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Biorefineries valorize waste biomass to biofuels and bioproducts, but the associated wastewater treatment 

is costly and energy-intensive. This study demonstrates that not only the recalcitrant black liquor gener-

ated from biorefineries can be treated using a microbial electrochemical process, but also value-added 

materials including lignin, chemicals, and H2 can be separated to enable resource recovery. A lab scale 

microbial biomass recovery cell (MBRC) was developed to treat the actual black liquor from the deacetyla-

tion and mechanical refining (DMR) process, and the results show that 60.1–73.8% of organics, 

52.0–54.6% of salts, and 30.8–49.5% of lignin were removed using different operational modes. 
Received 13th September 2018, Moreover, by utilizing the unique pH gradient generated between the different reactor chambers, tailored 
Accepted 30th November 2018 recoveries of lignin, chemicals, and H2 were realized for the first time. The recoveries of lignin and salts 
DOI: 10.1039/c8gc02909a were up to 61.2 ± 2.7% and 92.2 ± 1.6%, respectively. Ion transfer and organic transformation were further 

rsc.li/greenchem analyzed to understand the reaction mechanisms and improve the system performance. 

1 Introduction 

Biorefineries convert waste biomass into value-added biofuels 
and bioproducts,1 but biomass waste treatment and utilization 
has been a major technical challenge and cost burden.2 

Biomass pretreatment enables the selective fractionation and 
solubilization of the lignocellulosic biomass for the sub-
sequent enzymatic hydrolysis for biofuel production,2 but it 
generates a highly concentrated liquid waste stream from de-
acetylation called black liquor (BL).3 Black liquor contains 
various aromatic compounds and other toxic contaminants so 
it requires complex treatment processes.4 Current commercial 
scale black liquor treatment used in the Kraft pulping process 
involves evaporation and combustion by firstly concentrating 
the solid components followed by burning off the lignin and 
other organic matters and recovering sodium salts.5 However, 
the combustion of lignin limits biomass carbon utilization 
efficiency and leads to air pollutions and greenhouse gas emis-
sions, but more importantly, the many valuable components 
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in black liquor such as acetate, lignin fragments, dissolved oli-
gomeric hemicellulose, sugar degradation acids, and organic 
extractives, are underutilized.4 

Deacetylation and mechanical refining (DMR) pretreatment 
recently emerged as a promising biomass pretreatment 
process due to its high yields, reliability, and capability of 
lignin utilization.6,7 DMR uses dilute alkali such as NaOH to 
perform deacetylation under mild conditions, and it generates 
similar black liquor waste but more dilute with a lower concen-
tration of Na+, K+, and other ions. Because of this nature of 
DMR black liquor, concentrating the liquid stream for com-
bustion is not feasible due to the high energy demand and low 
efficiency, but the spent ions are also too dilute (<10 g L−1) to 
be cost effectively recovered by the conventional Kraft process.8 

Traditional anaerobic digestion can degrade and convert black 
liquor organic matters to biogas, but the low value of biogas 
makes it hard to justify the treatment and energy collection, 
and the spent sodium salts accumulate in digestion biosolids.9 

When such biosolids are used in land applications, they cause 
soil hardening and loss of crop productivity.10 

In this context, new processes are needed to not only treat 
black liquor wastes but also allow the recovery of value-added 
chemicals and products. In this study, we developed a new 
microbial electrochemical process tailored for black liquor 
resource recovery. We used the unique features of microbial 
electrochemistry to biologically degrade waste organics and 
convert the chemical energy into electrical potential, which is 
then used in situ for driving salt migration and recovery to 
enable a path to self-driven separation. More attractively, the 
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pH gradients generated in different chambers of the reactor 
enable both lignin precipitation and separation as well as 
energy and salt recovery. The microbial electrochemical 
technology has been used to treat a variety of real wastewaters 
including the highly concentrated and recalcitrant waste 
streams from hydrothermal liquefaction, biorefining, and 
landfill leachate,11–15 and renewable energy and resources 
including electricity, H2, nutrients, and salts have been recov-
ered during the process.16–21 Some microbial electrochemical 
processes can be self-driven by the electrical potential gener-
ated from organic removal and therefore demonstrated a 
promising closed-loop approach for energy efficient resource 

19,22–24 recovery. This study is the first that uses microbial 
electrochemistry to treat black liquor, but the more important 
contribution lies in the direct utilization of the pH gradient for 
tailored lignin, salt, and H2 recoveries, because such pH fluctu-
ation has been previously considered a drawback of microbial 
electrochemical systems.25 In this study, we developed and 
investigated the performance of the microbial biomass recov-
ery cell (MBRC) for the concurrent black liquor treatment and 
resource recovery, and we deciphered the removal and recovery 
mechanisms of the different chemicals in different reactor 
units and chambers. 

2 Experimental section 
2.1 Black liquor feedstock 

Concentrated DMR black liquor samples were obtained from 
the Integrated Biorefinery Research Facility at the National 
Renewable Energy Lab (NREL, CO, United States) using corn 
stover (harvested in 2009 Hurley, South Dakota, US) as the 
biomass. The corn stover was firstly hammer milled and 
further knife milled to fit the rejection screen size (∼19 mm).8 

A more detailed procedure on the black liquor generation 
using the DMR process can be found in our previous study.8 

Table 1 shows the main properties of the raw concentrated 
black liquor, which was obtained by repeated recycling of the 

Table 1 Major composition of the raw concentrated DMR black liquor 

Substance Content 

Lignin 14.5–20.1 g L−1 

Xylan (oligomer) 5.9–8.6 g L−1 

Arabinan (oligomer) 4.6–4.9 g L−1 

Galactan (oligomer) 1.6–2.5 g L−1 

Glucan (oligomer) 1.8–2.3 g L−1 

Acetic acid 14.3–23.8 g L−1 

Lactic acid 6.9–8.3 g L−1 

Propionic acid 1.3–1.8 g L−1 

COD 88–97 g L−1 

pH 7.3–7.5 
Conductivity 40–42 mS cm−1 

Na+ 11.1–11.7 g L−1 

K+ 1.6–2.5 g L−1 

Ca2+ 2.1–2.5 g L−1 

Mg2+ 0.6–0.8 g L−1 

2− SO4 0.2–0.5 g L−1 

3− PO4 0.6–0.9 g L−1 

black liquor generated during DMR operation.7,8 The main 
composition of the concentrated black liquor includes lignin, 
oligomer sugars, organic acids, and inorganic salts. The 
chemical oxygen demand (COD) concentration was 88–97 
g L−1, pH (neutralized) was 7.3–7.5, and the conductivity was 
40–42 mS cm−1. 

2.2 Reactor construction and operation 

To simulate the actual black liquor condition and investigate 
its treatability using microbial electrochemistry, preliminary 
testing was performed in two-chamber microbial electrolysis 
cells (MECs). Each reactor was equipped with a 20 cm × 10 cm 
× 1 cm anode chamber with a carbon felt anode and the same 
sized cathode chamber with a NiFe nickel foam cathode.26 The 
concentrated feedstock was diluted 5, 10 and 20 times using 
deionized water, respectively. Each sample was mixed with 
anaerobic sludge (10 : 1 in volume) as the anode inoculum. A 
50 mM phosphate buffer solution was used as the catholyte for 
the start-up of the bioanode. An external voltage of 1.0 V was 
applied to facilitate H2 evolution on the cathode.27 Electrical 
current and COD removal were measured for 30 days 
(Fig. S1†), and based on the comparative results, 5-time 
dilution was used as the feedstock in the main experiments 
due to the stable current output and the fastest COD removal. 

MBRC reactors were assembled by inserting a stacked mem-
brane module in between the anode and cathode chambers. 
Each membrane module contained 3 pairs of ion exchange 
membranes (Fig. 1). The cation exchange membranes (CEM, 
1.8 mol kg−1, Shanghua, China) and anion exchange mem-
branes (AEM, 2.0 mol kg−1, Shanghua, China) were alternately 
located in the stacked membrane module to form 3 recovery 
chambers and 2 separation chambers.24,28 The anode or 
cathode chamber was 1 cm in width, and each recovery and 
separation chamber was 0.5 cm wide. For ion recovery from 
the black liquor, deionized water was used as the recovery solu-
tion to collect the recovered ion species. 

Fig. 1 also depicts the two operational modes used for the 
black liquor treatment: the serial-loop mode and parallel-loop 
mode. In the serial-loop operation, 600 mL black liquor was 
circulated sequentially from the cathode chamber to the separ-
ation chambers and then to the anode chamber for 144 hours 
(Fig. 1A). In the parallel-loop operation, each chamber 
(cathode, separation, and anode) was individually circulated 
with separate black liquor feedstock (200 mL) (Fig. 1B and 
Fig. S2†). After every 48 h operation, each bottle of black liquor 
was switched into the next downstream chamber, i.e. the 
effluent of the cathode to the separation chambers, and the 
effluent of the separation chambers to the anode chamber. 
The outlet of the anode chamber was the final effluent of the 
whole parallel-loop MBRC operation. To compare the perform-
ance of the serial-loop, the parallel-loop mode was also oper-
ated as a 144-hour cycle, which consisted of three 48 h stages. 
During each cycle, the total volume of the treated black liquor 
was 600 mL. For both the serial- and parallel-loop modes, the 
recovery solutions were renewed every 144 hours. 

2 | Green Chem., 2018,  00, 1–9 This journal is © The Royal Society of Chemistry 2018 
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Fig. 1 Schematic of the (A) serial-loop and (B) parallel-loop operations of the MBRC reactors. Red dots represent cations, while blue dots represent 
anions. EAB: electrochemical active bacteria; CEM: cation exchange membrane; AEM: anion exchange membrane; R: recovery chamber; S: separ-
ation chamber; ①: cathode treatment; ②: separation and recovery; and ③: anode treatment. 

2.3 Analyses and calculations 

The voltage (U, mV) across a 10 Ω external resistance (R, Ω) 
was recorded every 30 min using a data acquisition system 
(2700, Keithley Instruments, OH, USA) to calculate the 
current (I = U/R, mA).29 All water samples were filtered using 
0.45 μm nylon filter membranes before analyses. COD was 
measured using the standard HACH spectrophotometric 
method. The conductivity and pH were acquired using a con-
ductivity meter and a pH meter, respectively. Hydrogen gas 
produced from the cathode was quantified using a gas chro-
matograph (Model 8610C, SRI Instruments). Main ions 

3− 2− including Na+, K+, Ca2+, Mg2+, PO4 and SO4 were 
measured by ion chromatography (ICS-1100, DIONEX, USA). 
Acetate, lactate, propionate, and oligosaccharides were deter-
mined using a NREL laboratory analysis procedure (LAP no. 
NREL/TP-510-42627). Aromatic compounds were analysed 
using high-performance liquid chromatography (HPLC, 
Agilent 1100/1200). The column used was a Phenomenex® 
Luna® 5 µm C18(2) 100 Å 250 × 4.6 mm and was set at 30 °C. 
The eluent was a gradient of water/acetonitrile (Table S1†) at 
a flow rate of 1.00 mL min−1 and a sample injection of 10 µL. 
A diode array detector was used to quantify the p-coumaric 
acid and ferulic acid at a wavelength of 325 nm. Two-dimen-
sional heteronuclear single quantum coherence (HSQC) NMR 
spectroscopy was used to analyse the black liquor samples. 
The black liquor sample was neutralized with HCl and then 
freeze-dried (9.8–114 mg) and dissolved in deuterium oxide 
(D2O, 0.5 mL). HSQC NMR analysis was performed at 25 °C 
on a Bruker 400 MHz spectrometer, a BBO probe with Z gradi-
ent. Spectra were acquired with 2048 points and a sweep 
width of 15 ppm in the F2 (1H) dimension and 1024 points 
and SW = 210 ppm in the F1 (13C) dimension. A pulse delay 
time was 1.0 s, and the acquisition time was 213 ms for the 
proton and 5.7 ms for carbon. TSP was used as an internal 
reference. Peak assignment was conducted according to the 
previous literature.30–33 

The removal parameter is calculated based on the initial 
and final value as: 

Initial Final 
Removal ¼ 100% 

Initial 

The recovery percentage of a constituent is calculated based 
on the recovered mass and removed mass as: 

Recovered 
Recovery ¼ 100% 

removed 

Considering the mass balance, except the parts left in the 
outlet and recovered in the recovery solution, there were also 
unaccounted constituents during the treatment process. This 
loss is calculated as: 

Initial final recovered 
Loss ¼ 100% 

Initial 

3 Results and discussion 
3.1 COD, conductivity and pH changes in the MBRC 

Fig. 2 shows time-course changes of COD, conductivity and pH 
of black liquor and recovery solution in either a serial- or a par-
allel-loop operation. Overall, the solution COD decreased 
significantly in both modes, indicating good treatment 
performance, and the conductivity drop in the anode and 
cathode chambers as well as its increase in the recovery 
chamber suggests an effective ion migration and recovery 
(Fig. 2A and C). 

In the case of the serial-loop mode, COD concentration of 
black liquor decreased by 60.8%, from an average of 20 475 ± 
696 mg L−1 to 8033 ± 487 mg L−1 in one 144 h cycle (Fig. 2A). 
COD removal for the first 48 h was 45.4 ± 2.4%, accounting for 
over 2/3 of the total COD removal. Such a fast decrease in COD 
is attributed to the organic biodegradation by the microbial 
consortium in the anode chamber. A typical anode reaction 
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Fig. 2 Time-course changes of COD, conductivity, and pH of black liquor (BL) and recovery solution (RS) in different operations. COD and conduc-
tivity changes are shown in (A) the serial-loop operation and (C) the parallel-loop operation. pH changes are shown in (B) the serial-loop operation 
and in (D) the parallel-loop operation. 

using acetate as the substrate can be written as (CH3COOH + 
2H2O → 8H+ + 2CO2 + 8e−). Such organic removal is also sup-
ported by the high current output during the same period, as 
the electrons generated from the organic degradation were 
transferred to the anode by the microorganisms and sub-
sequently to the cathode to reduce protons to hydrogen gas 
(Fig. S3†). The COD degradation and current dropped gradu-
ally toward the end of the operation, which is presumably due 
to the decrease in the black liquor conductivity and the 
accumulation of recalcitrant organic matters such as lignin.34 

The current output of the MBRC ranged from 10.6 mA to 
1.0 mA during the 144 h operation (Fig. S3†), along with 
125 mL of H2 production. For conductivity, a decrease from 
8130 ± 45 μS cm−1 to 3900 ± 55 μS cm−1 (52.0 ± 3.6%) was 
observed, during which a 42.2 ± 2.3% reduction was obtained 
within the first 48 h. The high reduction rate of conductivity at 
the beginning was a result of the high current of the MBRC, 
because current is the main driving force for ion migration 
across membranes.34 In addition, as a result of ion migration 
some ionic species migrated to the recovery chamber, leading 
to a conductivity increase (Fig. 2A). The migrated ions 
included small organic acids (Ac−, Lac− and Prop−) and in-
organic ions (Na+ and K+), and the ion transfer and balance 
are discussed in Fig. 3 and section 3.2. The pH of the black 
liquor and the recovery solution varied slightly around 7 
(Fig. 2B), and the circulation between the anode and cathode 
neutralized the H+ and OH− generated in the cells.35,36 

However, lignin removal was not observed because of the 
mild pH change in the serial-loop operation. Therefore, we 

revised the operation strategy to a parallel-loop mode, which 
created a pH gradient that enabled lignin separation and also 
provided a more defined process for the elucidation of the con-
version mechanisms of various components in different MBRC 
chambers. In this operation, the black liquor was individually 
and sequentially treated in the cathode chamber, separation 
chambers, and anode chambers, each for 48 hours (Fig. 2C). 
Current ranging between 5.8 and 0.9 mA was produced by the 
MBRC during the 144 h cycle (Fig. S3†) with a H2 yield of 
103 mL. The COD concentration in the black liquor decreased 
stage by stage in each chamber and reached a total removal of 
73.8 ± 1.8% during the overall 144 h cycle (Fig. 2C). 
Approximately 5502 ± 78 mg L−1, 4400 ± 235 mg L−1, and 
4689 ± 432 mg L−1 COD were removed in the cathode, separ-
ation, and anodic stages, respectively. Because the cathode 
and separation chambers were operated abiotically, the 
migration of charged organics is believed to be the main 
removal mechanism (Fig. 3, more discussions in section 3.2). 
In contrast, the organic biodegradation and lignin precipi-
tation could better explain the COD removal in the anode 
chamber. The conductivity of the liquor decreased from 8040 ± 
15 μS cm−1 to 3650 ± 45 μS cm−1 (54.6 ± 2.5% drop), which 
could be attributed primarily to ion migration driven by the 
bioelectrochemical current. The separation stage contributed 
to ∼70% of the ion removal measured by conductivity due to 
thin and multiple channels in the membrane stack. As a result 
of the reduction of COD and conductivity in the black liquor, 
an increase in both COD and conductivity was observed in the 
recovery solution, which confirms the migration of ions from 
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Fig. 3 (A) Removals of major cations in different chambers; (B) total recoveries and losses of cations; (C) removals of major anions in different 
chambers; and (D) total losses and recoveries of anions. 

black liquor to the recovery solution across membranes.23 Ac− 

and Na+ were the main ionic species accumulating in the 
recovery solution. 

Different from the serial-loop mode, the variation in the pH 
of black liquor in different chambers in the parallel-loop mode 
enabled tailored removal and recovery. Due to the continuous 
accumulation of OH− from H2 production in the cathode 
chamber, the pH of the catholyte increased from 7.4 ± 0.1 to 
8.9 ± 0.3 in the first 24 h (Fig. 2D). Such alkalization caused 
the precipitation of Ca2+ and Mg2+ and resulted in the removal 
and recovery of these ions from the black liquor. When black 
liquor entered the separation chamber, the pH of the black 
liquor electrolyte dropped from 8.5 ± 0.3 to 7.0 ± 0.02, while 
the pH of the recovery solution increased from 7.2 ± 0.4 to 
7.7 ± 0.2. This is attributed to the OH− migration from black 
liquor to the recovery solution. The pH of the black liquor 
further decreased to 5.7 ± 0.2 after it transferred from the sep-
aration chamber to the anode chamber for 48 h. This is due to 
the generation of H+ during biological organic degradation in 
the anode chamber.37,38 Electrons were transferred to the 
anode by the electroactive bacteria, while H+ was accumulated 
that led to a pH drop and enabled lignin precipitation.39–41 As 
the parallel-loop mode showed a highly effective treatment of 
black liquor and an efficient separation and recovery of ionic 
chemicals and biomass, further investigations were focused on 
the parallel-loop mode. 

3.2 Charge transfer and balance in the MBRC 

Detailed analyses on the charge balance during the parallel-
loop operation were carried out to understand the charge 
transfer in the MBRC. The cations in the black liquor 
decreased along the whole treatment process (Fig. 3A), but the 
majority of the cations were removed from black liquor in the 

cathode chamber. The charge carried by Ca2+ and Mg2+ 

reduced by 12.3 ± 0.3 (89.4 ± 0.6%) and 6.0 ± 0.2 (90.8 ± 3.6%) 
mmol, respectively, which together accounted for over 80% of 
the charges removed in the cathode chamber (21.8 ± 
0.3 mmol). This is believed to be due to the precipitation of 
these cations in the form of Ca(OH)2 and Mg(OH)2 in the alka-
line environment (Fig. 2D). Such precipitation can be easily 
separated and recovered from the solution using a physical 
method like filtration. Besides Ca2+ and Mg2+, 3.2 ± 0.7 mmol 
of Na+ and 0.3 ± 0.1 mmol of K+ were also removed via 
migration toward the recovery solution. 

In the separation stage that received the cathode effluent, a 
total of 20.8 ± 2.9 mmol positive charges were removed from 
the black liquor, and 98.1% of the removed cations in this 
stage were Na+ (18.7 ± 1.7 mmol) and K+ (1.7 ± 0.2 mmol). The 
stacked separation chambers played an important role in 
enabling such high removal, as it enabled a multiplied charge 
transfer efficiency, where the migration of two pairs of cations 
and ions could be driven by one electron passing through the 
external circuit.42–44 In the anode chamber that received the 
separation chamber effluent, another 4.3 ± 1.4 mmol e− was 
removed from the black liquor, in which the majority was still 
Na+ (3.2 ± 1.2 mmol) and K+ (0.7 ± 0.05 mmol). 

Overall, approximately 56.1% of the total cations were 
removed from the raw black liquor, which included 43.3% of 
Na+, 52.7% of K+, 90.6% of Ca2+ and 90.8% of Mg2+. More 
impressively, 92.2 ± 1.6% of the removed ions were recovered 
in the recovery solution or as precipitates (Fig. 3B). The 
removal of the ions could be further improved by inserting 
more pairs of ion exchange membranes to enhance the current 
efficiency or optimize the hydraulic retention time in the sep-
aration chambers.23 Besides the mass left in the black liquor 
effluent and recovered in the recovery solution, 4.0% of Na+, 
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3.2% of K+, 4.0% of Ca2+ and 9.1% of Mg2+ were lost during 
the whole treatment process, presumably mainly due to 
adsorption by the electrode and membrane or uptake by the 
microbe. 

The anion removal was also efficient (Fig. 3C). For example, 
13.8 ± 2.2 mmol of negative charge carried by anions were 
removed from the cathode chamber. Among the removed 
anions, approximately 91.5% was acetate, while small amounts 
of lactate, propionate, phosphate, and sulfate ions were also 
removed from black liquor. The separation chamber removed 
20.4 ± 1.3 mmol of negatively charged ions via cross-mem-
brane migration. This included 14.9 ± 0.6 mmol of Ac−, 3.1 ± 
0.4 mmol of Lac−, 2.0 ± 0.1 mmol of Prop−, 0.1 ± 0.1 mmol of 

3− 2− PO4 and 0.3 ± 0.1 mmol of SO4 . The electric potential 
inside the MBRC provided the driving force for the migration 
of all ionic substances in the separation chamber. Small ions 
were more readily transferred from the black liquor electrolyte 
to the recovery solution, but larger compounds such as 
charged lignin species could not be removed using this 
approach.45 The UV test results proved this, as no lignin 
content was detected in the recovery solution. 

The anode operation removed another 12.8 ± 1.4 mmol of 
negatively charged ions from the separation chamber effluent. 
This included 8.7 ± 1.3 mmol of Ac−, 1.9 ± 0.3 mmol of Lac− 

and 1.9 ± 0.4 mmol of Prop−. The anode anion removal could 
be largely attributed to the microbial degradation of organics, 
because such ions could not move back to the separation 
chamber due to the blockage by the CEM. Different from high 
recovery efficiency of the cations, only 40.4 ± 2.4% of the 
removed Ac− was collected in the recovery solution, while 
43.5% was lost (Fig. 3D). Such lost mass is believed to be 
mainly due to microbial oxidation, which is evidenced by the 
microbial growth in the anode chamber and the sustained 
current generated during the operation. Inorganic anions like 
phosphate and sulfate were removed by 78.2 ± 4.1% and 68.6 ± 
2.3%, respectively, of which 78.9 ± 3.2% of phosphate and 82.6 
± 1.7% of sulfate were collected in the recovery solution. The 
loss of phosphate (16.5%) and sulfate (11.9%) was presumed 
mainly via bio-uptake or adsorption. Fig. S4† shows a process 
flow diagram to help understand the fate of each constituent 
in the parallel-loop operation. 

3.3 Analysis of lignin and oligosaccharides 

The concentrations of lignin, oligomeric xylan, oligomeric ara-
binan, oligomeric glucan, and oligomer galactan contained in 
the black liquor were measured using HPLC (Fig. 4). 3.1 ± 0.2 
g L−1 lignin was contained in the original black liquor, while 
49.5 ± 1.2% of the lignin was removed after the treatment in 
the MBRC. Concomitantly, 0.19 ± 0.01 g of the precipitate 
(dried at 45 °C for 24 h) was collected at the bottom of the 
anolyte circulation bottle. Assuming this precipitation was all 
lignin units, the recovery percentage of lignin would be 61.2 ± 
2.7% via the acidification in the anode chamber. As men-
tioned previously, sulfuric acid is used in commercial practice 
to precipitate lignin at low pH, which is costly and further 
increases the salinity of the black liquor.41,46 Herein, taking 

Fig. 4 Concentration changes of lignin and oligosaccharides in the 
black liquor after parallel-loop MBRC treatment. Xylo-: xylo-oligosac-
charide; arabio-: arabino-oligosaccharide; cello-: cello-oligosaccharide; 
and galacto-: galacto-oligosaccharide. 

advantage of the acidic nature of the MBRC anode chamber 
offers a low-cost and an important energy-free alternative for 
lignin precipitation and separation. Together with the removal 
of lignin units, the concentrations of oligosaccharides also 
decreased significantly in MBRC treatment (Fig. 4). Most of 
the xylo-oligosaccharides (94.4 ± 1.2%), arabino-oligosacchar-
ides (91.4 ± 1.0%), cello-oligosaccharides (71.6 ± 2.2%), and 
galacto-oligosaccharides (76.3 ± 1.0%) were removed. Since 
lignin is always chemically linked with cell wall polysacchar-
ides, the transformation or removal of lignin and oligosacchar-
ides is closely related.32 

Two-dimensional HSQC NMR spectroscopy was used to 
investigate the corresponding changes of lignin and sugar unit 
structures in the black liquor (Fig. 5). The main signals in the 
well-resolved aromatic regions (δC/δH 100–150/6.0–7.2 ppm) of 
original black liquor spectra corresponded to the aromatic rings 
of guaiacyl (G) and syringyl (S) lignin units (Fig. 5A). A promi-
nent signal indicating the S2/6 lignin units was observed at δC/ 
δH 107.5/6.68 ppm, along with the strong signal of G2 at δC/δH 

114.4/6.99 and G5/6 at 117.9/6.88 and 123.4/3.78 ppm, respect-
ively. p-Coumarates (pCA) were assigned at δC/δH 117–120.8/ 
6.3–6.96 ppm for pCAβ and pCA3/5, at  δC/δH 132.5/7.12 ppm for 
pCA2/6, and at δC/δH 143.7/7.3 ppm for pCAα. Meanwhile, signals 
of ferulates (FA) were also observed as indicated by the FA2 (δC/ 
δH 114.0/7.29 ppm), FAβ (δC/δH 119.0/6.50 ppm), FA6 (δC/δH 

126.4/6.97 ppm), and FAα (δC/δH 143.4/7.12 ppm) peaks. Other 
than aromatic structures, the original black liquor also con-
tained a large amount of carbohydrates, indicated by the circled 
anomeric C1 peaks in oligosaccharides in the δC/δH 98–114/ 
4.3–5.6 ppm region. Verified by the HPLC test, 1.19 ± 0.03 g L−1 

xylo-oligosaccharide, 0.97 ± 0.03 g L−1 arabino-oligosaccharide, 
0.41 ± 0.05 g L−1 cello-oligosaccharide, and 0.31 ± 0.01 g L−1 

galacto-oligosaccharide were contained in the original black 
liquor (Fig. 4). The HSQC NMR spectrum of the cathodic stage 
effluent is similar to that of the original black liquor, where the 
prominent signals of G, S, pCA and FA were all distinguished 
(Fig. 5B). The spectra of the separation stage effluent and the 
anodic stage effluent show different compositions compared to 
the original and cathodic black liquor (Fig. 5C & D), where the 
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Fig. 5 HSQC NMR spectra of the (A) original black liquor, (B) cathodic stage effluent, (C) separation stage effluent, and (D) anodic stage effluent of 
the MBRC treatment. G: guaiacyl; S: syringyl; A: β-O-4; pCA: p-coumarate; FA: ferulate; and B (LCC): lignin carbohydrate complex. 

FA peaks represent disappearing ferulate units. Interestingly, a 
correlation peak at δC/δH 74.7/4.89 ppm in the separation and 
anodic stage effluents appeared at similar chemical shifts to 
that of Cα–Hα in the β-O-4 aryl ether unit, while no Aα corre-
lation peak was observed in the original black liquor and catho-
dic stage effluent. A possible explanation is that the hydroxy 
group in the carbohydrate at the anomeric position (C1 posi-
tion) was added to Cα in the soluble p-coumaric acid and the 
ferulic acid sodium salt during the cathodic electrochemical 
reaction, which generated benzyl ether type lignin–carbohydrate 
complexes (LCCs). The correlation peak of Cα–Hα in the LCC 
appears at a similar chemical shift of Aα in the β-O-4 unit.32 

These LCCs were precipitated because of the low solubility 
under the reduced pH conditions in the separation and anode 
chambers.32 This is supported by HPLC results, which show low 
coumaric and ferulate acids in the separation effluent and 
anolyte. Concomitantly, the C1 sugar signals of the separation 
and anode effluents were much weaker than those in the pre-
vious two spectra. 

3.4 System features and outlook 

Black liquor is a complex and recalcitrant feedstock for tra-
ditional biological treatment, and by taking advantage of the 

synergy between biodegradation and the self-generated electri-
cal field and pH gradient, the MBRC approach offers a tailored 
approach and good performance in removing different dilute 
constituents and recovering value-added products (Fig. S4†). 
Low pH in the anode and high pH in the cathode chambers 
have been a main challenge in microbial electrochemical 
systems, and traditionally a large amount of buffer solution or 
high-energy recirculation is needed to neutralize the electro-
lyte. In this MBRC process, we rather took advantage of this 
pH gradient by utilizing the low pH in the anode to enable the 
precipitation and separation of the recalcitrant lignin and 
LCCs, and the high pH in the cathode chamber allowed the 
precipitation of Ca2+, Mg2+ and other ions associated with 
hardness. In the meantime, under the self-generated electrical 
potential between the anode and the cathode, charged organic 
and inorganic ion species such as Na+ and Ac− were efficiently 
transferred from the black liquor to the recovery chambers, 
and for major ions, the recovery efficiency was higher than 
90%. Overall, these complementary removal and recovery 
mechanisms make MBRC a unique process for black liquor 
treatment and valorization. 

This study shows the proof-of-concept that value-added pro-
ducts can be recovered during black liquor treatment using 
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microbial electrochemical processes, and the recovered pro-
ducts like organic acids, salts, and biomass have higher econ-
omic values than the energy generated from traditional gasifi-
cation. Moreover, the high efficiency and low energy operation 
make the MBRC promising for further research and develop-
ment. Groups have scaled microbial electrochemical systems 
from lab scales to pilot scales and demonstrated their long-
term operation using real wastewater streams.47,48 Such scale-
up experience can be good references for MBRC development. 
To advance the technology, there are still many challenges to 
be addressed in future research. The level of degradation 
needs to be further enhanced, and major tasks should focus 
on breaking down lignocellulosic fibers to enhance biodegrad-
ability and ion and electron transfers. More developments are 
needed for the separation of precipitated lignin and salts in 
the anode and cathode chambers; anti-scaling and anti-
fouling measures are needed for system development. More 
understanding is also needed to decipher the transformation 
mechanisms of different ion species and lignin and 
oligosaccharides. 
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