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Abstract 

Reverse osmosis is increasingly used in drinking water supply for treatment of fresh water sources which can directly result in high 

quality water. In practice reverse osmosis is never applied directly on fresh water sources, predominantly because of the occurrence 

of membrane fouling. Strategies to control membrane fouling in reverse osmosis without expensive and extensive pre-treatment 

include low flux operation, increase cross-flow velocities and improved (periodic) hydraulic cleaning. The objective of this research 

is to technically and economically compare minimal pre-treated reverse osmosis to state-of-the art ultrafiltration pre-treated reverse 

osmosis in surface water treatment to obtain high quality water. A parallel reverse osmosis system with six parallel 2540-type spiral 

wound membrane elements has been systematically operated during several months with only screens pre-treatment before reverse 

osmosis. A minimal pre-treated reverse osmosis system using only screens on surface water did not result in stable reverse osmosis 

operation, however, the ultrafiltration pre-treated reverse osmosis system also failed in the longer run. Lowering the membrane flux 

from 25 L/m2.h to 10 L/m2.h in minimal pre-treated RO resulted in an approximately 10-fold decrease of the membrane fouling rate, 

while not influencing the pressure drop increase. Periodical air water cleaning in minimal pre-treated RO resulted in an 

approximately 4-fold reduction of the spacer clogging rate, while not affecting the membrane fouling rate. The total cost of a 

minimal pre-treated low flux (10 L/m2.h) operated RO was significantly lower (0. 3) compared to state-of-the-art UF pre-

treated RO at normal flux (25 L/m2.h) (1.21 3). The cost difference in financial space provides an opportunity to develop minimal 

pre-treated RO systems with improved control of membrane fouling and spacer clogging. 
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1. Introduction 

Public drinking water supply plays an important role in the development of modern societies. The availability of safe and reliable 

drinking water supply results in a notable decrease of communicable diseases [1, 2].  Reverse osmosis (RO) is increasingly used in 

drinking water supply for disinfection, desalination, softening and removing harmful constituents. Although only a 2.0-log reduction 

credit for bacterial and virus removal (disinfection) is assigned by WHO guidelines [3], a much higher 7.0-log reduction virus 

removal has been recently reported for intact RO membranes operating on surface water [4]. RO membranes are furthermore 

reported to remove 99.7-99.8% monovalent salts [5], >99% calcium, magnesium and sulphate [6], >90% nitrate, >98% fluoride [7] 

and > 90% toxic ions (e.g. Cr(VI), As(V) and ClO4
-) [8]. On the other hand limited 50-90% boron removal [9] and 80-95% 

ammonium  removal [10] has been reported. In general the removal of pesticides, endocrine-disruptor compounds, pharmaceuticals 

and personal care products by RO is high, but can be insufficient depending on strict drinking water norms and the specific 

molecular properties of these micro pollutants. Specifically low molecular weight and hydrophilic neutral organic compounds are 

known to pass RO membranes [11-13]. Although not designed to remove suspended or particulate matter from fresh water sources, 

intact RO membranes are known to fully remove these constituents. Apart from the removal of ammonium, boron and small neutral 

organic micro pollutants, all drinking water treatment goals are met using one single treatment step which cannot be matched by any 

other water treatment process. RO is therefore the most versatile and robust technique known in drinking water treatment (not 

considering extremely energy intensive evaporation techniques still used in today seawater desalination). 

In principle, a single step RO treatment on a fresh water source, such as groundwater, surface water or (treated) wastewater, can 

directly result in high quality water close to drinking water quality. Because of the high removal capacity of RO membranes, 

additional remineralisation is required to obtain adequate drinking water quality [14], this topic is beyond the scope of this research. 

In practice, however, RO is never applied as a single step treatment in drinking water production, predominantly because of the 

occurrence of membrane fouling. Membrane fouling in RO has been extensively investigated [5, 15, 16], and the four types of 

fouling which are usually distinguished are (i) particulate and colloidal fouling, (ii) inorganic scaling, (iii) organic fouling and (iv) 

biofouling. Particulate fouling is typically caused by suspended particles (>1 m) or colloidal particles (<1 m), such as fine debris, 

detritus, iron and manganese particles and colloidal silica. These type of foulants are typically removed before RO by traditionally 

coagulation, flocculation, sedimentation/flotation and filtration pre-treatment processes and more recently by using low-pressure 

membrane filtration processes (micro- and ultrafiltration) [17]. Inorganic scaling occurs when sparingly soluble salts crystallize and 

deposit onto the RO membrane, which is typically caused by high levels of calcium, magnesium, iron, manganese in the fresh water 

sources in combination with a high RO recovery. Inorganic scaling can be controlled by optimal selection of the recovery and by pH 

adjustment and anti-scalant dosing in the feed water [18]. Organic fouling occurs in the presence of natural organic matter (NOM) in 

fresh water sources, which interacts with the RO membrane surface. Organic fouling can be partly controlled by pre-treatment, such 

as coagulation, flocculation or low-pressure membrane filtration, and usually has to be removed from the membrane surface by 

periodical cleaning in place (CIP) routines [19]. Biofouling is a very complex fouling type caused by the presence of microbial 

constituents (bacteria, algae and fungi) which reproduce, excrete extracellular substances and interact with the RO membrane surface 

[20]. Biofouling can be controlled by (i) removal of the microbial constituents, e.g. by low-pressure membrane filtration pre-

treatment, (ii) depletion of required nutrients from growth, e.g. by biological activated carbon filtration (BACF) pre-treatment and 



(iii) inactivation of the biofilm, e.g. by periodical cleaning in place routines [21]. An additional complication is that these fouling 

types usually occur in combination. 

Extensive pre-treatment is considered indispensable before RO treatment, in which the types and combination of pre-treatment 

processes strongly depend on the quality of the fresh water sources. Typically RO membrane pre-treatment systems consists of a 

combination of: (i) intake or well screening, (ii) source water conditioning by chemical dosing, (iii) coagulation, flocculation and 

sedimentation/flotation and (iv) mechanical or biological filtration steps [17, 22]. Filtration steps can include mechanical straining, 

dual media filtration, rapid sand filtration and low-pressure membrane filtration. The consequence of extensive pre-treatment is a 

considerable capital cost which depending on the type of pre-treatment scheme can result up to 25-75% of the total investment cost 

of the RO drinking water treatment system [23, 24]. Furthermore, the overall energy requirement of seawater desalination is three to 

four times higher than the theoretical minimum energy. Extensive pre- and posttreatment steps contributes significantly to the overall 

energy consumption of RO, therefore it is highly desirable to reduce the pre-treatment requirement of RO [25]. Nowadays, RO 

drinking water treatment systems strongly rely on pre-treatment systems to control membrane fouling, while the RO system itself 

operates comparably predictable and robust when pre-treated sufficiently. In this research, we propose to minimize the pre-treatment 

system before RO in order to reduce the overall drinking water supply cost, and challenge the RO system itself to a larger extent. 

The challenge will be to control RO membrane fouling without extensive pre-treatment. 

RO membrane fouling is strongly connected to the design of RO membrane elements predominantly as spiral wound membrane 

elements due to its high packing density and relatively low price [26]. The consequence of this design is the necessity of a feed 

spacer channel, which is coupled to particulate fouling and biofouling [20]. The presence of a feed spacer mesh results in the 

entrapment of particulate matter and creates extensive attachment area for the adherence, accumulation and growth of biomass. 

Alternative RO module design has been reported, such as an open channel design in RO spiral wound elements [27] and tubular or 

capillary RO membrane elements [28]. Tubular and capillary membrane geometry is known to be less susceptible to membrane 

fouling compared to spiral wound membrane elements at a price of a lower packing density [29]. The commercial availability of 

these alternative membrane designs is, however, still relatively poor, and in this research only commercially available spiral wound 

RO membrane elements are used. Strategies to control RO membrane fouling without extensive pre-treatment include low flux 

operation, increase cross-flow velocities and improved (periodic) hydraulic cleaning [30, 31]. It is generally accepted that fouling 

tends to be more severe at high flux and/or lower cross flow, which has been extensively investigated predominantly on laboratory 

scale. Fouling is exuberated by concentration polarization, which is the build-up of dissolved and suspended solutes at the membrane 

interface due to a balance between convective drag towards and through the membrane (flux) and back-transport from the membrane 

(influenced by the cross-flow velocity) [32]. Periodic hydraulic cleaning using air water cleaning was extensively investigated to 

control biofouling by periodic unclogging of the feed spacer channel [33-35]. Alternative hydraulic cleaning has been achieved by 

regular carbon dioxide bubble cleaning [36]. These hydraulic cleaning strategies have been initially successfully applied on 

laboratory scale using sodium acetate enriched feed solutions, which ultimately resulted in the first full-scale RO application on 

surface water treatment using periodical air water cleaning to produce high quality process water [34].  

The objective of this research is to technically and economically compare minimal pre-treated RO to state-of-the art ultrafiltration 

(UF) pre-treated RO in surface water treatment to obtain high quality drinking water. A parallel RO system with six parallel 2540-



type spiral wound membrane elements has been systematically operated during several months with only screens as a pre-treatment 

for RO

water RO treatment with minimal pre-treatment using a combination of periodic air water cleaning, low flux operation and high 

cross-flow velocity. 

2. Materials and methods 

2.1. Feed water type 

Available surface water from a local pond (Latitude: 50.9484463, Longitude: 4.5664103) was used to feed the pre-treatment and RO 

systems in the period of 23th May until 22nd September in 2016. The water temperature range during this period was 8 - 24 ºC and the 

pH range was 7.4  7.9 (Figure A.1 and Figure A.2 in S.I.). The conductivity was only measured from July onwards and was 371 ± 5 

S/cm, the maximum salt concentration TDS < 500 mg/L, which corresponds to an osmotic pressure of <0.2bar. The overall 

composition of the surface water is given in the Supporting Information (Table A.1 and Table A.2 in S.I.). A relatively  high 

turbidity, sulphate and dissolved organic carbon (DOC) concentration were the result of biological growth in the pond and leaching 

processes from the organic soil. A maximum feed water turbidity of 1.0 NTU is recommended by the membrane manufacturer, 

which was exceeded at times (Figure A.3 in S.I.). 

2.2. Analytical techniques 

The pH and electrical conductivity of different water samples were respectively analysed with a Radiometer PHM210 (Hach Lange 

BV) and a Radiometer CDM83 (Hach Lange BV). Inorganic analysis were performed by Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) using a Thermo Scientific iCAP TQ (Thermo Fisher Scientific, Breda, The Netherlands). DOC analysis was 

carried out after filtration through a 0.45 m filter with a Shimadzu TOC-VCPH total organic carbon analyser (Shimadzu Benelux, 

-Hertogenbosch, The Netherlands) according to international standard methods [37]. Particle size distribution was measured using 

a Multiparticle Sizer (Pamas Waterviewer, Germany).  

DOC fractions were determined by liquid chromatography followed by organic carbon , UVA254 and organic nitrogen detection 

(LC-OCD/UVD/OND) according to [38] (Table A.2 in S.I.). DOC is the sum of chromatographable DOC (CDOC) and hydrophobic 

organic carbon (HOC). CDOC was separated into five groups: (i) biopolymers (also including polysaccharides, proteins and amino 

sugars), (ii) humic substances (humic and fulvic acids), (iii) building blocks (hydrolysates of humic acids), (iv) low molecular weight 

(LMW) acids and (v) low molecular weight neutrals (e.g. alcohols, aldehydes, ketones and amino acids). The calculated fraction that 

remains on the chromatography column was the hydrophobic part of the organic carbon expressed as hydrophobic organic carbon 

(HOC). 

Adenosine triphosphate (ATP) measurements (Celcis, model Advance) were carried out to determine the active biomass 

concentration (detection limit 1 pg/L) [37]. Carbohydrates (CH) analysis was carried out as an indication for the extracellular 

polysaccharides of the biomass using the Dubois method [39]. 

2.3. Experimental set-up of pre-treatment and RO systems 



Raw feed water was continuously fed to the feed vessel (2 m3) and subsequently treated with a 250 m coarse screen using Wedge 

wire filter elements (ACF M002P type, V&T group BV, Numansdorp, the Netherlands). The capacity of the coarse filtration system 

was 5 m3/h which remained stable by a periodic automated cleaning using a mechanical scraper (5 seconds each 15 minutes). 

Pre-screened raw water was collected in a second vessel (1 m3) and fed to a self-cleaning fine filtration unit and consisted of a 

polymeric support basket lined with a stainless steel mesh of 25 m (M102PC type, V&T group BV, Numansdorp, the Netherlands). 

The capacity of the fine filtration system was 1.5-2 m3/h controlled by an automated backwash system triggered by (i) time each 10 

minutes or (ii) a pressure drop increase of 0.5 bar between the inlet and outlet of the filtration system. An impellor pump (DPL HS6-

180, HP Duivelaar, the Netherlands) supplied a backwash creating radial and axial shear forces along the fine mesh surface. 

Pre-screened raw water was also fed to an ultrafiltration system containing two 8-inch UF modules in series (XIGA 46 UF, Pentair, 

the Netherlands). The UF modules contained 0.8 mm capillary membranes with a nominal pore size of 20 nm, with a total membrane 

area of 92 m2. The capacity of the UF system was 2.0 m3/h at a relatively low flux of 22 L/m2.h controlled by an automated hourly 

backwash sequence of 45 seconds at a backwash capacity of 15-18 m3/h (160 L/m2.h). A chemically enhanced backwash sequence 

was carried out after 48 backwash cycles (every 2 days) using a 150 mg/L sodium hypochlorite/NaOH solution in UF permeate with 

a pH 12 followed by using a 10 vol.% hydrochloride stock solution diluted with UF permeate to obtain pH 2. Both chemical 

solutions were applied at a backwash capacity of 10 m3/h (109 L/m2.h) and used during 26 minutes including soaking time for both 

the membrane elements.  

2.4. RO membrane elements 

Six different parallel spiral wound RO elements using 2540-type (ESPA2, Hydranautics, USA) membranes with a membrane area of 

2.37 m2 and standard 31-mil diamond shaped feed spacers were operated after (i) minimal pre-treatment using 25 m filtration 

(before four RO elements) or (ii) ultrafiltration (before two RO elements). Each vertically positioned RO line was fed with pre-

treated surface water from top to bottom by a PLC controlled centrifugal pump (Wannar Hydra-Cell, Promotec, the Netherlands) 

(Table 1). The flow rate and permeate production was fixed with the controlled pump, a manually controllable feed ball valve and a 

concentrate needle valve. Feed and permeate flows were measured by flow meters (respectively Tecfluid M21, Adinco, the 

Netherlands and H50/RR/M40/ESK, Krohne, the Netherlands), feed pressure by a pressure indicator (SD MAN-LD3-S6-B8-S, 

Kobolt, the Netherlands), feed to concentrate pressure drop by a pressure difference indicator (EJA110A-DHS5A-92EA, Yokogawa, 

the Netherlands) and temperature by a temperature sensor (PT100, 1633502, Farnell, the Netherlands). For three of the six RO 

elements, a PLC controlled periodical air water cleaning sequence was carried out in which the flow direction was reversed by two 

automatic three-way valves in the feed and concentrate during which 1400 NL/h pressurized air was applied to the feed each day for 

5 minutes at an air to water ratio of 4:1. Counter current air/water cleaning is more effective in removing foulants occurring at the 

entrance of the membrane element during normal operation. Air/water cleaning (or two-phase flow cleaning) can effectively enhance 

membrane performance by increasing wall stress resulting in removal of cake-layer type fouling deposits [34]. 

2.5. Experimental methods runs 



Two experimental runs were carried out starting at 23th May and starting at 13th July. During the first run RO membranes were 

operated on-site, (i) with minimal pre-treatment (25 m filtration) and pre-treatment with UF, (ii) at different flux values (10 L/m2.h 

and 25 L/m2.h at respectively 3 bar and 9 bar) and (iii) with and without periodical air water cleaning. A flux value of 25 L/m2.h is 

typical for the operation of RO on low salinity feed water, such as surface water or effluent [40], while a low flux value of 10 L/m2.h 

corresponds to a more innovative pre-treatment strategy prior to RO [41]. During the second run the RO membranes were operated 

at different flow rates (175 L/h and 350 L/h) corresponding to different cross-flow velocities (0.05 m/s and 0.10 m/s) (Table 1). A 

cross-flow velocity of 0.1 m/s corresponds to a normal operation of RO installations, [33, 40, 42], opposed to a low cross-flow 

velocity of 0.05 m/s. The hydraulic permeability of the investigated membranes was 3.0±0.3 L/m2.h.bar.  

 

 

Chemical cleaning in place (CIP) of the RO membranes was carried out using a NaOH solution at pH 11.5 and 30ºC followed by a 

HCl solution at pH 2 at ambient temperature both recirculated at a flow rate 350 L/h and soaked during 60 minutes in total [43]. 

Before, between and after CIP the system was flushed with drinking water during 20 minutes at a 350 L/h flow rate. The CIP 

procedure was carried out when (i) the pressure drop exceeded 0.6 bar or (ii) the transmembrane pressure corrected flux decreased 

more than 50%. When a second CIP procedure was needed, the experiment was stopped and an autopsy study on the RO element 

was carried out. 



During the tests the feed (Qf in L/h) and permeate flows (Qp in L/h) , feed pressure (Pf in bar), feed to concentrate pressure drop (PD 

in bar) and temperatures (T in ºC) were measured and logged for each individual RO line. The flux and trans membrane pressure 

were determined by: 

          (1) 

         (2) 

In which J is the permeate flux (L/m2.h), Am is the membrane area (m2), P is the trans membrane pressure (bar) and P is the 

pressure (bar) in which subscripts f for feed, c for concentrate and p for permeate. Normalization of experimental data was carried 

out according to a procedure described by Hofs et al. [42]. The increase in fouling resistance (Rf in 1/m) was used as a measure for 

membrane fouling in function of the filtrated (permeate) volume (VF in m3/m2). The fouling resistance was determined from the 

resistance in series model [44] indicated by: 

         (3a) 

         (3b) 

In which Rm is the membrane resistance (1/m), Rf is the fouling resistance (1/m) and is the viscosity (Pa.s). The filtrated specific 

volume (m3/m2) is calculated from: 

         (4) 

In which Vp is the actual permeate volume (m3) and t is time (h). 

The increase of the feed to concentrate pressure drop was used as a measure for clogging of the feed spacer channel and is 

determined by: 

         (5) 

The salt passage (%) is calculated from: 

          (6) 

For each experimental run the operational results were plotted by (i) the fouling resistance, (ii) pressure drop and (iii) salt passage in 

function of the filtration (permeate) volume. 

To compare the different experimental runs on the basis of membrane fouling and feed spacer clogging, the initial membrane fouling 

rate (  in 1/m2) and initial spacer clogging rate (  in bar/m) parameters were defined by: 

       (7) 

       (8) 



2.6. Autopsy protocol 

Membrane autopsy studies were performed at the end of each experimental run to study the deposition of ATP and CH to indicate 

fouling. The experiments were stopped when a second CIP was needed which occurred at different filtration times for the different 

RO elements. The concentration of attached biomass was determined on 5 cm x 5 cm membrane samples obtained from the 

autopsied membrane modules. Biomass concentration was measured as ATP (active biomass in ng/cm2) and CH (carbohydrates in 

g/cm2) on these membrane samples at the inlet (0 10 cm), in the middle (45 55 cm) and the outlet (90 100 cm) of the membrane 

elements by methods described by [45]. 

2.7. Technical economic evaluation 

Cost estimations were carried out to assess the viability of a minimal pre-treatment RO scenario compared to a state-of-the art UF 

pre-treatment RO scenario according to a generally applied method in the Netherlands [46], described before in more detail [47]. The 

cost estimation calculations were carried out on a relatively small-scale installation capacity of 150 m3/h produced drinking water. 

The capital cost of major equipment was estimated with an accuracy of 30% excluding land costs on the basis of cost functions. 

Amortized annual capital costs were calculated at an interest rate of 3% and amortization years of 6 and 20 years for the installation 

and membranes respectively [48]. 

The technical assumptions were based on the presented pilot experiments, and the UF installation which was assumed to operate on a 

stable flux of 22 L/m2.h at 0.5 bar at a system recovery of 85%. A chemical dosage of 20 mg/L acid and alkaline cleaning agents and 

sodium hypochlorite was applied during enhanced chemical backwashes and chemical cleaning routines of the UF installation. The 

RO installation after UF pre-treatment was operated at 25 L/m2.h at 12 bar at a system recovery of 75%, and a chemical dosage of 5 

mg/L acid and alkaline agents was assumed for CIP. The RO installation after minimal pre-treatment was operated at 10 L/m2.h at 8 

bar at a system recovery of 75%, and a chemical dosage of 25 mg/L acid and alkaline agents was assumed for CIP. 

 

3. Results and discussion 

3.1. Pre-treatment results 



The capacity of the 250 m coarse filtration system was 5 m3/h and remained stable during the experiments. The rinsing water losses 

of the coarse filtration system were approximately 0.6% during the experiments. Subsequently, the 25 m self-cleaning fine filtration 

unit operated at 1.5-2 m3/h also remained stable during the experiments. The rinsing water losses of the self-cleaning fine filtration 

were approximately 14.1% during the experiments. 

The UF installation was operated at a constant low flux of 22 L/m2.h. The transmembrane pressure increased in time despite a hourly 

backwash of 160 L/m2.h with a duration of 45 seconds, which was controlled under 0.2 bar during the first two months by a frequent 

enhanced backwash every 48 backwash cycles (approx. every 2 days). After two months operation, the transmembrane pressure 

readily increased to 0.3-0.4 bar, ultimately increasing to 0.7 bar at the end of the four month run. Transmembrane pressure could not 

be controlled despite a very low flux operation, a frequent backwash and a periodic chemically enhanced backwash as a result of 

severe fouling and clogging of the UF membranes (Figure 1). This operation resulted in relatively high backwash water losses of 

approximately 25.8%. The difficult operation of the UF pre-treatment installation was an indication for the challenging nature of the 

feed water used in this study. 

 

 

3.2. Water quality improvement 

Particle analysis of the feed water indicated a significant particle size range (5-50 m), while most particles are relatively small (5 

m). Coarse filtration using 250 m screens did not contribute to the removal of particles in the size range, contrary to filtration 

using 25 m fine filters which significantly (approximately 80%) removed particles > 20 m. Even particles < 15 m were removed 

albeit to a lesser extent (10-50%) possibly due to cake-layer filtration effects (Figure 2). UF removed particles in the complete size 

range of the particle counter, and hardly any particles were observed after ultrafiltration.  



A relatively high concentration of dissolved organic carbon (DOC) was present in the feed water (4.8-6.1 mg/L DOC) of which the 

dominant fraction (64.5%) were humic substances, followed by building blocks (14.2%), LMW neutrals (10.7%) and biopolymers 

(10.6%). Both coarse and fine filtration did not contribute to a significant decrease in DOC or DOC fractions, which was expected 

based on the mesh size of the filters. UF removed 10% of the total DOC, predominantly caused by a significant removal (80%) of 

the biopolymer fraction (Figure 3). This removal can partly be explained by size exclusion consisting of biopolymer 

(polysaccharides) dimensions of  >20 kDa [38, 49] with the nominal pore size of 20 nm of the UF membrane, corresponding to a 

molecular weight cut-off (MWCO) of 150 kDa [50]. Removal is explained by cake-layer build-up decreasing the effective MWCO 

of the UF membrane as a result of extensive fouling indicated by sharp increases in the transmembrane pressure during operation 

(Figure 1). A higher removal value of biopolymers by UF to >50% was also reported by Badruzzaman et al [17]. Removal of LMW 

neutrals (18 ± 12%) and humic acids (5 ± 1%) was hypothesized to be related to adsorptive processes. Hydrophobic organic carbon 

(HOC) was present in the feed water (1.9-4.6 mg/L), which was not significantly removed by both pre-treatment processes. These 

hydrophobic compounds can interact with the hydrophobic RO membrane surface to cause membrane fouling. The exact nature of 

these compounds was not further explored in this research. 

  

  

3.3. Effect pre-treatment on reverse osmosis operation 

The effect of pre-treatment (25 m screen versus ultrafiltration) on fouling resistance, pressure drop and salt passage were compared 

without air/water cleaning (Figure 4) (data with air/water cleaning are given in Figure B.2 in S.I.). The fouling resistance of the RO 

element after UF did not increase significantly during 56.3 m3/m2 permeate production, compared to a sharp increase in fouling 

resistance of the RO element after minimal pre-treatment with a fine filter (Figure 4). The fouling resistance increased to 2.3.1014 

1/m during a very limited permeate production of 10.4 m3/m2. This is only 1% of the permeate production of an average RO 

membrane in practice (operated during 5 years at a flux of 25 L/m2.h), indicating an unacceptable rapid membrane fouling after 



minimal pre-treatment. The first CIP of the RO membrane after minimal pre-treatment was carried out at 3.4 m3/m2 permeate 

production (indicated by #1 in Figure 4), and did temporarily reverse the fouling resistance, only to sharply increase again during 

normal operation. 

The pressure drop of the RO element after UF increased sharply after 30 m3/m2 permeate production, while the pressure drop of the 

RO element after minimal pre-treatment increased directly at the start of the experimental run. When a pressure drop of 1.0 bar was 

reached the experiment was stopped which was at 56.3 m3/m2 and 10.4 m3/m2 permeate production for respectively the UF pre-

treated and minimal pre-treated RO element. CIP was carried out at a pressure drop of 0.6 bar and was only able to temporarily 

decrease the pressure drop (approx. 40%) for both the UF pre-treated and minimal pre-treated RO element, after which the pressure 

drop increased sharply again during normal operation. The first and second CIP for the minimal pre-treated RO element was at 3.4 

m3/m2 and 6.3 m3/m2 permeate production, while the first and second CIP for the UF pre-treated RO element was at 41.9 m3/m2 and 

49.8 m3/m2 permeate production (indicated by #1 in Figure 4). 

Salt passage was low (0.5%) for both RO elements at the start of the experiments, and gradually increased during operation to 1.2 % 

at 56.3 m3/m2 permeate production. CIP did not significantly affect the salt passage of either RO elements.  

The strong increase in both fouling resistance and pressure drop for the minimal pre-treated RO element was ascribed to particulate 

(e.g. microbial cells) and organic fouling respectively caused by predominantly smaller particles (< 20 m) and DOC which both 

almost freely passed the fine filters during pre-treatment. CIP was partly effective in temporarily removing both fouling types due to 

both chemical and hydraulic action. The fouling resistance of the UF pre-treated RO element did not strongly increase during the 

investigated period indicating that full particle and a significant biopolymer fraction removal resulted in less particulate and organic 

fouling. This was corroborated with a five times lower level of CH deposits found on the membrane after membrane autopsy of the 

UF pre-treated membrane (RO4 in Figure 6) compared to the minimal pre-treated RO element (RO5 in Figure 6). Pressure drop 

increase started later for the UF pre-treated membrane which was attributed to biofouling problems, which was corroborated with 

high ATP levels on the membrane after membrane autopsy (RO4 in Figure 6). High ATP levels on the minimal pre-treated RO 

element indicated that the particles also contained bacterial active material (RO5 in Figure 6). Fouling was localized at the 

membrane element entrance (Figure E1 in S.I.) and could not be effectively controlled by minimal pre-treatment in comparison to 

UF pre-treatment. For all RO membranes, the measured ATP deposit values were found between 10-100 ng/cm2 and measured CH 

deposit values were found between 50-400 g/cm2 (Figure 6). These determined values were in the same range as fouled membrane 

elements from full-scale and pilot RO installations [45, 51]. 

 





 

3.4. Effect flux on reverse osmosis operation 

The effect of the filtration flux at two different values (10 L/m2.h and 25 L/m2.h) on fouling resistance, pressure drop and salt 

passage were compared without air/water cleaning (Figure 5) (data with air/water cleaning are given in Figure C.2 in S.I.). The 

fouling resistance of the minimal pre-treated RO element at a lower flux of 10 L/m2.h increased ten times less ( i = 3.7.1012 1/m2), 

compared to the sharp increase in fouling resistance of the RO element at a high flux of 25 L/m2.h ( i = 4.2.1012 1/m2) (Figure 5). 

The fouling resistance at low flux was much lower and increased to 3.1.1013 1/m compared to 2.3.1014 1/m at high flux. The first CIP 

of the RO membrane at 10 L/m2.h and 25 L/m2.h was carried out at respectively 3.1 and 3.4 m3/m2 permeate production (indicated by 

#1 in Figure 5), and did effectively reverse the fouling resistance. A lower filtration flux operation resulted in a lower fouling 

resistance as a result of a reduction in convective drag towards and through the membrane [32]. 



The pressure drop of both RO elements increased sharply directly at the start of the experimental run. The pressure drop increase in 

time of the low flux RO element was similar to the pressure drop increase in time of the high flux element (please note that the 

pressure drop versus the filtrated volume of the low flux RO element increased faster, since less filtrated volume is produced in the 

same time). When a pressure drop of 1.0-1.4 bar was reached the experiment was stopped which was at 5.4 m3/m2 and 10.4 m3/m2 

permeate production for respectively the low and high flux RO element. CIP was carried at a pressure drop of 0.6 bar and was only 

able to temporarily decrease the pressure drop (approx. 40%) for both RO elements, after which the pressure drop increased sharply 

again during normal operation. The first and second CIP for the low flux RO element was at 3.1 m3/m2 and 3.5 m3/m2 permeate 

production (indicated by #1 in Figure 5). 

Salt passage remained low (approximately 0.5%) for both RO elements during the length of the experimental run. CIP did not 

significantly affect the salt passage of both RO elements.  

Despite a same fouling load of particles and organic matter towards the RO elements, a lower increase in fouling resistance at low 

flux was found, which was attributed to less convective drag towards the membrane [52]. As a result of this, less particular and 

organic fouling occurred at a lower flux, which was corroborated with significantly lower ATP and CH levels on the low flux 

membrane surface and feed spacer during the membrane autopsy study (RO6 in Figure 6) compared to the higher flux experiment 

(RO5 in Figure 6). CIP was partly effective in temporarily mitigating both fouling types due to a combination of chemical and 

hydraulic action. Pressure drop increase was faster in function of the filtrated volume for the low flux RO element , however, lower 

ATP levels on the membrane were found while similar ATP levels on the spacer material was found (RO6 in Figure 6). Lowering 

the flux at a similar flow rate seemed a viable strategy to reduce membrane fouling. 

3.5. Effect cross-flow velocity on reverse osmosis operation 

The effect of cross-flow velocity (175 L/h and 350 L/h) on fouling resistance, pressure drop and salt passage was compared without 

air/water cleaning (Figure 7) (data with air/water cleaning are given in Figure D.2 in S.I.). The fouling resistance of the RO element 

at a lower flow rate of 175 L/h increased slightly faster after 2.2 m3/m2 permeate production, compared to the fouling resistance of 

the RO element at a normal flow rate of 350 L/h (Figure 7). The fouling resistance for both RO elements remained relatively low (< 

3.0.1013 1/m) during a very limited permeate production of 3.5 m3/m2. This was a considerably lower production compared to the 

previous experiments, caused by a different water quality during the second experimental run starting at 13th July (Table A.1. and 

Table 2.A in S.I.). After the second CIP of the lower flow rate RO membrane at 2.7 m3/m2 permeate production (indicated by #1 in 

Figure 7), the fouling resistance decreased to the level of the reference flow rate RO membrane.  

The pressure drop of the RO element at a lower flow rate increased significantly faster compared to the normal flow rate RO 

element. Pressure drop increase was completely dominated by feed spacer clogging effect caused by entering particles which were 

insufficiently removed by pre-treatment. This effect is stronger at lower flow rates due to lower shear rates. When a pressure drop of 

1.3 bar was reached for the normal flow rate RO element the experiment was stopped at 3.5 m3/m2 permeate production for both RO 

elements. A first CIP was carried at a pressure drop of 0.9 bar and 2.0 bar and was only able to temporarily decrease the pressure 

drop approx. 40% and approx. 55% for respectively the normal and low flow rate RO element, after which the pressure drop 

increased sharply again during normal operation. The second CIP occurred in a similar way, only temporarily reversing the effects of 



feed spacer clogging. The first and second CIP for both RO element was at 1.7 m3/m2 and 2.7 m3/m2 permeate production (indicated 

by #1 in Figure 7). 

Salt passage remained low (approximately 0.5%) for both RO elements during the length of the experimental run. CIP did not 

significantly affect the salt passage of both RO elements.  

Despite a lower fouling load of particles and organic matter towards the RO elements at a lower flow rate, a stronger increase in 

pressure drop was found which was related to a lower Re number resulting in less turbulence in the feed spacer channel. The lower 

fouling load towards the RO element was reflected by a lower ATP deposition on the spacer material after membrane autopsy (RO10 

in Figure 6) compared to higher fouling load at 350 L/h experiment (RO9 in Figure 6). The higher fouling resistance of the low flow 

rate RO element was attributed to a lower back-transport of material from the membrane at a lower flow rate [52]. As a result of this, 

more particular and organic fouling occurred at a lower flow rate, which however was not corroborated with a higher CH deposition 

on the membrane (RO10 in Figure 6). A higher flow rate at a same flux was both successful in reducing membrane fouling and 

spacer clogging in RO elements. 



3.6. Effect air water cleaning on reverse osmosis operation 

No difference in fouling resistance increase of both RO elements (with and without air water cleaning) was observed during a 

permeate production of VF < 5.4 m3/m2 (Figure 8). The fouling resistance for both RO elements remained relatively low (Rf  < 

3.8.1013 1/m). The first and second CIP for occurred shortly after each other at 3.1 m3/m2 and 3.9 m3/m2 permeate production for the 

RO element without air water cleaning, and at 5.9 m3/m2 and 6.8 m3/m2 permeate production for the RO element with air water 

cleaning (indicated by #1 in Figure 8). The fouling resistance decreased after CIP, but increased again at a similar fouling rate after 

normal operation for both RO elements. 

The pressure drop of the RO element without air water cleaning increased significantly faster compared to the RO element with air 

water cleaning. When a pressure drop of 1.3 bar was reached for the RO element without air water cleaning the experiment was 

stopped at 5.4 m3/m2 and 8.7 m3/m2  after permeate production for respectively without and with air water cleaning. Malfunction of 

the fine filter caused a temporary stop of the installation resulting in a drop in the pressure drop (indicated by #2 in Figure 8). CIP 

actions were carried out at a pressure drop of approx. 0.6 bar and was only able to temporarily decrease the pressure drop approx. 

35% and approx. 10% for respectively the RO element without and with air water cleaning. After CIP the pressure drop increased 

sharply again during normal operation (indicated by #1 in Figure 8) as a result of both hydraulic and chemical cleaning effects 

during CIP. A lower CIP effectiveness was observed for the RO element with periodical air water cleaning, as a result of a chemical 

effect during CIP, since a hydraulic cleaning effect was regularly executed during air water cleaning.  

Salt passage remained low (approximately 0.5%) for both RO elements during the length of the experimental run. CIP did not 

significantly affect the salt passage of both RO elements.  

The lower increase in pressure drop for the RO element with air water cleaning was ascribed to strong shear forces which 

successfully controlled clogging of the feed spacer channel caused by particulate matter (< 20 m) entering the RO elements [33]. 

Periodical air water cleaning was not effective in decreasing the fouling resistance, and controlling membrane fouling caused by 

particulate and organic matter on the membrane surface. CIP was only partly effective in temporarily removing both fouling types 

due to both chemical and hydraulic action and was found to be less effective for the RO element with air water cleaning, possibly 

due stronger adhered material to the membrane surface. More ATP and CH deposits were found on the membrane after membrane 

autopsy of the RO membrane after air water cleaning (RO1 in Figure 6). This was explained by the longer running time compared to 

the RO element without air water cleaning (RO6 in Figure 6). 

3.7. Comparison effects on reverse osmosis membrane operation 



In general, the effect of removing intensive pre-treatment can be significantly, but not completely, compensated by the operational 

conditions of the RO (Figure 9). The initial membrane fouling rates  and spacer clogging rates  determined from six different 

experimental runs with minimal pre-treated RO elements were compared to these parameters of the UF pre-treated RO elements 

(Figure 9). The initial membrane fouling rate  = 1.6.1011 1/m2 and spacer clogging rates  ~ 0 bar/m for the UF pre-treated RO 

element and served as zero. Replacing UF pre-treatment with minimal pre-treatment using 0.25 m fine filters resulted in a strong 

increase in membrane fouling and spacer clogging rate (red arrows in Figure 9). UF was much more effective in removing particles 

compared to the 25 m screens resulting in less membrane fouling and spacer clogging. Decreasing the DOC load, and particularly 

the biopolymer load, by using UF also contributed to less membrane fouling. 

Decreasing the flux results in an approximately tenfold decrease of the initial membrane fouling rate, while this had no impact on the 

spacer clogging rate (blue arrows in Figure 9). A decrease in flux resulted in a lower concentration polarization, caused less 

convective drag of foulants (both particles and DOC) towards the membrane surface resulting in less membrane fouling. Air water 

cleaning resulted in a fourfold decrease of the spacer clogging rate, while this had no impact on the initial membrane fouling rate 

(green arrows in Figure 9). Air water cleaning temporarily created a high turbulence in the feed spacer channel resulting in a removal 

of foulants from the spacer material. The two phenomena of membrane fouling and spacer clogging appeared to be completely 

independent for this specific case. A flux decrease only resulted in lower membrane fouling, and air water cleaning only resulted in 

lower feed spacer clogging. 

 



Two types of fouling mechanisms were responsible for the observed phenomena, specifically membrane fouling and feed spacer 

clogging. Particulate and organic fouling resulting in feed spacer clogging was caused by the accumulation of predominantly smaller 

particles (< 20 m) and organic matter entering the feed spacer channel at the entrance of the RO element. The same materials were 

responsible for deposition or adsorption to the membrane surface resulting into membrane fouling. Less particles and organic matter 

in the feed after UF resulted in a lower particulate clogging of the feed spacer and less membrane fouling on the membrane surface. 

Adsorptive organic fouling resulted in a fouling resistance increase caused by present organic material (e.g. biopolymers) entering 

the RO element or excreted by biomass which was present. Less adsorptive (organic) fouling after UF was ascribed to a better 

removal of the biopolymer fraction from DOC. 

3.8. Technical economic evaluation 

From the technical feasibility study described above, it follows that a minimal pre-treated RO system using only screens on the 

investigated surface water did not result in a stable RO operation. The challenging nature of the used surface water is characterized 

by (i) the relatively large presence of  suspended solids and particles and (ii) high concentrations of organic carbon of which a 

relatively high concentration of biopolymers (3.2). Particle removal (related to particle fouling) was studied in this paper and was 

addressed by (i) screen pre-filtration and (ii) ultrafiltration. Removal of organics (related to organic fouling and biofouling) on the 

other hand was not sufficiently tackled in this study. Mitigation of fouling problems as a result of insufficient particle or organics 

removed was investigated by a combination of pre-treatment, low flux / high flow rate operation and periodic air/water cleaning. 

Unfortunately, this proved not to be completely efficient. This concept could work on more biologically stable water sources (or 

water types made more biologically stable after e.g. BACF). More research is needed to control fouling in RO with minimal pre-

treatment , which could be justified by the economic feasibility of minimal pre-treated RO in comparison to UF pre-treated RO. For 

this reason a technical economic comparison is presented in this section comparing minimal pre-treated RO and UF pre-treated RO. 

A technical economic evaluation has been made for relatively small scale installations (150 m3/h). An UF flux of 22 L/m2.h at 0.5 

bar was selected for the UF system, corresponding to the results of the pilot in this research. An calculation at a more realistic UF 

flux of 60 L/m2.h at 0.5 bar is presented in Figure F.1. in the S.I. A RO flux of 10 L/m2.h at 8 bar was selected for the minimal pre-

treated RO system, which corresponds to the experimental conditions used in the technical feasibility study (RO1, RO6-10). A RO 

flux of 25 L/m2.h at 12 bar was selected for the UF pre-treated RO system, which corresponds to the experimental conditions used in 

the technical feasibility study (RO3-4). The chemical cleaning dosages and frequencies were assumed and described in 2.6. 

The calculated capital RO cost for the minimal pre-treated and UF pre-treated scenario were  , which 

is in the same range of published capital costs of brackish water RO installations. Capital cost of an UF installation at 22 L/m2.h was 

9.1 98 3 which is very high compared to published data [53, 54]. More realistic capital cost for UF membranes operated 

on surface water and wastewater can be obtained when operating the UF installation at 60 L/m2.h (Figure F.1 in the S.I.). The total 

costs of the minimal pre-treatment RO scenario are 3) compared to the UF pre-treated RO scenario (1.21 3), 

which is a reduction of approximately 60% (Figures 10 and 11). The major part (approx. 65-70%) of the total cost of both scenarios 



is the result of the installation cost of the UF and RO installations. In the UF pre-treated RO scenario, the total cost of the UF 

installation amounted up to 80% of the total cost, which are being saved in the minimal pre-treatment RO scenario. The RO 

installation in the minimal pre-treatment RO scenario is more expensive because of a larger RO capacity because of the lower flux 

operation (10 L/m2.h compared to 25 L/m2.h) requiring more membrane area and a higher chemical consumption. 

In conclusion, a minimal pre-treatment RO installation seems to be economically feasible. From experimental data, however, 

minimal pre-treated RO proved to be more prone to membrane fouling compared to the UF pre-treated RO. The calculated cost gap 

between the two scenarios, provides a financial window to improve the minimal pre-treatment RO concept either by alternative 

membrane element design (e.g. capillary RO) or by alternative  more expensive  RO operation. A disadvantage of the minimal 

pre-treatment RO approach is the requirement of more aggressive (chemical) cleaning which would negatively influence the RO 

membrane lifetime. Furthermore, there is a lack of a protective barrier in the event of algal blooms or for water types with a low 

biological stability. More research is required to advance the concept of minimal pre-treated RO systems. 

4. Conclusions 

We performed a techno-economic feasibility study on RO operation with minimal pre-treatment in the context of drinking water 

production from surface water. Our main conclusions of this study are summarized below: 

 A minimal pre-treated RO system using only screens on surface water does not result in stable RO operation, while an UF-pre-

treated RO system can initially be maintained operationally stable also fails in the longer run. This is due to the challenging 

nature of the investigated feed surface water which was corroborated by operational problems of a low-flux operated UF pre-

treatment system. 

 Spiral wound RO membranes pre-treated with only self-cleaning 25 m fine filters are more prone to membrane fouling and 

spacer clogging in long-term on-site research compared to state-of-the-art UF pre-treated spiral wound RO membranes. 

 The 25 m fine filter system removes 80% of the >25 m particles and does not remove any organic matter, while the 20 nm 

UF membrane system removes 100% particles and approx. 10% organic matter 



 Less fouling after UF compared to 25 m fine filtration is observed due to (i) less particulate fouling and (ii) less organic 

fouling related to the removal of the biopolymers fraction of organic matter. Fouling problems are translocated to the UF 

system, which could only be operated at a very low flux of 22 L/m2.h. 

 The increased fouling rate that results from removing the intensive pre-treatment could be significantly, but not completely, 

compensated for by modifying the operational conditions of the RO. 

 Lowering the membrane flux from 25 L/m2.h to 10 L/m2.h in minimal pre-treated RO results in an approximately 10-

fold decrease of the membrane fouling rate, while not influencing the pressure drop increase. Comparing low flux 

operation of 10 L/m2.h with a similar permeate production (during a longer time) to normal flux of 25 L/m2.h 

operation results in a lower membrane fouling rate, indicating a less compact fouling layer.  

 Periodical air water cleaning in minimal pre-treated RO results in an approximately 4-fold reduction of the spacer 

clogging rate, while not affecting the membrane fouling rate. Periodical air water cleaning creates temporarily high 

shear stresses in the feed spacer channel resulting in more removal of adhered foulants to the feed spacer. 

 Reducing the cross-flow velocity in minimal pre-treated RO results both in an increase in membrane fouling rate and 

spacer clogging rate, respectively caused by a higher concentration polarization and a decrease in turbulence. 

 The total cost of a minimal pre-treated low flux (10 L/m2.h) operated RO is significantly lower (0. 3) compared to state-

of-the-art UF (@ 22 L/m2.h) pre-treated RO at normal flux (25 L/m2.h) (1.21 3). The cost difference in financial space 

provides an opportunity to develop minimal pre-treated RO systems with improved control of membrane fouling and spacer 

clogging. 
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