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Abstract: The bioproduction of caproate from organic waste by anaerobic mixed culture is a very

attractive technology for upgrading low-grade biomass to a high-value resource. However,

the caproate production process is markedly restricted by the feedback inhibition of caproate.

In this study, four types of anion-exchange resin were investigated for their enhancing capability

in caproate fermentation of anaerobic mixed culture. The strong base anion-exchange resin D201

showed the highest adsorption capacity (62 mg/g), selectivity (7.50), and desorption efficiency (88.2%)

for caproate among the test resins. Subsequently, the optimal desorption temperature and NaOH

concentration of eluent for D201 were determined. The adsorption and desorption efficiency of D201

remained stable during eight rounds of the adsorption–desorption cycle, indicating a satisfactory

reusability of D201. Finally, performances of caproate fermentation with and without resin adsorption

for carboxylate were evaluated. The results demonstrated that the final concentration of caproate

was improved from 12.43 ± 0.29 g/L (without adsorption) to 17.30 ± 0.13 g/L (with adsorption) and

the maximum caproate production rate was improved from 0.60 ± 0.01 g/L/d to 2.03 ± 0.02 g/L/d.

In the group with adsorption, the cumulative caproate production was increased to 29.10 ± 0.33 g/L

broth, which was 134% higher than that of the control group. Therefore, this study provides effective

approaches to enhance caproate production.

Keywords: anaerobic mixed culture; caproate fermentation; adsorption process; enhanced performance

1. Introduction

Caproate is a high-density energy carrier and a high-value added chemical which is applicable

in a variety of industries, e.g., petrochemical, pharmaceutical, and food manufacturing [1,2].

The production of caproate from waste stream material can simultaneously achieve the recovery

of high-value biological products and waste reduction [1,2]. Thus, studies of this technology have

recently been intensively reported [3–5]. Caproate production is a two-stage fermentation process [6].

Firstly, the organic waste is hydrolyzed and acidified in the acidification stage to produce short chain

carboxylic acids (SCCAs). Subsequently, in the caproate fermentation stage, SCCAs, together with the

electron donor, such as ethanol, are utilized by anaerobic mixed culture to biosynthesize caproate [4,5].

With a longer carbon chain tail, caproate demonstrates higher lipophilicity and better recovery potential
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than SCCAs [7]. However, as a double-edged sword, caproate can also penetrate cell membranes

more easily than SCCAs and poses a critical threat [8]. Product inhibition of caproate is thus distinctly

exacerbated [9]. The inhibition of carboxylic acid can be alleviated by neutral pH conditions [10].

The dissociated form of carboxylate is formed more in neutral pH conditions, which therefore results

in less inhibition. Nevertheless, recent research indicates that even the dissociated state of caproate still

shows considerable toxicity to microbes [9,11]. Thus, in order to achieve higher caproate production,

monitoring feedback inhibition is an inevitable challenge.

Recently, Roghair et al. [12] and Grootscholten et al. [5] reported that with more biomass sustained

in reactors to alleviate the inhibition, enhanced caproate production was achieved. Liu et al. reported

that the toxicity of caproate could be alleviated by a local alkaline pH created by exogenous biochar [11].

Roghair et al. attributed an improvement of caproate tolerance to the evolution of adaptive mixed

cultures [9]. These studies aimed to enhance tolerance to caproate toxicity using different approaches,

however, caproate still existed in the fermentation broth. In order to fundamentally solve the feedback

toxicity problem and improve product recovery potential, a further separation process is needed.

The separation/recovery process reported in carboxylic fermentation mainly includes organic

solvent extraction [13], electrodialysis [14,15], and resin adsorption [16–18]. The organic solvent

extraction is based on the difference of lipophilicity between products and substrate molecules [13].

Choi et al. applied diphasic organic extraction in caproate fermentation of Megasphaera elsdenii NCIMB

702410 to improve caproate production. However, cell lysis caused by the direct contact between

cells and the organic extraction solvent was reported as the side effect of this approach [13]. Ge et

al. [19] applied an inline membrane-extraction system in a medium chain carboxylic acid production

reactor. In this system, a membrane separated organic extraction solution and the fermentation broth

so that direct contact between the organic solvent and the biomass was avoided. However, the inline

extraction system is capital intensive [20], which increases system complexity and limits its application.

Electrodialysis is applied to concentrate the carboxylate in the fermentation process [14]. However,

this approach is based on the difference between the electrical properties of the substrate and

product [21]. In the caproate mixed culture production, the substrate SCCAs and produced caproate

are both monovalent anions. Thus, the selectivity for the target carboxylate is poor, especially for

caproate [22].

Anion exchange processes are used widely in fermentation [23,24]. Rebecchi et al. reported the

separation/recovery of volatile fatty acids from actual grape acidification broth, thus enhancing the

acidification performance [25]. Fargues et al. reported a comparison of the performance of different

resins by applying anion-exchange resin for carboxylate removal, detoxification, and purification

of beet distillery [26]. Anion-exchange resin adsorption is based on physical absorption and anion

exchange [16]. It is interesting that the affinity of carboxylic acid to resin increases as the hydrocarbon

chain increases [16,23,25]. It might be possible to use this selectivity to improve resin adsorption in

caproate fermentation. Recent studies on the use of resin in caproate fermentation are rare. To the best of

our knowledge, the only such study was reported by Roddick et al. [10]. In their study, resin was applied

in order to extract the products from a pure culture of Megasphaera elsdenii. However, the application of

anion-exchange resin has not yet been reported in a mixed culture caproate fermentation system.

Hence, in order to select the optimal resin for the enhancement of mixed culture caproate

production, in this study, the application potential of different resins was firstly evaluated in static

adsorption using simulated fermentation broth. Subsequently, using the selected resin, optimization for

desorption efficiency and reusability of the resin were evaluated. Following this, the adsorption process

was coupled with a fed-batch fermentation reactor to enhance caproate production. By comparing

the production rate, the highest caproate concentration, and the cumulative caproate production,

the enhancement of the fermentation performance was evaluated.
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2. Materials and Methods

2.1. Experimental Materials for Resin Screening and Fermentation

The anion-exchange resins used in this study were D201, D202, D301R, and D301G, which were

all purchased from the Chemical Plant of Nankai University (Tianjin, China). The physiochemical

properties of resins are shown in Table 1. Before screening, the resins were pretreated under the

protocol provided by the manufacturer, which is as follows: (1) Soak the resins in deionized water for

24 h; (2) successively soak the wet resin in 1 M NaOH solution, 1 M HCl solution, and 1 M NaOH

solution, each for 24 h; (3) flush the resin using deionized water until the effluent reaches a neutral pH.

Table 1. Physicochemical properties of the resin.

Property
Resin

D201 D202 D301R D301G

Type Strongly basic Strongly basic II Weakly basic Weakly basic

Matrix
Styrene-divinylbenzene

(DVB)
Styrene-DVB Styrene-DVB Styrene-DVB

Functional group
Quaternary
ammonium

Dimethyl
ethanolamine

Tertiary amine Tertiary amine

Ion form as shipped Cl− Cl− Cl− Cl−

Grain diameter (mm) 0.4–0.7 0.42–0.6 0.4–0.7 0.65–0.72

The adsorption temperature was maintained at 30 ± 0.5 ◦C and the composition per L of the

simulated fermentation broth included 3 g acetate, 3 g butyrate, and 10 g caproate. The pH was

adjusted to 7.0 ± 0.1 using 3 M NaOH solution.

The acidification supernate used for caproate fermentation was obtained from effluent of

an acidification batch reactor treating fruit and vegetable waste. The effluent was centrifuged at

13,523× g for 5 min to obtain the supernate. The main liquid components were acetate (3.55 ± 0.05 g/L),

butyrate (3.35 ± 0.11 g/L), and ethanol (0.79 ± 0.17 g/L). The inoculum for caproate fermentation was

obtained from a well-operated anaerobic digester treating starch syrup wastewater (Chaoke Food Co.,

Ltd., Wuxi, China). Before inoculation, the sludge was pretreated in 121 ◦C for 15 min to suppress

methanogens. The concentration of total solid (TS) and volatile solid (VS) in the inoculum were 12.3%

± 0.9% and 10.6% ± 0.7%, respectively. An anion-exchange resin column (POM series, Xiamei Ltd.

Inc., Shanghai, China) was used for the coupled caproate fermentation, which was made of polymer

glass (16 × 300 mm2). Before the adsorption operation, the column was filled with 40 g of pretreated

resin. In order to avoid short-circuiting of the effluent and resin washout, sieves with 500−mesh were

equipped in the top and bottom of the column. The column was connected to the bioreactor by silicon

tubes. The anion exchange operation used in coupled fermentation was conducted under specific

conditions described in Section 2.3. For each operation, the effluent pump and reflux pump (YZ1515,

Longer Precision Pump Co., Ltd., Baoding, China) were simultaneously operated at a flow rate of

5 mL/min for 3 h.

2.2. Comparison and Selection of Optimal Resin

The screening of the four anion-exchange resins was based on the caproate adsorption capacity

(Qcaproate), selectivity (Rs), and desorption efficiency (Ydesorption). To determine the performance of

each resin, an adsorption/desorption equilibrium was reached in a 250 mL flask using a magnetic

stirrer (MS-H280-Pro, DLAB Scientific Co., Ltd., Beijing, China) at 200 rpm in static adsorption

mode. The adsorption and desorption tests were carried out as follows. (1) For the adsorption

tests, 5 g of pretreated resin was added to 100 mL simulated fermentation broth. (2) For the

desorption tests, 5 g of carboxylate-saturated resin was added to 100 mL of 1 M NaOH eluent solution.

The fermentation temperature was maintained at 30 ◦C. Liquid samples were taken from the flasks
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and analyzed to evaluate the adsorption/desorption performance until an adsorption/desorption

equilibrium was reached.

The Qcarboxylate in mg/g at equilibrium was calculated with Equation (1), where M is the

weight of pretreated resin in g and Va is the volume in L of the simulated fermentation broth.

C0 and Ce are the concentrations in mg/L of carboxylate in the flasks initially and at the adsorption

equilibrium, respectively.

Qcarboxylate =
(C 0 − Ce) × Va

M
(1)

The Rs was determined with Equation (2), where Qacetate, Qbutyrate, and Qcaproate are the adsorption

capacities of acetate, butyrate, and caproate, respectively.

Rs =
Qcaproate

Qacetate + Qbutyrate
(2)

The distribution of carboxylate in the fermentation broth (C/A + B) was characterized using

Equation (3), where Ccaproate, Cacetate, and Cbutyrate are the concentrations in g/L of caproate, acetate,

and butyrate, respectively, in the simulated or actual fermentation broth.

C/A + B =
Ccaproate

Cbutyra + Cacetate
(3)

The desorption efficiency of resins (Y
carboxylate

desorption
, in %) was calculated with Equation (4), where Cde

and Cd0 are the concentrations in mg/L of carboxylate in the eluent detected at the equilibrium and

start of the experiments, respectively, and Vd is the volume of eluent in L.

Y
carboxylate

desorption
=

(Cde − Cd0) × Vd

(C 0 −Ce) × Va

(4)

After the evaluation of the resin performance, the optimal resin in the carboxylate-saturated state

was selected or chosen. The optimal elution temperature was investigated at 5, 20, 30, and 40 ◦C. At the

determined optimal temperature, the optimal NaOH concentration of the eluent was tested at 0.5, 1.5,

2.0, and 2.5 M.

Based on the optimal elution temperature and concentration of NaOH, eight consecutive

adsorption–desorption cycles were performed to evaluate the reusability of resin.

In order to compare and evaluate the enhancement of caproate production, Student’s t test was

analyzed with SPSS software (Version 10.0).

2.3. Enhancement of Caproate Fermentation with Anion-Exchange Resin Adsorption

The evaluations of the caproate fermentation performance with or without adsorption were

conducted in bioreactors with 0.8 L working volume. Fermentation pH and temperature were controlled

at 7.0 ± 0.2 and 30.0 ± 0.5 ◦C. The initial concentration of ethanol was maintained at 17.06 ± 0.04 g/L.

The concentration of inoculum used was 18.1 ± 0.5 g−VS/L. Reactors with or without adsorption were

anaerobically started−up with N2 flushing for 10 min. During the operation, liquid samples were

regularly taken for ethanol and carboxylate analyses. In order to maintain sufficient ethanol levels,

once the ethanol concentration dropped below 4 g/L, it was readjusted to 16.1 ± 0.8 g/L; when the

acetate concentration fell below 1 g/L, it was adjusted to 3 ± 0.1 g/L.

For the resin adsorption-coupled bioreactor, resin exchange was carried out on the 67th, 80th,

89th, and 120th days to remove the caproate from the fermentation broth. The anion exchange was

performed using the stepwise removal of caproate for about 3.0 g/L in each adsorption, instead of

adsorbing all of the caproate in a single step. Thus, the maximum allowable caproate concentration for

production performance recovery was estimated.
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After adsorption, desorption was carried out for resin regeneration. The protocol of desorption

was described as above. The schematic diagram of the reactors is shown in Figure 1.

 

μ

μ

Figure 1. The schematic diagram of the control group and the adsorption group reactors.

2.4. Chemical Analyses

The total solid (TS) and volatile solid (VS) were measured according to the standard method [27].

For the carboxylate and ethanol measurements, gas chromatography (GC-2010 plus, Shimadzu, Kyoto,

Japan) was used. Before analysis, the liquid sample was pretreated with 12,000× g centrifugation for

5 min and 0.45 µm membrane filtration. The filtrate was then diluted with 3 M phosphoric acid solution

at a ratio of 1:1 to keep the pH below 3. Then the diluted filtrate was injected by AOC-20i auto-sampler

with a split ratio of 50:1. The carrier gas was N2. The injection port and flame-ionization detector

temperature were both 250 ◦C. The column temperature increased from 70 to 210 ◦C at 15 ◦C/min ramp

and the chromatographic column was a 30 m × 0.25 mm × 0.25 µm capillary column (InterCap FFAP,

SGLC, Shanghai, China).

3. Results and Discussion

3.1. Optimal Resin for Enhancement of Caproate Production

The adsorption performances of resins are shown in Figure 2. The highest caproate adsorption

capacity of 62.0 mg/g was achieved by resin D201, which was 20.5%, 88.5%, and 70.6% higher

than the capabilities of resins D202, D301R, and D301G, respectively. Furthermore, the strong

base anion-exchange resin (SBAER), D201, and D202 showed higher capacities than the weak base

anion-exchange resin (WBAER), D301R, and D301G. The anion-exchange capacity is determined by

the formation of the ionic bond between the electronegative carboxylic group in the broth and the

electropositive functional group in the resin [25], even though the WBAER has a higher theoretical

adsorption capacity than the SBAER. The functional groups of WBAERs (including primary, secondary,

and tertiary amines) are less protonated at in higher pH conditions, whereas the functional groups of

SBAERs (quaternary ammonium) are permanently electropositive [25]. Khor et al. reported that in

neutral pH conditions, the SBAER showed a higher anion-exchange capacity [28] and Lopez-Garzon et

al. reported the anion-exchange capacity of the WBAER declined significantly as the pH increased

from the pKa of carboxylic acid to a neutral pH [29].
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Figure 2. The adsorption capacity (Qcarboxylate) and selectivity (Rs) of resin D201, D202, D301R,

and D301G in the simulated fermentation broth. The differences in physicochemical properties between

resins are listed in Table 1. The reaction condition is maintained at 30± 0.5 ◦C and pH 7± 0.2. Numerical

results are the averages with standard deviations of triplicate experiments.

The Rs values of resins D201, D202, D301R, and D301G were 7.50, 6.61, 5.91, and 5.32, respectively.

D201 showed the highest selectivity, which was 13.5%, 27.0%, and 41.0% higher than that of D202,

D301R, and D301G, respectively. The C/A + B value in the simulated fermentation broth was 1.67,

which was less than the Rs values of all resins. This finding indicated that caproate was better adsorbed

than acetate and butyrate. Rebecchi et al. [25] and Khor et al. [28] also found this trend and speculated

that physical adsorption was involved [28], as the octanol/water partition coefficient (Kow) value of

caproate was at least 10 times higher than that of acetate or butyrate. Chu et al. attributed this selectivity

to the hydration difference among carboxylates [30]. Kanazawa et al. reported that physical adsorption

and anion exchange were simultaneously functional [23]. Moreover, da Silva et al. elucidated that the

anion-exchange selectivity was the dominant factor; as a carboxylic acid with a longer hydrocarbon

chain has lower acidity, in return, the conjugate base has stronger electronegativity. Thus, a carboxylate

with a longer hydrocarbon chain tail would be better adsorbed by the resin [16]. These different

features of caproate benefited its selective removal/recovery from the fermentation broth.

The desorption rate of caproate from different resins (Figure 3) was also an indicator to determine

the resin performance. The results shown in Figure 3A suggest that the desorption efficiency of D201

reached 88.2% and was higher than that of other resins. Based on the overall comparison (Figure 3B),

D201 was the optimal resin; this was supported by a significantly high adsorption capacity (p < 0.01),

high desorption efficiency (p < 0.01), and high selectivity for caproate (p < 0.01). These results ascertain

that D201 would be a potential exchange resin for caproate production. However, the desorption

efficiency of caproate from this resin (88.2%) was unsatisfied and yet required further improvements.
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Figure 3. (A) The desorption efficiency and (B) overall performance of different resins (D201, D202,

D301R, and D301G) in the simulated fermentation broth. The results present with averages and

standard deviations of three parallel experiments. The indicators of the resin performance in (B)

comprise of adsorption capacity, desorption efficiency, and selectivity (Rs).

3.2. Optimal Desorption Condition and Reusability of D201

It has been reported that temperature and elution solution are the determining factors for desorption

efficiency in organic acid production [16,31]. The anion exchange is an exothermic process, hence,

low temperature might contribute to a better performance. However, another parameter influencing

anion exchange, e.g., anion diffusion, depends on temperature increment [16,31]. Researchers suggested

also that an alkaline solution would increase elution efficiency [31]. However, over-concentrated

alkaline eluent could not increase the efficiency further; on the contrary, it could increase the cost. Thus,

we investigated the elution efficiency of carboxylate from the resin D201 under varying temperatures

and with different concentrations of NaOH in eluent (Table 2). The elution efficiency at 5 ◦C was

relatively low, compared to that at higher temperature (20–40 ◦C). The average desorption efficiencies

at 20–40 ◦C of acetate, butyrate, and caproate were 95.97% ± 0.92%, 86.93% ± 0.81%, and 88.61% ± 0.43,

respectively. Although a relatively high desorption efficiency of carboxylate was observed at 20 ◦C,

the desorption efficiencies within the temperature range of 20–40 ◦C were slightly different (<1%).

Furthermore, as the simulated fermentation broth was at 30 ◦C, maintaining elution at this temperature

would achieve acceptable desorption efficiency without system complexity of heating or cooling.

Table 2. The optimization of elution temperature and eluent concentration.

Elution Factor
c Desorption Effeciency

Yacetate
desorption

(%) Y
butyrate

desorption
(%) Y

caproate

desorption
(%)

a Temperature (◦C)

5 88.10 ± 0.36 81.66 ± 0.33 65.79 ± 0.49
20 96.90 ± 0.29 87.74 ± 0.21 89.04 ± 0.12
30 95.05 ± 0.23 86.75 ± 0.29 88.25 ± 0.29
40 95.17 ± 0.19 86.12 ± 0.22 88.18 ± 0.13

b NaOH concentration (M)

0.5 85.20 ± 0.10 80.17 ± 0.09 78.65 ± 0.32
1.5 99.84 ± 0.16 94.75 ± 0.13 95.74 ± 0.12
2.0 99.80 ± 0.26 95.01 ± 0.33 95.94 ± 0.21
2.5 99.71 ± 0.35 97.30 ± 0.16 96.12 ± 0.20

a The experiments were conducted at the eluent concentration of 1 M NaOH. b The elutions were carried out at
30 ◦C. c The desorption efficiency was calculated using Equation (4), as described in the text. Every test was done in
triplicate. The results represent averages and standard deviation.
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Increasing NaOH concentration from 0.5 to 1.5 M could enhance the desorption capacity up

to 10.77 ± 0.28 mg/g (Table 2). The desorption capacity of caproate significantly increased from

78.65% ± 0.32% to 95.74% ± 0.12% (p < 0.01). The increased eluent NaOH concentration from 1.5 to

2.5 M did not increase the desorption efficiency of caproate significantly (p > 0.05), as the increment

was less than 0.4%. With these findings, we decided the optimal eluent concentration at 1.5 M NaOH.

In the reusability test for resin D201, its adsorption capacity and desorption efficiency were

measured during eight adsorption–desorption cycles under the optimal elution conditions. The results

of the 2nd, 4th, 6th, and 8th cycles are addressed in Figure 4. The adsorption capacity and desorption

efficiency of caproate from the resin fell slightly after eight cycles of the test and these two parameters

in the 8th cycle were 59.10 ± 2.27 mg/g and 93.4% ± 2.8%, respectively. The results in the 8th cycle

showed no significant difference (p > 0.05) to those measured in the previous cycles, which suggested

that the resin was reusable.

 

Figure 4. Reusability of resin D201 for caproate production. The adsorption and desorption of caproate

versus resin were measured over eight performance cycles using the simulation broth. The results are

averages and standard deviations of three parallel experiments.

3.3. Enhanced Caproate Fermentation with Anion Exchange

The anion-exchange resin D201 showed a relatively reliable performance when using the simulated

fermentation broth. The resin was then coupled with the caproate fermentation. As shown in

Figure 5, from the start to the 67th day (Phase 1), two bioreactors (the control and adsorption

groups) were operated in parallel. The fermentation performance of the two bioreactors was similar.

The ethanol consumption rate of both reactors was 89.7% ± 2.3% and their acetate consumption rate

was 73.3% ± 0.1%. The maximum caproate concentration after 67 days was 11.2 ± 0.3 g/L. In Phase 1,

the average (0.16 ± 0.01 g-caproate/L/d) and maximum (0.57 ± 0.03 g-caproate/L/d) caproate production

rates of both reactors were similar.



Processes 2019, 7, 404 9 of 12

 

Figure 5. Concentration dynamics of carboxylates during caproate fermentation using anion-exchange

resin. Two experimental sets were carried out, including (A) the control and (B) the adsorption groups.

The fermentation period was divided into three phases. In Phase 1, both groups exhibited the same

dynamics. In Phase 2, ethanol and acetate were supplied, and the adsorption was carried out on the

67th, the 81st, the 89th, and the 120th days in (B). In Phase 3, although the large volume of caproate

was removed in Phase 2, the concentration of caproate rose up exponentially. The results are averages

of triplicate measurements.

After Phase 1, on the 67th day, ethanol was supplied as an electron donor in both reactors.

However, the utilization of ethanol in the control group (Figure 5A) was severely constrained by

caproate feedback inhibition. The net ethanol consumption within Phase 2 and Phase 3 (from the

67th day to the 174th day) was no more than 11.3%. As ethanol utilization is the first step in caproate

fermentation, this inevitable occurrence leads to a poor caproate production performance. The net

caproate production was 1.44 ± 0.21 g/L and the final caproate concentration was 12.43 ± 0.29 g/L.

In order to improve caproate production, caproate separation was necessary.

For the adsorption group (Figure 5B), the anion-exchange operation reduced caproate concentration

in a stepwise manner from 11.50 ± 0.19 to 4.66 ± 0.20 g/L in Phase 2. Accordingly, ethanol consumption

increased significantly and the chain elongation performance recovered gradually. The ethanol

consumption rate reached 77.4% and the average caproate production rate between the 80th day and

the 89th day increased to 0.14 ± 0.01 g-caproate/L/d, which was at the same level of the control group

in Phase 1. However, this increase in caproate production was insufficient and unstable. The highest

caproate production rate, namely 0.3 g caproate/L/d, was only half of the caproate production rate of the

control group (0.60 ± 0.01 g/L/d) in Phase 1 and the highest caproate accumulation concentration was

less than 8.91 ± 0.17 g/L. Butyrate accumulation began in Phase 2. Butyrate became the main product

between the 103rd and the 120th days and its concentration reached a maximum of 13.74 ± 0.15 g/L on

the 117th day. It has been reported that butyrate is an insufficient chain elongation product in caproate

fermentation and its accumulation has been attributed to caproate feedback inhibition and low ethanol
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supply [32,33]. Even though butyrate uptake is involved in the chain elongation process, butyrate is

a less favored substrate for the chain elongate microbiome. Thus, further ethanol supply and anion

exchange took place on the 120th day.

In Phase 3, the ethanol to acid ratio was readjusted from 0.65 to 3.50 (as mol/mol) and the caproate

concentration was reduced to 2.67 ± 0.09 g/L on the 120th day. With sufficient ethanol supply and

a low caproate concentration, the caproate production performance was finally regained. A maximum

caproate concentration of 17.30 ± 0.13 g/L was obtained, which was 42.2% higher than that of the

control group. The average (from the 120th to the 142nd days) and the maximum caproate production

rates were 0.64 ± 0.01 g-caproate/L/d and 2.03 ± 0.02 g-caproate/L/d, respectively, which were 276%

and 238% higher than those in the control group, respectively. The butyrate accumulated in Phase

2 was sufficiently utilized. Overall, cumulative caproate production in the adsorption group was

29.10 ± 0.33 g/L·broth, which was 134% higher than that of the control group. An enhancement in

performance was thus achieved in the adsorption group.

The adsorption and desorption performances of the anion-exchange resin D201 with the actual

fermentation broth were evaluated. The performances listed in Table 3 showed that Qcaproate was

maintained above 50 mg/g, which was above the minimum capacity required for resin application [29].

Meanwhile, the Rs values of the D201 dropped to 1.90–4.62, which were lower than those measured in

the experiments with the simulation broth. This result might be due to the relatively high concentration

of acetate and butyrate in the actual fermentation broth, which has been shown to increase the

competitive adsorption [30]. However, Qcaproate was still higher than Qbutyrate or Qacetate in the

actual fermentation broth, even when the concentration of butyrate was higher than that of caproate.

This finding suggested that caproate had higher affinity. Additionally, the desorption efficiency in the

actual fermentation broth was maintained at a similar level to that in the simulated one, which was no

less than 93%.

Table 3. Adsorption–desorption performance of carboxylates during anion-exchange resin production

of caproate using the actual fermentation broth.

Adsorption/Desorption Operation
a Qacetate

(mg/g)
Qbutyrate

(mg/g)
Qcaproate

(mg/g)
Desorption

Efficiency (%)

The first operation at the 67th day 2.13 ± 0.02 10.87 ± 0.09 60.17 ± 0.17 93.4 ± 0.27
The second operation at the 80th day 4.13 ± 0.07 15.46 ± 0.10 59.36 ± 0.31 94.0 ± 0.31
The third operation at the 89th day 3.60 ± 0.03 19.24 ± 0.29 56.99 ± 0.29 95.1 ± 0.22

The fourth operation at the 120th day 0.74 ± 0.02 28.25 ± 0.23 55.13 ± 0.25 93.5 ± 0.13

a Qacetate, Qbutyrate, and Qcaproate are the adsorption capacities to the corresponding compounds, which were defined
using Equation (1). The results are the averages and standard deviations of the triplicate measurements.

4. Conclusions

In this study, enhanced caproate production performance was achieved by applying

anion-exchange resin to mixed culture-caproate fermentation. In the resin comparison, the strongly

basic anion-exchange resin showed better potential to enhance caproate production and D201 was

the optimal resin among the test resins due to its higher adsorption, selectivity, and desorption

performance. The resin D201 also maintained a stable performance during eight adsorption–desorption

cycles. In the enhancement of caproate fermentation using the adsorption process with caproate

removal and sufficient ethanol supply, the average and maximum production rates of caproate

increased to 0.64 ± 0.02 g-caproate/L/d and 2.03 ± 0.02 g-caproate/L/d, respectively, which were 276 %

and 238% higher than those in the control group, respectively. The highest caproate concentration was

17.30 ± 0.13 g/L and the cumulative caproate production was 29.10 ± 0.33 g/L·broth, which were 39.2%

and 134% higher than those in the control group, respectively. Furthermore, the adsorption–desorption

performance of the resin D201 was similar for the actual fermentation broth compared to the simulated

one. Although more acetate and butyrate remained in the medium and competitive adsorption

increased, the adsorption affinity of caproate to resin was still high. With our findings, the application
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of anion-exchange resin could be a practical approach to enhance anaerobic mixed culture fermentation

for caproate production.
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