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Abstract There is no commercial or industrial-scale pro-
cess for the remediation of black liquor using microor-
ganisms to date. One of the most important causes is
that most microorganisms are not able to use lignin as
their principal metabolic carbon or energy source. The
bacterial strain Comamonas sp. B-9 has shown remark-
able ability to degrade kraft lignin and decolorize black
liquor using lignin as its principal metabolic carbon and
energy source. This report looks at the depolymerization
and decolorization of kraft lignin byComamonas sp. B-9. The
degradation, decolorization, and total carbon removal reached
45, 54, and 47.3 %, respectively, after 7 days treatment.
Comamonas sp. B-9 was capable of depolymerizing kraft
lignin effectively as analyzed by gel permeation chromatog-
raphy and decolorization via degrading benzene ring struc-
tures as shown using Fourier transform infrared spectroscopy
analysis.
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Introduction

In the pulp and paper industry, the alkaline effluent from
alkaline sulfide treatment process, also known as black liquor
(BL), accounts for only 15 % of the wastewater amount but
contributes 90–95 % of the total pollution load (Pokhrel and
Viraraghavan 2004). Kraft lignin (KL) is the main contami-
nant that leads to high chroma, toxicity, and chemical oxygen
demand (COD) of BL. KL differs from natural lignin as it
undergoes a conventional kraft cooking with aqueous solution
of sodium hydroxide and sodium sulfide. During this treat-
ment, the hydroxide and hydrosulfide anions react with the
lignin, including aryl-alkyl cleavages, strong modification of
side chains, and various ill-defined condensation reactions
causing the polymer to fall into smaller water/alkali-soluble
fragments (Chakar and Ragauskas 2004). In spite of this, KL
is still a large molecular weight polymer that is resistant to
biodegradation.

The white-rot fungi are considered to be the most effective
lignin-degrading microorganism and studies on microbial
degradation of lignin have primarily focused on breakdown
by fungi (Sánchez 2009). However, there is as yet no com-
mercial biocatalytic process for lignin depolymerization by
fungus (Bugg et al. 2010) and no white-rot fungus has been
convincingly shown to grow on as well as degrade lignin
using lignin as its principal metabolic carbon or energy source
(Archibald et al. 1990). In previous studies, some bacteria and
actinomyces were found capable of degrading a variety of
lignin and lignin-related compounds including KL but the
degradation was limited with efficiency less than 20 %
(Vicuna 1988; Perestelo et al. 1994, 1996). In recent studies,
some bacteria such as Paenibacillus sp. and Bacillus sp. were
reported to have much stronger degradation of KL, which was
close to 40 % (Raj et al. 2007; Chandra et al. 2007, 2008).
However, the degradation of lignin by these strains was
performed under mild conditions (neutral pH, low concentra-
tion of lignin, and COD). Besides, the additional carbon
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source (glycerol, glucose or starch, etc.) must be provided
for these strains to degrade lignin. Therefore, the degrada-
tion of lignin by these reported strains has been fuelled by
additional carbon source, but a practical industrial-scale
process would have to employ a substrate that was much
less expensive.

The bacterium Comamonas sp. B-9 (CGMCC No. 4251)
was confirmed capable of degrading KL as the sole carbon in
our previous study (Chen et al. 2012). In addition,
Comamonas sp. B-9 was used to treat BL directly under high
alkaline pH and COD load conditions (pH 10, COD
23,000mg l−1) without any additional carbon or energy source
(Zheng et al. 2013a); the enhanced remediation of BL was
realized by activated sludge bioaugmented with Comamonas
sp. B-9 (Zheng et al. 2013b). In these studies,Comamonas sp.
B-9 has been demonstrated to possess a remarkable ability in
decolorization, lignin degradation, and COD removal.
Especially, no additional carbon source is required for the
treatment of KL or BL by Comamonas sp. B-9, which could
be a great advantage in practical industrial-scale application.
To understand the role of Comamonas sp. B-9 in lignin
degradation, the decolorization and depolymerization of KL
by Comamonas sp. B-9 were further performed in the present
study.

Materials and methods

Bacterial growth conditions and experimental procedures

Pure Comamonas sp. B-9 colonies were inoculated in Luria–
Bertani broth medium and incubated overnight till the A600

(absorbance at 600 nm) of inoculum was approximately 1.2 at
30 °C under continuous rotary shaking condition (120 rpm).
Five milliliter of the inoculum was centrifuged to collect the
bacterial cells and then the precipitate was washed with sterile
water for three times. The washed cells were inoculated into a
1,000-ml conical flask containing 500 ml sterile KL mineral
salt medium (KL-MSM, pH 7.0). The composition of KL-
MSM was as follows (in gram per liter of deionized sterile
water): KL, 3 (purchased from Sigma, average molecular
weight (Mw ), ∼10,000); (NH4)2SO4, 2; K2HPO4, 1;
KH2PO4, 1; MgSO4, 0.2; CaCl2, 0.1; FeSO4, 0.05; and
MnSO4, 0.02. The biodegradation experiment was carried
out at 30 °C in rotary shaking incubator at 120 rpm for 7 days.
The appropriate volumes of samples were withdrawn period-
ically at every 24-h interval for the measurement of lignin
degradation, decolorization, and total carbon (TC) removal.
Uninoculated medium was used as control. The biodegrada-
tion experiments were carried out in triplicates as parallel
experiments. The values were presented as mean values and
standard deviation was less than 3.7 %. Error bars are not
shown in the figures.

KL degradation and decolorization measurement

For the measurement of color reduction, residual KL, samples
were centrifuged at 12,000×g for 10 min. Supernatant (1 ml)
was diluted by adding 2 ml phosphate buffer (pH 7.6).
Degradation of KL was determined by the decrease of the
absorbance at 280 nm (A280) and at 465 nm (A465) for the
decolorization with a Hitachi U-4100 spectrophotometer
(Chandra et al. 2007). For the measurement of TC
removal, samples (1 ml) were centrifuged at 12,000×g
for 10 min and the supernatant was diluted by adding
19 ml deionized water. TC removal was measured with
a Shimadzu TOC-V CPH.

Analytical methods

Control and inoculated samples (50 ml for each sample)
were withdrawn after 7 days of incubation. The samples
were centrifuged at 12,000×g for 10 min to remove
bacterial cells. Cell-free supernatant was dried to con-
stant weight in the vacuum freeze-drying apparatus. The
dried powder samples were used for scanning electron
microscopy (SEM), gel permeation chromatography
(GPC), and Fourier transform infrared spectroscopy
(FTIR) analysis.

SEM was carried out in a JEOL JSM-6360LV microscope

GPC was performed in an AKTA purifier UPC100. The dried
samples were dissolved in 0.1 mol l−1 Tris–HCl buffer
(pH 7.5) with a concentration of 3 g l−1. The molecular size
distribution in each sample was determined by loading 0.5 ml
of solution into a Superdex 75 10/300 GL column (GE
Healthcare Life Sciences) in 0.1 mol l−1 Tris–HCl buffer
(pH 7.5). The flow rate was 1 ml min−1. Sample elution was
monitored by measuring the absorbance at 280 nm. Sodium
polystyrene sulfonate standards (American Polymer
Standards Corporation) were used to obtain the calibration
curve that was related to the retention time (Tr, minutes) and
the Mw. The standard equation were obtained with Superdex
75 10/300 GL column using sodium polystyrene sulfonate
standards: log (Mw)=4.409–0.026Tr.

FTIR spectra of the samples were obtained with analysis
performed on a Thermo Scientific Nicolet IS10 FTIR spec-
trometer in the wave number range of 4,000–800 cm−1. Of the
dried powder sample, 0.001 g was mixed with KBr at a ratio
of accurately 1/100 (w /w), then the mixture was ground in an
agate mortar to a very fine powder. The fine powder was used
to make a pellet under a continuous pressure of 30 MPa for
1 min. The pellet was analyzed immediately and the spectra
were recorded by 64 scans with 4 cm−1 resolution. A pellet
prepared with an equivalent quantity of pure KBr powder was
used as background
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Results

KL degradation and decolorization by Comamonas sp. B-9

Degradation and decolorization of KL indicated by the de-
crease of A280 and A465 are shown in Fig. 1. The initial
absorbance of the culture medium containing 3 g l−1 KL was
4.54 at 280 nm and 0.54 at 465 nm and dropped to 2.50 and
0.25, respectively, after 7 days of incubation. Simultaneously,
47.3 % TC of the KL-MSM had been removed after 7 days of
treatment. A rapid decrease was found in the initial 4 days and
a slight decrease in the following 3 days. In addition, the
chroma of the culture medium was observably faded and the
color turned from dark brown to brown.

KL depolymerization

The SEM photos of untreated and treated KL powders are
shown in Fig. 2. Figure 2a shows the magnification photo
(×200) of untreated KL powder. As shown in Fig. 2a, the
micromorphology of untreated KL used in this study was
irregular spherical particles with porous internal structure
and the diameter of the particles was approximately 100–
150 μm. Figure 2b shows a high magnification photo
(×3,000) of KL treated for 7 days. In Fig. 2b, instead of
spherical particle, the micron-sized fragments (<10 μm) dom-
inated in the treated KL powders.

The molecular size distribution in KL degradation by
Comamonas sp. B-9 was studied by GPC. The patterns of
elution from Sephadex 75 10/300 GL column at 280 nm
obtained with both untreated KL and treated KL by
Comamonas sp. B-9 are shown in Fig. 3. The average molec-
ular weight for KL samples was calculated with the standard
equation (Table 1). As shown in Fig. 3 and Table 1, KL in
control sample had a broad molecular weight distribution
between Mw 15,100 and 1,655, while after treatment with
Comamonas sp. B-9 for 4 days, the KL had a narrower

molecular weight distribution from Mw 13,767 to 6,456.
Further, after 7 days of incubation, a lower molecular weight
distribution fromMw 12,900 to 4,810 was found. Additionally,
the peaks of Tr (8.85, 34.87, and 45.78) disappeared and a
significant decrease in A280 of the treated sample was observed.

FTIR analysis

FTIR spectra of untreated and treated KL samples are presented
in Fig. 4 and the assignments are given in Table 2 according to
previous references (Boeriu et al. 2004; Thielemans and Wool
2004; Kubo and Kadla 2005; Guo and Rockstraw 2006; Liu
et al. 2008; Hage et al. 2009). The bands between 3,700 and

Fig. 1 Time course of kraft lignin degradation ( ), decolorization
( ), and TC removal ( ) by Comamonas sp. B-9

Fig. 2 SEM photos of KL powders. a untreated, b treated for 7 days

Fig. 3 GPC analysis of untreated KL, treated for 4 and 7 days with
Comamonas sp. B-9
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3,000 cm−1 were assigned to the O–H groups in phenolic and
aliphatic structures and the band at 2,938 cm−1 corresponded to
C–H stretching in aromatic methoxyl groups and in methyl and
methylene groups. The band at 1,660 cm−1 was assigned to the
C=O stretching conjugation with aromatic rings. The bands
between 1,600 and 1,400 cm−1 were due to aromatic skeleton
vibrations. Aromatic skeleton vibration coupled with C=O at
1,596 cm−1 and the C–H deformation combined with aromatic
ring vibration at 1,463 cm−1 are common for various types or
forms of lignin. The bands at 1,217 and 1,128 cm−1 were the
vibrations characterized by guaiacyl unit and syringyl unit,
respectively.

Discussion

Due to the high pH, BOD, COD, and color, BL is significantly
toxic to the environment. Besides, in terms of industrial chem-
ical modification of lignin, the kraft pulping process is the

dominant process. Hence, the adequate treatment of BL prior
to its discharge into the environment is warranted. Biological
treatment is a practical choice for BL treatment. Among these
biological methods applied so far, most of the literature con-
fined to a few genera of white-rot fungi and the published
reports on a variety of white-rot fungi indicated that these
fungi cannot use lignin as carbon or energy source for growth
and further lignin degradation. During the kraft pulping,
chemical reactions lead to the liberation of lignin fragments
and also enhance their dissolution. Bacteria seem to play a
leading role in decomposing lignin in aquatic ecosystem be-
cause of the wider tolerance of temperature, pH, and oxygen
limitations as compared with fungi (Daniel and Nilsson 1998).
In fact, some bacteria isolated from compost soil, Azotobacter
and Serratia marcescens , were capable of degradation and
decolorization of lignin (Morii et al. 1995). Bacteria such as
Bacillus subtilis and Bacillus sp. also were able to degrade
KL (El-Hanafy et al. 2008; Abd-Elsalam and El-Hanafy
2009). Previously, Comamonas sp. B-9 had been confirmed
for the treatment of KL and BLwithout any exogenous carbon
source (Chen et al. 2012; Zheng et al. 2013a, b). The present
study focused on the KL depolymerization and decolorization
by Comamonas sp. B-9. As the results show in Fig. 1, the
degradation, decolorization, and TC removal reached 45.06,
53.97, and 47.3 %, respectively, after 7 days treatment.
However, degradation and decolorization occurred mainly in
the initial 4 days indicating that Comamonas sp. B-9 broke
down KL in the primary metabolic stage as described in the
previous report (Chen et al. 2012).

It is well accepted that the decrease of A280 could be used to
characterize the degradation of aromatic rings. In Figs. 1 and
3, A280 of the treated sample reduced many fold revealing that
a large number of benzene ring structures in KL were
decomposed by Comamonas sp. B-9. The values in Fig. 3
showed a significant decline in the high molecular weight
peaks (Mw>8,000) and a slight increase in the medium

Table 1 Average mo-
lecular weight distribu-
tion in control and
treated KL samples

Sample Tr (min) Mw

Control 8.85 15,100

15.84 9,935

22.63 6,616

34.87 3,180

45.78 1,655

Treated for 4 days 10.39 13,767

16.77 9,396

18.82 8,311

20.98 7,303

23.04 6,456

Treated for 7 days 11.48 12,900

19.54 7,961

22.32 6,740

25.1 5,707

27.88 4,810

Fig. 4 FTIR spectra of KL samples

Table 2 Assignment of FT-IR spectra from control and degraded KL
samples as given in Fig. 4

Assignment Control
(cm−1)

Treated after 7
days (cm−1)

O–H 3,220 3,426

C–H 2,938

C=O conjugation with aromatic rings 1,660

Aromatic skeleton vibration coupled
with C=O stretching

1,596

Aromatic skeleton vibrations 1,511

C–H deformation combined with
aromatic ring vibration

1,463

Aromatic skeleton vibrations 1,404 1,423

Guaiacyl unit 1,217

Syringyl unit 1,119 1,128
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molecular weight peaks (5,000<Mw<8,000). In addition, the
untreated sample had a wider molecular weight distribution
but the molecular weight of the major fragments was approx-
imately 10,000. There was still a higher molecular weight
distribution in the treated sample; however, the amount of
high and medium molecular weight fragments reduced de-
monstrably. These results suggested that the high molecular
weight fragments were probably depolymerized to medium
molecular weight fragments. These residual fragments were
possibly responsible for most of the residual A280 and color in
treated sample. Simultaneously, the low molecular weight
peaks (Tr, 34.87 and 45.78) disappeared, indicating some of
which were decomposed to compounds with small molecular
weight. The results of previous study also showed that
Comamonas sp. B-9 was able to degrade KL polymer into
monomer benzene compounds and aliphatic compounds
(Chen et al. 2012). In conclusion, Comamonas sp. B-9 was
capable of depolymerizing KL effectively.

The color associated with the pulping effluent is primarily
due to the chromophores existing in lignin and its various
derivative structures. Alkaline pulps are generally much
darker than other pulps, which may be due to the presence
of more highly condensed and unsaturated lignin and phenolic
materials. Although the exact nature of color-causing struc-
tures of KL is still uncertain, it is believed that the chromo-
phoric structures, such as carbonyl conjugated with the aro-
matic rings, quinine methides, quinones, and free radicals are
responsible for the color of the KL (Hon and Glasser 1979;
Garg and Modi 1999). FTIR can give a quick and qualitative
indication of the extent of lignin. Many researchers have
studied the infrared absorption characteristics of the lignin
(Boeriu et al. 2004; Thielemans and Wool 2004; Kubo and
Kadla 2005; Guo and Rockstraw 2006; Liu et al. 2008; Hage
et al. 2009). The FTIR spectrum of the untreated sample was
relatively simple and there were only four distinct peaks
(Fig. 4 and Table 2). The band at 1,660 cm−1 was assigned
to the C=O stretching conjugation with aromatic rings which
was the primary chromophores in lignin. The results in Polein
and Rapson's research showed that the pulp color was propor-
tional to the absorption around 1,670 cm−1 (Polein and
Rapson 1971). In the FTIR spectrum of treated sample, the
peak at 1,660 cm−1 had blue shift to 1,596 cm−1, which was
the potential main reason for KL decolorization by
Comamonas sp. B-9. In addition, the spectrum of the treated
sample in the aromatic skeleton vibration region (1,600–
1,400 cm−1) was complex and the intensity of the bands was
weak suggesting that the aromatic ring structures in KL were
modified and even degraded by Comamonas sp. B-9.

Since lignin is a phenylpropanoid polymer, a number of
aromatic and phenolic sites and activated aliphatic locations
capable of participating in decoloration reactions also exist.
Obviously, the complexity of structures and components as
well as reactions hindered the investigation of potential

chromophoric groups in lignin. In general, color problems
encountered in pulps arise either from color already present
in wood or from chemical changes which take place during
grinding, cooking, refining, and bleaching processes. Alkaline
pulps are generally much darker than other pulps, which may
be due to the presence of more highly condensed and unsat-
urated lignin and phenolic materials (Hon and Glasser 1979).
Therefore, further research is required to investigate the nature
of the chromophores in KL and the related mechanisms of
depolymerization and decolorization by Comamonas sp. B-9.
The native lignin undergoes various types of chemical reac-
tions during the kraft pulping process, resulting in an increase
of the solubility of lignin and decrease of molecular weight.
However, KL is still a heterogeneous polymer with a complex
structure and a variety of functional groups. In that way, it is a
better choice to use KL model compounds rather than KL to
study the mechanism of depolymerization and decolorization.

Ether bonds are the most important linkage between the
benzene structural units in lignin. The cleavage of ether bonds
is the critical process in lignin degradation. Moreover, the
C=O stretching conjugated with aromatic ring was the main
chromophore in lignin. It is critical to identify the related
enzymes and encoding genes in Comamonas sp. B-9 which
are responsible for KL degradation and decolorization. In that
case, a practical industrial-scale application of BL
biotreatment by Comamonas sp. B-9 is to be expected.
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