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Abstract 

The utilization of foul condensate (FC) collected from a Kraft pulp mill for the anaerobic 

production of volatile fatty acids (VFA) was tested in upflow anaerobic sludge blanket (UASB) 

reactors operated at 22, 37 and 55 ºC at a hydraulic retention time (HRT) of ~75 h. The FC 

consisted mainly of 11370, 500 and 592 mg/L methanol, ethanol and acetone, respectively. 42-

46% of the organic carbon (methanol, ethanol and acetone) was utilized in the UASB reactors 

operated at an organic loading of ~8.6 gCOD/L.d and 52-70% of the utilized organic carbon 

was converted into VFA. Along with acetate, also propionate, isobutyrate, butyrate, isovalerate 

and valerate were produced from the FC. Prior to acetogenesis of FC, enrichment of the 

acetogenic biomass was carried out in the UASB reactors for 113 d by applying operational 

parameters that inhibit methanogenesis and induce acetogenesis. Activity tests after 158 d of 

reactor operation showed that the biomass from the 55 oC UASB reactor exhibited the highest 

activity after the FC feed compared to the biomass from the reactors at 22 and 37 oC. Activity 

tests at 37 ºC to compare FC utilization for CH4 versus VFA production showed that an organic 

carbon utilization >98% for CH4 production occurred in batch bottles, whereas the VFA 

production batch bottles showed 51% utilization. Furthermore, higher concentrations of C3-C5 

VFA were produced when FC was the substrate compared to synthetic methanol rich 

wastewater. 
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Highlights: 

• Anaerobic utilization of foul condensate (FC) was tested in UASB reactors  

• Organic carbon utilization of 42, 45 and 45%, respectively, at 22, 37 and 55 ºC. 

• The biomass from the reactor at 55 ºC showed a higher activity after FC feeding phase. 

• CH4 production led to complete utilization of FC compared to 54% in case of VFA 

production. 



1 Introduction 

Condensates are generated during the chemical recovery from black liquor in the chemical 

pulping process of the pulp and paper industry and have varying concentrations of organic 

compounds (Eregowda et al., 2018; Rintala and Puhakka, 1994). The Kraft mill evaporator 

condensates or Kraft condensates account for up to 40% of the biological oxygen demand 

(BOD) but only 5% of the total wastewater flow generated (Meyer and Edwards, 2014; Rintala 

and Puhakka, 1994). The methanol concentration in the Kraft condensates vary from 1-46 g/L 

and contributes to ~80-96% of the total chemical oxygen demand (COD) (Badshah et al., 2012; 

Dufresne et al., 2001). Along with methanol, the Kraft condensates also contains pollutants 

such as ethanol, turpentine, organic reduced sulfur compounds like methyl mercaptan, dimethyl 

sulfide and dimethyl disulfide, small amounts of ketones, terpenes, phenolics, resin and fatty 

acids (Meyer and Edwards, 2014; Suhr et al., 2015). Owing to the presence of volatile organic 

compounds (VOC) in high concentration, it is further processed to separate the VOC and water 

fraction (Dufresne et al., 2001). 

Steam stripping and condensation are the most commonly used technologies for the treatment 

of Kraft condensates to reuse water and reduce the organic load to the wastewater treatment 

plant, after which the stripped non-condensable gases (NCG) rich in volatile organic 

compounds are incinerated (Suhr et al., 2015). Considering the high COD content (mostly as 

methanol), Kraft condensates hold a huge potential for biological resource recovery through 

the production of valuable end-products. Anaerobic biomineralization of methanol is mainly 

carried out through either direct conversion of methanol to CH4 by methanogens or indirectly 

through intermediate formation of acetate by methylotrophic acetogens, followed by further 

conversion of acetate to CH4 by acetoclastic methanogens (Lu et al., 2015; Paula L Paulo et 

al., 2004; Weijma and Stams, 2001). Few studies have reported aerobic degradation or 



anaerobic digestion of Kraft condensates in upflow anaerobic sludge blanket (UASB) reactors 

for biogas production (Dufresne et al., 2001; Liao et al., 2010; Minami et al., 1986; Xie et al., 

2010) and a lab-scale efficiency of up to 86% COD removal has been achieved (Badshah et al., 

2012), as described in Table 1. 

Waste-derived volatile fatty acids (VFA), especially acetate, produced from waste and side 

stream biomass are valuable bioconversion products (Lee et al., 2014). They can be applied in 

industries such as polymer, food and fertilizer, and as precursors to fuels and chemicals 

(Eregowda et al., 2018; Slezak et al., 2019). No study has so far reported the production of 

VFA through the acetogenesis of foul condensates in batch or continuous reactor systems. 

During acetogenesis, methanol is utilized by obligate anaerobes such as methylotrophic 

bacteria and homoacetogens that synthesize acetyl Co-A from methanol, resulting in acetate as 

the end-product. Acetogenesis occurs only in the presence of more oxidised carbon containing 

compounds such as formate, CO and CO2 (Florencio, 1994).  

In order to examine the prospects of the production of VFA from kraft condensates, the 

inhibition of the methanogenic biomass is necessary. The parameters such as low influent pH 

(Costa and Leigh, 2014), the presence of bicarbonate (Florencio, 1994; Paulo et al., 2004; Paulo 

et al., 2003), higher organic loading rates (Florencio, 1994; Weijma and Stams, 2001) and 

cobalt (Co) deprivation throughout the operational period (Fermoso et al., 2008; Florencio et 

al., 1994; Paulo et al., 2004) and addition of 2-bromoethanesulfonate (BES), specific 

methanogen inhibitor (Braga et al., 2016) can be employed. 

Accordingly, the objectives of this study were: (i) to enrich the acetogens in UASB reactors, 

(ii) to examine the acetogenesis of FC, (iii) to study the effect of temperature (22, 37 and 55 

oC) on the enrichment of acetogens and acetogenesis of FC, and (iv) to compare the effect of 

enrichment of acetogens and FC feed on the reactor biomass activity.  



2 Materials and methods 

2.1 Source of inoculum and medium composition  

The anaerobic granular sludge used as inoculum was collected from a mesophilic UASB 

reactor treating wastewater from the integrated production of the beta-amylase enzyme and 

ethanol from oat (Jokioinen, Finland). The synthetic wastewater used for the enrichment of the 

acetogens consisted of (analytical grade, Sigma-Aldrich, Germany) 1.2 g NaCl, 0.4 

MgCl2·6H2O, 0.5 g KCl, 0.3 g NH4Cl, 0.15 g CaCl2 and 0.2 g KH2PO4 per 1000 ml of MilliQ 

water. The Co deprived trace element solution consisted of (in mg/L): 1500 FeCl2·4H2O, 100 

MnCl2·4H2O, 70 ZnCl, 62 H3BO3, 36 Na2MoO4·2H2O, 24 NiCl2·6H2O and 17 CuCl2·2H2O 

(Weijma et al., 2003). 

2.2 Characteristics of the foul condensate (FC) 

The FC, one of the Kraft condensate streams with a high concentration of methanol and total 

reduced sulfur (TRS), was collected from a chemical pulp mill in Finland and stored in airtight 

plastic containers in a fume hood prior to the experiments. The characteristics of the FC (Table 

1) were as follows: pH (9.3 ± 0.2), conductivity (1374 μS/m), TRS (236 ± 25 mg/L) and organic 

compounds, namely, acetone (592 ± 49 mg/L), methanol (11370 ± 688 mg/L), ethanol (500 ± 

26 mg/L), acetate (60 ± 2.5 mg/L) and propionate (30 ± 2.3 mg/L). The FC was supplemented 

with 1 mL/L Co deprived trace element solution and 0.2 g/L yeast extract. The pH was reduced 

from 9.3 ± 0.2 to 7.0 (± 0.2) by dropwise addition of 4 M HCl.  

2.3 Experimental setup  

Three laboratory scale UASB reactors (Figure S1) with a working volume of 0.5 L (height = 

40 cm, inner diameter = 4.4 cm) were used to study the anaerobic utilization of methanol at 

room temperature (22 ± 2 ºC, R22), mesophilic (37 ± 3 ºC, R37) and thermophilic (55 ± 3 ºC, 



R55) conditions at a hydraulic retention time (HRT) of 12 h in phases M1-M7, 24 h in M8 and 

75 h in M9 (Table 2). The temperatures of the reactors R37 and R55 were maintained using 

heated water jackets. The reactors were inoculated with ~150 mL anaerobic granular sludge 

(36 ± 4 g/L volatile suspended solids) and the influent was fed from the bottom of the reactor 

with an upflow velocity of 3.3 (in phases M1-M7), 1.6 (in phase M8) and 0.54 cm/h (in phase 

M9).  The gas produced from the UASB reactors was collected in air-tight gas collection bags.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

2.4 Operational phases of the UASB reactors 

The operation of the three UASB reactors, R22, R37 and R55 was carried out in nine phases 

(Table 2) after an acclimatization period of 4 d with the synthetic wastewater (devoid of 

methanol) described in section 2.1. During the first six phases (M1-M6), methanogenic activity 

was detected and different operational strategies were tested to inhibit the methanogens. In 

phase M1, synthetic methanol-rich wastewater (SMWW) was fed to the UASB reactors at an 

OLR of ~1 g/L.d. During phase M2, 1 mL/L of Co deprived trace element solution was 

incorporated in the SMWW. The SMWW pH was reduced to 4.0 in phase M3, whereas in 

phase M4, the pH was restored to 6.5 and 0.33 g/L of bicarbonate was added to the SMWW. 

The pH was altered using 4 M HCl or NaOH. The OLR was increased from 1 g/L.d to 2 g/L.d 

in phase M5. The influent pH was decreased from 6.5 to 5.5 in phase M6. In phase M7, 1 g/L 

of BES was added to the SMWW. The HRT was increased from 12 h to 24 h in phase M8 to 

enhance the methanol utilization. Phase M9 was operated by feeding the reactors with FC. To 

avoid a concentration gradient along the height of the UASB reactors, a recirculation loop was 

incorporated at a recirculation ratio of 3 during phase M9. 

2.5 Batch activity tests 

To compare the UASB reactor biomass activity for methanogenic and acetogenic methanol 

utilization, three sets of batch tests (T1, T2 and T3) were carried out. The tests were performed 



in duplicate, in 500 mL (for T1) and 120 mL (for T2 and T3) airtight serum bottles having a 

working volume of 300 and 60 mL, respectively. The biomass inoculum size was ~5 g/L VS 

for all the batch incubations. T1 batch tests were aimed at comparing the organic carbon 

utilization between synthetic media and FC for CH4 and VFA production. They were inoculated 

with 100 mL fresh sludge and incubated at 37 ºC and consisted of: (a) SMWW (10 g/L 

methanol), (b) SMWW + BES (1 g/L), (c) FC (200 mL, undiluted), (d) FC + BES (1 g/L). The 

T2 and T3 batch tests were inoculated with 20 mL sludge collected on day 113 (prior to feeding 

FC) and on day 158 (after feeding FC), respectively, from the reactors R22, R37 and R55 and 

incubated at 22, 37 and 55 ºC along with 40 mL undiluted FC as the substrate.  

2.6 Analytical methods 

Liquid samples from the UASB reactor and batch incubations were filtered using 0.45 µm 

syringe filters and stored at 4 °C before analysing the influent and effluent pH, methanol and 

VFA concentrations. Additionally, for phase M9 of the reactor operation and for batch 

incubations (T1, T2 and T3) with FC as the substrate, the influent and effluent ethanol and 

acetone concentrations were analysed. The gas samples were collected in air-tight syringes and 

analysed immediately for methane content and the gas volume was recorded by measuring the 

water displacement with an air-tight water column. All the analysis were carried out in 

duplicates and the data presented in the plots are the average values with a standard deviation 

<1.0%. 

The CH4 concentration was analysed using a gas chromatograph (Shimadzu GCe2014, Japan) 

equipped with a Porapak N column (80/100 mesh), a thermal conductivity detector (TCD) with 

N2 as the carrier gas. The temperature of the oven, injector and detector were 80, 110 and 110 

ºC, respectively. The concentrations of VFA (acetate, propionate, isobutyrate, butyrate, 

isovalerate and valerate), methanol, acetone and ethanol were analysed using a gas 



chromatograph fitted with a flame ionization detector (Shimadzu GC-2010, Japan) (Kinnunen 

et al., 2015). The TRS concentration of the FC was measured spectrophotometrically 

(DR/2010, HACH, Loveland, CO) using a HACH sulfide kit (HACH, USA) after appropriate 

dilution.  

Phases M1-M6 were dominated by methanogenesis and enrichment of acetogens was achieved 

starting from phase M7. The operational parameters in different phases of the UASB reactor 

operation, methanol utilization and the carbon recovery are shown in Table 2. For the mass 

balance, organic carbon utilization was calculated as the fraction of methanol (additionally 

ethanol and acetone when FC was the substrate) utilized to the fraction of methanol supplied. 

The organic carbon recovery was calculated as the stoichiometric fraction of methanol 

(additionally ethanol and acetone when FC was the substrate) converted to VFA or CH4 to the 

fraction of methanol utilized. 

3 Results 

3.1 Enrichment of acetogens in the UASB reactors 

3.1.1 Methanogenic phase  

To improve the methanol utilization efficiency, which was <25% during the first three days 

(phase M1) of operation (Figure 1a), a Co deprived trace element solution was incorporated in 

the influent on day 4 (phase M2). The methanol utilization efficiency in reactor R37 quickly 

improved from <20% to >92% within 1.5 d, whereas in the reactors R22 and R55, the 

maximum methanol utilization efficiencies were 11 and 32%, respectively. The CH4 

production increased from <2, 20 and 5 mL/d to 40, 134 and 18 mL/d in the reactors R22, R37 

and R55, respectively, within 2 days.  



The reactors were subjected to a pH shock, wherein the influent pH was adjusted to 4.0 (phase 

M3, days 9-11) to inhibit methanogenesis. A rapid decrease in the CH4 production was 

observed in all three reactors, i.e to values <13 mL/d. The methanol utilization also dropped 

from 57, 95 and 30% to 5, 42 and 4%, respectively, in the reactors R22, R37 and R55 due to 

the pH shock, with an average methanol utilization of, respectively, 22, 63 and 16 % for the 

entire phase. In phase M4 (days 12-27), when the pH was restored to 6.5 and bicarbonate was 

incorporated in the influent as a co-substrate (4 moles of methanol and 2 moles of bicarbonate 

are required to produce 3 moles of acetate), the methanol utilization increased rapidly to >95% 

in the reactors R37 and R55, respectively, and to 30% in the reactor R22. The methanogenesis 

was restored and up to 10, 82 and 61% of the consumed methanol was recovered as CH4 in the 

reactors R22, R37 and R55, respectively, during the phase M4 (Figure 1b).  

In the phase M5, when the OLR was doubled (from 1 to 2 g/L.d), the methanol utilization 

dropped to 24, 86, 73% in the reactors R22, R37 and R55, respectively. However, these values 

increased to ~84, 98 and 97% within 3 d. Furthermore, with a brief drop in CH4 production at 

the beginning of phase M5, methanogenesis gradually increased and up to 30, 76, and 61% of 

the methanol was recovered as CH4 in reactors R22, R37 and R55, respectively, on day 36. The 

influent pH was reduced from 6.5 to 5.5 in M6 to enhance VFA accumulation and inhibit CH4 

production. The methanol utilization dropped to ~21, 76 and 17.5% and the CH4 production 

dropped to 13, 25 and 2% in reactors R22, R37 and R55, respectively, on day 42. However, 

both methanol utilization and CH4 production gradually increased in the three UASB reactors. 

During the entire methanogenic period (phase M1-M6), acetate (~50 mg/L) was observed 

occasionally in the effluent. Since the concentrations of VFA produced in all the three UASB 

reactors were insignificant, VFA was not considered in the mass balance for the phases M1-

M6.  



3.1.2 Acetogenic phase  

In phase M7, the addition of BES (1 g/L) completely inhibited the methanogenesis and CH4 

production in the three reactors was insignificant (<5 mL/d). A maximum methanol utilization 

of up to 28, 23 and 19% was achieved (Table 2) in the reactors R22, R37 and R55 along with 

a production of up to 244, 120 and 75 mg/L acetate, respectively. Additionally, up to ~9 and 6 

mg/L of respectively, isovalerate and valerate in the reactor R22; 25, 6 and 9 mg/L of 

respectively, propionate, isobutyrate and isovalerate in the reactor R37 and ~20, 17 and 14 

mg/L of respectively, propionate, isovalerate, and valerate in the reactor R55 were produced 

on day 91 (Figure 2).  

In order to increase the methanol utilization rate for VFA production, the HRT was increased 

from 12 h to 24 h in phase M8. Consequently, the methanol utilization increased to 53, 53 and 

49% and the acetate production increased to 392, 377, 356 mg/L in reactors R22, R37 and R55, 

respectively, on day 95. Furthermore, ~10, 56 and 50 mg/L propionate, ~12, 14 and 18 mg/L 

isobutyrate, ~20, 15 and 18 mg/L butyrate, ~17, 19 and 22 mg/L isovalerate were, respectively, 

produced in the reactors R22, R37 and R55 and ~30 mg/L isovalerate was produced in R55. 

Overall, the percentage methanol utilization was lower, i.e. ~45, 43 and 52% during the 

acetogenic period (phases M7 and M8) compared to the methanogenic period (phases M1-M6) 

where the utilization was up to 84, 97 and 88% in the reactors R22, R37 and R55, respectively 

(Figure 1a and 2).  Besides, the organic carbon recovery (as VFA) in phase M8 was >100% in 

all the 3 reactors due to bicarbonate utilization as a co-substrate during the acetogenesis. 

3.2 Acetogenesis of the foul condensate (FC) 

An average methanol removal efficiency of 36, 40 and 41% was observed in the reactors R22, 

R37 and R55, respectively, in phase M9 (FC feeding phase). During the 44 d operation of phase 

M9, a steady utilization of 84, 79 and 82% acetone, and 85, 86 and 86% ethanol was, 



respectively, observed in the reactors R22, R37 and R55 (Figure S2). The individual VFA 

production was as follows: Acetate- 1623, 1660 and 2274 mg/L; propionate- 39, 100, 178 

mg/L; isobutyrate- 47, 47, 46 mg/L; butyrate- 86, 39 and 61 mg/L; isovalerate- 51, 79 and 49 

mg/L and valerate- 105, 91 and 98 mg/L in the reactors R22, R37 and R55, respectively. The 

CH4 production in the three UASB reactors was insignificant (<10 mL/d). The organic carbon 

utilization and the carbon recovery as VFA during phase M9 were, respectively, 42 and 57% 

in R22, 45 and 52% in R37, and 45 and 69% in R55 (Table 2).  

3.3 Batch activity tests 

3.3.1 Batch study with the inoculum (T1) 

The profiles of methanol utilization, VFA production and CH4 production from FC in batch 

study T1 are shown in Figures 3, 4 and S3, respectively. The methanol utilization for CH4 

production in batch incubations without BES (98%) was higher compared to VFA production 

batch incubations (51%) when FC was used as the substrate. A similar trend was observed with 

SMWW as the substrate, wherein >98% methanol utilization occurred in the batch incubations 

without BES and 72% in the batch incubations with BES (Table 3). In batch incubations 

without BES, nearly complete methanol utilization occurred within 18 d when SMWW was 

the substrate and the organic carbon utilization required ~48 d when FC was the substrate.  

Concerning the VFA production, ~900 mg/L acetate was produced on day 15 and was 

eventually consumed (in 45 d) in the batch incubations with FC as the substrate and without 

BES. Up to 260 mg/L propionate, 294 mg/L isobutyrate, 25 mg/L butyrate, 21 mg/L isovalerate 

and 36 mg/L valerate were also produced. In the batch incubations containing BES, up to  3560 

mg/L acetate, 255 mg/L propionate, 255 mg/L isobutyrate, 100 mg/L butyrate, 175 mg/L 

isovalerate and 90 mg/L valerate were produced from the FC. Although the percentage 

methanol utilization was higher when SMWW was the substrate, only acetate (~4950 mg/L) 



and propionate (150 mg/L) production were significant and the concentration of isobutyrate, 

butyrate, isovalerate and valerate were <25 mg/L (Figure 4). Furthermore, from the batch 

incubations with only biomass or only yeast extract (no methanol or FC), VFA production was 

insignificant, implying that the biomass or yeast extract did not contribute to the VFA 

production. 

3.3.2 Batch study using UASB biomass after 113 (T2) and 158 (T3) days operation 

The profiles of methanol, ethanol and acetone utilization and VFA production for the batch 

studies T2 and T3 are shown in Figures 5 and 6, respectively. The organic carbon utilization 

was 68, 72, 67% for the biomass from reactors R22, R37 and R55, respectively, with an organic 

carbon recovery of 95, 92 and 92% (Table 4) for the batch study T2 (biomass collected after 

acetogen enrichment and before feeding FC feed). The activity of the biomass was clearly 

lower in batch study T3 (biomass collected after feeding FC) since the methanol utilization 

decreased to 41, 50 and 56% for the biomass from reactors R22, R37 and R55, respectively. 

The organic carbon converted to VFA was 95, 98 and 91%, respectively, indicating that 

acetogenesis was the main pathway, both before and after feeding the FC to the sludge sampled 

from the three UASB reactors.  

The organic carbon utilization of the unenriched biomass (51%), enriched biomass (72%) and 

the biomass after the FC feed (50%) for the batch incubations at 37 ºC shows that the organic 

carbon utilization increased after 113 d of enrichment, but decreased upon feeding FC. Reactor 

R55 was the least affected by the FC feed since the organic carbon utilization before and after 

feeding FC was, respectively, 67 and 56% (Table 4). 

4 Discussion 

4.1 Enrichment of acetogens in methanol fed UASB reactors 



The anaerobic mineralization of methanol mainly occurs through methanogens, resulting in 

CH4 production and acetogens, resulting in acetate formation (Lin et al., 2008). Prior to feeding 

the reactors with FC, inhibition of methanogens and the enrichment of acetogens was tested 

(using SMWW) through a systematic change of previously reported process parameters such 

as pH in phase M3 and M6 (Costa and Leigh, 2014), the presence of bicarbonate in phase M4 

(Florencio, 1994; Paula L. Paulo et al., 2004; Paulo et al., 2003), higher organic loading rates 

in phase M5 (Florencio, 1994; Weijma and Stams, 2001) and Co deprivation throughout the 

operational period (Fermoso et al., 2008; Osuna et al., 2003; Paulo et al., 2004). However, 

inhibition of methanogenesis was not successful until the application of BES in phase M7 (1 

g/L). Although BES is a well-established specific inhibitor of methanogens (Braga et al., 2016; 

Zhuang et al., 2012), often used in the lab-scale reactors for hydrogen production through dark 

fermentation or bioelectrochemical processes (Braga et al., 2016), it was used as the last option 

in this study (phase M7-M9) to avoid operational costs of its addition. The percentage methanol 

utilization further increased in phase M8 when the HRT was doubled, although the specific 

methanol utilization (mg/L/hr) remained in the same range. A longer UASB operation in phase 

M8 could further increase the specific methanol utilization.  

During the methanogen dominant phases (M1-M6), methanol was most likely utilized by the 

hydrogenotrophic methanogens that are Co independent (Fermoso et al., 2008; Paula L. Paulo 

et al., 2004). In phase M6, the bicarbonate addition induced buffering and additionally, the 

activity of the hydrogenotrophic methanogens (1 mole of CH4 is produced using 1 mole of 

bicarbonate and 4 moles of hydrogen) promoted the recovery of the methanogenic activity 

(Paulo et al., 2003; Weijma and Stams, 2001), especially in the reactors R37 and R55 (Figure 

1, Table 2). The high methanogenic activity can also be attributed to the fact that the anaerobic 

granular sludge used as the inoculum for the UASB reactors was collected from a mesophilic 

UASB reactor, operated at 37 oC, treating the wastewater from the integrated production of 



beta-amylase enzyme and ethanol from oat and a large methanogenic bacterial population was 

thus already present in the inoculum. 

4.2 Foul condensate (FC) utilization in the UASB reactors 

This study showed that VFA can be produced by acetogenesis of real FC from a chemical pulp 

industry in UASB reactors operated at 22, 37 and 55 ºC (Figure 2). The organic compounds 

present in the FC (methanol, ethanol and acetone) served as the substrates for the acetogenic 

biomass for the VFA production. The average organic carbon utilization from FC for VFA 

production was, respectively, 36, 40 and 42% in reactors R22, R37 and R55 (Table 2, Figure 

1a). Although few studies on the biological treatment of condensates report a COD removal 

>98% (Table 1), these studies applied aerobic treatment or anaerobic digestion for CH4 

production.  

The limiting factors for the conversion of organic carbon to VFA from FC were likely: (a) 

unavailability of bicarbonate, resulting in the absence of buffering and co-substrate for the 

acetogenesis (discussed in section 4.3) and (b) the concentration of the TRS compounds present 

in the FC, which was as high as 236 mg/L. Acetogens have a higher tolerance for sulfide 

toxicity compared to methanogens (Chen et al., 2014). However, H2S species can penetrate 

their cell membrane and suppress the cellular activity (Bundhoo and Mohee, 2016; Dhar et al., 

2012). In order to reduce the sulfide toxicity to the biomass, the pH of the FC was reduced 

from 9.3 to 7.0 to facilitate the escape of sulfide species as hydrogen sulfide (H2S) in the gas 

phase. Furthermore, the presence of high concentrations of sulfide could lead to the 

precipitation of trace elements as metal sulfides (Villa-Gomez et al., 2011).  

Since the FC is a condensate formed during the evaporation of black liquor in a chemical 

pulping mill (Tran and Vakkilainnen, 2012), it is as such devoid of any salts and complex 

micronutrient source that could provide the required vitamins, nitrogen source, nutritional 



(sodium, phosphorus and calcium) and trace elements (such as zinc, manganese, magnesium, 

copper, nickel and iron) necessary for cellular activity (Zhang et al., 2012). Although FC was 

supplemented with a Co deprived trace element solution and 200 mg/L yeast extract, the 

supplied vitamins and trace elements could have been precipitated by the high sulfide 

concentrations, thus influencing their bioavailability and limiting the bioconversions (Chen et 

al., 2014). Further studies to increase the methanol utilization in the UASB reactors under long 

term operation, by varying operational parameters such as HRT, OLR, and recirculation rate 

are necessary. 

It is noteworthy to mention that the biological removal of ethanol and acetone in any Kraft 

condensate is reported for the first time in this study. The removal of ethanol (>80%) and 

acetone (75-80%) was higher in the three reactors investigated compared to that of methanol 

(30-40%). Acetogens and other methylotrophic bacteria are able to readily assimilate ethanol 

and acetone as the carbon source (Florencio, 1994). Moreover, the concentrations of ethanol 

and acetone were much lower in the FC compared to methanol (Table 1). 

4.3 Biomass activity and CH4 vs VFA production  

Comparing the methanogen inhibited batch incubations in T1, up to 72% methanol utilization 

was achieved with SMWW and 51% when FC was the substrate. The unavailability of 

bicarbonate was likely the main limiting factor for the lower utilization of methanol in the FC. 

This could be confirmed from the fact that the organic carbon recovery as VFA (%) in the 

methanogen inhibited SMWW batch incubations was 96% compared to 78% for the FC batch 

incubations (Table 3). 

Under the tested conditions, CH4 production (>98%) resulted in higher organic carbon 

utilization than VFA production (~51%). Few studies have reported CH4 production from Kraft 

condensate in reactor configurations such as UASB, submerged membrane bioreactors and 



column bioreactors. The COD removal efficiencies achieved in these studies are described in 

Table 1. Concerning VFA, the acidogenic fermentation of food waste resulted in the production 

of up to 6.3 g/L VFA at an organic loading of 15 kg COD/m3.d (Dahiya et al., 2015). In this 

study, production of up to 2274, 178, 46, 61, 49 and 98 mg/L acetate, propionate, isobutyrate, 

butyrate, isovalerate and valerate were, respectively, achieved at an organic loading of 8.6 g 

COD/L.d. 

Apart from VFA production from the FC constitutes, production of propionate, isobutyrate, 

butyrate, isovalerate and valerate in the three UASB reactors might be via carboxylate chain 

elongation (CCA). Comparing the VFA production profile in batch study T1, although the 

initial COD was similar, a higher amount of propionate, isobutyrate, butyrate, isovalerate and 

valerate were produced in the batches with FC as substrate compared to SMWW. The 

possibility of VFA production from other sources such as yeast extract and the degradation of 

the UASB sludge was eliminated from the T1 batch study with only yeast extract or biomass 

(without FC or SMWW as the substrate). Targeted VFA production in mixed culture studies 

through the CCA of acetate with ethanol or methanol as electron donors have been previously 

reported (Chen et al., 2017, 2016). For example, butyrate production through CCA of acetate 

with methanol or ethanol as electron donor (Coma et al., 2016; Roghair et al., 2018). Further 

investigations using 13C labelled compounds are necessary to verify the effect of methanol, 

ethanol or acetone on VFA production via CCA. 

4.4 Effect of temperature on UASB reactor performance 

During the methanogenic period (phases M1-M6), reactor R37 showed the highest 

methanogenic activity and was the quickest to revert to methanogenesis upon changing the 

process parameters in each phase. Several studies on anaerobic digestion, and methanol 

utilization in particular, have shown that the operation of the bioreactors under mesophilic 



conditions showed the highest COD removal efficiency and CH4 production (Berube and Hall, 

2000; Chen et al., 2014; Rintala, 2011).  

The influence of temperature on the VFA production is ambiguous since the optimal 

temperature is shown to be >40 ºC (Lu and Ahring, 2005; Mengmeng et al., 2009) in some 

studies, whereas few studies suggest mesophilic range (Zhang et al., 2009) conditions. The 

methanogenic (phases M1-M6) as well as acetogenic (phases M7-M8) activity were the least 

in reactor R22 compared to R37 and R55 during the enrichment phase (Figure 1). Furthermore, 

the operational temperature of the UASB reactor seemed to affect the production of individual 

VFA: R55 showed the largest production of acetate and propionate, while R37 showed the 

largest production of isovalerate and R22 showed the largest production of isobutyrate, butyrate 

and valerate (Figure 2). 

Batch tests (T2 and T3) showed that the biomass activity was higher in the reactor R55 

compared to the biomass sampled from R22 and R37 after the FC feed. This is advantageous 

for industrial situations since the temperature of FC in the chemical pulping process is in the 

range of 50-60 oC (Tran and Vakkilainnen, 2012). More research with adequate temperature 

control is required to examine the effect of temperature on the VFA production from Kraft 

condensates. 

4.5 Practical implications 

FC is a good candidate for VFA production due to the presence of high concentrations of 

methanol along with small amounts of ethanol and acetone. Owing to its composition, FC could 

also be used as the electron donor for biological treatment of wastewaters that are deprived of 

carbon source, e.g. biological nitrogen removal from municipal wastewater, treatment of 

mining and other sulfate rich wastewaters and effluents from the fertilizer industry. 



Due to the industrial application of VFA, several studies have examined the production of 

waste-derived VFA from a wide range of waste organics and effluents such as activated sludge, 

primary sludge, food waste, kitchen waste, organic fraction of municipal solid waste, wood 

mill, paper mill, food processing industrial effluents like olive oil mill, palm oil mill, cheese 

whey, dairy sugar industry and wine (Lee et al., 2014; Zhang and Angelidaki, 2015). VFA 

recovery could be done as a stand-alone process, wherein the UASB reactor effluent is directly 

fed to downstream VFA recovery units. Several physicochemical processes such as 

electrodialysis, adsorption on ion-exchange resins, fractional distillation, solvent extraction and 

precipitation can be used for VFA recovery (Eregowda et al., 2018; Zhang and Angelidaki, 

2015). VFA production from FC is a novel resource recovery approach for managing the 

condensates of a chemical pulping process, which are otherwise evaporated to incinerate the 

VOC and TRS rich non-condensable gas fraction.  

5 Conclusions 

VFA production from foul condensates was successfully demonstrated in UASB reactors 

operated at 22, 37 and 55 ºC, with an average organic carbon utilization of 42, 45 and 45%, 

respectively. Prior to feeding FC, enrichment of acetogens was carried out. The biomass from 

the reactor R55 showed a higher activity after the FC feeding phase compared to reactors R22 

and R37. Batch activity tests showed that CH4 production led to complete utilization of FC 

compared to only 54% utilization in case of VFA production and the production of C3-C5 VFA 

was higher when FC was the substrate, compared to SMWW. 
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Figure Captions: 

Figure 1: (a) Influent and effluent methanol concentration profiles at different temperatures 

and (b) Methane concentration profiles during different operational phases. M1-M6 are the 

methanogen dominant phases, M7-M8 are the acetogen dominant phases and M9 is the FC 

feeding phase. 

Figure  2: VFA production profiles during different operational phases of the UASB reactors 

R22, R37 and R55. M1-M6 are the methanogen dominant phase, M7-M8 are the acetogen 

dominant phases and M9 is the FC feeding phase. 

Figure 3: (a) Methanol, (b) Ethanol and (c) Acetone concentration profiles during the batch test 

T1 with FC or meth-SWW as substrate. ‘synth’ and ‘FC’ are, respectively, the batches with 

meth-SWW and FC as the substrate, ‘synth+BES’ and ‘FC+BES’ are the batches with meth-

SWW and FC, along with the addition of BES, ‘nometh+YE’ are the batches with yeast extract 

in SWW without methanol, ‘no biomass FC’ is the negative control with only FC and no 

biomass, and ‘no meth’ is the negative control with only biomass in milli-Q water. 

Figure 4: (a) Acetate, (b) Propionate, (c) Isobutyrate, (d) Butyrate, (e) Isovalerate and (f) 

Valerate concentration profiles during the batch test T1 fed with FC or meth-SWW. ‘synth’ 

and ‘FC’ are, respectively, the batches with meth-SWW and FC as the substrate, ‘synth+BES’ 

and ‘FC+BES’ are the batches with meth-SWW and FC, along with the addition of BES, 

‘nometh+YE’ are the batches with yeast extract in SWW without methanol, ‘no biomass FC’ 

is the negative control with only FC and no biomass, and ‘no meth’ is the negative control with 

only biomass in milli-Q water. 

Figure 5: Methanol, ethanol and acetone concentration profiles in batch activity tests: a1, a2 

and a3 are the tests performed with the biomass collected from the reactors R22, R37 and R55, 



respectively, before the FC feed (T2), while b1, b2 and b3 are the tests performed with biomass 

from the respective biorectors collected after the FC feed (T3). 

Figure 6: VFA concentration profiles during the batch tests: : a1, a2 and a3 are the tests 

performed with the biomass collected from the reactors R22, R37 and R55, respectively, before 

the FC feed (T2), while b1, b2 and b3 are the tests performed with biomass collected from the 

respective bioreactors after the FC feed (T3). 

  



Table Legends: 

Table 1: Composition of different types of kraft condensates and COD removal values 

reported in the literature. 

Table 2: Summary of the operational parameters, average organic carbon utilization and 

average organic carbon recovery during different phases of UASB reactor operation. 

Table 3: Summary of the organic carbon utilized and recovered as VFA in batch test T1 that 

compares CH4 vs VFA production from synthetic wastewater vs foul condensate. 

Table 4: Summary of the organic carbon utilized and conversion to VFA in batch activity 

tests to compare the effect of FC feed on the biomass of the UASB reactors (Batch test T2 

and T3). 
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Table 1: Composition of different types of kraft condensates and COD removal values reported in the literature  6 

Type of condensate 

(bioprocess) 

Temperature 

(◦C) 

pH Total COD 

(mg/L) 

Methanol 

(mg/L) 

Sulfide 

(mg/L) 

Other compounds (mg/L) COD 

removal 

(%) 

Reference 

Foul condensate (aerobic; 

treatment in membrane 

bioreactor) 

35, 45, 55  5120 3893 - TRS (345) > 90  Dias et al., 

(2005) 

Methanol condensate 

(anaerobic; CH4 production 

in UASB reactors) 

37 9.6 1095 ± 22 600 ± 2 nd Ammonium (21.1) 

Sulfate (410) 

84-86  Badshah et 

al. (2012) 

Combined Kraft 

condensates (anaerobic; 

CH4 production in UASB 

reactors) 

nd nd 700-4000 1300 210 nd 59-90 Meyer and 

Edwards 

(2014)  

Kraft evaporator 

condensates (anaerobic; 

CH4 production in UASB 

and submerged anaerobic 

membrane bioreactors) 

37 nd 600-6500 375-2500 1-690 Ethanol (0-190); 2-

propanol (0-18); Acetone 

(1.5-5.1); Phenols (17-42); 

Terpenes (0.1-660); Sulfite 

(3-10) 

Resin acids (28-230) 

70-99 Meyer and 

Edwards 

(2014)  

Xie et al. 

(2010) 

Contaminated evaporator 

condensate 

(anaerobic; CH4 production 

in column bioreactors) 

38 9.5 1500 1000 604   Sulfate (12) > 95 Dufresne 

et al. 

(2001) 

Foul condensate (anaerobic; 

VFA production in UASB 

reactors) 

22, 37, 55 9.3 ± 0.2 25700 ± 2650 11370 ± 688 
 

Ethanol (500 ± 26) 

Acetone (592 ± 49)  

TRS (236 ± 25) 

Acetate (60 ± 2.5) 

Propionate (30.5 ± 2.3) 

42-46 This study 
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nd: no data 8 

  9 
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Table 2: Summary of the operational parameters, average organic carbon utilization and average organic carbon recovery during different phases 10 

of UASB reactor operation  11 

Phase Operational 
period 
(d) 

Parameters Influent 
pH 

COD 

(g/L) 

OLR 

(g/L.d) 

HRT 

(h) 

Average organic carbon 
utilization (%)* 

Average organic carbon 
recovery (%)+ 

R22 R37 R55 R22  R37 R55 

M1 1-3 
Methanol rich synthetic 
wastewater (pH:6.5) 6.5 0.5 1.1 12 10 19 16 0.3 5 1.7 

M2 4-8 
Addition of Co deprived 
trace element solution 6.5 0.5 1.1 12 10 95 28 6 51 8 

M3 9-11 
Low pH shock at pH: 4.0 

4.0 0.5 1.1 12 22 63 16 0 11 1 

M4 12-27 
Carbonate addition 

6.5 0.5 1.1 12 26 88 78 8 65 40 

M5 28-37 
OLR doubled 

6.5 1 2.2 12 44 97 88 16 64 58 

M6 38-55 
pH: 5.5 

5.5 1 2.2 12 32 77 25 17 41 8 

M7 56-92 
2‐bromoethanesulfonate 

5.5 1 2.2 12 28 23 19 90 59 89 

M8 93-113 
HRT doubled 

6.5 1 1.1 24 53 53 49 108 126 128 

M9 114-158 Foul condensate feed 7.5 27 8.6 75 42 45 45 57 52 69 
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Note:  * Total carbon utilization of phase M9 comprises of both acetone and ethanol utilization. 12 
+Stoichiometric fraction of methanol converted to CH4 in phases M1-M6 or VFA in phases M7-M9, to the fraction of methanol utilized (additionally acetone and 13 

ethanol in the phase M9). 14 
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Table 3: Summary of the organic carbon utilized and recovered as VFA in batch test T1 that 

compares CH4 vs VFA production from synthetic wastewater vs foul condensate 

 

 

 

 

 

 

 

 

 

 

  

 
Synthetic media Foul condensate 

- BES + BES - BES + BES 

Organic carbon utilization (%) 99 72 98 51 

Organic carbon utilization rate (mg/L.d) 503 202 191 110 

Organic carbon recovery as VFA (%) 1.8 96 8 78 

Maximum VFA production (mg/L) 61 5120 299 2880 

Organic carbon recovery as CH4 (%) 76 na 60 na 

Maximum methane production (mL) 1151 na 638 na 
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Table 4: Summary of the organic carbon utilized and conversion to VFA in batch activity 

tests to compare the effect of FC feed on the biomass of the UASB reactors (Batch test T2 

and T3) 

 

Before feeding the foul 

condensate 

After feeding the foul 

condensate 

22 ºC 37  ºC 55  ºC 22  ºC 37  ºC 55  ºC 

Organic carbon utilization 

(%) 
68 72 67 41 50 56 

Organic carbon utilization 

rate (mg/L.d) 
168 176 165 102 124 139 

Organic carbon recovery as 

VFA (%) 
95 92 92 95 98 91 

Maximum VFA production 

(mg/L) 
3993 4069 3857 2336 3028 3141 
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 1 

 2 

Figure S1: (a1) Schematic of the upflow anaerobic sludge blanket (UASB) reactor for the 3 

treatment of the Kraft mill foul condensate. The recirculation loop (in blue color) was 4 

incorporated with a recirculation ratio of 3 during the phase F1 operation when the UASB 5 

reactors were fed with FC. (a2) Picture of the UASB reactors during phase F1 operation with 6 

the FC feed. X1, X2, X3 are the UASB reactors operated at 22, 37 and 55 ºC, respectively, 7 

and ET1, ET2 and ET3 were their respective effluent tanks. P1 and P2 were the feed and 8 

recirculation pumps, respectively. FC is the feed foul condensate holding tank. 9 

  10 
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 11 

Figure S2: Influent and effluent acetone (solid lines) and ethanol (dotted lines) concentration 12 

profiles during the FC feeding phase (M9) of the UASB reactors R22, R37 and R55. 13 
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 14 

Figure S3: Cumulative methane production during the batch test T1 fed with FC or meth-15 

SWW. ‘synth’ and ‘FC’ are the batches with meth-SWW and FC as the substrate, ‘synth’ and 16 

‘FC’ are, respectively, the batches with meth-SWW and FC as the substrate, ‘synth+BES’ 17 

and ‘FC+BES’ are the batches with meth-SWW and FC, along with the addition of BES, 18 

‘nometh+YE’ are the batches with yeast extract in SWW without methanol, ‘no biomass FC’ 19 

is the negative control with only FC and no biomass, and ‘no meth’ is the negative control 20 

with only biomass in milli-Q water.  21 
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