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Abstract 11 

One of the main obstacles impeding implementation of membrane distillation for the 12 

recovery and concentration of ammonia from swine manure is wetting caused by fouling. 13 

Due to the different types of fouling which can occur in a membrane system, foulant 14 

characterization is a complex problem. To elucidate the fouling mechanism, deposit 15 

morphology and composition of foulants have been determined using Scanning Electron 16 

Microscopy, X-ray Energy Dispersive Spectrometry, Attenuated Total Reflectance 17 

Infrared Spectrometry, Ion chromatography and Inductively coupled plasma-optical 18 

emission spectroscopy. Based on the analysis of fouled membranes, it is concluded that 19 

membrane fouling is dominated by organic fouling in combination with deposits of 20 

inorganic elements and microorganisms. After a week of running the membrane process 21 

without cleaning, the average fouling layer thickness was estimated to 10-15 µm. The 22 

fouling layer further results in a loss of membrane hydrophobicity. This indicates that 23 

fouling could be a severe problem for membrane distillation performance.  24 
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List of symbols and abbreviations 27 

AM Membrane area [m2] 28 

ATR-FTIR Attenuated total reflectance Fourier transformed infra-red spectroscopy 29 

Ct Concentration of total ammoniacal nitrogen at time t in the feed [kg∙m-3] 30 

C0 Initial concentration of total ammoniacal nitrogen at time t in the  31 

feed [kg∙m-3] 32 

DM Dry matter content [%-weight] 33 

EDS Electron dispersive X-ray spectrometry 34 

IC Ion Chromatography 35 

ICP-OES Inductively coupled plasma optical emission spectroscopy 36 

J Ammonia flux [kg∙m-2∙h-1] 37 

km Overall mass transfer coefficient for ammonia [m∙h-1] 38 

MD Membrane distillation 39 

MW Molecular weight of ammonia [kg∙mol-1] 40 

PP Polypropylene 41 

pNH3,acid Partial pressure of ammonia on feed side of the membrane [Pa] 42 

pNH3,feed Partial pressure of ammonia on the acid side of the membrane  [Pa] 43 

R Universal gas constant [Pa∙mol-1∙m3∙K-1] 44 

SD Standard deviation 45 

SEM Scanning electron microscopy 46 

T Temperature [K] 47 

 48 
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TAN Concentration of total ammoniacal nitrogen, available in NH3 and 49 

 NH4
+ [g∙l-1] unless otherwise stated 50 

TKN Total Kjeldahl nitrogen [g∙l-1] 51 

t Time elapsed after experiment was started [min]  52 

V Liquid volume in the feed tank [m3] 53 

1. Introduction 54 

Membrane distillation (MD) has been successfully used for ammonia removal from water 55 

streams or as a post treatment of anaerobically digested effluents. They have a potential 56 

as a technology for ammonia fertilizer production (du Preez et al. (2005),Semmens et al. 57 

(1990)). However, one of the major obstacles for the widespread use of membrane 58 

distillation is the problem of membrane fouling, even though this problem in general is 59 

less severe than in traditional pressure driven membrane processes (Srisurichan et al. 60 

(2005)).  61 

Fouling leads to deterioration of flux, an increase in power consumption, increased 62 

membrane area requirement, change in membrane hydrophobicity and a decrease in 63 

membrane lifespan. Thus reducing fouling will increase the economic viability of using 64 

membrane distillation significantly (Kavanagh et al. (2009),Xu et al. (2010)). Due to the 65 

different types of fouling which can occur in a membrane system, characterizing fouling 66 

is a complex problem (Mairal et al. (2000),Gryta (2008)). Since inorganic, organic, 67 

particulate and biological fouling each can contribute to a characteristic flux decrease, 68 

change in membrane surface properties or product quality, one of the major challenges is 69 

to characterize and distinguish among the various phenomena underlying the observed 70 

performance decline (Mairal et al. (2000)). 71 
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The presence of undegraded organic matter and multivalent ions in pig slurry can 72 

significantly affect membrane fouling due to surface adsorption and pore plugging (Ko et 73 

al. (1993),Schafer et al. (1998)). Calcium which is an abundant cation in manure slurry 74 

might form complexes with some organics and accumulate on membrane surfaces (Gryta 75 

et al. (2001),Masse et al. (2005)). Depending on the hydrodynamics, the physicochemical 76 

properties of proteins in solution and the structure of the membrane, the interactions 77 

between proteins and membrane at the interface and within the pores may change (Ko et 78 

al. (1993)). The aim of this work is to add information as to how membrane fouling from 79 

swine manure during ammonia removal occur, and how it can be suitably characterized. 80 

This will improve knowledge about the mechanism behind the fouling and help to 81 

optimize future pretreatment and cleaning procedures. 82 

 83 

 84 

Figure 1 The MD experimental set-up: 1: feed reservoir; 2: acid reservoir; 3: balances; 4: 85 

magnetic drive turbine pump; 5: centrifugal pump; 6: IFC 100 Krohne Mag flowmeter; 86 

7: Platon Bobbin flowmeter, 8: 3-way valve; 9: heat exchanger; 10: pressure gauge; 11: 87 

thermometer; 12: PP membrane 88 
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2. Methods 89 

2.1 Experimental setup 90 

The experimental set-up used in this work is shown schematically in Figure 1. The 91 

membrane module was mounted in a vertical position. The feed was supplied on the tube 92 

side and the strip solution on the shell side. The streams flowed counter-current through 93 

the module. As feed 4 l of undigested slurry was placed in a 5 l glass tank located on an 94 

analytical balance (A&D HP-22K, Japan). Similarly, 4 l of acid was placed in a 5 l glass 95 

tank also located on an analytical balance (Kern & Sohn GmbH 6KO.5N, Germany). 96 

Tanks were placed above the pumps (feed pump: Caster pump, MT 3006 PP, Italy; acid 97 

pump: Tutton pumps Nemp 50/7, Southampton, United Kingdom), which were connected 98 

to the bottom outlet of the tanks to ensure the pumps net positive suction head 99 

requirements. The acid solution was pumped through a flow meter (Roxspur 100 

Measurement & Control Ltd Platon AGSS-CA11201, Hampshire, United Kingdom), 101 

while the feed was pumped through a stainless-steel pipe connected to a Mag flow meter 102 

(Krohne DN15 Optiflux 1100 PFA). A thermostatic water bath delivers water to both 103 

stainless steel heat exchangers (Alfa Lavel, Nakskov, Denmark) to heat up both streams 104 

before entering the membrane. The temperature (VWR Enviro-Safe 620-0883) and the 105 

pressure (Wika 2404 P2K) of the streams were measured before and after the membrane. 106 

Both streams were returned to their respective tanks. The inlet temperature of both the 107 

feed and acid was equal to 40°C. Both sides were kept at the same temperature, as a 108 

temperature difference between stripping side and feed side would enhance the water 109 

flux, which is undesired for ammonia concentration. The feed flow rate was kept at 4 110 

l/min and the strip flow rate was kept at 3 l/min.  111 
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2.2 Materials 112 

2.2.1 Membrane 113 

A tubular-type porous polypropylene membrane (PP, MD020TP 2N, Microdyn-Nadir 114 

Gmbh, Germany) with an average pore size of 0.2 μm and an inner diameter of 5.5 mm 115 

was used. The membrane module consists of 3 tubular PP membranes assembled in a 116 

single housing, which results in an effective area equal to 0.036 m2. 117 

2.2.2 Feed and stripping solution 118 

A liquid fraction of undigested manure from a screw press was collected from a Danish 119 

finishing pig farm and was used as feed. To avoid larger particles blocking the membrane 120 

tubes, the manure was first sieved through two analytical sieves (Retsch 5657- W. 121 

Germany DIN 4188) with pore size 0.355 mm and 0.125 mm. The feed properties after 122 

sieving are presented in Table 1. To the filtrated slurry was then added a 5M NaOH 123 

solution to increase the pH to 11 to ensure a large quantity of free NH3. As stripping 124 

solution, 0.5 M H2SO4 (VWR – Bie & Bernsten A/S, Herlev, Denmark) was used.  125 

2.2.3 Gelatin coating 126 

Gelatin solutions with concentrations of 0.2 g/L and 5 g/L were prepared using gelatin in 127 

powder (VWR, Leuven, Belgium). The gelatin solution was spread on the membrane 128 

specimens using a glass rod and left overnight to dry. 129 

2.3 Analytical methods 130 

The change in total ammoniacal nitrogen (TAN) concentration was measured using a 131 

standard Kjeldahl distillation unit (Kjeltec TM2100, Höganäs, Sweden) and back titration 132 

(APHA Standard Method 2005, 4500-NH3 B). Samples of fixed volume (25 ml) were 133 

taken by Pasteur pipette every hour from the feed and acid tank till the moment when no 134 
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further change in TAN concentration could be detected by the equipment used. Thereafter 135 

the process was kept running for a week until fouling had been visually observed.  136 

2.4 Manure analysis 137 

The composition of manure, which had previously been dried in an oven at a temperature 138 

around 70°C for 3 days and homogenized in a mortar, was analyzed by Inductively 139 

coupled plasma mass spectrometry (ICP-OES) (ICAP 6500 DUO+ONE FAST, Thermo 140 

Scientific, Waltham, USA). To the accurately weighted sample, 4 mL of HNO3 69% was 141 

added and 1 mL of 33% H2O2 and placed in a closed teflon tube inserted in a reactor for 142 

20 minutes at 220°C. After cooling the reactor, the final solution was diluted with milliQ 143 

water to a volume of 25 ml. Dry matter was determined using APHA Standard method 144 

2005, 2540 B.  145 

2.5 Membrane autopsy protocol 146 

Membrane samples for examination by SEM-EDS were taken from the MC membrane 147 

which were retrieved from the module and dried at room temperature under a fume hood. 148 

The membrane morphology of both virgin (unfouled) and fouled membranes were 149 

examined using a Leo 435 VP scanning electron microscope (Leo electron Microscopy 150 

Ltd., Cambridge, United Kingdom). Membrane samples were attached to double sided 151 

sticky carbon tape on an aluminum holder and subsequently coated with gold. The 152 

composition of the deposited layer on the membrane surface was identified with energy 153 

dispersive X-ray spectrometry (EDS) (Oxford Instruments Aztec EDS with X-max 154 

detector) coupled with the SEM (Hitachi S-3400N, Japan). Samples were carbon coated 155 

and studied at an accelerating voltage of 20 kV and a working distance of 13.5 mm. The 156 

qualitative and quantitative analyses were based on internal standards using the Aztec 1.1 157 

software.  158 



8 
 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) (Spectrophotometer, 159 

PerkinElmer) spectroscopy was used to identify the functional group characteristics of 160 

the fouled and clean membrane specimens. An ATR accessory equipped with a diamond 161 

crystal was used. All spectra were recorded within the range 4000-500 cm-1 with a 4 cm-162 

1 resolution using 16 scans. All measurements were performed in a dry atmosphere at 163 

room temperature 20±0.5°C. A single beam spectrum was obtained for all samples. These 164 

spectra were subtracted against a background air spectrum and the results presented in 165 

transmittance units. 166 

2.6 Foulant extraction 167 

Both the virgin membrane and the fouled membrane of area 17 cm2 were precisely 168 

weighed, cut into small pieces and soaked in 20 ml of 0.8 M nitric acid for 24 h in the 169 

case of ICP-OES analysis or in deionized water in the case of IC, and then ultrasonicated 170 

for 180 min at 30°C in a laboratory sonification bath (Melian-Martel et al. (2012),Nghiem 171 

and Schafer (2006)). Before analysis samples were filtered through a 0.45 µm filter 172 

(cellulose esters PHENEX 0.45CA+GF). 173 

Inorganic elements of extracted foulants were analyzed by Inductively coupled plasma-174 

optical emission spectroscopy (ICP-OES) (ICAP 6500 DUO+ONE FAST, Thermo 175 

Scientific, Waltham, USA) equipped with a scott spray chamber and a Burgener mira 176 

mist nebulizer. 177 

The anions were determined using an ion chromatograph (850 Professional IC, Metrohm, 178 

Herisau, Switzerland).  179 
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2.7 Ammonia flux 180 

The flux of ammonia (NH3) through a membrane is proportional to the difference in 181 

ammonia partial pressure between feed and stripping acid and to the overall mass transfer 182 

coefficient (km). 183 

J = km ∙ MW
R∙T

∙ �pNH3,feed − pNH3,acid�     eq. 1 184 

As the total ammoniacal concentration during the experiments is low, the ionic strength 185 

of both feed and stripping solution is constant. Further the temperature is kept constant. 186 

Therefore the activity coefficients for ammonia do not change during an experimental 187 

run. The partial pressure of ammonia is thus directly proportional to the ammonia 188 

concentration. As the pH of the feed is kept at 11 during an experimental run ammonia 189 

concentration is further directly proportional to the TAN concentration in the feed. In the 190 

acid strip solution the pH is so low, that for all practical purposes, all ammoniacal nitrogen 191 

will be in ammonium form. The ammonia partial pressure of the acid strip solution will 192 

therefore be zero. 193 

Combining this information with equation 1 and an ammonia mass balance on the feed 194 

side of the experimental setup shown in Figure 1, the following expression for the change 195 

of concentration of ammonia is found: 196 

ln �C0
Ct
� = km∙Am

V
∙ t     eq. 2 197 

By plotting ln(C0/Ct) against time a straight line with the slope of (km·Am)/V can be 198 

obtained from which the overall mass transfer coefficient is found.  199 

  200 
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 201 

Figure 2a Ammonia flux through the membrane  202 

 203 

Figure 2b Change of ammonia concentration vs. time 204 

 205 

3. Results and discussion 206 

3.1 Initial ammonia flux through the membrane 207 

As demonstrated on Figure 2a, the ammonia flux declines rapidly from a value of 42 kg 208 

m-2 h-1 to 3 kg m-2 h-1. The sudden ammonia flux decrease could be explained either by 209 

fast ammonia removal at the beginning of the process, when the partial pressure 210 

difference of ammonia over the membrane is large, or as a result of particles accumulation 211 
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on the membrane surface leading to complete blocking of some of the pores. Since liquid 212 

does not enter the pores during membrane distillation, only pore blocking and cake 213 

filtration might occur. Internal pore blocking by depth filtration in the pores can thus be 214 

ruled out, unless wetting occurs. As seen from Figure 2b a decrease in ammonia partial 215 

pressure explains the flux decline and the linearity of the plot confirms that during the 216 

first 25h, severe fouling does not occur.  217 

 218 

Table 1 Physicochemical properties of the liquid manure fraction after sieving 219 

DM * 

[%] 

DM 

** 

[%] 

TKN 

[g/L] 

TAN 

[g/L] 

Component content [g/kg] 

Ca Cu Fe K Mg Mn P S Zn Na 

1.44 

±0.03 

1.19 

±0.04 

4.23 

±0.18 

2.18 

±0.04 

0.27 

±0.01 

0.004 

±0.0001 

 0.09 

±0.002 

1.74  

±0.03 

0.13  

±0.003 

0.01  

±0.0002 

0.56 

 ±0.01 

0.34 

±0.01 

0.02  

±0.0004 

0.84 

±0.02 

TKN – Total Kjeldahl Nitrogen, DM*-dry matter before sieving, DM**- dry matter after 220 

sieving 221 

3.2 Manure analysis 222 

The liquid fraction of manure contains mainly water, potassium and total ammoniacal 223 

nitrogen (TAN=NH3+NH4
+) as their salts are very soluble in the aqueous phase (Hjorth 224 

et al. (2010)). Apart from potassium, the ICP-OES analysis (Table 1) of the liquid manure 225 

fraction also revealed significant amounts of sodium, phosphorus, sulphur, calcium, 226 

magnesium and iron. The high concentration of potassium might be due to a pig diet 227 

containing soya beans rich in K+, as soya beans are used to supply crude proteins to pigs 228 

(Sommer and Husted (1995)). For comparison the inorganic ion concentrations were 229 

recalculated to a basis of 1 kg of slurry. The results are presented in Table 1. The obtained 230 

inorganic ion concentrations are of the same order of magnitude typical for finishing pigs 231 
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142 

  

91 

as reported by Hjorth et al. 2010, and Moller et al. 2007. However, the results cannot be 232 

directly compared with these data, since Hjorth et al. 2010 has reported values for raw 233 

manure, while Moller et al. 2007 has provided an elemental composition of decanter 234 

centrifuge effluent.  235 

3.3 Visual observations 236 

After one week of experiments the acid stripping solution changed from transparent to 237 

turbid. At the same time the pH of the stripping solution increased abruptly from 0.5 to 238 

4.  At this time ammonia had been completely removed. Further a similarly abrupt 239 

decrease in the pH of the feed solution was observed. Therefore, these observations 240 

indicate a possible leakage of the basic feed through the membrane. The membrane was 241 

retrieved from the module and inspected. The examination revealed, that the inner surface 242 

of the  membrane on the feed side had changed color from white to brownish, which could 243 

indicate organic fouling (Mondor et al. (2009)). The leakage can thus be attributed to 244 

partial wetting of the membrane, due to fouling induced loss of membrane hydrophobicity 245 

as seen on Figure 3a and Figure 3b. 246 

     a          b 247 

 248 

 249 

 250 

 251 

 252 

Figure 3 a.Water droplet on clean flat sheet PP membrane (PP, Accurel ® PP 2E HF 253 

(R/P). b. Water droplet on flat sheet PP membrane (PP, Accurel ® PP 2E HF (R/P) 254 

fouled by pig manure.  255 
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   a                 b 256 

 257 

 258 

 259 

 260 

 261 

 262 

    c 263 

 264 

 265 

 266 

 267 

 268 

Figure 4 a. SEM image of brand new MD020TP 2N (Microdyn-Nadir Gmbh) Zarebska 269 

et al. (2012). b. SEM picture of the MD020TP 2N (Microdyn Nadir Gmbh) membrane 270 

surface covered by proteins deposit, inorganic ions, and incorporated with 271 

microorganism. c. SEM picture of the cross section of the MD020TP 2N (Microdyn 272 

Nadir Gmbh) membrane surface covered by proteins deposit, and inorganic ions 273 

 274 

3.4 SEM-EDS 275 

SEM observations demonstrated that during a week of module operation, fouling of the 276 

membrane had occurred on the feed side of the examined module. Comparison of the 277 

virgin membrane (Figure 4a) with the used membrane (Figure 4b) showed that a large 278 

part of the membrane surface on the feed side had been completely covered with a 279 

deposited layer formed during the MD process.  Examined samples revealed presence of 280 

Bacteria 
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some bacteria rods incorporated with the fouling layer, suggesting biofouling similarly to 281 

what is seen in wastewater treatment plants (Gray (2010)) (Figure 4b). In most cases the 282 

bacterial flora in manure is dominated by gram-positive bacteria and it is very likely that 283 

the bacteria rods found belong to the Amphibacilius group, that is able to survive under 284 

alkaline conditions (Horikoshi (2011)). The characteristic cracks visible on the deposits 285 

are probably a consequence of drying and shrinking of the hydrated fouling layer during 286 

sample preparation for SEM (Gryta et al. (2001)). The SEM image of the cross section 287 

(Figure 4c) showed a non-homogenous dense fouling layer with an average thickness 288 

equal to 10-15 µm after a week of running the process without any cleaning. The value 289 

of the measured thickness can differ from the real value, due to the drying required for 290 

SEM, though the observed value is in the same range as reported by Gryta et al. 291 

(2006),Zhang et al. (2007).   292 

 293 

 294 

 295 

 296 

 297 

 298 

Figure 5 EDS of fouled membrane 299 

 300 

The SEM-EDS analysis of the fouled MD membrane revealed the presence of all the 301 

elements, which were found in the manure powder except Mn (Figure 5). The elemental 302 

composition normalized to the total weight of elements detected by SEM-EDS showed a 303 

significant amount of O (58%), S (29%) , Fe (6%), Na (2%), Mg (2%) and K (1%) and 304 
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trace amounts of P (0.79%), Ca (0.48%), Cu (0.27%) and Zn (0.27%). The lack of Mn 305 

could be explained by the SEM-EDS detection limit of around 1 wt% (Kuisma-Kursula 306 

(2000)). Moreover, it should be mentioned that SEM-EDS is a surface sensitive method, 307 

thus for samples, which are not flat and homogenous, the foulant quantification accuracy 308 

by this technique is rather suspect. The small amounts of detected cations like Ca2+ might 309 

be explained by aggregation or complexion with organic matter or colloidal particles 310 

(Nghiem and Schafer (2006)). In the case of fouling characterization of an electrodialysis 311 

membrane used for recovery and concentration of ammonia from swine manure, it was 312 

found, that deposits on the membranes were mainly calcium carbonate and silica colloidal 313 

particles (Mondor et al. (2009)). Also Zhang et al. (2007) reported that precipitate 314 

containing calcium, phosphate, magnesium and ammonium contribute to fouling in 315 

anaerobic membrane reactors operated for pig slurry treatment.  316 

3.5 ATR-FTIR 317 

The obtained ATR-FTIR spectra (Figure 6) of the fouled membrane exhibited adsorption 318 

bands at 3276 cm-1, 1645 cm-1, 1532 cm-1 and 1080 cm-1, which were absent in spectra of 319 

the clean membrane. The new bands of the fouled membrane, excluding the one at 1080 320 

cm-1, are characteristic for protein deposits, which have a high tendency to adsorb on 321 

hydrophobic membranes (Gryta et al. (2001)).  322 

The main functional groups observed on a clean membrane are: (i) 2952- 2850 cm-1: C-323 

H, (ii) 1376 cm-1: CH3, (iii) 1453 cm-1: CH2 (Glagovich N. (2007)). As seen in Figure 6, 324 

the intensities of peaks characteristic for PP decrease due to deposits mounting on the 325 

membrane surface (Gryta et al. (2001)).  326 

 327 

 328 
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 329 

Figure 6 ATR-IR Spectra of clean polypropylene membrane (A), membrane fouled 330 

with undigested manure (B), clean membrane with gelatin solution 0.2 g/L (C), clean 331 

membrane with gelatin solution 5g/L (D), pig manure powder (E), membrane fouled 332 

with undigested manure with gelatin solution 0.2 g/L (F), and ),  and membrane fouled 333 

with undigested manure with gelatin solution 5 g/L (G) 334 

 335 

In order to confirm the presence of proteins, the clean and fouled membranes were next 336 

coated with 0.2 g/l and 5 g/l gelatin. As seen in Figure 6, the peaks characteristic of 337 

proteins becomes stronger with increasing concentration of gelatin. In agreement with 338 

Belfer et al. (2000) it is noticed, that proteins with similar structures do not necessarily 339 

have the same frequency bands. The frequencies at which major peaks occur in gelatin 340 

involves four regions: 3600-2300 cm-1 (Amide A), 1656-1644 cm-1 (Amide I), 1560-1335 341 
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cm-1 (Amide II), and 1240-670 cm-1 (Amide III) (Hashim et al. (2010)). Generally the 342 

amide II shows low intensities and the amide III band is absent (Hashim et al. (2010)).   343 

The peak observed in Figure 6 at wave numbers 3293-3276 cm-1 is due to the N-H bond 344 

stretching mode of hydrogen bonded amide groups (Hashim et al. (2010)). The broad 345 

character of the peak could be explained by the presence of an OH group coming probably 346 

from carbohydrates (Belfer et al. (2000)). The amide I (type: unordered) in the region 347 

1649-1642 originates mainly from C=O stretching double bonds with contribution of 348 

bending of the N-H and stretching of the C-N bond (Belfer et al. (2000),Hashim et al. 349 

(2010)). The frequency region of 1550-1532 cm-1 is caused by the deformation of N-H 350 

bonds in a plane and stretching C-N of the polypeptide chain (Belfer et al. (2000),Hashim 351 

et al. (2010)). The observed peak for amide II indicates, that proteins were to some extend 352 

hydrated (Oldani and Schock (1989)). This can be explained by the protein adsorption 353 

theory as discussed below. Peaks between 1095-1045 cm-1 probably comes from C-O 354 

vibration due to the presence of carbohydrates (Jackson et al. (1995)). In addition, manure 355 

in powder form has been analyzed by ATR-IR as presented on Figure 6 showing that all 356 

foulants observed may originate from the manure. Nevertheless the obtained spectra of 357 

manure powder differ slightly from the spectra of the fouled membranes, probably due to 358 

the differences in the structure of proteins in the solid state and adsorbed on the membrane 359 

from an aqueous media (Durig (1980)).   360 

3.6 ICP-OES & IC 361 

Virgin membrane extract and foulants recalculated per 1 kg of membrane are presented 362 

in Table 2. ICP-OES results confirm the presence of elements in descending order: Na 363 

(6.03 g/kg), S (1.97 g/kg), K (0.92 g/kg) and Fe (0.4 g/kg). However these results slightly 364 

disagrees with the SEM-EDS results, due to the fact that the fouling layer is unevenly 365 
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distributed and that the latter method under standard conditions analyzes the surface depth 366 

of only a few microns (Kuisma-Kursula (2000)). On the other hand the ICP-OES analysis 367 

confirms the low amount of Ca detected by the SEM-EDS study. This suggests that 368 

despite its abundance in manure, Ca is of less importance that the other ions in terms of 369 

fouling propensity. The significant amount of Na found in the fouling layer is probably 370 

due to precipitation on the membrane surface during drying of NaOH from the 5M 371 

solution. that has been used for raising pH. The sulphur presence could be explained by 372 

H2SO4 diffusing through the membrane  after wetting had occurred, as this was followed 373 

by an abrupt decrease in pH. The abundance of iron most likely is coming from the 374 

experimental setup, as there was some evidence of corrosion, even though all metal 375 

elements were made of stainless steel. It has also been found, that the membrane in itself 376 

contributes to the presence of cations/anions like Na+, K+, Ca2+ and S2-. Calcium 377 

carbonate is often used as a filler in the PP production (Maciel et al. (2004)). Likewise, 378 

IC analysis showed the presence of SO4
2-, Cl- and NO3

- anions (Table 2). Calcium ions 379 

together with sulphate ions can form gypsum, while sodium and chloride can form halite.  380 

 381 

Table 2 Foulant quantification and composition 382 

Concentrations of inorganic elements [g/kg membrane] 

Membrane Ca Cu Fe K Mg Mn P S Zn Na Cl- NO3- SO42- 

Virgin  0.04 ± 

0.001 

0.003 ± 

0.0001 

0.004 ± 

0.0001 

0.06 ± 

0.001 

0.01 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.03 ± 

0.001 

0.01 ± 

0.00 

0.13 ± 

0.003 

1.85 ± 

0.04 

0.46 ± 

0.01 

1.67± 

0.03 

Fouled  0.25 ± 

0.01 

0.004 ± 

0.000 

0.40 ± 

0.008 

0.92 ± 

0.02 

0.02 ± 

0.00 

0.01 ± 

0.00 

0.14 ± 

0.00 

1.97 ± 

0.04 

0.04 ± 

0.00 

6.03 ± 

0.12 

2.26 ± 

0.05 

0.37 ± 

0.01 

6.45 ± 

0.13 

 383 



19 
 

3.7 Fouling mechanism 384 

Based on the foulant characterization, it was concluded that the fouling consists of 385 

inorganic ions, proteins and/or peptides, some undegraded organic matter and 386 

microorganisms. However, the fouling process is relatively slow as the ammonia 387 

stripping process can be carried out for days with only relatively minor fouling as 388 

compared to membrane processes such as microfiltration and ultrafiltration. Among many 389 

factors determining if fouling becomes a severe problem, hydrodynamic conditions and 390 

membrane surface - foulants interactions are the most important.  391 

In ammonia membrane stripping there is no convective flow towards the membrane. 392 

Therefore, transport of matter is only by diffusion, driven by a concentration gradient. As 393 

none of the foulants can evaporate through the membrane, the diffusion of foulant towards 394 

the membrane will only be driven by their ability to adsorb on the membrane surface. 395 

Further, due to the hydrophobic character of the membrane, liquid cannot penetrate the 396 

membrane pores. Therefore, depth filtration with fouling caused by particle adsorption 397 

inside the pores does not occur. These factors inevitably lead to a slower fouling process, 398 

which in fact is more similar to fouling in heat exchangers than in micro- and 399 

ultrafiltration membranes. As neither inorganic salts nor proteins have affinity to adhere 400 

to hydrophobic surfaces, this also reduces fouling (C.Dietschweiler (2013)). 401 

Nevertheless, as observed fouling do occur, leading to a change in membrane surface 402 

properties from hydrophobic to hydrophilic and therefore an eventual wetting of the 403 

membrane. Understanding the mechanism behind fouling phenomena is thus important, 404 

if the problem is to be reduced and longtime usage of ammonia membrane distillation is 405 

to be achieved. 406 
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3.7.1 Organic fouling  407 

Based on the results from ATR-FTIR (Figure 6) it was found that the fouling layer is 408 

composed of proteins, which are more prone to adsorb on hydrophobic surfaces (Gryta et 409 

al. (2001)). Initially proteins in aqueous solution are coiled up in highly ordered structures 410 

achieving the least possible Gibbs free energy (C.Dietschweiler (2013)). Polar amino acid 411 

side chains thus will be predominant on the protein outer surface, while nonpolar amino 412 

acid side chains dominate the interior of the protein structure. This makes the protein 413 

outer surface hydrophilic and a semi-permanent hydration layer surrounds a protein in 414 

solution. Adsorption to a surface in itself is exothermic, but the gain from the van der 415 

Waals interactions might not be enough to overcome the electrostatic repulsion between 416 

the hydrated protein and the hydrophobic membrane surface. If the proteins on the other 417 

hand lose all or part of its hydrating layer, it will be able to adhere to the hydrophobic 418 

surface and start to change conformation. As this happen, the adsorption process, which 419 

in itself is endoentropic, is followed by an exoentropic process, as hydrating water 420 

molecules are released, and the originally highly ordered protein structure breaks down. 421 

This leads to a protein spreading on the membrane surface and further interaction between 422 

the hydrophobic amino acid side chains and the hydrophobic membrane (C.Dietschweiler 423 

(2013)). The hydrophilic amino acid side chains on the other hand will to a greater extent 424 

align so as to confront the aqueous solution. As a consequence, the Gibbs free energy, the 425 

driving force for adsorption, for partially or fully protein dehydration, becomes negative, 426 

leading to adsorption and a hydrophilization of the membrane surface, as seen from the 427 

lower water contact angle of the fouled membrane compared to the clean one (Figure 3a 428 

and Figure 3b).  429 
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Apart from proteins and peptides, phospholipids are organics that might contribute to the 430 

fouling initiation and hydrophilization of the membrane surface. Phospholipids form 431 

micelles in aqueous solutions, but will readily reform on hydrophobic surfaces, aligning 432 

the hydrophobic end with the membrane surface and the hydrophilic phosphate group into 433 

the aqueous surroundings. These interactions compared to the protein – membrane 434 

surface adsorptions are weak, though might enhance the initial rate of fouling. Further, at 435 

a later stage phospholipid adsorption to bound proteins might help to create a more dense 436 

fouling layer.  437 

3.7.2 Inorganic fouling  438 

The content of inorganic ions was analyzed by SEM-EDS and ICP-OES. The amounts of 439 

ions found by both methods do not support scaling layer formation. This is also confirmed 440 

by the SEM that show no evidence of crystallization. However, when the initial 441 

hydrophilic fouling layer has been formed, divalent ions like Ca2+ can strengthen the 442 

fouling layer, as they may act as bridging ions between the protein fouling layer and 443 

hydrophilic side chains of dissolved proteins, peptides and phospholipids. This will create 444 

a more compact fouling layer (Gryta et al., 2001), whereas solution chemistry impact of 445 

monovalent ions is not as significant (J-H Lee et.al.(2006)). 446 

3.7.3 Biofouling  447 

Even though microorganisms can grow on polypropylene membranes, the severe 448 

conditions for ammonia stripping used in this study do not support the growth of biofilms 449 

(Gryta 2002). This is in accordance with the SEM examinations of the fouled membrane 450 

samples, which indicated only few microorganisms incorporated with the fouling layer. 451 
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4. Conclusions 452 

This study demonstrates that SEM-EDS, ATR-IR, ICP-OES and IC can be used to 453 

identify foulants, which have deposited on the surface of membrane contactors during 454 

ammonia recovery from undigested swine manure.  455 

Fouling can be the limiting factor for the wider application of MD for ammonia recovery 456 

from pig house waste. It was found that in the MD process prevailing fouling is mainly 457 

organic, mostly proteins, with minor deposits as composed of inorganic elements, mainly: 458 

O, S, Fe, Na, Mg, K and microorganisms. The fouling problem becomes severe as the 459 

membrane surface changes from hydrophobic to hydrophilic, hindering ammonia 460 

stripping.  461 

Acknowledgement 462 

We are grateful to Per Morgen and Rajnish Dhiman for providing the facility and 463 

assistance with SEM-EDS measurements. The authors’ thank to Zhanghua Han for help 464 

with SEM, Casper Frydendal Nørgaard for the assistance with ATR-IR measurements 465 

and moreover Thomas Prangsgaard Andersen for contact angle measurements. Further 466 

the Authors want to thank The Danish Agency for Science, Technology and Innovation 467 

for economical support. 468 

 469 

References 470 

Belfer, S., Fainchtain, R., Purinson,Y., and Kedem, O. (2000) Surface characterization 471 

by FTIR-ATR spectroscopy of polyethersulfone membranes-unmodified, modified and 472 

protein fouled. Journal of Membrane Science 172 (1-2), 113-124. 473 

Dietschweiler, C. 2013. Protein adsorption at solid surfaces. Departement of 474 

Environmental Sciences, Insitute of Biogeochemistry and Pollutant Dynamics (IBP), 475 



23 
 

Swiss Federal Institute of Technology (ETH) Zurich. 476 

http://www.up.ethz.ch/education/term_paper/termpaper_hs07/Dietschweiler_rev_termp477 

aper_hs07.pdf. Accessed 15 February 2013.  478 

du Preez, J., Norddahl, B., and Christensen, K. (2005) The BIOREK(R) concept: a hybrid 479 

membrane bioreactor concept for very strong wastewater. Desalination 183 (1-3), 407-480 

415. 481 

Durig, J. R. (1980) Analytical Application of FT-IR to Molecular and Biological 482 

Systems., Reidel, Dordecht, Holland. 483 

Glagovich N. 2007. Infrared Spectroscopy IR Absorptions for Representative Functional 484 

Groups.  http://www.chemistry.ccsu.edu/glagovich/teaching/316/ir/table.html. Accessed 485 

30 February 2012.  486 

Gray, N. F. (2010) Water Technology: An introduction for environmental scientists and 487 

engineers. 488 

Gryta, M. (2008) Fouling in direct contact membrane distillation process. Journal of 489 

Membrane Science 325 (1), 383-394. 490 

Gryta, M., Tomaszewska, M., Grzechulska, J., and Morawski, A. W. (2001) Membrane 491 

distillation of NaCl solution containing natural organic matter. Journal of Membrane 492 

Science 181 (2), 279-287. 493 

Gryta,M. (2002) The assessment of microorganism growth in the membrane distillation 494 

system. Desalination 142 (1), 79-88 495 

Gryta, M., Tomaszewska, M., and Karakulski, K. (2006) Wastewater treatment by 496 

membrane distillation. Desalination 198 (1-3), 67-73. 497 



24 
 

Hashim, D. M., Man, Y. B. C., Norakasha, R., Shuhaimi, M., Salmah, Y., and Syahariza, 498 

Z. A. (2010) Potential use of Fourier transform infrared spectroscopy for differentiation 499 

of bovine and porcine gelatins. Food Chemistry 118 (3), 856-860. 500 

Hjorth, M., Christensen, K. V., Christensen, M. L., and Sommer, S. G. (2010) Solid-liquid 501 

separation of animal slurry in theory and practice. A review. Agronomy for Sustainable 502 

Development 30 (1), 153-180. 503 

Horikoshi, K. (2011) Extremophiles Handbook. pp. 67-75, Springer. 504 

Jackson, M., Choo, L. P., Watson, P. H., Halliday, W. C., and Mantsch, H. H. (1995) 505 

Beware of Connective-Tissue Proteins - Assignment and Implications of Collagen 506 

Absorptions in Infrared-Spectra of Human Tissues. Biochimica et Biophysica Acta-507 

Molecular Basis of Disease 1270 (1), 1-6. 508 

Kavanagh, J. M., Hussain, S., Chilcott, T. C., and Coster, H. G. L. (2009) Fouling of 509 

reverse osmosis membranes using electrical impedance spectroscopy: Measurements and 510 

simulations. Desalination 236 (1-3), 187-193. 511 

Ko, M. K., Pellegrino, J. J., Nassimbene, R., and Marko, P. (1993) Characterization of 512 

the Adsorption-Fouling Layer Using Globular-Proteins on Ultrafiltration Membranes. 513 

Journal of Membrane Science 76 (2-3), 101-120. 514 

Kuisma-Kursula, P. (2000) Accuracy, precision and detection limits of SEM-WDS, SEM-515 

EDS and PIXE in the multi-elemental analysis of medieval glass. X-Ray Spectrometry 516 

29 (1), 111-118. 517 

Lee, J-H, Kang S-T, Ahn Y-T, Shin H-S, (2006), Impact of Cell Surface Characteristics 518 

on Membrane Fouling, Proceedings WEFTEC06 conference. 519 



25 
 

Maciel, A., Aguilar, M., Luis, A., and Manero, O. (2004) Production of polymeric 520 

membranes made of polypropylene, poly(ethylene-co-vinyl acetate), and poly(vinyl 521 

alcohol). Journal of Applied Polymer Science 92 (5), 3275-3286. 522 

Mairal, A. P., Greenberg, A. R., and Krantz, W. B. (2000) Investigation of membrane 523 

fouling and cleaning using ultrasonic time-domain reflectometry. Desalination 130 (1), 524 

45-60. 525 

Masse, L., Masse, D. I., Beaudette, V., and Muir, M. (2005) Size distribution and 526 

composition of particles in raw and anaerobically digested swine manure. Transactions 527 

of the Asabe 48 (5), 1943-1949. 528 

Melian-Martel, N., Sadhwani, J. J., Malamis, S., and Ochsenkuhn-Petropoulou, M. (2012) 529 

Structural and chemical characterization of long-term reverse osmosis membrane fouling 530 

in a full scale desalination plant. Desalination 305 44-53. 531 

Moller,H.B., Hansen,J.D., and Sorensen,C.A.G. (2007) Nutrient recovery by solid-liquid 532 

separation and methane productivity of solids. Transactions of the Asabe 50 (1), 193-200 533 

Mondor, M., Ippersiel, D., Lamarche, F., and Masse, L. (2009) Fouling characterization 534 

of electrodialysis membranes used for the recovery and concentration of ammonia from 535 

swine manure. Bioresource Technology 100 (2), 566-571. 536 

Nghiem, L. D. and Schafer, A. I. (2006) Fouling autopsy of hollow-fibre MF membranes 537 

in wastewater reclamation. Desalination 188 (1-3), 113-121. 538 

Oldani, M. and Schock, G. (1989) Characterization of Ultrafiltration Membranes by 539 

Infrared-Spectroscopy, Esca, and Contact-Angle Measurements. Journal of Membrane 540 

Science 43 (2-3), 243-258. 541 



26 
 

Schafer, A. I., Fane, A. G., and Waite, T. D. (1998) Nanofiltration of natural organic 542 

matter: Removal, fouling and the influence of multivalent ions. Desalination 118 (1-3), 543 

109-122. 544 

Semmens, M. J., Foster, D. M., and Cussler, E. L. (1990) Ammonia Removal from Water 545 

Using Microporous Hollow Fibers. Journal of Membrane Science 51 (1-2), 127-140. 546 

Sommer, S. G. and Husted, S. (1995) A simple model of pH in slurry. The Journal of 547 

Agricultural Science 124 (03), 447-453. 548 

Srisurichan, S., Jiraratananon, R., and Fane, A. G. (2005) Humic acid fouling in the 549 

membrane distillation process. Desalination 174 (1), 63-72. 550 

Xu, P., Bellona, C., and Drewes, J. E. (2010) Fouling of nanofiltration and reverse 551 

osmosis membranes during municipal wastewater reclamation: Membrane autopsy 552 

results from pilot-scale investigations. Journal of Membrane Science 353 (1-2), 111-121. 553 

Zarebska, A., Norddahl, B., and Christensen, K. V. (2012) Fouling characterization of 554 

membrane contactors used for the recovery and concentration of ammonia from 555 

undigested pig slurry. 11th World Filtration Congress & Exhibition Abstract Book Vol. 556 

1, pp 209. Graz, Austria, Filtech.  557 

Zhang, J., Padmasiri, S. I., Fitch, M., Norddahl, B., Raskin, L., and Morgenroth, E. (2007) 558 

Influence of cleaning frequency and membrane history on fouling in an anaerobic 559 

membrane bioreactor. Desalination 207 (1-3), 153-166. 560 

 561 


	1. Introduction
	2. Methods
	2.1 Experimental setup
	2.2 Materials
	2.2.1 Membrane
	2.2.2 Feed and stripping solution
	2.2.3 Gelatin coating

	2.3 Analytical methods
	2.4 Manure analysis
	2.5 Membrane autopsy protocol
	2.6 Foulant extraction
	2.7 Ammonia flux

	3. Results and discussion
	3.1 Initial ammonia flux through the membrane
	3.2 Manure analysis
	3.3 Visual observations
	3.4 SEM-EDS
	3.5 ATR-FTIR
	3.6 ICP-OES & IC
	3.7 Fouling mechanism
	3.7.1 Organic fouling
	3.7.2 Inorganic fouling
	3.7.3 Biofouling


	4. Conclusions

