mg/L each

	
100

	
12 h

	
2.22




	
Floating bed shallow tank

	
Ammonia

	
5 L

	
Petrochemical plant effluent

	
Light expanded clay aggregate

	
35–45

	
59

	
0.071

	
21 h f

	
3.35

	
[47]




	
975 mg/L




	
Shallow tank

	
Phenol

	
1350 L

	
Tap water

	
Photospheres

	
330

	
50

	
1.8

	
15 h

	
50

	
[74]




	
Steel mesh

	
47




	
25 mg/L




	
Filtercloth

	
80




	
Thin film Cascade

	
Benzoic acid

	
7 L

	
Deionized water

	
reactor plates

	
17.4

	
30

	
1.68

	
3 h

	
1.39

	
[106]




	
100 mg/L




	
Step reactor

	
Pesticides mixture

	
25 L

	
Tap water

	
Ahlstrom paper

	
30

	
80

	
1

	
4.5 h

	
5.56

	
[108]




	
8 mg/L




	
Pebble bed

	
dyes

	
10 L

	
Simulated dyehouse effluent

	
pebbles

	
18.9

	
15

	
0.234

	
5 h

	
8.52

	
[81]




	
83 mg/L




	
Flat packed bed

	
E-coli

	
1 L

	
Deionized water

	
quartz sand

	
3.7

	
No complete sterilization

	
0.07

	
1.6 h

	
8.57

	
[119]








NA: not available; a the reactor having 4 pipes has a gross area of 1.5 m2, 0.375 m2 corresponds to operating only one reactor pipe; b degradation efficiency was reported as a function of accumulated energy, assuming UV-A intensity of 30 W/m2, a normalized treatment duration is calculated; c only 11 emerging contaminants were 90% degraded with in this time, atrazine, antiyirine, flumequine and carbamazepine needed longer time; d The reactor aperture area is estimated to be 1 m2, length of pipe 0.97 m, taking into consideration spacing between the 4 pipes, 1 m width is assumed; e assuming average daylight of 10 h; f equivalent to treatment on 3 successive days, 7 h/day, pH adjusted to 9. 








© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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