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Abstract 19 

Membrane Contractor (MC) is a separation method that has had growing interest because of its 20 

recovery performance and comparably lower energy consumption. Herein, a two-stage recovery 21 

MC system was investigated to recover volatile fatty acids (VFAs) and ammonium from 22 

simulated wastewater. The MC achieved the total VFA recovery of 77% ± 3%, 82% ± 5%, and 23 

74% ± 8%, with 0.1, 0.3, and 0.5 M NaOH permeate solutions, respectively. The 0 M NaOH 24 

permeate recovered only 38% ± 2% of the VFAs due to the osmotic distillation occurring in the 25 

opposite direction (permeate to feed) of the VFA transport. Despite the initial pH of the feed 26 

solution, osmotic distillation was similar when the permeate was maintained at 0.5 M NaOH. 27 

The vapor pressure changes at each sampling period showed high correlation with the water 28 

transported (R2=0.958). Ammonium recovery was not significantly different when the pH was 29 

maintained while increasing the molarity of the H2SO4 permeate, likely due to the high vapor 30 

pressure of ammonia gas. Multi-criteria decision analysis was used to determine the optimal 31 

operation conditions for MC operation.  The results of this study would encourage further 32 

exploration of MC technologies for efficiency recovery of VFA and ammonium from 33 

wastewater. 34 

 35 

Keywords: Membrane separation; resource recovery; volatile fatty acid; ammonium; anaerobic 36 

digestate, wastewater treatment 37 
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1.1 Introduction 39 

Anaerobic digestion (AD) is a waste treatment technology capable of recovering energy in the 40 

form of biogas. Factors that determine the efficacy of the AD process include waste feed source, 41 

digester temperature, and microbial community composition (1, 2). Among the key compounds 42 

of interest in digestate, both volatile fatty acids (VFAs) and ammonia can be separated and then 43 

recovered with reuse value in the agricultural, textiles and food industries (3, 4). They 44 

abundantly co-exist in environments where anaerobic process or fermentation is occurring. 45 

Ammonia (pKa~9.23) is a reduced nitrogen species of weak base and commonly found in 46 

wastewater and sludge (5). VFAs (e.g., acetic (pKa~4.76), propionic (pKa~4.88), and butyric 47 

(pKa~4.82) acid at 25°C) are weak acids that are produced during acidogenesis from biological 48 

degradation of carbohydrates (6). Despite the robustness of AD, there are many toxins that 49 

negatively affect the treatment process (7). For example, a high ammonium concentration can 50 

significantly alter the carbon-nitrogen ratio which inhabits microbial degradation of long-chained 51 

carbon molecules to simple carbon structures (8, 9). This can result in the accumulation of VFAs 52 

in the digestate and low biogas production because microorganisms cannot properly carry out 53 

acetogenesis and methanogenesis reactions (10). Increased ammonium concentrations have been 54 

shown to directly affect the transport of K+ across the cell membrane for the purpose of 55 

maintaining intercellular pH levels (Xing, 2021). It is possible that this change causes the 56 

microbial community to diversify its composition to still carry out methane production. 57 

However, in cases where this is not evident it presents an opportunity for the digestate to have 58 

increased amounts of VFAs and ammonium for subsequent recovery, for example using 59 

membrane technologies.  60 

 61 
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Membrane based technologies such as membrane distillation (MD), electrodialysis (ED) 62 

and reverse osmosis (RO) have been employed to recover useful resources from wastewater, and 63 

factors such as energy consumption, recovery efficiency and efficacy, and technology durability 64 

are used to assess a technology’s applicability (11). MD operation requires a temperature 65 

gradient between a feed solution and a permeate solution which promotes water vapor transport 66 

from the hot to the cold source (12). It was reported that nutrients such as ammonia can have a 67 

higher flux at a higher temperature of 60°C (0.82 ± 0.02 g m−2 h−1) compared to that at a lower 68 

temperature of 20°C (0.26 ± 0.03 g m−2 h−1) during the MD treatment (13). Typical ED treatment 69 

takes advantage of an applied voltage to increase the migration of anions and cations across ion 70 

exchange member towards different compartments, resulting in the concentrated solutions of 71 

cations or anions (14). Previous ED studies have reported ammonia recovery efficiency of 95.8-72 

100% (15) and 95% recovery for acetic acid (16). The main challenges that arise with ED and 73 

MD approaches are the increased inputs of electrical and thermal energy to drive resource 74 

recovery. Although RO is typically used as a desalination technology, it has also shown potential 75 

for ammonia recovery via concentration or gas permeation depending on the feed pH (17). For 76 

example, 95% of ammonium was concentrated when the solution pH < 9 but 63% of ammonia 77 

gas was able to pass the RO membrane when pH > 9 (18). The demand for a high pressure that 78 

causes acute fouling however would let RO to be less considered for resource recovery compared 79 

to other technologies. 80 

 81 

Evolved from MD, membrane contactor (MC) has received a growing interest for 82 

resource recovery because of its low energy consumption and comparably good recovery 83 

efficiency (19). MC has been studied to remove carbon dioxide from air sources (20, 21), and  84 
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other compounds such as sulfur dioxide (22), alcohols (23), ammonia (24) and VFAs (25) as its 85 

applicability has become broader. Specifically for ammonia and VFAs, MC works if a pH 86 

gradient exists so that the gaseous form is released from the feed solution and then absorbed in 87 

the aqueous form in the permeate solution. For example, the mass flux rate of acetic acid 88 

decreased from ~11.03 to ~2.45 g m-2 h-1 when the solution pH was adjusted from 3 to 5.45, 89 

suggesting the immobility of acetic acid in its ionic form at the higher pH level, and the 90 

increased acetic acid recovery was observed for the increased NaOH absorption solution 91 

normality (26). One factor that has been overlooked in many MC studies is water vapor transport 92 

via osmotic distillation because of vapor pressure difference between the feed and permeate 93 

solutions (27). Recent studies have begun to report water flux (28, 29), but the further 94 

understanding of the implications that osmotic distillation may have on VFA and ammonia 95 

recovery is still necessary. Modeling ammonia recovery using MC has been pursued in a few 96 

studies (30-33), but many of these models lack the consideration of how water vapor transport 97 

affects recovery of volatile compounds as well as economic feasibility of using MC.  98 

 99 

In this study, the effects of permeate composition and pH adjustment on osmotic 100 

distillation and resource recovery via MC were investigated. We proposed a two-step recovery 101 

process using a hollow fiber membrane module where switching pH would allow VFAs recovery 102 

in a NaOH absorption solution and then ammonium recovery in a H2SO4 absorption solution. 103 

The operation mode used in this study was direct contact, liquid-liquid MC with no temperature 104 

gradient between the feed and permeate solution, thereby minimizing the temperature influenced 105 

water vapor transport, which is common in MD processes. This will highlight the effects of 106 

osmotic distillation. Acetic, propionic, and butyric acids are used to better identify the effects 107 
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VFAs have on the MC separation and osmotic distillation. A synthetic solution was used in order 108 

to effectively compare the recovery of VFA and ammonium during the different iterations of the 109 

study. The specific objectives of this study included: (1) demonstrating the feasibility of two-step 110 

recovery of VFAs and ammonia; (2) optimizing operation conditions for maximum VFA and 111 

ammonium recovery; (3) developing a model to predict VFA recovery, ammonium recovery, and 112 

water movement based on operation conditions; and (4) conducting initial evaluation of 113 

economic feasibility of recovering VFAs and ammonium using MC. System optimization based 114 

on the order of recovery was then investigated after all individual experiment iterations were 115 

compared using multi-criteria decision making. 116 

 117 

2. Method & Material 118 

2.1 Membrane Contractor Set Up & Operation 119 

A hollow fiber membrane module (St. Louis, USA) was used for the membrane contactor 120 

experiment. The initial volumes of the feed and permeate solutions were equal at 400 mL before 121 

pH adjustments. The detailed operation conditions are shown in Table 1 that outlines the initial 122 

pH and solute molarity for the feed and permeate solutions. The feed solution composed of 2000 123 

mg L-1 acetic acid, 750 mg L-1 propionic acid, 750 mg L-1 butyric acid, and 3.68 g L-1 124 

(NH4)2HPO4, and other elements (per liter of deionized (DI) water): 0.15 g NH4Cl, 0.5 g NaCl, 125 

0.015 g MgSO4, 0.02 g CaCl2, 0.1 g NaHCO3. The pH adjustments were made with H2SO4 126 

and/or NaOH solutions under continuous stir mode with pH probe inserted into the solution. The 127 

basic and acidic permeate solutions were prepared om a stir plate until the solute was completely 128 

dissolved in the water. The feed and permeate solutions were recirculated through the membrane 129 

module at 20 mL min-1. The VFA recovery tests were operated in a batch mode of 24 hours with 130 



7 

 

sample collection at 0, 3, 6, 12, and 24 h. The ammonium recovery tests were operated in a batch 131 

mode of 6 hours with samples taken at 0, 1, 2, 3, and 6 h. Membrane cleaning was performed 132 

before MC operation for VFA and ammonium separation. The membrane was cleaned by (i) 133 

backwash with DI water, (ii) backwards flushing with acid/ base, (iii) acid/base soak, and (iv) 134 

forward flushing with DI water. Before VFA separation, an acid solution (0.10 M H2SO4) was 135 

used on the feed side of the membrane and a base solution (0.05 M NaOH) was used on the 136 

permeate side for membrane cleaning step (ii) and (iii). Before ammonium separation, a base 137 

solution (0.10 M NaOH) was used on the feed side of the membrane and an acid solution (0.05 138 

M H2SO4) was used on the permeate side for membrane cleaning step (ii) and (iii). All solutions 139 

were prepared using a stir plate until the solute was completely dissolved. All tests were 140 

performed in triplicate under room temperature (~24 ºC). 141 

 142 

2.2 Measurement and Analysis   143 

A digital balance (Scort Pro, Ohous, Columbia, MD, USA) was used to measure the 144 

permeate solution mass. LoggerPro data collection software was used to record mass of the 145 

permeate at 2-minute intervals. Water flux (Jw, L  h-1) was calculated according to Eq. 1: 146 𝐽𝑤 = ∆𝑚∆𝑡                     (1) 147 

where Δm (g) is the change in mass of the feed solution that is converted to liters and Δt is the 148 

change in time (h-1). 149 

The VFA and NH4
+ transport and recovery were calculated using Eq. 2-3: 150 𝐽𝑆  = 𝐶𝑓𝑉𝑓 − 𝐶𝑖𝑉𝑖𝛥𝑡                  (2) 151 

% = 𝐶𝑓𝑉𝑓 − 𝐶𝑖𝑉𝑖𝐶𝑖𝑉𝑖                  (3) 152 
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where Cf and Ci (mmol L-1
 and mg L-1) represent the final and initial concentration, respectively, 153 

of VFA and NH4
+. The Vf and Vi (L) variables represent the final and initial volumes of the feed 154 

solution, respectively. 155 

Specific flux (g L-1) was calculated according to Eq. 4: 156 

Specific flux = 𝐽𝑆/𝐽𝑤                 (4) 157 

 158 

VFAs were analyzed using gas chromatography equipped with a flame ionization 159 

detector (Focus GC, Thermo Scientific; GC-FID). The ammonium concentration was analyzed 160 

using cation chromatography equipped with IonPac CS12A (Dionex Easion, Madison, WI, 161 

USA). Electrical Conductivity (Mettler-Toledo, Columbus, OH, USA) and pH (Oakton 162 

Instruments, Vernon Hills, IL, USA) were measured using benchtop conductivity and pH meters.  163 

 164 

2.3 Modeling    165 

 To understand water permeation during the MC treatment, the vapor pressures of the feed 166 

and permeate solutions were calculated. Raoult’s Law was used to calculate the theoretical vapor 167 

pressure (Psolution) of each solution according to Eq. 5-8 168 

P𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = P𝑤𝑎𝑡𝑒𝑟 − ∑ χ𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑃𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑜𝑛1  + ∑ χ𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑃𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑜𝑛1     (5) 169 χ𝐴 = 𝑛𝐴𝑛𝐴+𝑛𝐵            (6) 170 

𝐾𝑎 = [𝐻+][𝑉𝐹𝐴−][𝑉𝐹𝐴]           (7) 171 

𝐾𝑏 = [𝑁𝐻4+][𝑂𝐻−][𝑁𝐻3]           (8) 172 

where Pwater (mmHg) is the vapor pressure of pure water (23.8 mmHg at 25°C), χ𝐴 is the mole 173 

fraction of the solvent, 𝑃𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑜  (mmHg) is the initial vapor pressure of the solvent, nA and nB 174 
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represent the moles of the solvents and solutes, Ka represents the disassociation constant of the 175 

acids to determine the state of VFAs based on pH and Kb represents the disassociation constant 176 

of the base to determine the state of ammonium based on pH in the solution. 177 

 The vapor pressure gradient between the feed and permeate solution was calculated 178 

according to Eq. 9: 179 

∆(𝑃𝑓𝑒𝑒𝑑 − 𝑃𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒) = (𝑃𝑓𝑒𝑒𝑑−𝑃𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒)𝑓−(𝑃𝑓𝑒𝑒𝑑−𝑃𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒)𝑖2                                            (9) 180 

where Pfeed and Ppermeate (mmHg) are the vapor pressure of the feed and permeate solutions, 181 

respectively, and the Pf and Pi are the vapor pressure gradients of the final and initial samples, 182 

respectively. 183 

 184 

3. Results & Discussion 185 

3.1 VFAs recovery dependence on NaOH and pH 186 

VFAs were successfully recovered using the MC with NaOH in the permeate solution. In 187 

details, the recovery of acetic acid was less affected by NaOH and exhibited similar efficiency of 188 

76 ± 3%, 79 ± 6%, and 70 ± 9% with the 0.1 M, 0.3 M and 0.5 M of NaOH, respectively (Fig. 189 

2A). The MC achieved more recovery of propionic acid (80 ± 3%, 86 ± 2%, and 80 ± 8%) and 190 

butyric acid (86 ± 8%, 92 ± 2%, and 89 ± 5%) with three tested NaOH solutions. The 191 

phenomenon that higher recovery of higher-chained VFAs was also reported in the previous 192 

studies that utilized gas permeable membranes for VFAs separation and recovery (25). In the 193 

absence of NaOH in the permeate solution (0 M), the MC recovered 36 ± 2%, 39 ± 2%, and 45 ± 194 

2% of three different types of VFAs, with a total VFAs recovery efficiency of 38 ± 2% in a 195 

period of 24 hours. Despite a lack of alkaline solution in the permeate, the highly acidic feed 196 

(pH=3) should have resulted in some VFAs being able to cross the gas permeable membrane. 197 
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The previous finding that increasing the molarity permeate solutions yield greater recovery 198 

across gas permeable membrane (26) was not clearly observed in the present study. 199 

 200 

Because of water osmosis, the 0.5 M and 0.3 M NaOH adsorption solutions extracted 100 201 

± 5 mL and 60 ± 8 mL of water from the feed solution, respectively (Fig. 2B). That is, some 202 

water was moving in the same direction as VFAs from the feed to the permeate solution. On the 203 

contrary, when the adsorption solution did not contain NaOH, 30 ± 9 mL of water transported in 204 

a reverse direction from the permeate to the feed, because the pure water permeate (0 M NaOH) 205 

had a higher vapor pressure due to the lack of solutes than the feed solution. This reversal water 206 

movement in the opposite direction of VFAs migration might have created some resistance to 207 

VFAs migration and contributed to the significantly lower VFAs recovery (38 ± 2%) (p<0.05) 208 

than that with the 0.1, 0.3, and 0.5 M NaOH (77 ± 3%, 82 ± 5%, and 74 ± 8%) (Fig. 2C).  209 

 210 

To further understand the effects of osmotic distillation, the permeate solution containing 211 

0.5 M NaOH was maintained while the pH of the feed solution was adjusted from 3 to 6. After 212 

the MC treatment, the total VFAs concentration in the feed was 5.30 mM, 15.36 mM, 40.91 mM, 213 

and 53.14 mM, at the pH of 3, 4, 5, and 6, respectively (Fig. 3A). A higher VFAs concentration 214 

at a higher feed pH was because of VFAs being more ionized at the higher pH level and thus 215 

rejected by the gas permeable membrane. Interestingly, these results occurred under relatively 216 

high water transport compared to the tests where the pH was maintained and the permeate 217 

solution molarity was adjusted. The water displaced increased from 91.5 ± 2.9 mL (pH=6), to 218 

101.8 ± 0.9 mL (pH=5), 103.5 ± 1.7 mL (pH=3), or 110.8 ± 9.8 mL (pH=4) (Fig. 3B). The total 219 

VFAs recovered was significantly lower at pH=5 (28 ± 4%) or pH=6 (16 ± 2%) because of the 220 
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solution pH exceeding the pKa for each VFA (Fig. 3C). The pH and EC of the feed and permeate 221 

solutions had little effect on the VFA recovery (Figure S1-2). 222 

 223 

Specific VFAs flux corroborated the observation that VFAs transport is a separate 224 

phenomenon from osmotic distillation. When the permeate solution was maintained at 0.5 M 225 

NaOH, the water flux decreased from 5.26 mL h-1 at 3 h to 3.65 mL h-1 after 24 h of the MC 226 

treatment (Fig. 4). The test under the condition of 0.1 M NaOH and pH=3 showed that VFAs 227 

could transport across the membrane despite water movement. The reason for water transport 228 

during MC has yet to be defined to any particular variable. However, experimental observations 229 

suggest that the vapor pressure difference between the feed and permeate solutions is likely the 230 

driving force for water transport. In the presence of individual VFAs, the water transport showed 231 

high correlation (R2=0.958) to the vapor pressure gradient (Fig. 5). As the theoretically 232 

calculated vapor pressure increased, more water moved from the feed to the permeate. Reverse 233 

water transport was observed when the vapor pressure of the permeate was higher than that of 234 

the feed (pH=3, pure water permeate). A small range (0.126-0.173 mmHg) of vapor pressure 235 

gradient difference with an average of 0.154 ± 0.015 mmHg was determined for the operation 236 

modes using 0.5 M NaOH as a permeate, because the amount of VFAs in the gaseous state did 237 

not alter the solutions vapor pressure compared to the amount of base that did significantly 238 

decrease the permeates vapor pressure. Additionally, the transport of water across the membrane 239 

due to the differences in vapor pressure could inhibit maximum recovery of the VFA. This was 240 

evident in the case where osmotic distillation from the permeate to the feed decreased the VFA 241 

transport across the membrane. Limiting the amount of water transport would also decrease the 242 

dilution of the permeate which could complicate reuse of the VFAs. 243 
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 244 

3.2 Ammonium recovery and the effects of permeate volume 245 

Ammonium recovery was mainly dependent on the initial pH of the feed solution instead of the 246 

H2SO4 molarity of the permeate (adsorption solution). The water displaced also had direct 247 

correlation to the permeate solution. As the H2SO4 molarity in the permeate increased from 0.1 248 

to 0.5 M, the water displaced from the feed to the permeate increased from 19.1 ± 6.4 to 54.2 ± 249 

8.1 mL (Fig. 6A). Similar to the VFA recovery, the displaced water was due to osmotic 250 

distillation based on the vapor pressure gradient between the feed and the permeate. Ammonium 251 

recovery efficiencies of 64 ± 6% (0.1 M of H2SO4), 70 ± 1% (0.3 M), and 73 ± 18% (0.5 M) 252 

were obtained in the first hour of MC separation (Fig. 6B), benefited from the high vapor 253 

pressure of NH3 gas when the pH of the feed solution was adjusted to 12 using NaOH. After 6 254 

hours of the MC operation, the recovered ammonium using 0.1 M, 0.3 M and 0.5 M H2SO4 255 

permeate solutions was 71 ± 6%, 75 ± 2%, and 81 ± 7%, respectively. The difference of recovery 256 

efficiency between 1-hour and 6-hour operation suggested that most of recovery occurred in a 257 

relatively short period of time and thus the extended MC operation might not be necessary 258 

(which would help decrease the operation related expense).  Indeed, less than 10% of the 259 

recovered ammonium was obtained in the last 5 hours of the treatment time. Changes in pH for 260 

feed pH=9-10 explain the decrease in recovery (Figure S3). Additionally, less water was 261 

displaced with the lower molarity permeate solutions, suggesting that the vapor pressure gradient 262 

was lower than the higher molarity permeate solution tests.  263 

 264 

Water displacement increased as the feed pH was adjusted from 9 to 12 due to the increased 265 

vapor pressure gradient. Only 25.4 ± 1.9 mL of the feed water transported into the permeate at 266 
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the feed pH of 9, much lower than 54.6 ± 7.5 mL at the pH=12, related to the NH4
+/NH3 ratio 267 

(Fig. 7A): the solution having more NH4
+ present at lower pH levels would lower the vapor 268 

pressure and thus result in less water transport; in contrast, higher pH levels mean more NH3 is 269 

present which increases the vapor pressure resulting in a greater vapor pressure gradient and 270 

more water transport. The pH and EC of the feed and permeate also adjusted as ammonium 271 

moved across the membrane (Figure S4). Ammonium recovery obtained after 6 hours of 272 

operation was 30 ± 7%, 63 ± 4%, 70 ± 3%, and 81 ± 7%, at pH=9, 10, 11 and 12, respectively. 273 

Clearly, a higher permeate pH could drive more NH3 to transport across the gas permeable 274 

membrane. Compared to the H2SO4 permeate solution tests, ammonium recovered went from 17 275 

± 4% to 30 ± 7% (pH=9) and 44 ± 7% to 63 ± 4% (pH=10) from the first to last hour, 276 

respectively. Higher recovery was observed initially for pH=11 and pH=12, indicating that less 277 

time is necessary for ammonium recovery at higher pH levels despite the molarity of the 278 

permeate solution. Additional benefits of less acid usage and less energy demand could be 279 

beneficial to the overall MC recovery process. 280 

 281 

The specific flux of ammonium between the tests where the permeate solution was 282 

maintained (0.5 M H2SO4) decreased from 59.9 g NH4
+-N L-1 at pH=11 to 16.4 g NH4

+-N L-1 at 283 

pH=9. When the pH of the feed was maintained at pH=12, the specific flux of ammonium 284 

trended downward with an increase in permeate solution molarity. The highest specific 285 

ammonium fluxes were 59.9 g NH4
+-N L-1 (0.5 M H2SO4 and feed pH=11), 52.7 g NH4

+-N L-1 286 

(permeate: 0.1 M H2SO4 and feed pH=12), and 47.7 g NH4
+-N L-1 (permeate: 0.5 M H2SO4 and 287 

feed pH=10) (Fig. 8). An evident trend was not observed based on pH or molarity. A point to 288 

highlight however is that similar recovery at the different starting feed pH levels may suggest 289 
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that adjusting to the highest pH or generating a higher molarity permeate might not be necessary. 290 

This would decrease the need for dilution of the permeate and cost for operation. In addition, the 291 

water transport rate for the conditions when the feed pH=12 for the 0.1 M, 0.3, and 0.5 M 292 

permeate solutions increased from 5.1 ± 3.4 to 6.3 ± 3.6 mL h-1, 9.0 ± 3.2 to 13.0 ± 3.5 mL h-1 , 293 

and 10.1 ± 3.4 to 12.8 ± 1.5 mL h-1 , respectively, from the first hour to the second hour of the 294 

MC operation. This is likely due to the decrease of the permeate vapor pressure after the rapid 295 

recovery of ammonium. A similar transport rate trend (4.3 ± 3.9 mL h-1
 to 6.2 ± 4.8 mL h-1) was 296 

observed when the permeate was 0.5 M H2SO4 and the pH=11 in the feed. In the case where the 297 

ammonium recovery happened more slowly due to a lower NH4
+/NH3 ratio (pH=9 and 10) at pH 298 

levels closer to pKa=9.23, lower water transport was observed. However, higher water recovery 299 

occurred when the feed pH=10 compared to feed pH=9 that did not yield greater ammonium 300 

transport, suggesting that the pH of the solution had a greater effect than osmotic distillation. 301 

This ultimately means that each operating conditions optimal recovery requires less time because 302 

of NH3 having a high vapor pressure at higher pH levels. 303 

 304 

 305 

3.3 Economic Factors and Decision Analysis 306 

Economic feasibility of the proposed two-stage recovery system should be considered 307 

when determining optimal operating conditions. The cost of each operation condition is related 308 

to the amount of acid (H2SO4) and base (NaOH) necessary to (1) adjust the pH of both feed and 309 

(2) generate permeate solutions to trap the resources (Table S1). These values were determined 310 

based on market value of the chemicals at the time of data collection. The cost increased as the 311 

feed pH decreased in the VFA recovery mode or the feed pH increased in the NH4
+ recovery 312 
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mode, as well as for increasing molarity permeate solutions. The cost of each combination of 313 

VFA and NH4
+ recovery was then compared to the recovery percentages observed during the 314 

MC experiments (Fig. 9). The recovery of ammonium had the lowest Quartile range (66.5%-315 

78.0%) for variables that would determine operation conditions. The decreased range of recovery 316 

efficiencies is likely due to the high vapor pressure of ammonia gas. After the pH exceed the 317 

pKa, the ammonia effectively moved across the hollow fiber membrane with little adverse 318 

effects as the pH was increased. The VFA recovery ranged from the 1st Quartile to the 2nd 319 

Quartile is 35.9% to 74.8%, respectively, suggesting that operational decisions are more 320 

important to the MC efficacy separation for VFA recovery compared to ammonium recovery. In 321 

contrast to ammonium recovery, VFAs have lower vapor pressures and do not completely 322 

disassociate in solution. This means that VFAs in the solution would be available for recovery in 323 

their gases state compared to stronger acids. The use of acid and base for pH change and 324 

permeate generation also showed a wide range from $0.27 to $1.19 for the various configuration 325 

of VFA and ammonium recovery that were possible based on combining operation modes. The 326 

balance between VFA recovery, ammonium recovery, and cost are not well explained by the 327 

variability to understand which operation modes would be most favorable. Additional analysis is 328 

warranted to identify optimal conditions based on economic feasibility and resource recovery 329 

efficacy. 330 

 331 

Multi-criteria decision analysis was used to determine the optimal operating conditions 332 

based on VFA recovery, ammonium recovery and cost of operation. The 42 number of possible 333 

combinations were evaluated using 4 variables (v1=Cost, v2=VFA recovery, v3=NH4
+ recovery 334 

v4=VFA/ NH4
+ ratio) for 4 situations (S1- equal variable weight, S2- cost variable heavily 335 
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considered S3- cost variable mildly considered , S4- cost variable lowly considered). The 336 

different situations were able to evaluate the cases where recovery performance and cost were of 337 

equal importance, as well as a range of importance of either variable. The 42 combinations were 338 

listed from the highest score to the lowest score for each of the 4 situations. After compiling the 339 

operation combinations, multiple combinations were favorable in more than 1 situation due to 340 

high rankings after applying variable weights (Table 2). The only combination recovery steps 341 

that made it into the top of the analysis of the 4 situations was NH4
+ (pH=12, 0.1 M H2SO4; 342 

pH=3, 0.1 M NaOH). This is considered the most optimized coupling because regardless of the 343 

variable weights, it resulted in the top 5 of all possible combinations of VFA and NH4
+ recovery 344 

conditions. In addition, this is due to the low cost necessary to generate the permeate solutions in 345 

both VFA and NH4
+ recovery modes. Situation 2 is the only situation where a different operation 346 

mode was favored because of a lack of a NaOH permeate solution. Overly considering cost 347 

however may not be a strong evaluation due to such low consideration of performance. While 348 

not considered in the multi-criteria decision analysis, limiting the dilution of the permeate due to 349 

osmotic distillation would allow for a more concentrated source of each resource. To determine 350 

if there are any advantages of recovering VFA or NH4
+ first, additional MC separation tests were 351 

completed. The recovery of acetic acid (1st: 71 ± 4% vs. 2nd: 70 ± 4%), propionic acid (1st: 77 ± 352 

4% vs. 2nd: 76 ± 3%) and butyric acid (1st: 81 ± 3% vs. 2nd: 81 ± 3%) was the similar regardless 353 

of the recovery order and minimal lost (Fig. 10). The NH4
+ recovered was higher at 81 ± 7% as 354 

the second step compared to 73 ± 3% as the first step based on the amount of ammonium 355 

available. However, the absolute amount revealed that NH4
+ lost was lower when it was 356 

recovered first. This suggests that the 1-hour recovery of ammonium should take place initially 357 

before the 24-hour VFA recovery. 358 
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 359 

 360 

3.4 Perspectives 361 

Utilizing MC for recovery of volatile fatty acids and ammonium is potentially a 362 

promising method because of the decreased energy demand compared to MD. Challenges around 363 

recovery time, operational cost, and performance decline due to fouling would need to be 364 

addressed to improve the technologies implementation. First, VFAs in their gaseous state have a 365 

much lower vapor pressure than ammonia which results in a long recovery time that is over 24 366 

times slower. This could be solved through design where MC retention time for VFA recovery is 367 

greater than that for ammonia. Absorption of VFAs utilizing amine-functional groups has shown 368 

to have recovery times less than 280 minutes (34) and could potentially be applied in membrane 369 

fabrication to increase recovery rate during MC operation. VFA selectivity could also be 370 

explored based on the membrane fabrication. Second, the use of acids and bases can increase 371 

cost of the operation for both VFA and ammonium recovery. Addressing this issue is highly 372 

necessary to increase the economic feasibility of MC separation. Producing acid and based using 373 

electrolysis has shown to be an effective approach for recovery of many resources from 374 

wastewater (35) but would increase the energy intensiveness. Using renewable energy such as 375 

solar energy that is becoming more popular in wastewater treatment plants may help address the 376 

energy need by electrolysis that provides onsite acid/base production. Third, membrane fouling 377 

is an inevitable issue. This issue could be further evident when using MC to separate VFA and 378 

ammonium from AD from a real digester. The presence of other wastewater constituents such as 379 

microbes and toxic gases could exacerbate the fouling in the membrane. Additionally, the two-380 

stage recovery MC process requires acidification and alkalization of the wastewater, the effects 381 
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of membrane fouling might be decreased during operation changes (36). Understanding long 382 

term effects of VFA and ammonium recovery could help increase the financial feasibility 383 

inclusive of membrane requirements. For instance, using less acid and base to achieve recovery 384 

with less osmotic distillation could increase the chances of biological fouling in membrane pores 385 

(37). Using AD effluents as the feed solution would be an important next step to fully understand 386 

performance implications of MC for real world application. This could be averted using different 387 

membrane fabrication and modification techniques that has been explored in membrane fouling 388 

literature. 389 

 390 

4. Conclusions 391 

This study has demonstrated a two-stage MC system for effective recovery of both VFAs 392 

and ammonium. The VFAs were recovered from the feed solution most effectively when the pH 393 

was less than the pKas of the VFAs. Recovery of VFAs was hindered in cases when the vapor 394 

pressure of the permeate solution was higher than the feed solution. A high correlation 395 

(R2=0.958) was observed between the vapor pressure difference and water transport across the 396 

hollow fiber membrane. This suggests that permeate solutions can be determined based on the 397 

composition and characteristics of the feed solution. Ammonium recovery occurred much faster 398 

than VFA recovery due to its higher vapor pressure. Multi-criteria decision analysis also 399 

identified the most optimal operating conditions when considering the cost and recovery 400 

performance of each operating condition. VFAs recovered with an initial feed pH=3and 0.1 M 401 

NaOH absorption solution and ammonium recovered with an initial feed pH=12 and 0.1 M 402 

H2SO4 absorption solution was the optimal recovery conditions for the two-stage recovery. 403 
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Future research should seek to address the challenges about VFA/NH4
+ recovery coordination, 404 

operation costs, performance prediction, and membrane fouling due to long term operation. 405 
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Table 1. Operation Conditions for MC experiments. The VFA Recovery experiments varied 510 

permeate molarity (A) and initial feed solution pH (B). The NH4
+ Recovery experiments varied 511 

initial feed solution pH (A) and varied permeate molarity (B). 512 

 513 

 Condition 
pH 

(Feed) 

Permeate 
Solution 
(NaOH) 

 Condition 
pH 

(Feed) 

Permeate 
Solution 
(H2SO4) 

VFA (i) 3 0.5 M NH4
+ (i) 9 0.5 M 

Recovery 
(A) 

(ii) 3 0.3 M Recovery (A) (ii) 10 0.5 M 

 (iii) 3 0.1 M  (iii) 11 0.5 M 

 (iv) 3 0 M  (iv) 12 0.5 M 

VFA (i) 3 0.5 M NH4
+ (i) 12 0.5 M 

Recovery 
(B) 

(ii) 4 0.5 M Recovery (B) (ii) 12 0.3 M 

 (iii) 5 0.5 M  (iii) 12 0.1 M 

 (iv) 6 0.5 M     

 514 

Table 2. Multiple Criteria Decision Analysis for 4 Situations (S) with 4 decision variables (v) 515 

normalized between 0 and 1. S1- Equal variable weight, S2- Cost variable heavily considered S3- 516 

Cost variable mildly considered , S4- Cost variable lowly considered. v1=Cost, v2=VFA 517 

recovery, v3=NH4
+ recovery v4=VFA/ NH4

+ ratio 518 

519 
 

  

S1 (v1=0.25, v2=0.25, 
v3=0.25, v4=0.25) 

S2 (v1=0.70, v2=0.10, 
v3=0.10, v4=0.10) 

S3 (v1=0.40, v2=0.20, 
v3=0.20, v4=0.20) 

S4 (v1=0.10, v2=0.30, 
v3=0.30, v4=0.30) 

1 

A
NH4

+
:pH=12,0.1M 

VFA: pH=3,0.1M 

E
NH4

+
:pH=12,0.1M 

VFA: pH=3,0M 

A
NH4

+
:pH=12,0.1M 

VFA: pH=3,0.1M 

C
NH4

+
:pH=12,0.5M 

VFA: pH=3,0.1M 

2 

B
NH4

+
:pH=12,0.3M 

VFA: pH=3,0.1M 

A
NH4

+
:pH=12,0.1M 

VFA: pH=3,0.1M 

B
NH4

+
:pH=12,0.3M 

VFA: pH=3,0.1M 

NH4
+
:pH=12,0.5M 

VFA: pH=3,0.3 M 

3 

C
NH4

+
:pH=12,0.5M 

VFA: pH=3,0.1M 

NH4
+
:pH=12,0.3M 

VFA: pH=3,0 M 

E
NH4

+
:pH=12,0.1M 

VFA: pH=3,0M 

NH4
+
:pH=12,0.5M 

VFA: pH=3,0.3 M 

4 

D
NH4

+
:pH=11,0.5M 

VFA: pH=3,0.1M 

NH4
+
:pH=10,0M 

VFA: pH=3,0 M 

C
NH4

+
:pH=12,0.5M 

VFA: pH=3,0.1M 

B
NH4

+
:pH=12,0.3M 

VFA: pH=3,0.1M 

5 
NH4

+
:pH=12,0.1M 

VFA: pH=3,0.3M 

NH4
+
:pH=11,0.5M 

VFA: pH=3,0 M 

D
NH4

+
:pH=11,0.5M 

VFA: pH=3,0.1M 

A
NH4

+
:pH=12,0.1M 

VFA: pH=3,0.1M 
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 520 

Figure 1. Schematic and experimental description for membrane contactor set up 521 

  522 
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 523 

 524 

Figure 2. VFA separation using various NaOH molarities as the permeate while maintaining feed 525 

pH=3: (A) Feed VFA distribution at each sampling time, (B) water displacement, and (C) total 526 

VFA recovery   527 
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 528 

 529 

Figure 3. VFA separation using various initial feed pH levels while maintaining 0.5 M NaOH 530 

permeate: (A) Feed VFA distribution at each sampling time, (B) water displacement, and (C) 531 

total VFA recovery 532 

  533 
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 534 

Figure 4. Water transport and specific VFA flux for MC operation modes   535 
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 536 

Figure 5. Water transport during each sampling period for each iteration of the MC separation of 537 

VFAs 538 

539 
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 540 

Figure 6. Ammonium separation using different H2SO4 solutions as the permeate while 541 

maintaining initial feed pH=12: (A) water displacement and (B) NH4
+ concentration and 542 

recovered amount in the permeate 543 

  544 
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 545 

 546 

Figure 7. Ammonium separation using different initial feed pH levels while maintaining 0.5 M 547 

H2SO4 permeates: (A) water displacement and (B) NH4
+ concentration and recovered amount in 548 

the permeate 549 

  550 
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 551 

Figure 8. Water transport and specific NH4
+ flux for MC operation modes   552 
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 553 

Figure 9. VFA and NH4
+ recovered for every experiment iteration and cost based to generate 554 

either the NaOH or H2SO4 and adjust the feed pH  555 

 556 

 557 

 558 

 559 

 560 

 561 

 562 

 563 

 564 

 565 

  566 
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 567 

Figure 10. VFA and NH4
+ recovered in two phases for both altering which compound was 568 

recovered first, 569 


