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Abstract: Volatile fatty acids (VFAs) derived from arrested anaerobic digestion (AD) can be recovered 15 

as a valuable commodity for value-added synthesis. However, separating VFAs from digestate with 16 

complex constituents and a high-water content is an energy-prohibitive process. This study developed an 17 

innovative technology to overcome this barrier by integrating deep eutectic solvents (DESs) with an 18 

omniphobic membrane into a membrane contactor for efficient extraction of anhydrous VFAs with low 19 

energy consumption. A kinetic model was developed to elucidate the mechanistic differences between 20 

this novel omniphobic membrane-enabled DES extraction and the previous hydrophobic membrane-21 

enabled NaOH extraction. Experimental results and mechanistic modeling suggested that VFA 22 

extraction by the DES is a reversible adsorption process facilitating subsequent VFA separation via 23 

anhydrous distillation. High vapor pressure of shorter-chain VFAs and low Nester distribution 24 

coefficients of longer-chain VFAs contributed to DES-driven extraction, which could enable continuous 25 

and in-situ recovery and conversion of VFAs from AD streams. 26 
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1 Introduction 33 
 34 

Volatile fatty acids (VFAs) are short-chain carboxylic acids that generally include acetic, propionic, iso-35 

butyric, butyric, iso-valeric, valeric, hexanoic, and heptanoic acids (Atasoy et al., 2018). They are 36 

essential precursors of high-value chemicals such as polyvinyl acetate and glycerol tributyrate widely 37 

utilized in the paint and pharmaceutical industries (Hakalehto et al., 2021). Owing to their high added 38 

values in diverse applications, the VFA market demand was estimated at 18,500 kilotons per year, which 39 

is expected to rise at a single-digit growth rate of 7.9% across the forecast period through 2027 (Logan 40 

et al., 2023; The White House, 2021). The market price of different VFAs increases from low carbon 41 

chain to high carbon chain (Calt, 2015a). For example, acetic acid ($600/ton) < propionic acid 42 

($2,000/ton) < butyric acid ($2,163/ton) < isobutyric acid ($3,210/ton) < isovaleric acid ($3,387/ton) < 43 

hexanoic acid ($3,815/ton) (Calt, 2015b). Traditionally, VFA production is based on non-renewable 44 

petrochemical sources, causing adverse health and environmental issues (Atasoy et al., 2018). Reported 45 

greenhouse gas emission from acetic acid production for cradle-to-grave in the petrochemical industry 46 

was 3.3 ton CO2 eq/ton (Atasoy et al., 2018). The U.S. has committed to reducing the net greenhouse gas 47 

emissions by 50-52% below 2005 levels in 2030, which implies many production processes need to be 48 

replaced with the ones utilizing renewable sources and bio-based production methods that are inherently 49 

low to zero carbon emission (The White House, 2021). Therefore, VFA recovery from anaerobic 50 

digestion (AD) is gaining traction as a research topic.  51 

 52 

AD can biologically produce VFAs as intermediate compounds for methane production from a wide 53 

spectrum of organic waste streams (Wainaina et al., 2019). By arresting methanogenesis, namely the last 54 

step of AD, the accumulated VFAs can be recovered (Xu and He, 2021). However, because of the pH 55 

drop and product inhibition as a result of the VFA accumulation, only limited titer of VFAs, e.g., 1.23 56 
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g/L, can be enriched in the AD digestate (Andersen et al., 2016; Xu and He, 2021). Hence, separating 57 

these low-titer VFAs from complicated AD constituents such as water, salts, and solids remains a 58 

significant technical challenge (Miller et al., 2022). For instance, microfiltration and/or nanofiltration 59 

heavily rely on pressure gradients, and membrane distillation requires temperature gradients (Ezugbe 60 

and Rathilal, 2020). Moreover, these membrane filtration technologies do not separate VFAs from water; 61 

instead, they just concentrate VFAs by removing the water.  62 

 63 

An innovative technology is proposed in this study to address critical barriers to VFA separation by 64 

harnessing the high affinity of undissociated VFAs to extracting solvents such as hydrophobic eutectic 65 

solvents. Theoretically, mixing hydrophobic solvents with AD digestate at low pH allows VFA 66 

extraction into the hydrophobic solvents. Moreover, hydrophobic solvents containing VFAs can be 67 

easily separated from AD digestate due to their immiscibility in the hydrophilic AD digestate, which 68 

enables VFA extraction and dewatering to be simultaneously achieved. However, other impurities such 69 

as fats and proteins contained in the AD digestate also come with high affinity to hydrophobic solvents 70 

and thus could be extracted along with VFAs. The proposed technology here is to insert a membrane 71 

between AD digestate and hydrophobic solvents to form a membrane contactor (MC) system that only 72 

allows undissociated VFAs to go through while retarding the solids, anhydrous hydrophobic solvents, 73 

water, and salts from permeating. With this setup, undissociated VFAs are expected to spontaneously 74 

diffuse across the membrane when high extractability solvents are used as draw solution in the MC. 75 

Meanwhile, the membrane rejects impurities such as salts and water along with the draw solution. By 76 

maintaining the transmembrane flux, the dissociated VFAs are hypothesized to continuously transform 77 

into undissociated VFAs that could diffuse across the membrane pores. Since the extracted VFAs do not 78 
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contain water, the final step of anhydrous distillation allows further purification and recovery of 79 

individual VFA species with low energy input.   80 

 81 

VFA separation in MC has been experimentally proven in previous studies when using alkaline solution 82 

as draw solution (Yesil et al., 2021). Since alkaline immediately converts undissociated VFAs into 83 

conjugate salts, a concentration gradient of undissociated VFAs is established from the acidic feed 84 

solution to the alkaline draw solution. This concentration gradient drives the undissociated VFA 85 

molecules formed in the acidic feed to undergo hydrophobic-hydrophobic interaction with the 86 

hydrophobic membrane surface and pass through the air pores into the draw solution. Although the 87 

alkaline extraction of VFAs was successful, the alkaline solution immediately dilutes and transforms 88 

VFAs into conjugate salts, which requires further energy-intensive efforts for dewatering and separation 89 

and thus defeats the original purpose of VFA extraction because most downstream VFA recovery and 90 

conversion requires an anhydrous environment (Yesil et al., 2021). For this regard, this study addressed 91 

the previous technical challenges by replacing alkaline solutions with hydrophobic deep eutectic 92 

solvents (DESs) as anhydrous draw solution. The application of this novel anhydrous draw solution 93 

holds potential to facilitate in-situ VFA recovery and conversion to value-added products, which can be 94 

simultaneously achieved through catalyzation and distillation.  95 

 96 

DESs are recognized as green solvents that demonstrate impressive performance in the liquid-liquid 97 

extraction of organic compounds (Saien et al., 2023). These solvents are a combination of hydrogen 98 

bond donors (HBDs) and hydrogen bond acceptors (HBAs) and are typically designed for specific 99 

purposes (van den Bruinhorst et al., 2019; Zhang et al., 2023). In contrast to hydrophilic DESs that are 100 

miscible with water, the water immiscible hydrophobic DESs were first introduced in 2015 and since 101 
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then explored a broad range of applications in liquid-liquid extraction (Ribeiro et al., 2015; van Osch et 102 

al., 2015). For example, decanoic acid-based hydrophobic DESs have been reported effective in the 103 

extraction of VFAs from aqueous solution (Salehi et al., 2021).  However, one of the major drawbacks 104 

of this class of DES is its high viscosity, which makes it unsuitable for serving as draw solution to be 105 

recirculated in MC (Salehi et al., 2021; van Osch et al., 2015). Moreover, the HBAs applied in this class 106 

of DESs, namely, the quaternary ammonium salts with long carbon chains, are expensive (Pelaquim et 107 

al., 2021; Ribeiro et al., 2015). Therefore, a newly designed lignin-derived hydrophobic DES with low 108 

viscosity by mixing menthol (Men) and 2,6-dimethoxyphenol (Dmp) was used in this study, which was 109 

specifically tailored for the application of VFA extraction from AD digestate through a MC. Men can be 110 

extracted from natural products such as the plant oil of mints, and Dmp can be derived from biomass 111 

components of lignin, making this DES more sustainable and economical (Valente et al., 2023; 112 

Wendisch et al., 2018). Taking these advantages into consideration, the objectives of this study were to: 113 

(a) determine if the Men-Dmp hydrophobic DES can serve as a robust VFA extractant; (b) investigate 114 

VFA extraction efficiencies by the Men-Dmp hydrophobic DES in MC; (c) understand the DES-enabled 115 

VFA extraction mechanism; and (d) discuss the potential application of this novel technology. This is 116 

the very first study investigating DES extraction in MC for anhydrous VFA recovery, which may elicit a 117 

transformative VFA recovery technology dedicated to revolutionizing AD industry. 118 

 119 

2 Materials and methods 120 
 121 

2.1 Experiment setup for VFA extraction 122 

 123 

Direct VFA-DES extractions were performed at room temperature in a volumetric solvent to feed ratio 124 

of 1:1 using the Men-Dmp hydrophobic DES as a solvent and a synthetic VFA mix (Volatile Free Acid 125 
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Mix, Millipore Sigma, USA) or 0.45μm-filtered AD digestate from an arrested AD system as a feed. 126 

The synthetic VFA mix consisted of approximately 10 mM each of individual acetic, propionic, 127 

isobutyric, butyric, isovaleric, valeric, isocaproic, hexanoic, and heptanoic acids. The filtered AD 128 

digestate contains acetic, propionic, isobutyric, butyric, isovaleric, valeric, and hexanoic acids for 36.84 129 

mM, 8.61 mM, 3.07 mM, 17.24 mM, 3.05 mM, 2.61 mM, and 6.31 mM, respectively. The pH of the 130 

synthetic VFA mix was adjusted by sodium hydroxide or hydrogen chloride to pH 3, pH 6, and pH 7. 131 

According to Figure S.1, almost all VFAs become undissociated at pH 3. pH 6 and 7 were also tested to 132 

mimic the in-situ pH of digestate produced from arrested and normal AD, respectively. A comparison of 133 

data collected under these different pH levels allows the test of hypothesis whether only undissociated 134 

VFA can be extracted so as to evaluate the necessity of pH adjustment. To reach equilibrium, the feed 135 

and solvent were homogenized for 60 min. Afterwards, solvent and aqueous phases were separated by 136 

centrifuging at 7500×g for 5 min. The aqueous phase was then sampled for VFA analysis. 137 

 138 

The membrane-supported VFA-DES extraction was performed in a MC module as illustrated in Figure 1. 139 

The MC module (CF016 Cell Assembly, STERLITECH, USA) was made of two 140 

polytetrafluoroethylene (PTFE) plates, which were adjoined using stainless-steel bolts. The plates 141 

contained liquid flow channels that were separated by a flat sheet membrane with a membrane active 142 

area of 20.6 cm². Both a hydrophobic membrane (Catalog#: MSPTFE260045B, Membrane Solutions, 143 

China) and an omniphobic membrane (Part#: OLE100H60, Lot#: 292083136, Membrane Solutions, 144 

China) were tested in this study, with their detailed information shown in Table 1. The membrane was in 145 

contact with the synthetic VFA mix or AD digestate on the feed side and the Men-Dmp hydrophobic 146 

DES or 0.5N sodium hydroxide (NaOH) on the draw side of the MC. The MC was operated in a 147 
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counter-current flow mode, and the solution was recirculated at a flow rate of 70 mL/min using two 148 

peristaltic pumps (Model 07514-10, MasterFlex, Germany). 149 

  150 

Figure 1. Experimental setup of MC for VFA extraction.  151 

 152 

 153 

Table 1. Membrane characteristics 154 

 Hydrophobic  Omniphobic 

Filter media PTFE PTFE 
Support layer PP PP 
Pore size (μm) 0.2 1.0 
Thickness (μm) 76 - 152 184 - 199 
Porosity (%) 61 ± 3  53 ± 6  

 155 

 156 

2.2 Membrane porosity determination 157 

 158 

The membrane porosity was measured by a gravimetric method using ethanol uptake (Qing et al., 2020), 159 

where the weights of the dry membrane and wet membrane (pre-soaked with ethanol solution for over 160 

eight hours) were measured.  161 

�	�%� � �� 	�
�
 	� 	100 (1) 

(1) Membrane
(2) Membrane contactor module including 
flow-liquid channels for feed and draw 
solutions.

Feed Draw

Peristaltic
pumps

1

2

AD digestate

Synthetic VFA mix

Distillation
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where δ is the ethanol uptake (g/g) that is equivalent to the value of membrane porosity, 162 

and mw and md are the weight of the dry and wet membranes, respectively.  163 

 164 

2.3 DES preparation 165 

 166 

The hydrophobic DES was prepared by mixing menthol and 2,6-dimethoxyphenol (≥98% purity, 167 

Millipore Sigma, USA) at a molar ratio of 2:1, which was subsequently heated to 80 ℃ under magnetic 168 

stirring at 300 rpm until a transparent and homogeneous liquid was obtained. Afterwards, the liquid 169 

mixture was cooled to room temperature and stored in a desiccator before use. 170 

 171 

2.4 Arrested AD setup and operation 172 

 173 
AD digestate was obtained from a semi-continuous arrested AD system (Figure S.2). The semi-174 

continuous AD was maintained to produce VFAs, with a total volume of 37.8 L and working liquid 175 

volume of 30 L (Ss Brite Tank, CM Brewing Technologies, Inc., USA). On Day 0, the AD was fed with 176 

AD inoculum and food waste at a 2:1 inoculum to substrate ratio based on the volatile solid (VS) 177 

concentration. The arrested AD reactor was operated with organic loading rates (OLR) of 3, 5, 7, 10, or 178 

15 g VS/L-day in a semi-continuous mode. Methanogenesis was arrested by strictly controlling the solid 179 

retention time at 12 days which is equivalent to the hydraulic retention time in this study for its 180 

completely mixed nature.  Every 3 days, 15 L of digestate was discharged, followed by feeding 7.5 L of 181 

freshly prepared food waste according to the recipe provided by Buzby et al. (2014) and deionized water 182 

to reach the desired OLR. Because the fresh food waste was too thick to feed, 50% of the discharged 183 

digestate, namely 7.5 L, was used to dilute the food waste and returned to the reactor. The reactor was 184 

operated without pH adjustment from Day 0 to 31, and pH was first adjusted to pH 5.5 using potassium 185 



 10

hydroxide every 3 days (from Day 34 to 164) and then to pH 7 for every 3 days (from Day 167 to 552). 186 

The reactor contents were mixed eight times a day using a programmed timer connected to the pump 187 

(Jabsco 31801-0115 Pump, Xylem, USA). The reactor was operated at mesophilic temperature (35 ± 188 

0.5◦C) maintained using an external heating control and internal radiant heating pipes (Chronical, CM 189 

Brewing Technologies, Inc., USA and Electric Mini-Tank Water Heater, Bosch, Inc., USA).  190 

 191 

2.5 VFA quantification and extraction efficiency  192 

 193 

Samples were taken from aqueous phase/feed side and acidified with 0.1% (v/v) phosphoric acid for 194 

VFA analysis. Acidified samples were analyzed for their VFA content using a gas chromatography (GC, 195 

HP5890, Hewlett Packard, USA) equipped with a flame ionization detector and a capillary GC column 196 

(NUKOL -15m × 0.53 mm × 0.50 um, Supelco, USA) (Kim et al., 2019). GC was operated under the 197 

following conditions: 75 °C initial column temperature of with a ramp rate of 4 °C/min to 120 °C, 198 

200 °C injection temperature, and 250 °C detector temperature. Carrier gas was nitrogen with a flow rate 199 

of 40 mL/min, and flame gases were hydrogen and air. VFA extraction efficiency (%) was calculated by  200 

���� 	 ���/��� � 100, in which ��� and �� denote VFA molar concentration in the feed solution before 201 

and after extraction. 202 

 203 

2.6 VFA distillation from DES 204 

 205 

The extracted VFAs in the DES was separated by distillation and analyzed using a pyrolysis gas 206 

chromatography mass spectrometry (Pyrolysis-GC/MS, 7890B/5977A, Agilent, USA) equipped with a 207 

micro-pyrolyzer (EGA/PY-3030D, Frontier Lab, Japan). Due to the small sample injection volume, the 208 
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VFA concentration in the DES after the extraction process became undetectable. Thus, a DES sample 209 

with higher VFA concentration was first prepared by spiking VFA into DES. Briefly, 20 μL of each 210 

species of VFAs (pure standards) was added into 0.5 mL Men-Dmp hydrophobic DES, followed by 211 

magnetic stirring for 1 min at 200 rpm. After sample preparation, 2 μL of the sample was added into a 212 

stainless-steel cup, which was then loaded onto the micro-pyrolyzer. Subsequently, the sample was 213 

heated to a set temperature from 100-190 oC with 10 oC apart and held at the temperature for 0.2 min. 214 

The volatile products generated were sent to the Pyrolysis GC/MS for analysis at real-time. VFA 215 

distillation efficiency (%) was calculated by ��/��� � 100 , in which ��  and ���  denote the VFA 216 

concentration distilled from and added into the micro-pyrolyzer, respectively.   217 

 218 

2.7 Model development of VFA extraction in MC 219 

Low surface energy materials such as PTFE have been conventionally used for hydrophobic membrane 220 

fabrication (Table 1). At the interface between acidified digestate/synthetic VFA mix and PTFE 221 

membrane, the undissociated VFA molecules undergo the hydrophobic-hydrophobic interaction with the 222 

PTFE surface and pass through the air pores of the PTFE membrane into the draw solution due to the 223 

partial pressure difference of undissociated VFA molecules in the feed and draw solution. This kind of 224 

hydrophobic membrane can be used when both feed and draw solutions are hydrophilic (e.g., when 225 

NaOH is used for VFA extraction) (Aydin et al., 2018). The PTFE hydrophobic membrane may adsorb 226 

DES into the membrane pores and then into the feed solution (Zuo and Wang, 2013). Thus, an 227 

omniphobic membrane was used, which exhibits a re-entrant structure with ultralow surface energy on 228 

the hydrophobic membrane surface and thus prevents the penetration of oil droplets into the membrane 229 

pores (Lin et al., 2014). Thereby, an omniphobic membrane can exhibit both hydrophobic and 230 

oleophobic properties on its two surfaces and repel substances such as oily DESs, fats, salts, water, 231 
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proteins, and solids in aqueous VFA mix, while adsorbing hydrophobic VFA vapor (Liqiu and Zhu, 232 

2019; Ni et al., 2021b; Zhu et al., 2017). According to the membrane-supported liquid-liquid extraction 233 

model developed by Lin et al. (2014), the general form of the mass transport model can be expressed as: 234 

���� � ����� 	���� (2) 

where n denotes the molar concentration of adsorbed component (mM), K represents the overall mass 235 

transfer coefficient (cm/min), A stands for mass transfer area (20.6 cm²), N is the Nernst distribution 236 

number (mM/mM), and �� and �� represent the molar concentrations of adsorbate such as VFAs in feed 237 

and draw solutions (mM), respectively. Based on the mass balance between the feed and draw solution,  238 

���� 	 ����� � ���� (3) 

in which ��� denotes the initial molar concentration in the feed solution. �� and �� stand for the feed and 239 

draw solution volume (mL). Substituting �� from Eq. (3) into Eq. (2) yields: 240 

����� � ���� ���� 	 ����� +�! ��" (4)  

At equilibrium, namely the flux is equal to zero, Eq. (2) can be reduced to: 241 

� � ���� 
(5)  

where the Nernst distribution number (N) describes the equilibrium distribution of the adsorbate 242 

between feed and draw phases and measures the affinity between a solute and a solvent. Integrating Eq. 243 

(4) from t = 0 to t results in: 244 

�� � ���#���� +�$ �1 	 %
&'(# )*+, -*.$/" (6) 

Thereby, the experimentally measured concentration profile of VFA in this study can be fit into Eq. (6) 245 

to determine the unknown coefficients such as K. In the case of using NaOH as draw solution, N = 0 can 246 



 13

be assumed because there is no equilibrium between feed and draw solution. Therefore, Eq. (6) can be 247 

reduced to: 248 

�� � ������� �1 	 %
&'(*+/" (7) 

It should be pointed out that Eq. (7) is the same as the model developed by Tugtas (2014) when NaOH 249 

was used as the draw solution, which can be regarded as a special case of the model in Eq. (6) when N = 250 

0. For the convenience of data fitting, both Eqs. (6) and (7) can be linearized as Eqs. (8) and (9) 251 

respectively. Hence, K value can be estimated from the slope of the linear plotting of data according to 252 

these two equations.  253 

0� 11 	 �� #���� + �$��� 2
	� # 1�� + ���$ � �� 

(8) 

0� �1 	 ���������"	� # 1�� + ���$ � �� 
(9) 

 254 
3 Results and discussion  255 
 256 

3.1 pH- and alkyl chain length- dependent VFA affinity to the Men-Dmp hydrophobic DES  257 

 258 

To investigate the hypothesis that undissociated VFA can be adsorbed by the Men-Dmp hydrophobic 259 

DES, a synthetic mix of nine VFAs were adjusted to pH 3, 6, and 7, respectively, which varied the 260 

fractions (Cundissociated / Ctotal) of undissociated VFA according to Figure S.1. After mixing the VFA with 261 

the Men-Dmp hydrophobic DES at a ratio of 1:1 (v/v) for 60 mins, Figure 2A shows that this DES was 262 

capable of extracting VFAs. The extraction efficiencies increased with the increase of the VFA alkyl 263 
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chain length but decreased with the increase of the pH. At pH 3, the extraction efficiencies of acetic, 264 

propionic, isobutyric, butyric, isovaleric, valeric, isocaproic, hexanoic, and heptanoic acids were 29.58%, 265 

55.86%, 75.41%, 74.03%, 84.92%, 87.16%, 92.86, 96.76%, and 99.55%, respectively. However, at pH 6 266 

and 7, the extraction efficiencies reduced with almost no extraction for acetic, propionic, isobutyric, and 267 

butyric acids (Figure 2A). Therefore, only undissociated (unionized) forms of VFAs can be selectively 268 

extracted, owing to the high affinity of undissociated VFAs to hydrophobic DESs. The dissociated 269 

(ionized) VFAs, however, have high affinity to water and thus cannot be extracted by hydrophobic 270 

DESs. According to the ratio of undissociated to total VFA species (Cundissociated / Ctotal) as a function of 271 

pH in Figure S.1, >85% VFAs become undissociated at pH < 4. Thus, a high VFA extraction efficiency 272 

was reasonably observed at pH 3 (Figure 2A). Furthermore, the positive correlation between extraction 273 

efficiencies and the alkyl chain length of the extracted VFAs could result from the increase of VFA 274 

hydrophobicity with their alkyl chain length (Rocha et al., 2017; van den Bruinhorst et al., 2019). 275 

 276 

In addition to the synthetic VFA mix, this high affinity of VFAs to the Men-Dmp hydrophobic DES was 277 

also verified with real AD digestate collected from an arrested AD after pH adjustment from 5.6 to 3. As 278 

shown in Figure 2B, extraction efficiencies of 43.32%, 84.70%, 49.18%, 88.57%, 86.88%, 88.07%, and 279 

99.95% were achieved for acetic, propionic, isobutyric, butyric, isovaleric, valeric, and hexanoic acids, 280 

respectively. Discrepancies in extraction efficiency between synthetic VFA mix and real digestate for 281 

acetic, propionic, and isobutyric acids can be explained by their different initial VFA concentrations in 282 

synthetic mix and real digestate. Regardless, these high extraction efficiencies from the real AD 283 

digestate further confirmed the capacities of the Men-Dmp hydrophobic DES in VFA extraction.  284 

 285 
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 286 

Figure 2.  (A) Extraction efficiencies of syntenic VFA mix at pH 3, 6, and 7; (B) Extraction and water-287 

washout efficiencies of VFAs derived from real AD digestate with pH adjusted to 3. Men-Dmp 288 

hydrophobic DES was used as the draw solution.  289 

 290 

To test the hypothesis that the physicochemical adsorption instead of the chemical binding was primarily 291 

responsible for the VFA extraction by hydrophobic DESs, deionized water was mixed with the spent 292 

DES to wash the VFAs out of the spent DES. Results in Figure 2B show that 43.23%, 42.63%, 16.56%, 293 

13.03%, 9.05%, 13.55%, and 0% of acetic, propionic, isobutyric, butyric, isovaleric, valeric, and 294 

hexanoic acids, respectively, were washed out from the spent DES into the water phase. The inverse 295 

relationship between water-washout efficiencies and the alkyl chain length of VFAs suggests the 296 

reversible VFA adsorption to and desorption from hydrophobic DESs based on their hydrophobicity 297 

levels. At low pH levels, undissociated VFAs exhibit high hydrophobicity and affinity to hydrophobic 298 

DESs. However, the blending of deionized water increases the pH of the DES mixture and leads to VFA 299 

dissociation and desorption from hydrophobic DESs (Figures S.1 and 2B).     300 

 301 

3.2 Omniphobic membrane-enabled anhydrous VFA extraction from digestate 302 

 303 
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Because real AD digestate contains complicated impurities besides VFAs, a piece of membrane should 304 

be inserted in between digestate and DES to prevent digestate impurities in feed solution from 305 

contaminating the hydrophobic DES in draw solution. A previous study employed a hydrophobic 306 

membrane in a MC to extract VFAs from the waste stream using NaOH as draw solution (Yesil et al., 307 

2021). This hydrophobic membrane allowed undissociated VFAs to pass but rejected water, salts, and 308 

particles from feed digestate. However, the process of recovering VFAs from the spent NaOH solution 309 

remains a challenge. Nevertheless, Figure S.3A shows that the PTFE hydrophobic membrane tends to 310 

absorb the hydrophobic DES, even though extraction efficiencies as high as 29.09%, 60.10%, 81.63%, 311 

80.10%, 90.84%, 89.89%, 94.07%, 97.22%, and 99.75% have been achieved for acetic, propionic, 312 

isobutyric, butyric, isovaleric, valeric, isocaproic, hexanoic, and heptanoic acids, respectively (Figure 313 

3A). The DES penetration across the hydrophobic membrane was observed in the MC, which 314 

contaminated the feed solution. Thus, the hydrophobic membrane is unsuitable when the hydrophobic 315 

DES was used as draw solution, even though it worked well when an alkaline solution was used as the 316 

draw solution (Yesil et al., 2021).  317 

 318 
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 319 
 320 
Figure 3. (A) Extraction efficiencies of VFA mix at pH 3 measured at 30 min interval until 180 min 321 

when the Men-Dmp hydrophobic DES and a hydrophobic membrane were used; (B) when DES and an 322 

omniphobic membrane were used; (C) when 0.5N NaOH and a hydrophobic membrane were used; (D) 323 

when 0.5N NaOH and an omniphobic membrane were used.  324 

 325 

Omniphobic membranes, developed in 2014 to overcome the disadvantages of conventional 326 

hydrophobic membranes that are susceptible to wetting, feature re-entrant structures that prevent the 327 

penetration of oil droplets into the membrane pores (Lin et al., 2014). The hydrophobic membrane was 328 

then replaced with a piece of omniphobic membranes to solve this membrane-wetting problem. Figure 329 
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S.3B shows that the Men-Dmp hydrophobic DES cannot wet the omniphobic membrane. Likewise, 330 

there were no wetting issues observed during the VFA extraction by the Men-Dmp hydrophobic DES 331 

via the omniphobic membrane for three hours at room temperature, i.e., no DES leaked into the feed 332 

solution. The highest extraction efficiencies for acetic, propionic, isobutyric, butyric, isovaleric, valeric, 333 

isocaproic, hexanoic, and heptanoic acids were 27.77%, 24.55%, 26.66%, 23.25%, 26.63%, 28.55%, 334 

36.74%, 43.95%, and 70.58%, respectively, when DES and the omniphobic membrane were used 335 

(Figure 3B).  Besides this excellent extraction performance for VFAs, the liquid in feed solution was 336 

also effectively repelled by the omniphobic membrane. On top of that, this extraction process was 337 

spontaneous with no need of thermal or pressure gradients and substantially reduced the energy 338 

consumption compared to existing VFA separation processes such as MC-based pervaporation system 339 

and reverse osmosis (Bóna et al., 2020; Yesil et al., 2020). 340 

 341 

For benchmarking, the same VFA mix was loaded into the MC as the feed solution using the 342 

hydrophobic membrane and 0.5N NaOH as the draw solution to compare their VFA extraction 343 

efficiencies. Figure 3C shows that the extraction efficiencies by NaOH were 27.83%, 49.92%, 55.60%, 344 

45.07%, 49.33%, 51.68%, 53.71%, 51.42%, and 60.31% for acetic, propionic, isobutyric, butyric, 345 

isovaleric, valeric, isocaproic, hexanoic, and heptanoic acids, respectively. The same experiment was 346 

repeated in the MC using omniphobic membrane and 0.5N NaOH, which shows that the extraction 347 

efficiencies by NaOH were as low as 10.96%, 5.63%, 10.71%, 10.75%, 17.79%, 15.08%, 23.26%, 348 

32.19%, and 63.64% for acetic, propionic, isobutyric, butyric, isovaleric, valeric, isocaproic, hexanoic, 349 

and heptanoic acids, respectively (Figure 3D). The disparate performance between the DES and NaOH 350 

in VFA extraction across the same membranes implied different extraction mechanisms for the two 351 

types of draw solution. 352 
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 353 

It was noticed from Figure 3 that extraction efficiencies for all individual VFA were consistently lower 354 

when the omniphobic membrane was used than when hydrophobic membrane was used regardless of the 355 

type of the draw solution used (DES and NaOH). This can be attributed to the different properties 356 

between the two types of membranes. For instance, the membrane flux decreases when membrane 357 

thickness increases and the membrane porosity decreases (Abdelrazeq and Khraisheh, 2023). The 358 

thickness of hydrophobic membrane and the omniphobic membrane are 76 – 152 and 184 – 199 μm, 359 

respectively (Table 1). The hydrophobic and omniphobic membranes were shown to have the porosity 360 

of 61±3 % and 53±6 %, respectively (Table 1). Apparently, the greater thickness and lower porosity of 361 

the omniphobic membrane over those of the hydrophobic membrane accounted for the lower VFA flux 362 

observed in Figures 3B and D. Moreover, omniphobic membrane is known to have reduced flux after 363 

the surface modification to incorporate re-entrant structures (Ni et al., 2021a).  364 

 365 

3.3 Kinetics analysis of VFA extraction by hydrophobic DES across the omniphobic membrane 366 

 367 

As discussed above, the DES extraction mechanism of VFAs is believed to be driven by bidirectional 368 

adsorption/desorption and is different from the NaOH extraction of VFAs, which is based on 369 

unidirectional mass diffusion down the concentration gradient. To further verify this mechanism, the 370 

experimental data in Figures 3B and 3C were fitted into Eqs. (8) and (9) with K as the only coefficient, 371 

and their curve fittings are shown in Figures 4A and 4B, which demonstrates good linearity for both 372 

systems with most R2
 values > 0.97. Figure 5A shows the Nernst distribution numbers of different VFA 373 

species determined from experimental data in Figure 2A according to Eq. (5). N = 0 was assumed when 374 

NaOH was used as the draw solution because of its lack of equilibrium. The fitted values of � in Figure 375 
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5B appear to increase with the alkyl chain length of VFAs regardless the hydrophobic membrane or the 376 

omniphobic membrane was used, because long alkyl chain VFAs tended to show high affinity to 377 

hydrophobic materials or DES as shown in Figure 2A and corroborated by the Nernst distribution 378 

number in Figure 5A. Thus, those undissociated long alkyl chain VFAs exhibited high � values and 379 

faster transmembrane transport in both hydrophobic and omniphobic membranes.  380 

 381 

It is noteworthy that the hydrophobic membrane pores are likely to be wetted or filled with water 382 

occupying vapor transport channel when NaOH was used. As a result, the shorter chain VFA would 383 

have a reduced vapor transport as indicated by the lower K for acetic acid (Ni et al., 2021a). Figure 5A 384 

also shows that the vapor pressure is inversely related to the alkyl chain length of VFAs (e.g., acetic acid 385 

has the greatest vapor pressure of 20.9 mmHg) and highly correlates with the trend of Nernst 386 

distribution number. This reverse trend of vapor pressure explains the much greater K value of acetic 387 

acid when the omniphobic membrane was used (Figure 5B). Therefore, the bell curve of K value for the 388 

omniphobic membrane in Figure 5B should be the superposition of two opposite effects from vapor 389 

pressure and the Nernst distribution number, i.e., shorter alkyl chain VFAs tend to evaporate and 390 

transport faster through the omniphobic membrane without pore wetting, and longer alkyl chain VFAs 391 

tend to transport faster through hydrophobic membrane regardless of pore wetting. These dual effects 392 

resulted in greater K values for both the shortest and longest alkyl chain VFAs (Figure 5B).   393 
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 394 

 395 

Figure 4.  (A) Fitness of experimental data in Figure 3B into Eq. (8); (B) Fitness of experimental data in Figure 3C into Eq. (9). The 396 

linear slope is K (cm/min).397 
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 398 

 399 

Figure 5. (A) VFA Nernst distribution numbers (N) determined from this study and vapor pressure 400 

values reported by Szacherska et al. (2021); (B) K values regressed in Figures 4A and B by Eqs. (8) and 401 

(9) for hydrophobic and omniphobic membrane-based VFA extraction by NaOH and Men-Dmp 402 

hydrophobic DES, respectively. 403 

 404 

3.4 Prospective application of this VFA extraction technology with DES/omniphobic membrane 405 

 406 
Once VFAs are extracted into DESs, they are readily recovered from DESs as valuable commodities. 407 

One approach is the in-situ catalyzation of VFAs in DESs into other types of value-added products, such 408 

as esters that can be precipitated out of DESs, which has been practiced in DESs or ionic liquid 409 

(Sukphun et al., 2021). The other way is direct distillation of individual VFA according to their boiling 410 

points under the assumption that VFAs do not chemically bind DESs and can be readily distillated (Woo 411 

and Kim, 2019). To our knowledge, this second way has not been explored in hydrophobic DESs 412 

because the chemical form of VFAs in DES is unknown. Therefore, this study employed pyrolysis-413 

GC/MS to investigate the effect of temperature on VFA distillation. As shown in Figure 6A, the 414 

distillation efficiencies of all VFAs over 0.2-min heating proportionally increased with the heating 415 
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temperature. At each temperature, shorter chain VFAs were more efficiently separated from the 416 

hydrophobic DES than longer chain VFAs. This trend aligns with the vapor pressure and the Nernst 417 

distribution number in Figure 5A. With only 0.2 min, majority of VFAs distilled from the Men-Dmp 418 

hydrophobic DES at the temperature above 180 °C, which further confirmed that these VFAs were not 419 

chemically bound with the DES and can efficiently separate from the hydrophobic DES by distillation. 420 

Together with the previous water-washout experiment (Figure 2B), these observations suggest this direct 421 

anhydrous VFA distillation should be energy-saving compared to the hydrous VFA distillation, which 422 

consumes high energy for water heating (Zhou and Ni, 2008). The confirmation of this reversible VFA-423 

DES adsorption and desorption opened a new path for future technology development on in-line and in-424 

situ VFA recovery from arrested AD. As depicted in Figure 6B, MC can be installed on an external 425 

recirculation loop of arrested AD to achieve real-time VFA extraction along with the continuous flow 426 

AD operation. Local pH control technology such as resin-wafer-electrodeionization (RW-EDI) can be 427 

implemented to lower the pH adjacent to the surface of omniphobic membrane for VFA extraction 428 

(Datta et al., 2013). The anhydrous VFAs extracted into the hydrophobic DES can meanwhile be 429 

distilled for pure VFA recovery.  After VFA recovery, the hydrophobic DES can be reused for new VFA 430 

extraction in a continuous flow fashion through the MC (Figures 1 and 6B). Thereby, the entire VFA 431 

production, extraction, and recovery can be synchronized with the continuous flow arrested AD 432 

operation. For instance, the VFA transport fluxes across the omniphobic membrane could be further 433 

increased by membrane improvement in thickness and porosity. Moreover, as shown in Figure 6A, some 434 

DES components, namely Men and Dmp, were also distilled along with VFAs, even though at low 435 

quantities. This implies that further DES optimization is necessary to offer higher boiling points to avoid 436 

DES distillation along with VFA recovery.   437 
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 438 

 439 

  440 

Figure 6. (A) VFA distillation from Men-Dmp hydrophobic DES over 0.2 min; and (B) illustration of an 441 

integrated system for VFA production, extraction, and recovery.  442 
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4 Conclusions 449 
 450 

This study developed an innovative technology to overcome the energy barrier for low-titer VFA 451 

recovery from arrested AD. The technology has the potential to enable continuous, in-situ VFA 452 

extraction, recovery, and even conversion along with the continuous flow AD operation. The following 453 

concluding remarks can be drawn from this study: 454 

1) The Men-Dmp hydrophobic DES is proven superior to NaOH as the draw solution for low-titer VFA 455 

extraction due to its high extraction efficiency, simultaneous VFA dewatering, and low energy VFA 456 

distillation.  457 

2) It is for the first time that an omniphobic membrane but not a hydrophobic membrane was 458 

experimentally proven feasible in a MC for preventing the wetting problem when a hydrophobic 459 

DES was used as the draw solution for VFA extraction.  460 

3) It was confirmed by both experiment and mathematical model that VFAs adsorbed into hydrophobic 461 

DESs can be reversely desorbed, which permits effective VFA recovery and reuse of DES.  462 

 463 
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