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Introduction  

 

In Denmark, 99% of the drinking water production is based on so-called simple treatment (aeration 

and sand filtration) of groundwater of sufficient quality evaluated based on levels of organic and 

inorganic contaminants as pesticides, nitrate, heavy metals etc. However, the Danish groundwater 

resources are under pressure and the number of samples with concentrations of pesticides and their 

natural transformation products above the 0.1 µg/L threshold found during monitoring of 

abstraction wells is increasing. For instance, 2-6 Dichloro-benzamide (BAM) as a transformation 

product of the herbicide dichlobenil was detected in 16% of sampled Danish wells and the threshold 

concentration of 0.1 µg/L was exceeded in 9.4% of cases in 2015, even though dichlobenil has 

been banned since 1997 (Albers et al., 2015; GEUS & Energi- Forsynings og Klimaministeriet, 

2015). Two phenoxy acid herbicides, 2-methyl-4-chlorophenoxyaceticacid (MCPA), and 

methylchlorophenoxypropionic acid (MCPP), are also often detected in Danish groundwater 

resources being used as regulated pesticides. Thus, new treatment concepts are required in order to 

meet the drinking water quality guidelines. Membrane separation using nanofiltration (NF) or 

reverse osmosis (RO) membranes may be part of these concepts (Madsen and Søgaard, 2014).  

As a potential solution, (MEM2BIO) project in which a smart combination of membrane separation 

and biological sand filtration has been proposed to be introduced for the production of potable 

water in Denmark. The residual water stream produced by the membrane process is aimed to be 

sent to a sand filter hosting specific pesticide degrading bacteria.  

This paper as the first step of MEM2BIO project investigates the applicability of four NF/RO 

membranes for removal of targeted pesticides. In this regard, the rejection of studied pesticides, 

their adsorption on the surface of the membranes, the influence of the water matrix on the 

membrane performance and the effect of recovery on the rejection were studied.  in terms of 

contaminant rejection and adsorption and permeate flux. Also, the influence of up-concentration 

was evaluated at 50% and 90% recovery. 
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Materials and methods 

 

Three pesticides BAM (purity 99.9%), MCPA (purity 95%) and MCPP (purity 99.6%) were all 

purchased from Sigma-Aldrich, see Table 1. According to acid dissociation constant (Pka) values, 

MCPA and MCPP can be dissociated at neutral pH (pH> Pka) resulting in being negatively charged 

while BAM is a rather neutral solute. Octanol-water partition coefficient (log Kow) values are also 

indicating that phenoxy acid herbicides are more hydrophobic compounds (log Kow>2) compared 

to BAM molecule.   

Table 1. The chemical structure and properties of the targeted pesticides in this study. 

 BAM MCPA MCPP 

Chemical structure 

 
  

Molecular weight 

(Dalton) 
190.028 200.62 214.65 

Pk 13-14 3.07 3.78 

log Kow 0.77 2.73 3.2 

 

Four commercially available flat-sheet membranes were used for experiments; NF99HF (Alfa 

Laval) and NF270 (Dow Chemicals FILMTEC) both NF membranes, XLE (Dow Chemicals 

FILMTEC) a low pressure reverse osmosis membrane (LPRO), and BW30 (Dow Chemicals 

FILMTEC) an RO membrane.  

Table 2. Characteristics of the membranes used in this study. 

 NF270 NF99HF XLE BW30 

Molecular weight cut-off (MWCO)1 (Dalton) 200-400 >200 100-200 100-200 

Contact angle2 (˚) 51.2±3.7 36.7±3.2 86.6±4.5 84.8±5.7 

Zeta potential3 (mV) -52 -50 -26 -21 
1 The manufacturers reported MWCO values. 
2 Contact angles values were measured in the laboratory using a KRUSS DSA100 instrument. 
3 Zeta potential was determined by Anton Paar SURPASS streaming potential analyzer in a 1.0 mM KCl solution at pH=5.3. 

 

Ultra-pure water (Milli-Q water) and a groundwater sample collected from the clean water 

reservoir of Varde (Lerpøtvej Waterwork, DIN Forsyning, south-west Jutland) were used as water 

matrices in this study. Analysis of the Varde water characteristics was done by external accredited 

analytical laboratory (Eurofins Miljø A/S) which is presented in Table 3.  

Membrane filtration experiments were performed using a dead-end filtration setup including a 

Sterlitech Cell (HP4750, Sterlitech Corporation, USA) equipped with a magnetic stirring bar 

suspended above the membrane surface. As can be seen in Figure 1, a 50-mm diameter membrane 

disc was placed on the stainless steel porous disc at the bottom of the cell. The test cell was 

connected to a nitrogen cylinder via a high-pressure hose to impose pressure to feed solution and 

the permeate water was collected in a flask. 
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Table 3. Analysis of the groundwater sample from Varde in Denmark. 

 Unit Varde 

pH  7.7 

Conductivity  (mS/m) 37 

Hardness  (˚dH) 6.9 

Calcium (𝐶𝑎2+) (mg/L) 37 

Magnesium (𝑀𝑔2+) (mg/L) 7.4 

Potassium (𝐾+) (mg/L) 2.4 

Sodium (𝑁𝑎+) (mg/L) 22 

Nitrate (𝑁𝑂3
−) (mg/L) 9.4 

Chloride (𝐶𝑙−) (mg/L) 37 

Sulphate (𝑆𝑂4
2−) (mg/L) 57 

Bicarbonate (𝐻𝐶𝑂3
−) (mg/L) 67.1 

NVOC (mg/L) 0.4 

Total-P (mg/L) 0 

 

Figure 1. A schematic drawing of membrane filtration laboratory setup1. 

 

 

In each filtration test, 200 mL of feed water with pesticides concentration of 1 mg/L was transferred 

to the cell and filtrated at the pressure of 10 bars. 

The concentration of pesticides in feed, permeate and concentrate samples were measured using an 

HPLC/MS-MS (Thermo Scientific Dionex UltiMate 3000/TSQ Vantage) method equipped with 

an ACQUITY UPLC BEH C18, 1.7 µm, column.  

Rejection of pesticides, R, was calculated using equation 1: 

𝑅(%) = (1 −  
𝐶𝑃

𝐶𝐹 + 𝐶𝐶
) × 100 Eq. 1 

                                                           
1 https://www.sterlitech.com/hp4750-stirred-cell-up-to-1000-psig-hp4750.html 
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CP, CF, and CC are the concentration of pesticides in permeate, feed and concentrate, respectively.  

In addition, permeate flux, J, was determined using equation 2: 

 𝐽 =
𝑉𝑃

𝐴×𝑡
 

Eq. 2 

Where VP is the volume of permeated water, A is active membrane surface area and t is the time of 

filtration.  

 

Results and discussion  

 

Rejection of pesticides in pure water 

The rejection values of pesticides in Milli-Q water at 50% recovery are depicted in Figure 2. Each 

experiment was performed in triplicates and the scatter of results is represented by error bars 

calculated using 95% confidence interval. Both LPRO/RO membranes, XLE and BW30, were 

found to reject all three pesticides at a level > 92%. The two NF membranes, NF270 and NF99HF, 

achieved noticeably lower rejections. The rejection of pesticides attained by NF99HF ranged from 

32% to around 82%, while NF270 displays slightly lower rejection values within a range from 30% 

to 79%, depending on the pesticide compound. The observed rejection values are correlated to the 

MWCO of the selected membranes. NF membranes have larger pore sizes resulting in higher 

MWCO values compared to RO membranes which can be considered as relatively dense 

membranes. Since the main mechanism governing the removal of micro-pollutants using NF 

membranes, is size exclusion (sieving effect), such membranes with a larger pore size would not 

be able to reject those compounds with smaller size properly.  

For all the membranes, the highest rejection was observed for MCPP whereas BAM had the lowest 

rejection. Again, this is consistent with steric exclusion, since BAM is a smaller molecule and is 

more likely to pass through the membrane to the permeate. The distinction between rejection values 

of these pesticides is more pronounced in the case of NF membranes where the MWCO of the 

membranes is greater than the molecular weight of pesticides (Table 2). Van der Bruggen et al. and 

Braeken et al. have shown that when the molecular weight of solutes was lower than MWCO of 

the NF membranes, size exclusion could not be the only descriptor for rejection of compounds and 

the other characteristics such as charge and hydrophobicity should be also taken into account 

(Braeken et al., 2005; Van Der Bruggen et al., 1999). BAM is a neutral compound while at neutral 

pH, MCPP and MCPA are both in a dissociated form resulting in a negative charge which together 

with the negative charge of both NF membranes, electrostatic repulsion appears to be capable of 

influencing such rejections for MCPA and MCPP using NF membranes. The higher rejection of 

MCPP compared to MCPA by both NF membranes is also consistent with aforementioned 

argument since not only is MCPP a larger molecule also is more negatively charged than MCPA 

(Table 1). 

 

 

 



5 
 

Figure 2. Rejection and permeate flux data for studied membranes.  

 

The permeate flux data for the feed solution at 10 bar is also shown in Figure 2. As expected, the 

permeate flux values of NF membranes is markedly higher than that of RO membranes. The 

permeate flux for NF270 is approximately 151 L/m2h while NF99HF showed slightly lower flux 

of 139 L/m2h. On the other hand, the permeate flux for BW30 was found to be around 33 L/m2h 

whereas XLE exhibited an approximately two times greater flux of 63 L/m2h. Although BW30 

displayed slightly higher rejection values for all the targeted pesticides, since the permeability of 

the membranes also plays a critical role in membrane selection, XLE was selected as the best 

membrane for removal of these pesticides from groundwater. 

Influence of ionic strength on pesticides rejection 

To study the effect of ionic environment on the membrane performance, the groundwater sample 

from Varde in Denmark was spiked with 1 mg/L of the targeted pesticides. 

Form Figure 3, It can be pointed out that in a stronger ionic environment, Varde water, an 

enhancement to the rejection of the pesticides was attainable. It could be due to pore blocking effect 

caused by the presence of the other ions in the real groundwater samples (See Table 3) in particular 

in the case of loose and relatively porous NF membranes (Plakas and Karabelas, 2008). Thus, as 

can be seen, the increase of the rejection is more pronounced for NF270 and NF99HF membranes. 

Such compounds would block the membrane pores leading to a shortage of passageway for both 

water and pesticides molecules. As a result, the rejection of the pesticides would increase while a 

decline in the water permeate flux would be found. 
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Figure 3. Rejection results in pure water and Varde water. 

 

Effect of permeate recovery on pesticides rejection 

The previously reported results were obtained by collecting 50% of the volume of the feed as the 

permeate. In this section, the influence of permeate volume was examined to see if the high 

pesticides rejection was attainable when recovery of permeate increased. For this purpose, 200 mL 

of feed water with pesticides concentration of 1 mg/L was used for XLE membrane. For each test, 

20 mL of permeate was collected and sampled in such a way that permeate recovery of 10% to 

90% was obtained.   

Results showed that the rejection of pesticides did not change notably by varying of permeate 

recovery (See Figure 4). The rejection of pesticides was found to be higher as the permeate recovery 

went from 50% up to 90% (180 mL of permeate). In addition, since increasing recovery is leading 

to a stronger ionic environment, this result is in line with what previously mentioned that by 

increasing ionic strength the rejection values rose.  
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Figure 4. Rejection values by increasing permeate volume (permeate recovery). 

 

 

Conclusion 

 

The present study focused on the trends in pesticides rejection by four commercially available 

NF/RO membranes, in the absence or presence of dissolved inorganic species and different 

recoveries. The experiments with pure water solutions showed that the choice of the membrane is 

crucial. Relatively tight LPRO/RO membranes could remove pesticides by more than 92%. On the 

other hand, NF membranes exhibited a removal efficiency that ranges between 30% and 82% 

indicating poor separation efficiency compared to LPRO/RO membranes. In general, both RO 

membranes, XLE and BW30, showed promising performance for removal of pesticides. However, 

regarding the permeability results, XLE membrane was identified as the most suitable membrane 

for the removal of these pesticides from groundwater. In addition, the presence of the inorganic 

ions in Varde water led to an increase in all pesticide rejections by all membranes mainly due to 

pore blocking by the ions, meaning that the removal efficiency can be even higher when membrane 

separation was used for a real groundwater sample. The results based on rejection determination at 

different recoveries indicate that the performance of membrane separation for removal of these 

pesticides would not be negatively affected when it is aimed at achieving more purified water in a 

scaled-up membrane filtration plant. 
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