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Executive Summary 

This report summarizes the main findings of the Clariant case study within the INSPIREWATER project. 

The aim of this study was to demonstrate water treatment technologies towards zero liquid discharge 

in a challenging secondary effluent from a chemical secondary effluent of a specialty chemical site 

producing in multi-purpose plants. The investigated treatment chain consisted of an ultrafiltration (UF) 

unit followed by a reverse osmosis (RO) treatment, aiming at a water recovery of at least 60 %. 

Upstream these two membrane processes, a catalyst (MOLLIK) was deployed to minimize fouling and 

scaling issues. An additional treatment of the secondary effluent upstream the UF by granular activated 

carbon (GAC) filtration for organics removal was investigated as well. The RO concentrate treatment 

was demonstrated applying forward osmosis (FO) coupled with a high-brine RO (HBRO) draw solution 

recovery system, aiming at a total water recovery of at least 85 %. The demonstration of the UF 

treatment at a capacity of 5 m3/h started in October 2017. The piloting phase ended in April 2019. 

It could be shown that in principal, a direct treatment of the secondary effluent by UF-RO is possible, 

but frequent and intense cleanings are necessary. The operation was more robust after pre-treatment 

of the secondary effluent by GAC filtration. Nevertheless, an external technology verification body 

could not verify the effect of the MOLLIK catalyst due to the lack of process stability. The FO-HBRO was 

demonstrated as a feasible technology for concentrate treatment. Its technology readiness level (TRL) 

was lifted from TRL4 to TRL5 during this project. In addition, direct treatment of the UF filtrate by FO-

HBRO was demonstrated as an interesting process alternative for challenging wastewaters.  

By the application of the sequence of membrane processes, the final energy use was reduced from 

75.1 kWh/m3
permeate by conventional (thermal) water recovery to 51.9 kWh/m3

permeate. About 90% 

recovery of the wastewater was demonstrated by membrane technologies alone. The recovered water 

quality was suitable to replace water for applications like heating, cooling and domestic uses, but 

needed further purification if it should replace water brought into contact with products. The 

application of membranes for water recovery required a sound water pretreatment to reduce fouling 

and scaling risks, which included, e.g., the replacement of calcium sources within the water treatment, 

optimization of phosphate dosage in the biological wastewater treatment and the application of a 

organics removal step (GAC filtration in this case). 
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1. Introduction 

“New treatment technologies and treatment concepts are of pivotal interest for the chemical industry 

to minimize the wastewater footprints and enable water reuse. This trend is strengthened by water 

scarcity and environmental directives for wastewaters. Within the [INSPIREWATER] project, a pilot 

plant [was] installed in Tarragona, Spain. A Zero-Liquid Discharge concept for treating 5 m3h–1 of real 

effluent side stream has been developed and [was] evaluated at pilot scale. The concept [consisted] of 

ultrafiltration (UF), reverse osmosis (RO) for direct effluent treatment followed by forward osmosis 

(FO) in combination with high-brine reverse osmosis (HBRO) and/or membrane distillation for the RO 

concentrate treatment. In order to prevent fouling of membranes, an anti-fouling catalyst developed 

by MOL [was] installed in front of the membranes.” (Kochan et al., 2018) 

The main goal of work package 5 was the demonstration towards zero liquid discharge (ZLD) with focus 

on possibilities of total effluent treatment in chemical industry. To achieve this, high permeability 

ultrafiltration membranes and fouling resistant reverse osmosis membranes were used in combination 

with novel technologies as FO and the MOLLIK catalyst investigate their treatment potentials in 

challenging and rapidly changing water qualities at the Clariant site in Tarragona, Spain. At the same 

time, the technology readiness level (TRL) of the technologies to be demonstrated should be increased, 

from the current stage of 4/5 to the expected target, considering the special compositions of the 

different streams addressed in this work package.  

Of interest for industrial users is the optimized interplay of existing and new treatment units towards 

minimized energy consumption and chemical use. One challenge for the demonstrated UF-RO 

treatment was the high fouling potential of the feed streams. In order to suppress biofouling, novel 

fouling-resistant membranes were applied in combination with an innovative heterogenous metal 

catalyst, called MOLLIK. 

The report at hand summarizes the main findings of the piloting. All applied unit processes are 

evaluated in the sequence of their application in the pilot plant, starting with a granular activated 

carbon (GAC) filter for additional organics removal, over the water recovery by UF and RO and the 

energy-efficient brine treatment via FO-HBRO and FO-MD. In addition, a preliminary assessment of the 

final energy uses is presented along with a potential water reuse scheme. Additional results from 

laboratory tests (WP2) and preliminary results of the European technology verification (ETV) of the 

MOLLIK catalyst (WP6) are included in this report to give a more comprehensive overview on the 

outcomes of the INSPIREWATER Clariant case study. Finally, overall conclusions are drawn from the 

experiences of the pilot study. 
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2. Materials and Methods 

2.1 Wastewater Treatment Plant and Secondary Effluent 

Clariant receives fresh water in two qualities (chlorinated and non-chlorinated) from the local water 

distributor (Figure 1). Chlorinated water is used for domestic purposes, as well as for irrigation, etc. 

Non-chlorinated water is treated by reverse osmosis (RO) and subsequently used in the production, 

for cooling purposes, etc.  

 

Figure 1. Simplified scheme of the water flows at the Clariant site in Tarragona, Spain. 

The wastewater is treated in a wastewater treatment plant (WWTP) consisting of buffer and 

equalization tanks, coagulation/flocculation and primary clarifier, homogenization and pH adjustment, 

biological treatment and secondary clarifier. Secondary effluent is discharged to the Mediterranean 

Sea. Sludge from the clarifiers is thickened, conditioned and de-watered by filter presses before being 

sent to a landfill. 

The wastewater consists of mixed wastewater streams from the activities of companies on the site. In 

addition, some external wastewater is treated. An overview on the evolution of treated wastewater 

volumes during the last years is given in Figure 2. During the past years, the treated wastewater volume 

and in consequence the average volume flows of the secondary effluent increased constantly due to 

increases of produced goods. The wastewater origins from batch-production campaigns of specialty 

chemicals as in a multi-purpose plant and from cleaning of IBC containers (Table 1). The production is 

characterized by production campaigns by varying of products. This means that the wastewater 

composition varies strongly even over relatively short periods (days – weeks).  
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Figure 2. Average daily volume flows of the wastewater treatment plant secondary effluent. 2019*: Preliminary 
data from January – November 2019. 

Table 1. Overview of the wastewater clients and their respective main production focus. 

Company Production Volume share (2018) 

Clariant (CLA) Specialty chemicals (products from 

ethylene dioxide, amides, esters, 

etc.) 

61.5 % 

National Container Group 

(N.C.G.) 

Cleaning of containers from various 

companies 

1.7 % 

IQOXE Polymers 7.4 % 

External companies 

 Roval 

 CORSA 

 Trisa 

 

 Cosmetics 

 Cosmetics and others 

 Cosmetics and others 

14.8 % 

Others Rain water, domestic wastewater, 

etc. 

14.6 % 

 

The WWTP operates in legal compliance. The main characteristics of the WWTP secondary effluent are 

as described in the following: chemical oxygen demand (COD) = 416±133 mg/L; biological oxygen 

demand (BOD5) = 27±30 mg/L; pH = 7.8±0.2; total suspended solids (TSS) = 34±29 mg/L; electrical 

conductivity (EC) = 9400±1700 μS/cm; hardness = 42±7 °dH; 1,4-dioxane = 19±13 ppm. In future, the 

Clariant Tarragona site will face stricter discharge limitations, e.g., COD < 200 mg/L and single 

substances concentrations < 0.5 mg/L. In addition, there is a high interest in an increased resilience 

against water stress issues.  

The high organic load in the secondary effluent is challenging for the industrial water treatment 

application, independently of the technology used. Investigations by LC-OCD analysis revealed the 
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dissolved organic carbon (DOC) to have an apparent molecular weight (MW) in the estimated range of 

10 kDa – 100 kDa. This is below the theoretical MW cut-off value (90% retention) of the applied 

ultrafiltration (UF) membranes, which is estimated around 80 – 150 kDa. Therefore, high dissolved 

organic loads in the water recovery process by reverse osmosis (RO) membranes were expected. In 

addition, the high concentrations of suspended matter can be challenging for UF membranes. The 

secondary effluent is characterized by a relatively low biological degradability. However, microbial 

growth in pipes, tanks and membrane modules is still likely to occur, especially in dead-zones or after 

longer times of operation. Another concern for membrane applications, especially for water recovery 

steps like RO or forward osmosis (FO), pose calcium (Ca2+) and magnesium (Mg2+). These substances 

are likely to cause scaling on membrane surfaces along with, e.g., carbonate (CO3
2-). 

To reduce the risk of scaling at the membranes, almost all sources of Ca2+ were eliminated in the WWTP 

during the course of the INSPIREWATER piloting. pH adjustment in the WWTP was switched from 

Ca(OH)2 to NaOH. The sludge conditioning was rearranged from Fe(II)Cl2 to a polymer, which resulted 

in a decreased demand of Ca(OH)2 for subsequent pH adjustment of the sludge (pH 11). By these 

measures, calcium concentrations could be limited close to the concentration from the river Ebro. In 

addition, the amount of sludge was decreased by about 15 % - 20 % by these measures. At the 

beginning of the INSPIREWATER project, K2PO4 (dosed to counter-act P-limitation in the biological 

wastewater treatment) was overdosed in the WWTP, which led to phosphate residues in the secondary 

effluent. In order to reduce the risk of fouling on membranes, the dosage of K2PO4 was optimized 

during the INSPIREWATER project in order to limit microbial activity in the secondary effluent (nutrient 

limitation by PO4
2-).  
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2.2 Pilot Plant 

A treatment scheme to recover water from the secondary effluent is given in Figure 3. An UF-RO pilot 

plant was set up to recover water from the secondary effluent. The UF-RO treatment was set up in two 

parallel treatment lines to investigate the effect of the MOLLIK catalyst (Figure 4). Concentrate of the 

RO was further treated in a FO-HBRO pilot unit (Figure 5). Additional tests in laboratory scale were 

conducted with the FO-HBRO concentrate for further water recovery via FO-MD. 

 

Figure 3. Simplified scheme of the treatment train investigated within the Clariant case study. 

Due to the high organic load in the secondary effluent, a granular activated carbon (GAC) filter with 

upstream disk filter (20 μm) was installed before the membrane processes (organic and particulate 

load reduction). This was done after one year of operation with direct UF filtration of the secondary 

effluent (Table 2). Of note, GAC is only one out of many treatment options for this task. 

To recover the performance of UF membranes during the normal operation, periodic backwashes had 

to be applied (removal of particulate and organic fouling). In addition, chemically enhanced 

backwashes (CEB) were performed to wash-off substances that attached stronger on the membrane 

surface (organic, inorganic and biological fouling). To counter-act very strong (organic, inorganic and 

biological) fouling, a cleaning-in-place (CIP) was performed on demand. NaOCl, caustic and different 

acids may be applied at elevated temperatures (up to 40 °C) and over a longer period. CIPs were also 

applied in the RO membranes. The water that was used for cleanings of UF and RO were recirculated 

in the entrance of the wastewater filtration plant. Furthermore, anti-scalants were dosed before the 

RO for scaling control with two different recipes: dosing of 2 ppm Acumer 4450 (The DOW Chemical 

Company) from the RO start-up until 16 January 2019; and dosing of 2 ppm of Acumer 4450 and 1 ppm 

of Acumer 4035 (both The DOW Chemical Company) from 17 January 2019 until the end of the piloting. 

The anti-scalants were dosed due to a high scaling potential for carbonate, iron, aluminium and barium 

sulfate.  

The recovered water streams of the UF-RO and FO-HBRO treatments were analyzed for some 

parameters of interest. 
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Figure 4. Scheme of the DuPont pilot plant, consisting of two lines operated at (nearly) identical operation 
conditions. The upper treatment line incorporates the heterogeneous catalyst (MOLLIK) in the respective feed 
tanks upstream the ultrafiltration and reverse osmosis modules. The lower treatment line serves as reference line. 

 

Figure 5. Scheme of the BLUE-tec pilot plant for the treatment or reverse osmosis concentrate, consisting of two 
forward osmosis membrane stages and three high brine reverse osmosis stages. 

The residual brine after the FO-HBRO and/or FO-MD treatment has to be managed as it contains high 

concentrations of organic and inorganic substances. One route for disposal is evaporation and/or 

crystallization of remaining water. Subsequently, the residuals could be incinerated or deposited 

directly, e.g., in a closed salt dome. Treatment steps after FO-MD were not investigated within this 

project. 

The operation of the single unit processes started at different dates, namely 3 October 2017 (UF), 5 

December 2017 (RO), 9 July 2018 (FO-HBRO), and 14 November 2018 (GAC). Since 6 March 2019, all 

unit processes were operated during working days only (Monday to Friday) to assure a good 

supervision of the systems. The common end of the piloting was 12 April 2019. Some pictures of the 

installations on the CLARIANT site are shown in Figure 6. 
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Table 2. Overview on the operational schedule of the piloting. 

Project month 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 

Year 2017 2018 2019 

Month 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 

                    
Unit process                    

GAC              x x x x x x 

UF (x) (x) (x) (x) (x) (x) x x x x x x x (x) (x) x x x x 

RO   (x) (x) (x) (x) x x x x x x x (x) (x) x x x x 

FO-HBRO          (x) x x  x x x x x x 

FO-MD                  x x 

(x): start-up and commissioning. x: test phase. 

 

 

       

 

Figure 6: Pictures of the installed pilot plant at the CLARIANT site. Upper row: Granular activated carbon filters 
(left), MOLLIK catalyst (right). Lower row: UF-RO pilot plant (left side) and FO-HBRO pilot plant (right side). 
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2.3 Methods 

Water parameter measurements: Several parameters were measured with online probes: 

temperatures, volume flows, pressures, electrical conductivity (EC), redox values, turbidity, and pH. An 

overview on the applied sensors is given in Appendix A – Measurement Devices in the Pilot Plant 

UnitsCOD and BOD5 were measured from grab samples according to standard protocols. Anions were 

measured by ion chromatography (IC). Cations were quantified by inductively coupled plasma (ICP) 

with an optical emission spectrometry (OES). DOC was analyzed by liquid chromatography (LC) coupled 

with an organic carbon detector (OCD) on a device by DOC-Labor Dr. Huber (Germany). Total organic 

carbon (TOC) and total inorganic carbon (TIC) were measured as non-purgeable organic carbon or 

purgeable carbon on a TOC-V analyzer (Shimadzu, Japan). UV absorption at 254 nm (UVA254) was 

determined against demineralized water on a DR6000 photometer (Hach, CO, USA).  

1,4-dioxane was measured by a headspace GC-MS method. Samples were filtered (0.45 μm syringe 

filter), then prepared by dissolving 2 g K2CO3 in 5 mL of sample and 0.25 mL N-methyl-2-pyrrolidione. 

Separation was achieved using a HP-5 column (0.53 mm inner diameter, 30 m length, 1.5 μm film, 

Agilent Technologies, CA, USA) in a gas chromatograph (6890, Agilent Technologies, CA, USA). 

Quantification was done by mass spectrometry (MS). 

Data processing method: A total of 50 tags in 10 second intervals were extracted from the process 

control system of the DuPont ultrafiltration / reverse osmosis pilot plant in the time span from 2018-

01-01 to 2019-04-02. A detailed list of the probes is described in the Appendix A .These 33.2 million 

data points were aggregated to 1-minute average values for further analyses. On the basis of this data, 

the relevant process parameters were determined. The data set was enriched with additional data 

from the Clariant waste water plant (quality control and production data).  

In the first data processing step, erroneous data points and outliers were removed. In addition, a first 

visualization of the data was created to perform a first manual sighting. Subsequently, a statistical 

analysis of the parameters was carried out. This first sighting showed that the data comparing of the 

two reverse osmosis (RO) lines is not sufficient to make a scientifically sound comparison. The main 

focus was then set on ultrafiltration (UF), where the data set is more comprehensive and fewer outages 

of the pilot equipment have been reported. For better comparison, a definition of interesting time 

periods for detailed analysis was performed by Clariant and DuPont. The interesting time periods were 

11 individual weeks (+/- some days) spread over the entire period. 

An algorithm has been developed by Clariant which recognizes filtration and cleaning cycles of the UF 

and records their duration. In addition, it was detected when the differential pressure reached the 

limit prematurely and these events were counted separately. All analyses were performed using the 

general-purpose programming language Python 3.7 with NumPy, Pandas, and Matplotlib libraries. A 

separate and independent evaluation of the data set at DuPont using Microsoft Excel (with VBA 

macros) showed similar results. 

For the membrane process, an important figure is the flux (L m-2 h-1, LMH), calculated by: 

Flux =
�̇�Permeate

𝐴Membrane
 

�̇�Permeate is permeate flow (L h-1), 𝐴Membrane is the active membrane surface area. As the permeate 

flow can be influenced by the temperature and to allow for the comparison at different operation 

temperatures, all measured flows �̇� of UF and RO were normalized by membrane specific temperature 
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corrections to 25°C. The permeability (LMH bar-1) is subsequently calculated with the net 

transmembrane pressure (TMP, bar): 

𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑙𝑖𝑡𝑦 =
Flux

𝑇𝑀𝑃
 

𝑇𝑀𝑃 = ∆𝑝 − ∆Π 

∆𝑝 (bar) is the average net mechanical pressure, ∆Π (bar) is the net osmotic pressure. These variables 

are calculated by 

Δ𝑝 =
𝑝Feed + 𝑝Retentate

2
− 𝑝Permeate 

ΔΠ =
ΠFeed + ΠRetentate

2
− ΠPermeate 

For the UF, operated in dead-end, retentate pressure 𝑝Retentate is the same as the feed pressure 𝑝Feed. 

The permeate pressure 𝑝Permeate was assumed to be ambient pressure at all times. The osmotic 

pressure difference was 0 for UF (assuming the same ion composition in UF feed and permeate).  

The water recovery rate was calculated by dividing the net volumes of permeate (𝑄Permeate, m3) and 

feed (𝑄Feed, m3): 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝑄Permeate

𝑄Feed
 

The theoretical recovery was calculated by setting up a mass balance using the flux, theoretical 

filtration cycle duration, backwash flux and backwash duration. In the evaluation, additionally instead 

of theoretical filtration cycle the average filtration cycle from the measured data. With focus on the 

retentate, the water recovery can also be presented as concentration factor (CF): 

𝐶𝐹 =
𝑄𝐹𝑒𝑒𝑑

𝑄𝑅𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒
=

1

1 − 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦
 

Another figure of interest is the pressure drop along the RO module, the differential pressure 𝑑𝑃 (bar): 

𝑑𝑃 = 𝑝𝐹𝑒𝑒𝑑 − 𝑝𝑅𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒 

An important figure for the operator is the plant availability, calculated as the ratio of the time in 

filtration mode 𝑡Filtration and the total operation time, 𝑡Total, consisting of filtration, backflushing and 

periodic cleanings by chemically enhanced backflushes and cleanings in place: 

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑖𝑙𝑡𝑦 =
𝑡Filtration

𝑡Total
 

Finally, the efficiency of an operation strategy can be calculated as the product of recovery and 

availability: 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 ∗ 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 

Energy consumption of UF was obtained by performing simulation with WAVE by adjusting to the 

experimentally obtained average conditions (flux, average TMP, temperature, cleaning strategy, 

backwash strategy). Therefore, no standard deviation is obtained. The energy calculation of WAVE 

includes feed pump, backwash pump, metering pumps for CEB and CIP, CIP solution heating, air 

compressor, electrical valves, programmable logic controllers and instrumentation. For the energy 

consumption, the following assumption was taken: 0.55 total efficiency for feed, backwash and CIP 

pumps. The implementation in WAVE was done in the following way: conditions and temperature of 
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25 °C was introduced. Then the fouling pattern was adjusted in the software until the simulated TMP 

fits with the experimentally obtained TMP which had been normalized to 25 °C. In this way the 

experimental temperature was taken into account and the comparability between the phases 

improved. 

The same approach was used to estimate the RO energy consumption, adjusting the WAVE simulation 

software to the experimentally observed conditions (flux, recovery, average feed pressure, 

temperature, permeate backpressure, feed composition).As a result of the simulation, WAVE provides 

the besides other information the predicted feed pressure and energy consumption. In a second step, 

the so-called flow factor was iteratively changed until the predicted feed pressure matched with the 

experimentally observed feed pressure. The flow factor represents a factor between 0 and 1 which 

reduces the initial permeability of the RO membrane due to fouling effects. This is an empirical factor, 

which must be adjusted to the experimental data since the occurrence of fouling is not simulated by 

WAVE. The energy calculation of WAVE for RO includes feed pump and does not include programmable 

logic controllers (PLC) and instrumentation. 

To estimate the energy consumption of the FO-HBRO, the energy was calculated from the pressure 

and flowrates in each HBRO stage, using the following equation: 

�̇� =
𝑝Feed �̇�Feed

𝜂Pipes&Pumps
 

�̇� is the energy and �̇�Feed is the volumetric feed flowrate, 𝜂Pipes&Pumps is the efficiency of the piping 

and the pumps. A 95% efficiency was assumed. To obtain the energy per produced volume of 

permeate, �̇� was divided by the average permeate flow �̇�Permeate. 

The energy input of the FO-MD unit was calculated from the heat input to the recirculating 

concentrate, which was heated from 68.5 °C to 80.0 °C at a flow rate of 200 L/h, assuming the specific 

heat capacity of water (4.18 kJ kg-1 K-1). The production of distillate was 6.2 L/h under these conditions. 

Electricity for pumping was neglected, because pumping is only required to substitute the pressure 

loss of the membrane module, which was assumed to be low in comparison to the heating energy. 
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3. Results and Discussion 

The following sections summarize the main results of the piloting phases for the single unit processes.  

3.1 Granular Activated Carbon 

GAC filters were installed in November 2018 as an additional treatment step to control the load of 

organic carbon in the feed of the ultrafiltration membrane. The aim was to provide more suitable 

operation condition for the membrane system. Three GAC filters were arranged in series, each filled 

with one ton (2 m3) of regenerated GAC (Organosorb 20, Desotec). The target of the GAC filter outlet 

was specified by COD ≤ 100 mg/l, as this is a more common working range for UF modules. A disk filter 

(20 μm) was installed at the inlet of the GAC filter to control the suspended solids matter. Figure 7 

shows the observed COD evolution between the inlet and outlet of the GAC filters. During the first 400 

bed volumes, the COD increased until almost 300 ppm, as the threshold COD was only established 

after 1 month of operation. Thereafter, the COD value was mostly kept below 100 ppm of COD by more 

frequent filter replacements. In the piloting phase covered by this report (November 2018 – March 

2019), the average specific GAC consumption to meet the target threshold of 100 mg COD/L was 14 t 

GAC / 19’235 m3 treated wastewater effluent = 0.73 kg/m3. In addition, it was found in pilot trials and 

complementary laboratory tests that a residual fraction of COD could not be removed by GAC filtration 

(around 20% of the COD). During the pilot trials with GAC filtration, also single substances were well 

removed, e.g., 1,4-dioxane (99.8±0.1 %, n=3). 

 

Figure 7. COD evolution (mg/L) of feed (secondary effluent, blue line) and outlet (GAC filtrate, yellow line) as 
function of the bed volumes and the different GAC filters used. 1 bed volume= 6 m3 waste water, i.e., three GAC 
filters in series with 2 m3 of volume each. Filters A – N: Respective single 2 m3 GAC filter units. 

However, several parameters influence the specific GAC consumption, e.g., operation time of each 

GAC filter, flowrate and empty bed contact time (EBCT), temperature, influent COD, etc. As it is an 

important design parameter, the influence of the EBCT on the residual COD in the respective GAC 

filtrate was evaluated for all data between 70 and 600 bed volumes (BV) treated (Figure 8). As 

expected, a longer EBCT can lead to lower COD concentrations in the filtrate effluent. 
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Figure 8. Evaluation of residual chemical oxygen demand (COD) of single granular activated carbon filters at 
different empty bed contact times (EBCT) and respective linear regression lines. Blue open circles: EBCT = 15 – 25 
min. Grey filled squares: EBCT = 25 – 35 min. Blue filled triangles: EBCT = 35 – 45 min. 1 bed volume = 2 m3. 
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3.2 Ultrafiltration 

During the time in which the pilot plant was fed with secondary effluent without GAC pre-treatment, 

the following periods with different operation conditions are distinguished (Figure 9): 

- Commissioning and start-up of the UF pilot plant (September 2017 – March 2018) 

- Baseline test of the UF performance (April 2018) 

- Backwash optimization (May 2018 – June 2018) 

- Cleaning strategy optimization (June 2018 – November 2018) 

Although feed water turbidity values of the UF (DuPont IntegraFlux™ SFP-2880XP1) were usually found 

in the range of 1 – 30 NTU, the wastewater treatment plant was affected by the different production 

batches received at Clariant site. Thus, the organic content, TSS and turbidity were very variable over 

time, consequently affecting the performance of the system. Due to the challenging water conditions 

of the secondary effluent (without GAC filtration), it was necessary to use a relatively costly cleaning 

strategy for a robust operation. Most of the times, the filtration cycles could not run over the set 

filtration cycle time (30 min), but the backwashes were triggered on average after about 20 min due 

to high TMPs (2 bar) caused by particulate and organic fouling. This caused frequent shut-downs of the 

subsequent RO unit integrated in the downstream, as the UF filtrate (RO feed) was used for the 

backwashes more frequently, and thus not enough feed water was available to keep the RO system in 

operation. Therefore, in November 2018 the mass balance of the plant was adjusted and a GAC filter 

was installed upfront the UF-RO pilot plant. 

 

Figure 9. Operational regimes, transmembrane pressure (TMP), flux and cleanings performed in the ultrafiltration 
system (September 2017 – November 2018). 

Figure 10 shows the TMP evolution and fluxes after the GAC filters were installed. With further 

optimization of the cleaning strategy, the filtration cycles mostly were completed (30 min and partly 

                                                           

1 DuPont™, the DuPont Oval Logo, and all trademarks and service marks denoted with ™, ℠ or ® are 

owned by affiliates of DuPont de Nemours, Inc. unless otherwise noted.©2020DuPont 
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45 min) and UF was operated at 15, 23 and 30 LMH. Summarizing, after the installation of the GAC 

filters, the operation of the UF was better in terms of sustainability and stability of the operation. 

 

Figure 10. Transmembrane pressure (TMP) and flux in the ultrafiltration systems after installation of the GAC 
filters (November 2018 – April 2019). Blue dots: TMP of UF line without MOLLIK metal catalyst. Red dots: TMP of 
UF line with MOLLIK catalyst. Grey dots: flux. 

The most important KPIs are discussed below more in detail, focussing on the differences between the 

respective phases. A phase is an operation at a specific operational set point (TMP, flow, etc.) and with 

a specific cleaning strategy. The phases are named A, B and C during the operation without a GAC filter 

installed upstream the UF, and 1 – 8 during the operation with GAC filters installed. Details on the 

operational set points and cleaning strategies during the phases can be found in the tables provided in 

Appendix B. 

Figure 11 shows the permeate recovery. As described before, the filtration cycle often was not 

completed, when the TMP reached the trigger value (2 bar) earlier than the set filtration length. 

Consequently, the average real filtration length was in most cases lower than the theoretical filtration 

cycle length. This resulted in a lower recovery, because less permeate was produced that was not 

required for backflushes. 

It can be observed that for the first three phases (A-C, without GAC), the difference between the 

theoretical recovery and the real recovery was up to 10%. This shows that the applied conditions – no 

pre-treatment, cleaning strategy, flux, theoretical filtration length – were not suitable and the process 

not efficient. Hence, step by step, several optimizations were undertaken (1-8, with GAC): 

 Starting with Phase 1, the pre-treatment was implemented and hence organic load reduced 

 In phases 2, 3 and 4, problems with feed availability and functionality of ring filters were 

solved 

 Before starting phase 5, an additional optimization of cleaning strategy was implemented, 

while the main optimization of cleaning strategy took already place in phases A-C (without 

GAC). 

 Before phase 6, the operation mode was changed to a more conservative approach to 

reduce the occurrence of technical issues (operation stops during weekends). It can be 

observed that for phase 6, the gap between theoretical and real recovery was already very 
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small, which led to the decision to stepwise change to a more aggressive flux and filtration 

cycle. 

 In phase 7, the filtration cycle was increased from 25 to 30 minutes 

 In phase 8, the flux was further increased 30 LMH 

Despite the longer filtration cycles and higher flux, the gap between theoretical and real recovery 

further decreased. The highest real recovery achieved in the pilot operation was reached in phase 7 

and was 87%.  

 

Figure 11: Recovery of UF lines for the different phases both for the theoretical filtration cycle length (striped bars) 
and the real average filtration cycle length (fully coloured bars). 

Important KPIs for the calculation of operational costs are the energy consumption and chemical 

consumption. The energy consumption was calculated with the WAVE simulation software for each 

phase based on the theoretical filtration cycle length and for the real filtration cycle length. The results 

are shown in Figure 12. It can be observed that the gap between the real and theoretical value was 

relatively high for the first three experimental phases without GAC pre-treatment. Also, for several of 

the first phases with GAC pre-treatment, significant difference between real and theoretical values 

were observed. The latter differences are due to the problems with feed flow availability and 

functionality of ring filters upstream of UF. The last three phases (6-8, with GAC) show a better 

compliance of theoretical and real values due to the fact that only a small portion of the filtration cycles 

were finished before reaching the target filtration time (30 min).  

The real energy consumption varied between 0.21 and 0.37 kWh/m3 for the phases without pre-

treatment and between 0.14 and 0.35 kWh/m3 for the phases with GAC upstream. The consumption 

of the phase A was 0.21 to 0.24 kWh/m3, rather low values. The following phases showed higher energy 

consumptions. This effect can be due to accumulation of fouling of the membranes during the first 

year of operation and due to variation of feed water quality. During phase B, wastewater with a 

significantly lower quality due to increased concentrations of surfactants in the wastewater was fed to 

the pilot plant. This led to more frequent backflushes and, consequently, to higher specific energy 

demands. In phases 1-2 after implementing the GAC pre-treatment, the energy consumption stayed 

on a similar level as before, but it has to be kept in mind that during the phases 1 to 3, problems with 

feed water availability and ring filter effectiveness occurred. During the phases with less availability, 

the TMP was very low but at the same time, the process had to be operated at very low flux. A very 
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low flux leads to a situation in which a large percentage of the produced filtrate has to be used for 

backwash, which makes the process overall and also energetically less efficient. After these problems 

had been solved, an additional optimization of cleaning strategy was done, leading to a decrease in 

the specific energy demand over phases 6-8 (with GAC). In phase 8 the lowest energy consumption of 

0.14 to 0.17 kWh/m3 was reached. However, this last phase was very short. During the relatively long 

phase 7, an energy consumption of 0.23 to 0.27 kWh/m3 was reached. Therefore, it would be more 

reliable to conclude that the final optimized energy consumption of the UF process would be assumed 

in the range of 0.14 and 0.27 kWh/m3. 

Until phase 2 of the period with GAC filtration, there were equal number of cases in which each of the 

two lines had higher energy consumption than the other. From phase 1 with GAC filtration onwards, 

the UF line with the MOLLIK catalyst showed a lower energy consumption. 

 

Figure 12: Energy consumption of UF lines for the different phases both for the theoretical filtration cycle length 
(striped bars) and the real average filtration cycle length (fully coloured bars). 

The increased process stability was established by a more aggressive cleaning strategy, as discussed in 

the following for consumption of the four chemical products used: HCl (32%), NaOCl (12%), NaOH 

(50%) and oxalic acid (100%). HCl (Figure 13) was only used for acidic CEB, therefore, the consumption 

was zero in the phase B, in which operation without any CEB was tested and in phase 1 and 2, where 

CEBs only with oxidant was applied. Starting with phase 5, the optimization of cleaning strategy leads 

to higher number of acidic CEBs and hence to an increase of HCl consumption. With the increase of 

flux and filtration length in phases 7 and 8, the specific consumption decreased again, but remained at 

an elevated level. 
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Figure 13: HCl consumption of UF lines for the different phases both for the theoretical filtration cycle length 
(striped bars) and the real average filtration cycle length (fully coloured bars). 

NaOCl was used both for CEBs and mini CIPs, Figure 14. Therefore, the operation with only mini-CIP 

(phase B, without GAC) led to a low consumption in phase B. This demonstrates mini-CIP efficiency: it 

could be shown that it increased the stability of the process with relatively low chemical consumption. 

The optimization of cleaning strategy starting in phase 5 also led to an increase of NaOCl consumption 

and – the same effect as for HCl – to a decrease in phases 7 and 8.  

 

Figure 14: NaOCl consumption of UF lines for the different phases both for the theoretical filtration cycle length 
(striped bars) and the real average filtration cycle length (fully coloured bars). 

Since NaOH was only used in CIPs (Figure 15), the consumption was very low at 0.076 to 0.17 mL/m3 

and, hence, of low importance. Oxalic acid (Figure 16) was used for CIP and mini-CIP and was in the 

range of 0 to 3.6 mL/m3. Since the optimization of cleaning strategy starting with phase 5 caused an 

increase of number of CEBs but not CIPs or mini-CIPs, oxalic acid consumption did not increase due to 

this optimization.  
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Figure 15: NaOH consumption of UF lines for the different phases both for the theoretical filtration cycle length 
(striped bars) and the real average filtration cycle length (fully coloured bars). 

 

 

Figure 16: Oxalic acid consumption of UF lines for the different phases both for the theoretical filtration cycle 
length (striped bars) and the real average filtration cycle length (fully coloured bars). 

The benefit of the cleaning strategy optimization has to be evaluated critically and in the context of a 

specific company. The improvement regarding energy consumption, recovery and process stability has 

to be evaluated against, e.g., the additional chemical consumption. For HCl this means an increase of 

around 1.2 to 3.0 mL/m3
Permeate and for NaOCl an additional use of 4.0 to 20 mL/ m3

Permeate. This has to 

be evaluated on a case-by-case basis, and should, for example, include the costs (electricity, chemicals, 

investment for plant and auxiliaries, e.g., additional buffer tanks, etc.) as well as the environmental 

impacts.  

Concluding, it was demonstrated that a stable and efficient UF operation could be established by an 

iterative optimization of the cleaning strategy, along with additional pre-treatment measures. In the 

last phases (7 and 8, with GAC), the optimized UF process showed an efficiency of 75.3 – 79.1%. The 
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water and chemicals used for backflushing and cleaning purposes were diverted back to the 

wastewater treatment plant influent. At full scale, this implies a higher load of the existing 

infrastructure, which might lead to reduced performance of its unit processes like settling operations, 

resulting in higher concentrations of suspended solids in the secondary effluent. The energy 

consumption was found in the range of 0.14 – 0.27 kWh per m3
Permeate produced. At the same time, for 

each m3
Permeate produced, chemicals were consumed for cleanings: 4.6 – 6.4 mL HCl (32%), 51 – 68 mL 

NaOCl (12%), 0.076 – 0.11 mL NaOH (50%) and 2.3 – 3.2 mL oxalic acid (100%). The UF permeate was 

used as feed for the subsequent RO to recover water, as described in the next article. 
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3.3 Reverse Osmosis 

The RO membranes (FilmTec™ FORTILIFE™ CR1002) were tested to treat filtrate of UF. The aim of the 

INSPIREWATER water project was a recovery rate of at least 60%. In the project a range of different 

recovery rates (34% - 65%) was tested for UF permeate as feed (with and without GAC pre-treatment). 

Both RO units were taken into operation in December 2017 after a stable operation of UF was 

established. 

Before GAC installation upfront the UF system, the RO was sometimes fed with secondary effluent 

with challenging quality (Figure 17). Especially the mixing/contamination of the UF feed water and RO 

feed due to a tank failure severely affected the conventional RO line without MOLLIK metal foil catalyst 

(May/June). In addition, an unexpected elevated occurrence of surfactants in the secondary effluent 

(July/August) affected both RO line performances, i.e., high concentrations of surfactants in the 

secondary effluent affected the UF and RO operation. In order to establish representative starting 

conditions after the installation of the GAC filters (November), new RO elements were installed. 

Before the installation of the GAC filter, the RO showed an average permeability of 0.93 – 1.02 

LMH/bar (not corrected for ∆𝜋), when operated at a water recovery rate of 65% at 𝑝Feed= 14.6 – 14.9 

bar. During this time, the RO line with MOLLIK metal foil catalyst showed a more stable operation in 

terms of differential pressure between feed and concentrate (dP) in direct comparison with 

conventional operational mode (Figure 17). However, this trend is not conclusive as the reference line 

was impacted by the above-mentioned tank failure. 

 

Figure 17. Differential pressures of the two reverse osmosis (RO) lines, operating with (red) and without (light 
blue) an inline MOLLIK metal foil catalyst before the installation of GAC filters (December 2017 – November 2018). 
Recovery rates and special events of the different operational phases indicated, e.g., cleaning in place (CIP, yellow 
points and dark blue for RO2). 

                                                           

2 DuPont™, the DuPont Oval Logo, and all trademarks and service marks denoted with ™, ℠ or ® are 

owned by affiliates of DuPont de Nemours, Inc. unless otherwisenoted.©2020DuPont 
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After the GAC installation, the RO feed water was characterized by a lower organic load, which resulted 

in more favourable conditions for RO operation. However, scaling especially in the RO line with MOLLIK 

metal foil catalyst led to a strong increase of 𝑑𝑃 in this line (end of November/begin of December, 

Figure 18). The scaling likely occurred due to an operation at lower volume flows than the point of 

design to keep the water flows of the pilot plant balanced (lower influent flow due to lower UF fluxes). 

As some of the membrane modules were irreversibly damaged, some of them had to be replaced. 

Since February 2019 (last replacement of membrane modules), the operation was stable with only few 

unplanned interruptions. Since this last elements replacement, both RO lines were operated 

comparably (same number of operation hours). This operation was stable in terms of constant 𝑑𝑃. 

Note that after membrane replacements, the initial gap of 𝑑𝑃 between the RO lines was different, 

which can be explained, e.g., due to variations in membrane production, isometric differences in the 

system, etc. 

At 65% water recovery, the average 𝑝Feed was 17.2 bar and the permeability was 0.9 LMH/bar (not 

corrected for ∆𝜋). As consequence of scaling due to low axial flow velocities in the module during the 

operation, a lower permeate recovery of 50 – 60% was achieved. 

 

Figure 18. Differential pressures of the two reverse osmosis (RO) lines, operating with (red) and without (blue) an 
inline MOLLIK metal foil catalyst after the installation of GAC filters (November 2018 – April 2019). Recovery rates 
and special events of the different operational phases indicated, e.g., membrane replacements. 

For the evaluation of this data, different phases of operation are distinguished. Details on operational 

set points and results can be found in the tables provided in Appendix C. The last RO elements were 

replaced at the end of phase 2 of the operation with GAC filters. Some important KPIs are discussed 

below. 

The energy consumption of the RO was calculated with the simulation software WAVE. The results are 

summarized in Figure 19. On the x-axis, the respective flux and water recovery rate of the respective 

phases are indicated to assist the interpretation of the data. A higher flux causes an increase in energy 

demand. The energy consumption was overall between 0.8 and 1.2 kWh/m3.  
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Figure 19: Average Temperature, feed conductivity and calculated energy consumption for the two RO lines and 
the different phases without and with GAC pre-treatment. Red bars: RO with MOLLIK metal foil catalyst. Blue 
bars: Reference RO line without MOLLIK metal foil catalyst. 

For the comparison between the different phases, the temperature-normalized permeability is a more 

suitable indicator (Figure 20), as it relates the flux to the net driving pressure of the different phases 

with changing feed conductivity, flux and temperature. A decrease of permeability results in an 

increase in energy consumption, because more pumping energy is needed to press a certain water 

flow over the membrane. 

 

Figure 20: Average permeability normalized for temperature for the two RO lines and the different phases without 
and with GAC pre-treatment and standard deviation indicated as error bars. 

It can be observed that the permeability decreased significantly after phase 2 of the operation period 

without GAC. The reason for this loss in permeability can be explained by high concentration of 

surfactants in the feed water, which occurred at the end of phase 2. Additionally, the described defect 

in the feed tank of the reference line resulted in an operation of reference RO with the UF feed water 
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(secondary effluent). This can explain the more pronounced decrease of the normalized permeability 

in the reference RO line compared to the line with MOLLIK. 

Before phase 1 of the operation with GAC pre-treatment, new RO elements were installed in order to 

exclude the effect of irreversible fouling due to the surfactant episode. During phase 1, scaling 

occurred, which caused a low permeability and a high standard deviation in both RO lines. The scaling 

potential of iron and aluminium scaling was significantly reduced by the UF treatment. It was observed 

that the most of the iron and aluminium formed particles upstream of the UF and was removed by the 

UF. Nevertheless, phase 1 of the operation period with GAC showed that the initial anti-scalant receipt 

was not enough to prevent precipitation on the membrane surface. Analysis of the affected membrane 

elements showed that carbonate scaling occurred. As a consequence, an adopted anti-scalant receipt 

was applied to mitigate further scaling issues. In addition, the RO elements were replaced, which 

explains the increased permeability in phase 2 compared to phase 1. The subsequent decrease in 

permeability over phases 3-6 is attributed to ongoing organic fouling on the membrane surface. 

The chemical consumptions were estimated based on the numbers of CIP done in the whole 

operational period in ration to the operational time. In the period without GAC pre-treatment, 7 CIPs 

were done for the RO with MOLLIK and 8 CIPs for the reference RO line. The additional CIP in the 

reference RO line was caused due to the technical problem with the feed tank. In the period of 

operation with GAC pre-treatment, 3 CIPs were done in both lines. Two scenarios were calculated: the 

number of CIPs were divided by the accumulated operational hours and by the total time of operation 

including the days, where the plant was stopped. These two values were considered as minimum and 

maximum CIPs per day. For the period without GAC, RO with MOLLIK had 0.022 to 0.089 CIPs per day 

and reference RO line 0.025 to 0.10 CIPs per day. For the period with GAC, the number of CIPs were 

0.021 to 0.10 CIPs per day both for RO with MOLLIK and reference RO line. This showed that the 

number of CIPs per time did not change significantly between these two periods. Of note, all 3 CIPs in 

period with GAC were done during phase 1, connected to the scaling episode. It is concluded that the 

solution of the scaling issue allowed the operation of the remaining 5 phases without any CIP. 

However, considering the calculation of CIPs per day for the entire periods, the chemical consumption 

was relatively constant over the all phases: the reference line (no MOLLIK) consumed 6.6 – 37 

mL/m3
Permeate NaOH (30%) and 1.5 – 8.7 mL/m3

Permeate HCl (15%) in the operation without upstream GAC 

filter, and 7.1 – 43 mL/m3
Permeate NaOH (30%) and 1.7 – 8.7 mL/m3

Permeate HCl (15%) in the operation 

with the upstream GAC filter. Similar results were obtained for the RO line with inline MOLLIK catalyst. 

Of specific interest is the achieved water quality of the permeate, the product of the water recovery 

process. Detailed information on the composition of the permeate are provided in Appendix C. An 

important aspect of RO performance is the rejection of overall inorganic load. Figure 21 shows the 

rejection of TDS (measured in laboratory as total ions and as conductivity in plant). Of note, many of 

the divalent ion (Ca2+, Mg2+, etc.) concentrations in the permeate are below or close to the limit of 

quantification. The decreased TDS rejection from phase 1 to 4 of period without GAC is explained by 

the increase of the water recovery rate: with constant individual membrane element rejection, the 

observed overall rejection will decrease with increasing water recovery, because all single elements 

except the first face higher incoming feed concentrations. During phases 1 – 5 with GAC pre-treatment, 

the TDS rejection stayed more or constant and showed a slight decrease in phase 6. The decrease of 

the TDS rejection is attributed to the decrease of the flux. 
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Figure 21: Average rejection of TDS for the RO lines and the different operational phases. 

For the rejection of the sum parameter of organic carbon (TOC), the rejection was almost constant 

over the operation without and with GAC filters, namely around 99 % and around 97 %, respectively. 

The lower TOC rejection during the operation with upstream GAC filters is explained by the reduced 

organic load in the RO feed water. 

One compound of interest is 1,4-dioxane, an organic molecule that is present in the industrial 

wastewater (Figure 22). For a full reuse of the wastewater, a concentration of 0.5 mg/L would be the 

limit for 1,4-dioxane. It was observed that during the operation without GAC pre-treatment, RO 

showed sufficient rejection to ensure compliance with the threshold concentration (average of 0.25 – 

1.0 ppm). Note that, in the time frame when the grab samples were taken, the RO was operated at a 

water recovery rate of 34 %. Operation at 65% recovery would lead to much higher concentrations in 

the permeate. At the same time, it should be considered that the operation of RO was done at quite 

low flux. An increase of flux would result in increased rejection. Overall, the results show that RO is 

capable of removal of 1,4-dioxane, but that it is still not clear if the rejection of the RO alone would be 

sufficient to ensure compliance with the limit of 0.5 ppm. As described before, analysis of the GAC 

filtrate found 1,4-dioxane concentrations to be lower than 0.1 ppm. Therefore, it is concluded that a 

combination of GAC pre-treatment and RO filtration is likely capable to be in compliance with the 1,4-

dioxane limit (0.5 ppm).  
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Figure 22. 1,4-dioxane concentrations measured in five grab samples during start-up and commissioning 
(January-February 2018). 

Overall, the sequence of GAC – UF – RO was optimized in an iterative approach to establish a robust 

operation. In the last operational phases, when the RO was operated at 58 – 60 % water recovery, the 

specific energy demand per produced m3
Permeate was calculated to be 0.92 – 1.09 kWh with the WAVE 

simulation software. To avoid scaling during this operation, scaling was mitigated by dosing of 2 ppm 

of Acumer 4450 and 1 ppm of Acumer 4035 (both The DOW Chemical Company). To maintain the 

performance of the membranes, CIP intervals were estimated to range between 10 and 48 days, which 

resulted in a chemical consumption of 7.1 – 40 mL/m3
Permeate NaOH (30%) and 1.7 – 9.2 mL/m3

Permeate 

HCl (15%). By this, a permeate was produced that had a sufficient quality for reuse in steam production, 

cooling and for domestic purposes. The TOC concentrations of the produced permeate were found at 

0.37 – 0.62 mg/L, TDS was 228 – 303 mg/L. This demonstrates the high quality of the water produced 

by this sequence of unit processes. The produced RO concentrate was further processed by a series of 

FO-HBRO and FO-MD, as described in the following section. 
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3.4 Forward Osmosis 

Using forward osmosis (FO), additional water can be recovered from a (pre-concentrated) stream by 

means of contact with a semi-permeable membrane with a concentrated salt solution at the other 

side. This concentrated salt solution will “draw” the water from the stream to be treated and is referred 

to the draw solution (DS). In a first step, the diluted draw solution is recovered by RO-membranes (FO-

HRBO). In a second step, the FO-HBRO concentrate is further treated by FO coupled with membrane 

distillation (FO-MD). 

3.4.1 Concentrate Treatment by FO-HBRO 

This section reports on the results of the pilot tests with the RO concentrate, which was provided from 

the UF-RO pilot unit (water recovery of RO: 50 – 55 %). On average, the FO-HBRO system was able to 

reach a concentration factor (CF) of 2.3 (water recovery: 56.5%). A summary of the measured 

technology performance and consumptions of the FO-HBRO pilot plant is provided in Table 3. In the 

permeate produced, the TOC was reduced by 98%. The salt rejection was about 96%. To achieve this, 

an average energy consumption of 36 kWh/m3
Permeate was estimated for the HBRO part of the pilot 

plant, based on the feed pressures and volume flows. In a full-scale implementation equipped with a 

pressure-recovery system, the energy consumption was estimated 20 kWh/m3
Permeate. Further details 

on the characteristics of the FO-HBRO permeate are summarized in Table 4. 

In a closed loop operation test, a maximum concentration factor (CF) of 9 was reached, using 67 g/L 

NaCl as DS. This means that FO-HBRO can recover up to 89% of water from the RO concentrate. With 

a water recovery of 55% by UF-RO, a total water recovery rate of 95% is possible with UF-RO-FO-HBRO 

membrane processes only. This demonstrates that in principal, FO-HBRO is capable to concentrate the 

RO concentrate relatively high, a suitable plant layout and dimensioning provided. 

Table 5 gives an indication of the concentrations in influent and effluent streams of the FO-HBRO 

system after prolonged operation. The system produced a permeate from the RO concentrate with a 

low organic content (TOC = 5.1 mg/L). Obviously, the FO membranes were permeable for ions as well, 

as it can be observed from the concentrations of K+, Mg2+ and Ca2+ in the DS. The respective values are 

higher than in the FO-HBRO feed, which is explained by previous operations with higher influent 

concentrations. The ion permeability might result in increased risks of precipitation in the HBRO-stages 

and decrease of fluxes with the need for additional cleaning as a consequence. In a full-scale plant this 

might result in the need of a bleed on the draw solution to limit this accumulation. The same holds 

true to limit the observed accumulation of organic substances in the DS. In addition, the observed 

concentration factors of Na+ and Cl- significantly exceed the CFs of the other ions. This is explained by 

the reverse solute flow, i.e., salt leakage from the DS to the feed side. As a consequence, operators 

will need to provide fresh salt to substitute the losses over the membrane. A fundamental way for 

improvement of the FO technology is the performance enhancement of the applied FO-membranes.  
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Table 3. Description of operation characteristics for concentrate treatment of RO (>60 % water recovery) by FO-
HBRO. Report as average value ± standard deviation, where applicable. 

Date 7 March 2019 – 11 April 2019 

Operation hours (filtration) 51 

Flux 5.5 ± 1.5 LMH 

Cleaning triggers pFeed ≥ 80 bar in any HBRO stage 

pFeed ≥ 5 bar in FO 

Cleaning strategy Clean with acid detergent on the draw side of the 

FO membranes for 4h after every 30 h of 

operation 

Clean with base detergent the 1st HBRO stage; 

the frequency depends on the wastewater  

Clean with acid detergent the 2nd HBRO stage; 

the frequency depends on the wastewater  

Clean with HCl the 3rd HBRO stage; the frequency 

depends on the wastewater 

(Operation stopped during weekends) 

Influent flow rate (RO concentrate, L/h) 400 – 500 L/h 

Average TOC removal (%) 98±1%; 5 measurements 

Average salt removal (%) 96±3%; 4 measurements 

Average driving force (bar) 25±3 

Volumetric concentration factor (measured) 2.3 ± 0.2 

Average length filtration cycles (estimated) 30 h  

Average availability (%, estimated) 88  

Specific energy consumption (kWh/m3
permeate) 20 (estimated for full-scale plant with pressure-

recovery technology). 

36±3.5 (energy consumption for HBRO pilot 

plant without energy recovery)  

Chemical consumptions 1.5 ± 0.1 L/m3
permeate acid detergent 

1.2 ± 0.1 L/m3
permeate base detergent  

0.02 ± 0.01 L/ m3
permeate HCl(15%) 

1.8 ± 0.9 kg/h NaCl salt 

LMH: liter per square meter and hour. HBRO: high brine reverse osmosis. TOC: total organic carbon. 
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Table 4. Average quality of the FO-HBRO water streams from 3 samples. FO was fed with RO concentrate after 
upstream GAC-UF filtration, operated at 50-55% water recovery. 

Parameter Unit cRO-concentrate cFO-HBRO-permeate 

TOC ppm 68 ± 24 4.6 ± 3.3 

EC µS/cm 28170 ± 4820 3386 ± 2802 

TDS mg/L 18370 ± 4032 1962 ± 1719  

Cl-  mg/L 8290 ± 1110 1139 ± 951 

Mg2+ mg/L 7.7 ± 4.7 4.8 ± 8.2 

Ca2+ mg/L 232 ± 878 1.6 ± 2.1 

Alkalinity mg HCO3
-/L 2407 ± 878 129 ± 186 

pH - 8.1 ± 0.1 6.7 ± 1.6 

 

 

 

Table 5. Overview of ion-concentrations at a number of locations of the FO-HBRO Pilot after a prolonged 
operation (14 March 2019). Rejection values calculated based on the FO feed concentrations. 

Parameter Unit 
FO feed  

(RO concentrate) FO retentate DS 
HBRO 

permeate CF 
System 

rejection 

Na+ mg/L 3915 9283 12939 643 2.4 84% 

NH4
+ mg/L <LOQ <LOQ <LOQ <LOQ - - 

K+ mg/L 251 416 477 24 1.7 90% 

Mg2+ mg/L 10.5 15.3 19.5 14.3 1.5 -36% 

Ca2+ mg/L 196 251 254 3.9 1.3 98% 

Cl- mg/L 7013 17336 26634 1300 2.5 81% 

SO4
2- mg/L 934 1632 890 5.1 1.7 99% 

HCO3
- mg/L 1399 2188 135 35 1.6 97% 

TOC mg/L 86.2 138 74.4 5.4 1.6 94% 

UVA254 1/m 34 60 18 1 1.8 97% 

DS: draw solution. CF: concentration factor of the FO retentate. UVA254: UV absorption at 254 nm. 
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3.4.2 Concentrate Treatment by FO-MD 

To further concentrate the FO-HBRO concentrate stream, a system of forward osmosis coupled with 

membrane distillation (FO-MD) was tested in laboratory tests. Part of the FO-HBRO concentrate 

obtained in one of the tests with RO concentrate was sent to Renkum, The Netherlands, for tests on a 

FO-MD bench scale unit. A single IBC container with 600 L of concentrate was collected during the 

long-term run of 25 March 2019. Table 6 shows the concentrations of different parameters measured 

during this run. From this sample, four batch tests of 50 L each were concentrated with FO-MD using 

NaCl as draw solution (105-120 g/L). In contrast to the FO-HBRO system, higher salt concentrations 

can be used in the draw solution, which implies a higher osmotic pressure (driving force). On the FO 

side, a 1 m2 membrane was used. On the MD side a Solar Spring 6.5 m2 air gap membrane distillation 

module was applied, which uses part of the heat required to condense and cool down the vapour for 

pre-heating the feed. By this, the energy consumption is reduced.  

The average FO flux varied between 4 and 5.7 LMH, starting at elevated levels of 7-10 LMH and 

decreasing to levels between 1 – 2 LMH as a result of concentrating the batch being treated. The 

volumetric concentration factors achieved were between 3.2 and 4.5. Description of process 

performance and permeate quality are shown below (Table 7). The energy demand measured during 

the tests was 430 kWh/m3
Permeate. For full-scale units, it is expected that this value would drop to around 

250 kWh/m3
Permeate due to the use of isolation. The obtained permeate was characterized by a very low 

TOC (< 0.4 mg/L) and salt content (<0.15 mS/cm) and was therefore of similar quality as the RO 

permeate, hence, of higher quality than the FO-HBRO permeate.  

 

 

Table 6. Average quality of the FO-HBRO water streams at 25 March 2019 (collection of 600 L of the FO-HBRO 
concentrate for FO-MD treatment in Renkum, The Netherlands). FO was fed with RO concentrate after upstream 
GAC-UF-RO filtration, operated at 55% water recovery. FO-pilot was operated at 90 mS/cm (60 g/l of salt). The 
FO-HBRO concentration factor during this run was 2-2.5 with an average flux around 6 LMH. 

Parameter Unit cRO-concentrate cFO-concentrate 

TOC ppm 64.8  63.5 

EC µS/cm 29620 54290 

Cl-  mg/L 27680 56770 

Mg2+ mg/L 3.7 5.6 

Ca2+ mg/L 298 327 

Alkalinity mg HCO3
-/L 2235 3145 

pH - 8.7 8.4 
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Table 7. Description of operation characteristics for concentrate treatment by FO-MD. Concentrate is derived 
from treatment of concentrate of reverse osmosis (>60 % water recovery) by FO-HBRO. 

Date 1 May 2019 – 17 May 2019 

Operation hours (filtration) 24 

Flux (average over the tests) 3.9-5.7 LMH 

Cleaning strategy Osmotic backwash with acid detergent at the 

end of the tests. 

The procedure was performed for 2 hours, 

followed by leaving the pilot soaking overnight. 

The solution was recirculated then for 1 more 

hour, followed by rinsing the pilot for 1 more 

hour  

To check the influence of the wastewater on the 

membrane and the cleaning efficiency, standard 

tests were performed before the 1st 

concentration test, after the 4th concentration 

test and after the cleaning. It was observed that 

the fluxes were comparable for all these tests, 

indicating that a cleaning was not really 

necessary after the 4 tests. 

Cleaning triggers Pressure drop over the feed side of the FO-

membranes > 0.5 bar (not reached during tests) 

Average TOC removal (%) 99.4±0.6%; 3 measurements 

Average salt content Average 0.144 mS/cm in distillate 

Final value 133 mS/cm in final concentrate 

Volumetric concentration factor (measured) 3.9 ± 0.6 

Gained output ratio GOR (%, estimated) 1.6 

Specific energy consumption (kWh/m3
permeate) 250 (estimated for full-scale plant with sufficient 

scale). 

430 (energy consumption as measured in the 

pilot)  

Chemical consumptions 1.5 ± 0.1 L/m3
permeate acid detergent 

1.2 ± 0.1 L/m3
permeate base detergent  

0.02 ± 0.01 L/ m3
permeate HCl(15%) 

1.8 ± 0.9 kg/h NaCl salt 
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3.4.3 Direct Treatment of UF Permeate 

The original objective of the FO-HBRO technology was to treat the concentrate of the RO. However, 

pilot-scale tests showed that it was also feasible to treat the UF-treated secondary effluent directly, 

which might be a promising treatment alternative for very challenging wastewaters. For this, only the 

concentration factor achieved in continuous operation was determined. The feed flowrate and the 

draw solution concentration were lowered towards the end of the tests because of increasing 

membrane fouling, which required more stringent operating parameters in order to produce sufficient 

permeate amount. 

The permeate quality varied based on the operating temperature. It was observed that a higher 

temperature the salt rejection in the third HBRO stage decreased, which resulted in a higher salt 

diffusion into the product stream (FO-HBRO permeate). The salt concentration in the FO-HBRO 

permeate was measured at 0.2 ± 0.1 g/L  

The FO-HBRO permeate quality is comparable with the RO permeate and could probably be used, e.g., 

for cleaning and cooling purposes. This demonstrates that the FO-HBRO could in principal replace the 

RO system. However, it has to be kept in mind that the HBRO stages require substantially more energy 

than RO only and should be considered for concentrate treatment only. The main reason that these 

experiments were included was to gain more experience with the pilot plant during the period that no 

RO-concentrate was available. 

Table 8. Description of operation characteristics for direct treatment of UF permeate by FO-HBRO. 

Flux (average over the tests) 6.4 +/- 0.5 LMH 

Cleaning triggers pFeed ≥ 80 bar in any HBRO stage 

pFeed ≥ 5 bar in FO  

(not reached during tests) 

Cleaning strategy (equal to FO HBRO-operation) Clean with acid detergent on the draw side of the 

FO membranes for 4h after every 30 h of 

operation 

Clean with base detergent the 1st HBRO stage; 

the frequency depends on the wastewater  

Clean with acid detergent the 2nd HBRO stage; 

the frequency depends on the wastewater  

Clean with HCl the 3rd HBRO stage; the frequency 

depends on the wastewater 

(Operation stopped during weekends) 

Date 22 January 2019- 11 February 2019 

Operation hours (filtration) 73.5 h 

Average concentration factor 2.7 ± 0.3 

Salt consumption 1.9 ± 0.7 kg/h  
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3.5 MOLLIK Catalyst 

The catalytic water treatment was tested as pre-treatment before both UF and RO treatment. To 

evaluate the effects of the MOLLIK catalyst, a second treatment line without incorporation of the 

catalyst was operated in parallel with the same feed water (Figure 4). However, the required operation 

stability to compare the two UF-RO lines regarding efficiency of the MOLLIK catalyst to achieve 

Environmental Technology Verification (ETV) compliance could not be established. The data from the 

pilot plant were examined by ETA Denmark and Danish Technological Institute from Aarhus/DK. They 

found that during the entire operational time of the UF-RO-pilot plant there was never a situation 

where data were produced which are valid for a technology verification. The challenging operational 

conditions, i.e., the challenging secondary effluent, made it hard to establish an operational regime 

that would meet the needs of ETV. For this reason, it was decided to conduct an ETV at a different site 

with more stable water conditions to better elucidate the effects of the catalyst (industrial park Leuna, 

Germany). The results will be presented in the deliverable D6.6: “Report on verification of selected 

demonstrated technologies”.  
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3.6 Preliminary process evaluation 

This section provides a preliminary assessment of the energy use of the investigated INSPIREWATER 

process train compared to a conventional water recovery approach, applying thermal processes like 

evaporation. The preliminary evaluation is limited on the energy use, because this is the most 

important factor during the operation. For a more detailed evaluation and discussion of the life cycle 

assessment and life cycle costing, the reader is referred to the public deliverable D1.3 “Life cycle 

assessment for 3 cases”. A scheme for a conventional approach is depicted in Figure 23. The 

assessment is based on a total water recovery rate of 95% in both cases, calculations are made for an 

arbitrary wastewater volume of 1000 m3. The following assumptions are made: 

 Specific energy GAC: 0.06 kWh/m3 due to pumping energy for 1 bar of pressure loss, 50% 

energy efficiency for pumps and pipes. Energy calculated by: E = Q * Δp / η.  

 Specific energy UF: 0.17 kWh/m3, simulated by WAVE simulation software, adjusting the 

simulation to the operational conditions. 

 Specific energy RO: 0.8 kWh/m3, simulated by WAVE simulation software, adjusting the 

simulation to the operational conditions. 57% water recovery for the combined UF-RO process. 

 Specific energy FO-HBRO: 20 kWh/m3, assuming the application of a pressure recovery system 

in the HBRO steps. 50% water recovery. 

 Specific energy FO-MD: 270 kWh/m3 recovered water low grade energy, e.g., 80°C waste heat, 

assuming good isolation of the MD part. 50% water recovery. 

 Specific energy evaporation: 185 kWh/m3 recovered water. Water recovery to 95% total 

recovery rate. 

 

Figure 23. Scheme of a conventional approach for water recovery towards zero liquid discharge. 

 

The energy demand of the conventional approach is depicted in Figure 24. For the GAC-UF-RO 

treatment, a total of 1’030 kWh of electrical energy is needed to recover 57% of the water. The 

subsequent energy-intense evaporation requires additional 70’300 kWh of high-grade thermal energy 

to recover additional 88% of water from the RO concentrate. By this, a total water recovery of 95% is 

accomplished. In total, 71’330 kWh of final energy is needed for the treatment of 1000 m3 (75.1 

kWh/m3
permeate). 



Deliverable 5.5: Report on evaluation of technologies at the CLARIANT site  

©2020 INSPIREWATER, public report  Page 41 

41 

 

Figure 24. Water flow and energy amounts of the conventional recovery approach.  

The energy demand for the INSPIREWATER approach is depicted in Figure 25. As before, GAC-UF-RO 

require 1’030 kWh for the recovery of 57% of the wastewater. The subsequent concentrate treatment 

by the two FO stages has a lower energy demand than the conventional approach: the energy-efficient 

FO-HBRO reduces the volume to be treated by thermal processes by 50%. In addition, the energy 

source for the FO-MD can be a low-grade waste heat, and this unit process further reduces the water 

volume by 50%. Therefore, only a fraction of 10.7% of the wastewater need to be treated by the 

energy-intense evaporation process. In total, the INSPIREWATER approach has a final energy demand 

of 49’293 kWh to treat 1000 m3 wastewater (51.9 kWh/m3
permeate). This translates into savings of 31% 

of the final energy demand compared to the conventional approach. If the low-grade thermal energy 

for the FO-MD treatment is a waste heat that would not be used otherwise (e.g., destruction by cooling 

tower), the final energy demand is even lower (20.3 kWh/m3
permeate), which is equal to savings of 73%. 

Of note, the final energy demand is not the same as primary energy demand. For a more 

comprehensive comparison, additional energy losses have to be considered for the generation of 

electricity or the thermal energies. 

 

Figure 25. Energy demand and water volumes of the INSPREWATER approach for water recovery towards zero 
liquid discharge. 
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3.7 Outlook: potential reuse scheme 

Figure 26 presents a potential water reuse scheme. The presented scheme only uses recovered water 

from the UF-RO and FO-HBRO steps, as the volumes are sufficiently high to replace all chlorinated fresh 

water, as well as all quantities of water from the non-chlorinated water that (RO water), that does not 

come to the contact with product. The UV treatment is drawn as an additional disinfection step to 

prevent bacterial re-growth in case of shut-downs of the RO. Water which would be brought into 

contact with products had to fulfill high quality standards, hence additional treatment would be 

necessary, e.g., to remove residual organics. If no water is to be replaced, that would be brought into 

contact with products, excess permeate from the RO could substitute FO-HBRO permeate for the 

replacement of chlorinated water, because the quality of the RO permeate is generally higher than 

from FO-HBRO in terms of salt and organic concentrations. All water that is recovered exceeding the 

demand of cooling, vapor production, domestic use and all chlorinated water purposes (104’518 m3 in 

2016) has to be managed differently (selling as recycled water for neighboring companies, etc.). 

Otherwise, further process optimization and/or additional efforts have to be made to increase the 

water quality of the recovered water (replacement of product touching water).  

 

 

 

Figure 26. One option for a management scheme of reused water. Indicated volume flows in m3 of 2016. 
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4. Conclusions 

The demonstration of the Clariant case study of the INSPIREWATER project aimed at the 

demonstration of technologies for energy- and resource efficient water recovery of a secondary 

effluent from multi-purpose plants for batch production of specialty chemicals. By the application of 

an ultrafiltration and reverse osmosis (UF-RO) membrane process, the target was to recover at least 

60 % of the wastewater volume. Applying forward osmosis coupled with a high-brine reverse osmosis 

(FO-HBRO) for the concentrate treatment towards zero liquid discharge (ZLD), in total at least 85 % of 

the wastewater were aimed to be recovered. Compared to a conventional treatment of a highly 

challenging wastewater, which applies energy-intense thermal processes like evaporation, the 

investigated processes of the INSPIREWATER case study promise a strongly reduced energy demand. 

All set targets and achieved results for the Clariant case study are summarized in Table 9.  

 

Table 9. Summary of set and achieved goals in the Clariant case study. 

Expected Impact 

Reduction in 

water use (%) 

Reduction in 

wastewater 

production (%) Reduction in related energy use (%) 

Reuse only  

(UF / RO only) 

Goal: 50 

Achieved: 47  

(at 65% water 

recovery by RO) 

Goal: 60 

Achieved: 65 

(concentrate 

treatment required) 

Goal: > 20 

Achieved: 62 

(final energy compared to direct 

evaporation) 

ZLD  

(UF / RO /  

FO-HBRO /  

FO-MD / 

evaporation / 

incineration) 

Goal: >75 

Achieved: 69 

(at 95% water 

recovery) 

Goal: > 85 

Achieved: 90  

(membrane 

processes only) 

Goal: > 80 

Achieved: 73 

(comparison of final energies with “reuse 

only”, excluding low-grade energy in FO-

MD as “waste energy”) 

 

Most set goals could be well accomplished in the project. It is highlighted that by application of the 

membrane technologies, the goals for the reduction of wastewater production were overshot. Of note, 

for the “reuse only” scenario it is difficult to assess the reduction in related energy use, because a 

reference scenario is hard to define. In addition, this scenario would produce a concentrate that had 

to be further treated to be in legal compliance for a discharge. Also, it was physically impossible to 

reach or exceed the set goal of > 75% in reduction in water use for the ZLD scenario due to the available 

wastewater volume. In future, the reduction in related energy use could be increased, e.g., if the water 

recovery rate of the RO step would be further increased. 

During the demonstration phase (October 2017 – April 2019), several different operational set points 

were tested. Wastewater from this chemical production site (Clariant site in Tarragona, Spain) proved 

challenging for the installation of membrane filtration regarding end-of-the-pipe applications, as it 

stems from a production site of multi-purpose plants in the field of specialty chemicals. This means 

frequent fluctuations of the wastewater mix in quality and composition, additionally characterized by 

a high potential for fouling and scaling. 
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As membrane filtration is a relatively sensitive process, its application demands for high efforts for 

correction of fouling and scaling factors. This means that the recovery of water by membrane 

processes starts upstream the wastewater treatment plant, e.g., by substitution of potential scalants 

(e.g., Ca2+, Mg2+, CO3
2-, SO4

2-, PO4
3-) and optimization of the wastewater treatment plant operation. The 

recovery of water from specific part streams of the wastewater should be considered instead of full-

stream treatment of the mixed effluent. In addition, the removal of organic substances to prevent 

fouling of the membranes is crucial. However, the risk remains that residual organic carbon present in 

membrane feed water might contain compounds that are critical for the membranes. These 

substances might be, e.g., surfactants or polymer resins, for instance. The case study also highlighted 

the importance to optimize the cleaning strategies of the membrane processes in order to establish a 

robust treatment. Also, the case study demonstrated that it is important to define the required reuse 

water qualities and to accept and/or manage different reuse water qualities, if different water 

recovery technologies are applied in series. The following sections summarize some main findings for 

the technologies demonstrated in the Clariant case study: 

Granular activated carbon: 

It was found that a stable operation of the membrane technologies demand for a good pre-treatment 

of the wastewater by means of organic substances removal. GAC filters were used as one option to 

fulfill this task, as they were easily available and quickly installed. When applied in conjunction with 

ring disk filters, the GAC filters provided the basis for a stable operation of the subsequent membrane 

processes. At a specific GAC dose of 0.7 kg/m3, the chemical oxygen demand (COD) of the wastewater 

(416 mg/L on average) could be limited to < 100 mg/L. In addition, 1,4-dioxane was removed from  

19.2 ppm on average to < 0.1 ppm after GAC filtration. 

Ultrafiltration: 

Based on the findings from this pilot and for the feed quality of the relevant period of time, 

the optimal cleaning strategy of ultrafiltration was applying one short CIP per week with sodium 

hypochlorite and oxalic acid, oxidant CEB every 8 hours and acid CEB with HCl every 12 hours as 

well as backwashes every 30 min. It was shown in a limited time interval that this strategy allowed 

operation at 30 LMH, recovery of 86.87% and between 0.14 and 0.17 kWh/m3
filtrate. For a longer 

time interval, operation at 25 LMH, 83% recovery and 0.23 to 0.27 kWh/m3
filtrate was demonstrated.  

Additionally, time periods with less aggressive cleaning strategies demonstrated operation 

with one short CIP per week with sodium hypochlorite and oxalic acid, oxidant CEB every 12 hours 

and acid CEB with HCl every 24 hours as well as backwashes every 25 min. Operation at 23 LMH, 

81% recovery and 0.21 to 0.29 kWh/m3
filtrate was demonstrated with 2 to 47% less consumption of 

HCl and NaOCl than with the aggressive cleaning strategy. On the other hand, the more aggressive 

cleaning strategy leads to 6 to 32% less chemical consumption of NaOH and oxalic acid. Of note, 

the UF recovery rate does not influence the total water recovery when the backflush is diverted 

back to the wastewater treatment plant. This only increases the total water volume to be treated 

by the wastewater treatment plant and the UF-RO section. 

Reverse Osmosis: 

Water recovery by RO was stepwise increased from 34% up to 65% so that operation was 

demonstrated at the target recovery for this process. The energy consumption for RO was found 

to range between 0.8 and 1.2 kWh/m3
permeate. Reverse osmosis demonstrated overall system 

rejection of 95.71 to 99.17% for TDS and 87.36 to 99.71% for TOC. Simulations of the scaling 
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potential of the feed indicated risk of carbonate, iron, aluminium and barium sulphate scaling. It 

was observed during the pilot experiment that the main part of the iron and aluminium formed 

particles upstream of UF and was hence removed by the UF. The initially decided anti-scalant 

receipt was not sufficient to prevent carbonate scaling. It was found that dosing of 2 ppm of 

Acumer 4450 and 1 ppm of Acumer 4035 (The DOW Chemical Company) would be required to 

control the scaling potential. 

Cleanings of RO were only applied on demand using feed pressure and differential pressure as 

triggers. The required number of cleanings were for the period without GAC 0.022 to 0.10 CIPs per 

day and for the period with GAC 0.021 to 0.10 CIPs. Since several of the cleanings in the second 

period were connected to the scaling period, it can be concluded that the cleaning frequency due 

to organic fouling could be reduced by installation of the GAC pre-treatment. 

In principal, the water recovery by RO was demonstrated as a feasible option to treat both UF-

filtrates with or without GAC pre-treatment. In full-scale applications recovery rates of 60% or 

more should be reachable. Due to the nature of this specific industrial secondary effluent, 

relatively high operational pressures and relatively frequent cleanings will be required. 

Optimization between costs for extended pre-treatment and additional cost for cleaning 

procedures will have to be evaluated on a case by case basis.  

Forward osmosis coupled with high-brine reverse osmosis (FO-HBRO): 

To reach additional water recovery the concentrate produced by the UF-RO process was 

further treated by FO-HBRO (High Brine Reverse Osmosis). The experience with the pilot plant 

shows that it is feasible to achieve an additional 50 % recovery from the UF-RO concentrate.  

The permeate quality achieved by the FO-HBRO pilot was sufficient to meet the requirements 

for re-use at the Tarragona site, but was not as high as the permeate from the UF-RO-process. A 

critical feature of the FO-HBRO plant is that the membranes applied show some permeability, e.g., 

for organic components and ammonia from the RO concentrate into the draw-solution and for salt 

into both, concentrate and permeate. This affects the quality of the recovered water streams. In 

addition, this permeability can induce fouling and scaling at the FO-membranes and in the draw 

solution cycles, which need to be remedied by careful cleaning procedures. 

The experiments show that stable operation of the pilot under the operational conditions was 

possible, indicating that a TRL of 5 was achieved and that the first steps towards TRL=6 have been 

taken. 

It was demonstrated that FO-HBRO can also be applied to directly treat the UF permeate. 

However, the specific energy demand is higher than for RO treatment of the UF permeate. For this 

reason, it is recommended to operate RO with highest possible water recovery rates before further 

concentrating the retentate by FO-based processes. 

Forward osmosis coupled with membrane distillation (FO –MD): 

The concentrated brine of the FO-HBRO pilot was further treated by FO in combination with 

Membrane Distillation (FO-MD). Initially it was planned to perform these tests at the test-site in 

Tarragona, in combination with technology to store low-grade heat. However, the energy 

integration was not realized, because the contacted company for energy storage provision revised 

their product portfolio by cancelation of proposed heat storage systems (strategic decision). Due 

to this, the experiments with FO-MD were executed at the Blue-tec premises in The Netherlands. 
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This resulted in the treatment of a number of batches of the FO-HBRO concentrate. Continuous 

operation of this pilot plant, which was foreseen in the INSPIREWATER project, was therefore not 

possible, which hindered the possibilities to demonstrate a TRL level of >5. 

Application of FO-MD has shown the feasibility of reaching additional 75 % water recovery 

(concentration factor of 3.9). Permeate quality is higher for FO-MD compared to FO-HBRO, but 

lower than for UF-RO. Specifically ammonia is a critical parameter with concentrations of 10-13 

mg/l in the permeate. 

FO-MD can apply low-grade heat to provide the energy for evaporation. In the case of the pilot 

the maximum temperature was 80 °C. From the experience of the pilot study it is expected that 

increase in scale of the modules in combination with reduction of heat-losses can bring down the 

energy demand to 250 – 300 kWh/m3 of distillate. This makes it an attractive candidate to treat 

concentrated brine-solutions if low grade heat is available at low costs. 

MOLLIK catalyst: 

The MOLLIK catalyst can be used in water treatment applications to control fouling and scaling-

issues (Koppe & Hesse, 2019). Due to the challenging wastewater conditions in the Clariant case 

study, however, it was not possible to operate the UF-RO pilot plant in a way that allowed an 

Environmental Technology Verification (ETV). For this reason, it was decided to conduct the ETV at 

a different site with a more constant wastewater composition in Leuna (Germany) with UF 

membranes. First results indicate a more stable operation of the UF line receiving MOLLIK-treated 

wastewater, but at the time of writing this report, the statistical significance was not yet clear. 

Final test results will be presented within WP6. 

Overall, it could be shown that, if ZLD has to be applied, the application of the novel membrane 

technologies are preferred over a conventional treatment, both from an economical and 

environmental point of view. Further details on these aspects (life cycle assessment and life cycling 

costs) can be found in the public deliverable D1.3: “Life cycle assessment for 3 cases”. For this reason, 

FO-HBRO and FO-MD are considered very interesting upcoming technologies for the treatment of 

wastewater concentrates. However, they are not yet ready for a full-scale implementation today, but 

further optimizations have to be made. These optimizations are easier in a more stable wastewater 

treatment (e.g., no strong variations due to batch production as in this case study) and include the 

need for the development of new FO membranes, which more effectively hinder organic matter to 

diffuse in the draw solution, as well as limit the “reverse draw solute flow” (permeation of salt from 

draw solution to the feed side). For a detailed innovation roadmap, the reader is referred to the public 

deliverable D2.4: “Innovation roadmap for demonstrated technologies”. 
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Appendix A – Measurement Devices in the Pilot Plant Units 

Table A 1. List of measurement devices deployed in the UF-RO pilot plant. 

Measurement 

parameter 

Sensor name, 

manufacturer 

Measurement 

location 

Measurement 

range 

Accuracy 

Conductivity Crison 5390 RO feed 

RO permeate 

10-50’000 µS 

0.1-10’000 µS 

10% 

pH / Redox Crison 5333/ 5353 RO feed 0-14 

0-2’000 mV 

10% 

Temperature Omnigrad M TR 10 UF feed 0-100 °C 10% 

Flow Promag 10w UF filtrate 

UF Backwash 

RO concentrate 

RO permeate 

0-10 m3/s 10% 

Pressure PK3544 UF feed / Filtrate 

RO Booster pump 

0-10 bar 10% 

Pressure PK3543 RO feed 

RO concentrate 

0-25 bar 10% 

Turbidity Ultraturb Plus S 

1720E SC 

UF feed 

UF filtrate 

0-1’000 NTU 

0-100 NTU 

10% 
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Table A 2. List of measurement devices deployed in the FO-HBRO pilot plant. 

Measurement 

parameter 

Sensor name, 

manufacturer 

Measurement 

location 

Measurement range Accuracy 

Volumetric flowrate 

+ temperature 

210.511542K 

HubaControl 

Wastewater feed; 120-2400 L/h 

-40-125 °C 

< 2% measured 

value 

± 0.3 K ±0 

.005*ΔT3 

Volumetric flowrate 210.911442K 

HubaControl 

Wastewater 

concentrate; 

permeate 

120-2400 L/h < 2% measured 

value 

Volumetric flowrate 

+ temperature 

210.520542K 

HubaControl 

Draw solution loop 300-5100 L/h 

-40-125 °C 

< 2% measured 

value 

± 0.3 K ± 

0.005*ΔT 

Conductivity 202755/10-168-

0-82/268 JUMO 

Permeate; draw 

solution inlet 

0-200 mS/cm < ± 1 mS/cm 

Pressure 47441082 WIKA Draw solution loop 0-100 bar < ± 1 bar 

Pressure 528.9170033912 

HubaControl 

Forward osmosis 

section 

0-16 bar < ± 0.04 bar 

  

                                                           

3 ΔT refers to the deviation of the measured value from 0°C 
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Appendix B – Detailled Ultrafiltration Results 

Complete tables for UF results: 

UF without GAC pre-treatment, UF with MOLLIK (SD=standard deviation) 

Cleaning strategy 
A 

(baseline, only CEB) 
B 

(only mini-CIP) 
C 

(mini-CIP + CEB’s) 

Flux [LMH] 30 25 to 27 30 

Filtration cycle [min] 30 30 30 

Date 3rd April to 26th April 2018 7th June to 27th Aug 2018 27th Aug to 31st Oct 2018 

Operation hours 
(filtration, backwashing and CEBs) 

192 1026 1057 

Average TOC rejection [%] 12.0 
(n=2, 4.4 SD) 

11.7 
(n=7, 5.5 SD) 

5.8 
(n=8, 5.5 SD) 

Average TMP [bar] 1.2 
(0.5 SD) 

1.3 
(0.5 SD) 

1.5 
(0.5 SD) 

Average permeability 
[LMH/bar] 

30.9 
(17.9 SD) 

22.8 
(12.7 SD) 

25.4 
(15.4 SD) 

Recovery [%] 88.0 
(83.1) 

87.4 
(79.1) 

88.0 
(83.3) 

Average length filtration 
cycles [min] 

21.6 
(8.2 SD) 

16.5 
(5.5 SD) 

19.7 
(7.7 SD) 

Average availability [%] 93.2 
(91.3) 

93.8 
(89.9) 

90.2 
(89.7) 

Total efficiency [%] 82.0 
(77.2) 

82.0 
(71.1) 

81.1 
(74.8) 

Specific energy 
consumption 
[kWh/m3

permeate] 

0.22 
(0.24) 

0.26 
(0.35) 

0.25 
(0.28) 

HCl 32% 
[mL/m3

permeate] 
2.2 
(2.4) 

0 
(0) 

2.3 
(2.5) 

NaOCl 12% 
[mL/m3

permeate] 
31 
(33) 

5.4 
(6.7) 

35 
(35) 

NaOH 50% 
[mL/m3

permeate] 
0.08 
(0.08) 

0.1 
(0.1) 

0.08 
(0.08) 

Oxalic acid 100% 
[mL/m3

permeate] 
0 

(0) 
2.7 
(3.3) 

2.3 
(2.5) 

If not indicated otherwise, the number in brackets represent the values for the real filtration cycle and not the 
theoretical values. 
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UF without GAC pre-treatment, Reference UF line (SD=standard deviation) 

Cleaning strategy 
A 

(baseline, only CEB (12h, 24h)) 
B 

(only mini-CIP) 
C 

(mini-CIP + CEB’s (12h, 24 h)) 

Flux [LMH] 30 25 to 27 30 

Filtration cycle [min] 30 30 30 

Date 3rd April to 26th April 2018 7th June to 27th Aug 2018 27th Aug to 31st Oct 2018 

Operation hours 
(filtration, backwashing and CEBs) 

178 1159 1073 

Average TOC rejection [%] 9.6 
(n=2, 4.6 SD) 

10.5 
(n=7, 6.0 SD) 

5.8 
(n=7, 6.8 SD) 

Average TMP [bar] 0.9 
(0.7 SD) 

1.4 
(0.5 SD) 

1.3 
(0.5 SD) 

Average permeability 
[LMH/bar] 

48.5 
(32.7 SD) 

22.7 
(14.9 SD) 

27.2 
(15.5 SD) 

Recovery [%] 88.0 
(85.6) 

87.4 
(78.0) 

88.0 
(83.0) 

Average length filtration 
cycles [min] 

23.7 
(7.9 SD) 

15.4 
(5.8 SD) 

19.2 
(8.6 SD) 

Average availability [%] 93.2 
(91.9) 

93.8 
(89.3) 

92.2 
(89.6) 

Total efficiency [%] 82.0 
(78.6) 

81.9 
(69.7) 

81.2 
(74.4) 

Specific energy 
consumption 
[kWh/m3

permeate] 

0.20 
(0.21) 

0.28 
(0.37) 

0.24 
(0.27) 

HCl 32% 
[mL/m3

permeate] 
2.3 
(2.3) 

0 
(0) 

2.3 
(2.5) 

NaOCl 12% 
[mL/m3

permeate] 
32 
(33) 

5.8 
(6.8) 

3.4 
(3.6) 

NaOH 50% 
[mL/m3

permeate] 
0.08 
(0.08) 

0.1 
(0.1) 

0.08 
(0.08) 

Oxalic acid 100% 
[mL/m3

permeate] 
0 

(0) 
2.9 
(3.4) 

2.3 
(2.5) 

If not indicated otherwise, the number in brackets represent the values for the real filtration cycle and not the 
theoretical values. 
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UF with GAC pre-treatment, UF with MOLLIK (SD=standard deviation) 

Phase 1 2 3 4 5 6 7 8 

Flux [LMH] 15 15 23 23 23 23 23 30 

Filtration cycle 
[min] 

3 4 30 25 25 2 30 30 

Cleaning 
strategy 

No mini-
CIP 
No acid 
CEB 
Oxidant 
CEB every 
24 h 

No mini-
CIP 
No acid 
CEB 
Oxidant 
CEB every 
24 h 

Weekly 
mini-CIP 
Acid CEB 
every 24h 
Oxidant 
CEB every 
12 hours 

Weekly 
mini-CIP 
Acid CEB 
every 24h 
Oxidant 
CEB every 
12 hours 

Weekly 
mini-CIP 
Acid CEB 
every 12h 
Oxidant 
CEB every 
8 hours 

Weekly 
mini-CIP 
Acid CEB 
every 12h 
Oxidant 
CEB every 
8 hours, 
stops 
during 
weekends 

Weekly 
mini-CIP 
Acid CEB 
every 12h 
Oxidant 
CEB every 
8 hours, 
stops 
during 
weekends 

Weekly 
mini-CIP 
Acid CEB 
every 12h 
Oxidant 
CEB every 
8 hours, 
stops 
during 
weekends 

Date 
14th Nov to 
30th Nov 
2018 

30th Nov to 
14th Dec 
2018 

1st Feb to 
8th Feb 
2019 

8th Feb to 
15th Feb 
2019 

18th Feb to 
26th Feb 
2019 

1st March 
to 12th 
March 
2019 

12th March 
to 9th April 
2019 

9th April to 
10th April 
2019 

Comments 

Flux low 
due to 
limitation 
in feed 
flow due 
to GAC 

Flux low 
due to 
limitation 
in feed 
flow due 
to GAC 

      

Operation 
hours 
(filtration, 
backwashing and 
CEBs) 

235 217 81 101 116 81 342 33 

Average TOC 
removal [%] 

25.2 
(n=1) 

15.7 
(n=1) 

11.6  
(n=1) 

36.7 
(n=1) 

-1.5 
(n=1) 

13.1 
(n=1) 

12.5 
(n=4, 3.1 SD) 

4.2 
(n=1) 

Average TMP 
[bar] 

0.2 
(0.03 SD) 

0.5 
(0.2 SD) 

1.2 
(0.4 SD) 

0.3 
(1.8 SD) 

1.0 
(0.4 SD) 

0.9 
(0.4 SD) 

0.7 
(0.4 SD) 

0.2 
(0.3 SD) 

Average 
permeability 
[LMH/bar] 

64.9 
(13.9 SD) 

39.6 
(13.5 SD) 

20.8 
(11.7 SD) 

26.1  
(20.3 SD) 

24.0  
(8.2 SD) 

30.4 
(12.5 SD) 

58.2  
(46.5 SD) 

160  
(28.0 SD) 

Recovery [%] 79.9 
(81.8) 

85.4 
(80.4) 

84.9 
(78.3) 

82.7 
(81.1) 

81.7 
(79.3) 

81.7 
(80.4) 

83.9 
(83.1) 

87.2 
(86.9) 

Average length 
filtration cycles 
[min] 

34.2 
(11.9 SD) 

31.1 
(15.8 SD) 

18.4 
(7.3 SD) 

22.2 
(5.5 SD) 

21.0 
(6.0 SD) 

22.6 
(4.8 SD) 

27.9 
(5.6 SD) 

29.1 
(4.0 SD) 

Average 
availability [%] 

94.2 
(94.8) 

95.9 
(94.4) 

92.2 
(89.3) 

91.3 
(90.5) 

90.2 
(89.2) 

90.2 
(89.6) 

91.2 
(90.8) 

91.2 
(91.0)  

Total efficiency 
[%] 

75.3 
(77.6) 

81.9 
(75.9) 

78.3 
(69.9) 

75.4 
(73.4) 

73.7 
(70.7) 

73.7 
(72.1) 

76.5 
(75.4) 

79.5 
(79.1) 

Specific energy 
consumption 
[kWh/m3

Permeate] 

0.24 
(0.23) 

0.24 
(0.27) 

0.28 
(0.34) 

0.2 
(0.21) 

0.28 
(0.3) 

0.27 
(0.28) 

0.22 
(0.23) 

0.14 
(0.14) 

HCl 32% 
[mL/m3

Permeate] 
0 
(0) 

0 
(0) 

3.2 
(3.5) 

3.3 
(3.4) 

6.6 
(6.8) 

6.6 
(6.7) 

6.3 
(6.4) 

4.6 
(4.6) 

NaOCl 12% 
[mL/m3

Permeate] 
36 
(34) 

32 
(36) 

47 
(49) 

46 
(47) 

69 
(72) 

69 
(70) 

66 
(67) 

48 
(51) 

NaOH 50% 
[mL/m3

Permeate] 
0.2 
(0.2) 

0.2 
(0.2) 

0.1 
(0.1) 

0.1 
(0.1) 

0.1 
(0.1) 

0.1 
(0.1) 

0.1 
(0.1) 

0.08 
(0.08) 

Oxalic acid 
100% 
[mL/m3

Permeate] 

0 
(0) 

0 
(0) 

3.2 
(3.5) 

3.3 
(3.4) 

3.3 
(3.4) 

3.3 
(3.4) 

3.2 
(3.2) 

2.3 
(2.3) 
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If not indicated otherwise, the number in brackets represent the values for the real filtration cycle and not the 
theoretical values.  



Deliverable 5.5: Report on evaluation of technologies at the CLARIANT site  

©2020 INSPIREWATER, public report  Page VII 

VII 

UF with GAC pre-treatment for reference UF line (SD=Standard deviation) 

Phase 1 2 3 4 5 6 7 8 

Flux [LMH] 15 15 23 23 23 23 23 30 

Filtration cycle 
[min] 

30 45 30 25 25 25 30 30 

Cleaning 
strategy 

No mini-
CIP 
No acid 
CEB 
Oxidant 
CEB every 
24 h 

No mini-
CIP 
No acid 
CEB 
Oxidant 
CEB every 
24 h 

Weekly 
mini-CIP 
Acid CEB 
every 24h 
Oxidant 
CEB every 
12 hours 

Weekly 
mini-CIP 
Acid CEB 
every 24h 
Oxidant 
CEB every 
12 hours 

Weekly 
mini-CIP 
Acid CEB 
every 12h 
Oxidant 
CEB every 
8 hours 

Weekly 
mini-CIP 
Acid CEB 
every 12h 
Oxidant 
CEB every 
8 hours, 
stops 
during 
weekends 

Weekly 
mini-CIP 
Acid CEB 
every 12h 
Oxidant 
CEB every 
8 hours, 
stops 
during 
weekends 

Weekly 
mini-CIP 
Acid CEB 
every 12h 
Oxidant 
CEB every 
8 hours, 
stops 
during 
weekends 

Date 
14th Nov to 
30th Nov 
2018  

30th Nov to 
14th Dec 
2018 

1st to 8th 
Feb 2019  

8th to 15th 
Feb 2019 

18th to 26th 
Feb 2019 

1st to 12th 
Mar 2019 

12th Mar to 
9th Apr 
2019  

9th to 10th 
Apr 2019 

Comments 

Flux low 
(limitation 
in feed 
flow) 

Flux low 
(limitation 
in feed 
flow) 

      

Operation 
hours 
(filtration, 
backwashing and 
CEBs) 

186 164 82 101 103 81 310 33 

Average TOC 
removal [%] 

21.6 
(n=1) 

11 
(n=1) 

8.4 
(n=1) 

17.9 
(n=1) 

-6.0 
(n=1) 

15.2 
(n=1) 

11.4 
(n=4, 2.2 SD) 

1.4 
(n=1) 

Average TMP 
[bar]  

0.3  
(0.3 SD) 

0.5  
(0.3 SD) 

1.2  
(0.3 SD) 

1.0  
(0.3 SD) 

1.1  
(0.4 SD) 

1.2  
(0.2 SD) 

1.0  
(0.3 SD) 

0.5  
(0.1 SD) 

Average 
permeability 
[LMH/bar]  

58.8  
(17.8 SD) 

36.5  
(13.2 SD) 

18.3  
(5.6 SD) 

24.4  
(8.0 SD) 

20.5  
(6.6 SD) 

20.0  
(3.3 SD) 

27.9  
(21.0 SD) 

65.3  
(9.6 SD) 

Recovery [%]  79.9 
(82.7 ) 

85.4 
(84.7) 

84.9 
(77.9) 

82.7 
(81.1) 

81.7 
(79.2) 

81.7 
(80.4) 

83.9 
(83.0) 

87.2 

(86.9) 

Average length 
filtration cycles 
[min] 

36.3 
(11.1 SD) 

42.4 
(8.7 SD) 

18.0 
(6.9 SD) 

22.3 
(5.1 SD) 

20.8 
(6.1 SD) 

22.6 
(5.8 SD) 

27.7 
(5.7 SD) 

29.1 
(3.4 SD) 

Average 
availability [%]  

94.2 

(95.1) 
95.9 

(95.7) 
92.2 

(89.1) 
91.3 

(90.6) 
90.2 

(89.1) 
90.2 

(89.6) 
91.2 

(90.8) 
91.2 
(91.0) 

Total efficiency 
[%] 

75.3 

(78.6) 
81.9 

(81.0) 
78.3 

(69.4) 
75.4 

(73.5) 
73.7 

(70.5) 
73.7 

(72.0) 
76.5 

(75.4) 
79.5 

(79.1) 

Specific energy 
consumption 
[kWh/m3

Permeate] 

0.26 
(0.24) 

0.25 
(0.25) 

0.28 
(0.35) 

0.28 
(0.29) 

0.29 
(0.32) 

0.30 
(0.31) 

0.26 
(0.27) 

0.17 
(0.17) 

HCl 32% 
[mL/m3

Permeate] 
0 

(0) 
0 
(0) 

3.1 
(3.6) 

3.3 
(3.4) 

6.6 
(6.9) 

6.6 
(6.7) 

6.3 
(6.4) 

4.6 
(4.6) 

NaOCl 12% 
[mL/m3

Permeate] 
36 
(34) 

32 
(33) 

47 
(50) 

46 
(50) 

69 
(72) 

69 
(71) 

67 
(68) 

48 
(51) 

NaOH 50% 
[mL/m3

Permeate] 
0.2 
(0.2) 

0.2 
(0.2) 

0.1 
(0.1) 

0.1 
(0.1) 

0.1 
(0.1) 

0.1 
(0.1) 

0.1 
(0.1) 

0.08 
(0.08) 

Oxalic acid 
100% 
[mL/m3

Permeate] 

0 
(0) 

0 
(0) 

3.1 
(3.6) 

3.3 
(3.4) 

3.3 
(3.4) 

3.3 
(3.4) 

3.2 
(3.2) 

2.3 
(2.3) 

If not indicated otherwise, the number in brackets represent the values for the real filtration cycle and not the 
theoretical values. 
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Appendix C – Detailled Reverse Osmosis Results 

Complete RO tables: 

4.1.1 RO with MOLLIK without GAC 

Recovery 34 % 40% 50% 65 % 

Dates 
11th Dec 2017 to 23rd 

May 2018 
24th May to 29th Aug 

2018 
29th Aug to 18th Sep 

2018 
18th Sep to 31st Oct 

2018 

Operation hours 902 307 360 309 

Feed flow [m3/h] 1.4 1.5 1.3 0.8 

Flux [LMH] 7.3 9.1 10.2 8.0 

Average temperature 
[°C] 

27.6 32.4 32.3 27.4 

Comments 

From 29th April on it 
is expected that the 
operation was 
influenced by tank 
failure which means 
that the RO was fed 
with UF feed.  

Until 6th July: 
operation was 
influenced by tank 
failure (the RO2 was 
fed with UF feed). 
Then, this failure 
was solved, RO2 
was fed with UF 
filtrate. 10th Jul to 
9th Aug, surfactant 
episode 

Normal operation 
with cleaned RO 
elements and UF 
filtrate. But RO 
elements might 
contain some 
irreversible fouling 
from tank failure 
and/or surfactant 
episode. 

Normal operation 
with cleaned RO 
elements and UF 
filtrate. But RO 
elements might 
contain some 
irreversible fouling 
from tank failure 
and/or surfactant 
episode. 

Cleaning trigger 
1 bar differential 
pressure (dP), 19.5 
bar feed pressure 

1 bar differential 
pressure (dP), 19.5 
bar feed pressure 

1 bar differential 
pressure (dP), 19.5 
bar feed pressure 

1 bar differential 
pressure (dP), 19.5 
bar feed pressure 

Cleaning strategy CIP (NaOH, HCl) CIP (NaOH, HCl) CIP (NaOH, HCl) CIP (NaOH, HCl) 

Average TOC removal 
[%] 

99.5 
(0.2, n=7) 

99.4 
(0.1, n=5) 

99.7 
(0.1, n=2) 

99.0 
(0.0, n=2) 

Average TDS removal 
[%] 

98.9 
(0.0 SD) 

98.9 
(0.0) 

98.3 
(0.0) 

97.5 
(0.0) 

Average feed pressure 
[bar] 

10.2 
(1.0) 

10.7 
(1.0) 

15.6 
(1.3) 

14.6 
(2.7) 

Average permeability 
(normalized), not 
corrected for osmotic 
pressure [LMH/bar] 

1.0 
(0.8) 

1.3 
(0.1) 

1.0 
(0.1) 

0.9 
(0.9) 

Average conductivity of 
feed [μS/cm] 

9211 
(3663) 

10873 
(1684) 

14997 
(1839) 

10595 
(1474) 

Specific energy 
consumption 
[kWh/m3

Permeate] 
1.1 0.9 1.1 0.8 

NaOH 30% 
[mL/m3

Permeate] 
11 to 44 8.5 to 35 7.5 to 31 9.6 to 40 

HCl 15% [mL/m3
Permeate] 2.5 to 10 2.0 to 8.1 1.8 to 7.2 2.2 to 9.2 

If not indicated otherwise, the number in brackets standard deviation (SD) values. 
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Reference RO line without GAC 

Recovery 34 % 40% 50% 65 % 

Dates 
11th Dec 2017 to 23rd 

May 2018 
24th May to 29th Aug 

2018 
29th Aug to 18th Sep 

2018 
18th Sep to 31st Oct 

2018 

Operation hours 852 401 376 234 

Feed flow [m3/h] 1.5 1.5 1.3 0.8 

Flux [LMH] 7.5 9.0 10.2 7.9 

Average temperature 
[°C] 

30.1 32.6 31.6 26.0 

Comments 

From 29th April on it 
is expected that the 
operation was 
influenced by tank 
failure which means 
that the RO was fed 
with UF feed.  

Until 6th July: 
operation was 
influenced by tank 
failure (the RO2 was 
fed with UF feed). 
Then, this failure 
was solved, RO2 
was fed with UF 
filtrate. 10th Jul to 
9th Aug, surfactant 
episode 

Normal operation 
with cleaned RO 
elements and UF 
filtrate. But RO 
elements might 
contain some 
irreversible fouling 
from tank failure 
and/or surfactant 
episode. 

Normal operation 
with cleaned RO 
elements and UF 
filtrate. But RO 
elements might 
contain some 
irreversible fouling 
from tank failure 
and/or surfactant 
episode. 

Cleaning trigger 
1 bar differential 
pressure (dP), 19.5 
bar feed pressure 

1 bar differential 
pressure (dP), 19.5 
bar feed pressure 

1 bar differential 
pressure (dP), 19.5 
bar feed pressure 

1 bar differential 
pressure (dP), 19.5 
bar feed pressure 

Cleaning strategy CIP (NaOH, HCl) CIP (NaOH, HCl) CIP (NaOH, HCl) CIP (NaOH, HCl) 

Average TOC removal 
[%] 

99.4 
(0.2 n=8) 

99.5 
(0.1 n=5) 

99.6 
(0.2 n=3) 

99.2 
(0.3 n=2) 

Average TDS removal 
[%] 

99.2 
(0.5) 

99.0 
(0.5) 

98.4 
(0.4) 

98.0 
(1.1) 

Average feed pressure 
[bar] 

10.4 
(0.8) 

11.7 
(1.0) 

16.7 
(1.4) 

14.9 
(3.0) 

Average permeability 
(normalized), not 
corrected for osmotic 
pressure [LMH/bar] 

1.3 
(0.3) 

1.5 
(0.9) 

1.0 
(0.2) 

1.0 
(1.1) 

Average conductivity of 
feed [μS/cm] 

11662 
(1186) 

12617 
(3598) 

15226 
(1835) 

11507 
(1149) 

Specific energy 
consumption 
[kWh/m3

Permeate] 
1.06 1.02 1.17 0.79 

NaOH 30% 
[mL/m3

Permeate] 
9.0 to 37 7.5 to 31 6.6 to 28 8.5 to 36 

HCl 15% [mL/m3
Permeate] 2.1 to 8.7 1.7 to 7.2 1.5 to 6.4 2.0 to 8.2 

If not indicated otherwise, the number in brackets standard deviation (SD) values. 
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4.1.2 RO with MOLLIK with GAC 

Recovery 65 % 50% 50% 55% 60% 58% 

Dates 
16th Nov to 7th 

Dec 2018 
17th Jan to 

22nd Feb 2019 
7th Mar to 

15th Mar 2019 
15th Mar to 

29th Mar 2019 
29th Mar to 
4th Apr 2019 

4th Apr to 10th 
Apr 2019 

Feed flow [m3/h] 0.7 1.2 1.2 1.1 1 0.9 

Flux [LMH] 7 9 9 9 9 8 

Average 
temperature [°C] 

23.1 22.9 24.5 24.9 27.3 27.1 

Comments 
Scaling 
episode 

Operation 
after 
membrane 
replacement 

Operation 
contin. during 
week, 
weekends 
stop 

Operation 
contin. during 
week, 
weekends 
stop 

Operation 
contin. during 
week, 
weekends 
stop 

Operation 
contin. during 
week, 
weekends 
stop 

Cleaning trigger 

1 bar diff. 
pressure (dP), 
19.5 bar feed 
pressure 

1 bar diff. 
pressure (dP), 
19.5 bar feed 
pressure 

1 bar diff. 
pressure (dP), 
19.5 bar feed 
pressure 

1 bar diff. 
pressure (dP), 
19.5 bar feed 
pressure 

1 bar diff. 
pressure (dP), 
19.5 bar feed 
pressure 

1 bar diff. 
pressure (dP), 
19.5 bar feed 
pressure 

Cleaning 
strategy 

CIP (NaOH, 
HCl) 

CIP (NaOH, 
HCl) 

CIP (NaOH, 
HCl) 

CIP (NaOH, 
HCl) 

CIP (NaOH, 
HCl) 

CIP (NaOH, 
HCl) 

Operation hours 211 124 104 146 50 60 

Average TOC 
removal [%] 

87.4 
(n=1) 

98.8 
(n=1) 

97.6 
(n=1) 

97.9 
(1.9, n=2) 

97.6 
(n=1) 

97.3 
(n=1) 

Average TDS 
removal [%] 

97.7 
(0.5) 

96.6 
(1.0) 

96.5 
(0.5) 

96.5 
(0.5) 

96.7 
(0.4) 

95.7 
(1.4) 

Average feed 
pressure [bar] 

17.4 
(1.6) 

16.9 
(1.3) 

15.2 
(0.7) 

17.8 
(1.4) 

18.9 
(1.8) 

17.3 
(0.6) 

Average 
permeability 
(normalized), 
not corrected for 
osmotic pressure 
[LMH/bar] 

0.8 
(2.5) 

1.1 
(0.2) 

1.0 
(0.1) 

0.9 
(0.2) 

0.7 
(0.1) 

0.7 
(0.1) 

Average 
conductivity of 
feed [μS/cm] 

12136 
(851) 

13572 
(1487) 

12582 
(465) 

13084 
(1154) 

14444 
(1508) 

13996 
(874) 

Specific energy 
consumption 
[kWh/m3

Permeate] 
0.9 1.2 1.1 1.1 1.1 1.0 

NaOH 30% 
[mL/m3

Permeate] 
9.2 to 45 7.1 to 35 7.1 to 35 7.1 to 35 7.1 to 35 8.0 to 40 

HCl 15% 
[mL/m3

Permeate] 
2.1 to 10 1.7 to 8.1 1.7 to 8.1 1.7 to 8.1 1.7 to 8.1 1.9 to 9.2 

If not indicated otherwise, the number in brackets standard deviation (SD) values. 
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Reference RO line with GAC 

Recovery 65 % 50% 50% 55% 60% 58% 

Dates 
16th Nov to 7th 

Dec 2018 
17th Jan to 

22nd Feb 2019 
7th Mar to 

15th Mar 2019 
15th Mar to 

29th Mar 2019 
29th Mar to 
4th Apr 2019 

4th Apr to 10th 
Apr 2019 

Feed flow [m3/h] 0.7 1.2 1.1 1.1 1 0.9 

Flux [LMH] 7 9 9 9 9 8 

Average 
temperature [°C] 

21.3 20.7 24.6 24.2 25.4 25.8 

Comments 
Scaling 
episode 

Operation 
after 
membrane 
replacement 

Operation 
contin. during 
week, 
weekends 
stop 

Operation 
contin. during 
week, 
weekends 
stop 

Operation 
contin. during 
week, 
weekends 
stop 

Operation 
contin. during 
week, 
weekends 
stop 

Cleaning trigger 

1 bar 
differential 
pressure (dP), 
19.5 bar feed 
pressure 

1 bar 
differential 
pressure (dP), 
19.5 bar feed 
pressure 

1 bar 
differential 
pressure (dP), 
19.5 bar feed 
pressure 

1 bar 
differential 
pressure (dP), 
19.5 bar feed 
pressure 

1 bar 
differential 
pressure (dP), 
19.5 bar feed 
pressure 

1 bar 
differential 
pressure (dP), 
19.5 bar feed 
pressure 

Cleaning 
strategy 

CIP (NaOH, 
HCl) 

CIP (NaOH, 
HCl) 

CIP (NaOH, 
HCl) 

CIP (NaOH, 
HCl) 

CIP (NaOH, 
HCl) 

CIP (NaOH, 
HCl) 

Operation hours 225 134 107 138 66 60 

Average TOC 
removal [%] 

89.0 
(n=1) 

97.3 
(n=1) 

97.7 
(n=1) 

96.9 
(0.4, n=2) 

98.5 
(n=1) 

98.1 
(n=1) 

Average TDS 
removal [%] 

97.8 
(0.5) 

97.0 
(1.7) 

97.5 
(0.3) 

97.4 
(0.3) 

97.3 
(0.3) 

96.9 
(0.3) 

Average feed 
pressure [bar] 

16.9 
(1.8) 

14.9 
(1.3) 

13.3 
(0.7) 

15.7 
(1.5) 

17.1 
(1.5) 

15.5 
(0.7) 

Average 
permeability 
(normalized), 
not corrected for 
osmotic pressure 
[LMH/bar] 

1.0 
(0.3) 

1.5 
(1.0) 

1.4 
(0.4) 

1.2 
(0.2) 

1.0 
(0.2) 

1.0 
(0.1) 

Average 
conductivity of 
feed [μS/cm] 

13134 
(710) 

14485 
(1210) 

13444 
(455) 

13888 
(1327) 

15260 
(934) 

14717 
(655) 

Specific energy 
consumption 
[kWh/m3

Permeate] 
0.9 1.1 0.9 1.0 1.0 0.9 

NaOH 30% 
[mL/m3

Permeate] 
9.2 to 43 7.1 to 33 71 to 33 7.1 to 33 71 to 33 8.0 to 38 

HCl 15% 
[mL/m3

Permeate] 
2.1 to 10 1.7 to 7.8 1.7 to 7.8 1.7 to 7.8 1.7 to 7.8 1.9 to 8.7 

If not indicated otherwise, the number in brackets standard deviation (SD) values. 
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Feed and Permeate composition for the different phases for RO with MOLLIK. 

 Feed Permeate without GAC Permeate with GAC 

 1 2 3 4 1 2 3 4 5 6 

Number of 
samples 

29 12 5 3 2 1 1 1 2 1 1 

Lithium 0.10 0.002 0.004 0.002 0.003 0.002 na 0.010 0.013 0.008 0.00943 

Sodium 2163 28.3 36.4 75.8 38.6 87.5 na 41.7 68.8 101 103 

Potassium 79.3 0.75 1.24 2.63 1.63 3.62 na 4.26 4.36 6.21 6.14 

Magnesium 16.2 0.14 0.05 0.25 0.10 0.10 na 0.02 0.05 0.00 0.003 

Calcium 240 0.77 0.59 3.58 0.78 0.21 na 0.34 0.44 0.37 0.46 

Strontium 1.32 0.01 0.00 0.01 0.01 <LOQ na 0.00 <LOQ <LOQ <LOQ 

Barium 0.02 0.00 <LOQ <LOQ 0.001 <LOQ na <LOQ <LOQ <LOQ <LOQ 

Silica 3.21 0.03 0.55 0.07 0.02 0.06 na 0.10 0.06 0.08 0.08 

Iron 0.21 0.03 0.02 <LOQ <LOQ 0.00 na <LOQ <LOQ <LOQ <LOQ 

Boron 0.56 0.16 0.26 0.24 0.20 0.27 na 0.97 0.57 0.39 0.4 

Aluminium 0.08 0.00 0.01 <LOQ <LOQ 0.00 na 0.01 0.01 <LOQ <LOQ 

Fluoride 0.64 <LOQ <LOQ <LOQ <LOQ na 0.01 0.01 0.01 <LOQ <LOQ 

Chloride 3016 36.6 40.9 76.4 39.1 na 100 100 118 119 130 

Nitrite-NO2 5.44 0.09 <LOQ <LOQ 0.07 na <LOQ <LOQ 0.46 0.67 0.80 

Bromide 2.91 0.04 <LOQ <LOQ <LOQ na 0.11 0.11 0.13 0.16 0.17 

Nitrate-NO3 6.05 0.31 <LOQ <LOQ 0.13 na <LOQ <LOQ <LOQ 0.22 <LOQ 

Phosphate-
PO4 

4.80 <LOQ <LOQ <LOQ <LOQ na <LOQ <LOQ <LOQ <LOQ <LOQ 

Sulfate-SO4 454 1.34 0.95 3.33 2.79 na 1.75 1.75 1.78 2.00 2.35 

Alkalinity, 
as mg/L 
HCO3 

820 18.1 29.2 69.4 43.3 61.38 29.73 29.73 31.16 73.57 56.6 

Total ions 6382 85 109 231 126 na na 178 225 303 299 

pH (25 °C) 7.79 5.67 6.52 6.99 6.68 7.03 6.26 6.26 6.06 6.37 6.23 

TOC 143 0.64 1.06 0.33 1.00 0.68 0.77 0.77 0.74 0.62 0.52 

ATP [ppb] 0.31 0.04 0.03 0.15 0.01 0.00 0.00 0.04 0.06 0.02 0.05 

            

If not indicated otherwise, the concentration values are in ppm [mg/L]. na: not analysed. 
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Feed and Permeate composition for the different phases for reference RO line. 

 Feed Permeate without GAC Permeate with GAC 

 1 2 3 4 1 2 3 4 5 6 

Number of 
samples 

30 8 5 3 2 1 1 1 2 1 1 

Lithium 0.10 0.002 0.004 0.002 0.004 0.002 0.003 0.01 0.01 0.01 0.01 

Sodium 2185 30.5 42.0 88.0 64.2 88.8 60.8 31.4 50.5 76.8 75.2 

Potassium 79.2 0.79 1.43 3.01 2.57 3.65 2.81 3.56 2.90 4.71 4.36 

Magnesium 15.8 0.12 0.09 0.30 0.37 0.07 0.01 0.01 0.04 0.01 0.00 

Calcium 241 0.44 1.05 4.65 2.96 0.13 0.29 0.21 0.27 0.20 0.21 

Strontium 1.29 0.00 0.01 0.01 0.03 <LOQ <LOQ 0.00 <LOQ <LOQ <LOQ 

Barium 0.03 0.00 <LOQ <LOQ 0.00 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 

Silica 3.11 0.03 0.56 0.09 0.10 0.04 0.02 0.07 0.04 0.06 0.05 

Iron 0.25 0.00 0.00 <LOQ <LOQ 0.00 <LOQ <LOQ <LOQ <LOQ <LOQ 

Boron 0.54 0.19 0.26 0.24 0.21 0.28 0.53 0.93 0.55 0.38 0.39 

Aluminium 0.10 0.00 0.00 <LOQ <LOQ 0.00 0.00 0.01 0.01 <LOQ <LOQ 

Fluoride 0.56 0.02 <LOQ <LOQ <LOQ na <LOQ 0.00 0.01 <LOQ <LOQ 

Chloride 3051 38.1 48.3 86.6 73.2 na 83.0 74.2 85.0 86.8 97.2 

Nitrite-NO2 6.17 0.02 <LOQ <LOQ 0.65 na 0.14 <LOQ 0.25 0.53 0.33 

Bromide 2.90 <LOQ 0.04 <LOQ <LOQ na 0.10 0.09 0.09 0.11 0.12 

Nitrate-NO3 4.59 0.19 <LOQ <LOQ 0.15 na <LOQ <LOQ <LOQ 0.06 <LOQ 

Phosphate-
PO4 

4.82 <LOQ <LOQ <LOQ <LOQ na <LOQ <LOQ <LOQ <LOQ <LOQ 

Sulfate-SO4 449 1.04 0.61 4.20 8.44 na 1.31 1.22 1.17 1.12 1.26 

Alkalinity, as 
mg/L HCO3 

781 20.7 31.1 73.5 52.1 64.1 25.3 24.8 24.9 66.4 49.4 

Total ions 6644 114 124 260 204 93 174 136 165 237 228 

pH (25 °C) 7.76 6.09 6.57 7.05 6.63 7.17 5.58 6.14 5.93 6.34 6.06 

TOC 151.28 0.64 0.97 0.55 1.15 0.62 1.82 0.71 1.10 0.40 0.37 

ATP [ppb] 0.27 0.03 0.04 0.24 0.02 0.00 0.00 0.00 0.11 0.05 0.01 

            

If not indicated otherwise, the concentration values are in ppm [mg/L]. na: not analysed. 
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Appendix D - WP2: Organic substances causing fouling at UF 

and RO 

During the operation, the pilot plant faced severe problems during a time with unexpected high 

concentrations of surfactants in the wastewater (10 July 2018 – 9 August 2018). For industrial 

applications, it would be of great interest to identify most critical foulants in order to include measures 

for a good wastewater management and to avoid damaging of the membranes. 

Laboratory tests were conducted with two different wastewater samples (sampling dates: 17 July 

2019, 26 August 2019). The aim was to find a wastewater sample that causes a high fouling rate on the 

UF or RO membranes. As these results could no longer be used for the piloting (ended in April 2019), 

not more than two batches were treated. 

Materials and Methods: 

Wastewater samples were biologically stabilized by adjusting the pH to 3 with HCl before shipping. 

Samples were stored at 4°C after receiving until further use. In the laboratory tests, the operation of 

the pilot plant was mimicked by a sequence of treatment of GAC, UF and RO.  

Before the GAC treatment, the pH was adjusted to the average pH of the secondary effluent (7.8, cf. 

chapter 2.1). Beaker tests with different doses of powdered activated carbon (PAC) were conducted 

to find the necessary GAC dose for a target COD of 100 mg/L. Subsequently, a batch of 10 L wastewater 

was treated with the determined GAC dose. After 24 h, the GAC was filtered out by vacuum filtration 

(filter paper: 15 – 20 μm).  

UF modules were assembled with 15 fibres of the applied IntegraFlux™ SFP-2880XP4 membranes  

(≈ 25 cm active filtration length). An example is shown in Figure 28. Like in the real pilot plant, the 

module was operated outside-in in dead-end filtration mode, a schematic drawing of the experimental 

setup is shown in Figure 27. All UF filtration tests were conducted at 2-3 bar and 25 °C. To characterize 

the UF module, first a clean water test was conducted with demineralized water. Then the GAC-filtered 

wastewater was treated. The fouling risk of the wastewater sample was evaluated similar to the silt 

density index (SDI15). The SDI15 compares the time required for the filtration of the initial 500 mL (t1) 

and another 500 mL (t2) starting after t1 + 15 min: 

𝑆𝐷𝐼15 =
1 −

𝑡1
𝑡2

15
∗ 100% 

By this, the SDI15 measures the average relative increase in filtration time for 500 mL per minute. 

Because temperature and pressure variations influence the filtration speed and, by this, the SDI15, the 

evaluation of t1 and t2 was done after correction of the flow. First, the measured flow was corrected 

with the measured temperature by a temperature correction factor (exact formula not provided for 

confidential reasons). Then, the temperature corrected flow was divided by the measured pressure to 

obtain the virtual flux (mL min-1 bar-1). After this, the virtual permeate flow was calculated by 

                                                           

4 DuPont™, the DuPont Oval Logo, and all trademarks and service marks denoted with ™, ℠ or ® are 

owned by affiliates of DuPont de Nemours, Inc. unless otherwisenoted.©2020DuPont 
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multiplying the virtual flux with 2 bar (mL min-1). An integration of the virtual flux over time gave the 

virtual permeate volume (mL). The virtual permeate volume was used for the calculation of the SDI15. 

 

Figure 27. Scheme of the ultrafiltration (UF) laboratory test setup. 

  

Figure 28. Self-assembled ultrafiltration module (left) and reverse osmosis membrane (right) after filtration 
experiments. 

RO membranes were wetted by immersion in 25 % (v/v) iso-propanol for 1 h and in demineralized 

water for at least 24 hours. Then, the membrane with an active filtration surface of about  

9 cm x 27 cm was compacted at 15 bar, 25 °C in a closed loop operation and permeate recirculation 

with demineralized water over night. After replacement of the demineralized water, the membrane 

was characterized by measuring the clean water flux in a closed loop without permeate recirculation. 

To investigate potential effects of the MOLLIK catalyst, this test was repeated after another 

replacement of the demineralized water and introduction of the MOLLIK catalyst foil into the feed 

tank. To assure the absence of any deposits at the catalyst, it was softly flushed with demineralized 

water before the second test. After these tests, the UF permeate was further treated with RO 

(FilmTec™ FORTILIFE™ CR1005) at 15 bar after addition of anti-scalants (3.5 mg/L Acumer 4450, 1.8 

mg/L Acumer 4035, The DOW Chemical Company) to 65% physical recovery of water, as in the pilot 

plant. As with the UF, the RO flows were corrected for temperature and pressure variations. 

                                                           

5 DuPont™, the DuPont Oval Logo, and all trademarks and service marks denoted with ™, ℠ or ® are 

owned by affiliates of DuPont de Nemours, Inc. unless otherwisenoted.©2020DuPont 
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The membranes applied for the first batch were shipped cooled to DuPont Water Solutions, Tarragona, 

Spain, were they were analysed for the identification of fouling components (FTIR-ATR) and a 

characterization of the organic deposits. 

Results and discussion 

The temperature corrected clean water flux of the modules were 63.4±6.4 mL min-1 bar-1 and 60.9±0.9 

mL min-1 bar-1 for the modules of the first and second batch, respectively. That is, the applied modules 

had a comparable filtration performance before the treatment of the GAC-filtered wastewater. Figure 

29 shows the temperature and pressure corrected permeate volumes of the trials over time. The first 

filtration trial resulted in a relatively low decrease of the flow, corresponding to a SDI15 of 2.0. In 

contrast, the second trial had a higher initial flow, which decreased more strongly during the filtration. 

By this, the SDI15 of the second trial was higher (4.1). At the same time, the initial COD of the first GAC 

filtrate was 105 mg/L, while the second only had a COD of 84.4 mg/L. This might provide an explanation 

for the higher initial filtration speed of the second batch. Due to the higher SDI15, it is concluded that 

the second wastewater sample contained more substances that cause fouling. Despite this, the clean 

water flux after back-flushing with demineralized water was comparable with 41.2±5.5 mL min-1 bar-1 

and 42.4±0.2 mL min-1 bar-1 for the first and second module, respectively. This means that the fouling 

of both wastewater batches contains substances that cannot be removed by simple backflushing. 

However, no significant differences in the nature of the irreversible fouling could be found from the 

filtration experiment alone. 

 

Figure 29. Virtual permeate volumes of the ultrafiltration trials, i.e., permeate volumes corrected for temperature 
and pressure variations at a filtration of 2 bar at 25 °C. 

An analysis of the nature of fouling by DuPont showed an accumulation of six substances in the first 

UF membrane module (Figure 30). The most significant substance detected was linked to a polymer 

with 30 C atoms, based on the applied database. Based on the molecular weight cut-off of the UF 

membranes (80 – 150 kDa), this molecule was not expected to be retained by the membrane. Further 

experiments should be conducted to elucidate whether or not the detected substances could be 

responsible for the observed fouling in the interplay with the water matrix. 



Deliverable 5.5: Report on evaluation of technologies at the CLARIANT site  

©2020 INSPIREWATER, public report  Page XVIII 

XVIII 

 

Figure 30. Analysis of the first UF membrane module fibres (green line) against a reference sample (black line). 
Red circle: most prominent peak difference detected. 

The clean water tests before the filtration of the UF permeate confirmed that the RO membranes 

applied for the first and second trial were comparable with temperature-corrected fluxes of 1.39±0.01 

L min-1 bar-1 and 1.35±0.04 L min-1 bar-1. No significant change of the temperature-corrected flux was 

observed by the introduction of the MOLLIK catalyst to the water tank, as the fluxes were found at 

1.39±0.01 L min-1 bar-1 and 1.34±0.03 L min-1 bar-1 in the first and second trial, respectively. 

Figure 31 shows the virtual, i.e., temperature and pressure corrected, permeate fluxes over the virtual 

water recovery rate. The virtual water recovery rate is defined as the virtual permeate volume divided 

by the initial volume. The decreasing trend of the permeate flux can be attributed to the increasing 

osmotic pressure, which results in a decreasing net driving force. Similar to the UF filtration test, the 

virtual permeate flux of the second batch was found to be constantly lower than in the first batch. This 

is likely an effect of the different water matrix. Therefore the experiments underpin the observations 

from the pilot plant that the variability of the feed water influences the membrane filtration 

performance. The obtained RO permeates were found to have a quality described by a COD of  

6.9 mg/L (93.0% rejection) and 4.40 mg/L (94.8% rejection), as well as an electrical conductivity of 272 

μS/cm (97.1% rejection) and 406 μS/cm (95.1 % rejection) for the first and second trial, respectively. 
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Figure 31. Virtual water recovery rate and permeate flux of the two laboratory trials. 

The repetition of the clean water test after the wastewater filtration showed temperature-corrected 

fluxes of 1.42±0.10 L min-1 bar-1 and 1.30±0.02 L min-1 bar-1 after the first and second trial, respectively. 

This means that the clean water flux was comparable to the flux before the wastewater filtration in 

the first batch, but slightly lower after treatment of the second wastewater batch. It is assumed that 

this is due to organic fouling at the membrane in the second trial. An analysis of the fouling of RO 

membrane from the first trial is shown in Figure 32. It confirms that the detected pattern indicates the 

presence of biofouling. More specifically, deposits of 76 mg/m2 TOC, 119 mg/m2 CH and 146 mg/m2 

PN were detected, but N was below detection limit. 

 

Figure 32. Analysis of the fouling on the first RO membrane. 
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Conclusions 

The experiments confirm that the varying wastewater qualities can translate into differences in the 

fouling speed of the ultrafiltration, as indicated by the SDI15 measurements. The reverse osmosis 

filtration can also be affected of the changing water quality, most likely by the dissolved organic 

substances that cause organic fouling at the membrane. Further tests would be necessary to identify 

single “trouble making” substances affecting the membrane filtration performance. This would help 

operators to protect the membrane units, e.g., in case that such substances are used or produced in 

the production. 

 


