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Abstract The high chroma of cellulosic ethanol production
wastewater poses a serious environmental concern; however,
color-causing compounds are still not fully clear. The charac-
teristics of the color compounds and decolorization of biolog-
ically treated effluent by electro-catalytic oxidation were in-
vestigated in this study. Excitation-emission matrix (EEM),
fourier transform infrared spectrometer (FTIR), UV-Vis spec-
tra, and ultrafiltration (UF) fractionation were used to analyze
color compounds. High chroma of wastewater largely comes
from humic materials, which exhibited great fluorescence pro-
portion (67.1 %) in the biologically treated effluent.
Additionally, the color compounds were mainly distributed
in the molecular weight fractions with 3—10 and 10-30 kDa,
which contributed 53.5 and 34.6 % of the wastewater color,
respectively. Further decolorization of biologically treated ef-
fluent by electro-catalytic oxidation was investigated, and
98.3 % of color removal accompanied with 97.3 % reduction
of humic acid-like matter was achieved after 180 min. The
results presented herein will facilitate the development of a
well decolorization for cellulosic ethanol production wastewa-
ter and better understanding of the biological fermentation.
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Introduction

Cellulosic ethanol is considered a promising source of substi-
tute energy because ethanol is the only kind of biomass-based
liquid fuel which can be used for power fuel. Considering the
abundance of lignocellulosic resources in the world, the pro-
duction of fuel ethanol from cellulosic materials attracted more
attention in recent years (Dwivedi et al. 2009, Mabee et al.
2011). However, substantial increases in cellulosic ethanol pro-
duction will also result in large quantities of high-strength,
high-color organic wastewater. Highly colored wastewater can
have negative environmental impacts if discharged into surface
water, which might reduce the penetration of solar energy into
shallow waters, cause death and decay of aquatic plants, and
also contribute to eutrophication (Wilkie et al. 2000).

The color of wastewater is usually hardly degraded by the
conventional treatments and can even be deepened during
anaerobic treatments, due to re-polymerization of color organic
compounds (Pant and Adholeya 2007). However, characteris-
tics of the color-causing compounds are still not fully clear.
From the published paper, it can be suggested that the pheno-
lics (tannic and humic acids) from the feedstock, melanoidins
from Maillard reaction of sugars (carbohydrates) with proteins
(amino groups), caramels from overheated sugars, and furfu-
rals from acid hydrolysis can contribute to the color of the
effluent (Kort 1979, Wilkie et al. 2000).

Generally, the characteristics of wastewater from the man-
ufacture of ethanol depend on the raw materials and the pro-
cesses used in fermentation and distillation, which include
sugar crops, starch crops, and cellulosic materials (Wilkie et
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al. 2000). Currently, the melanoidin has been widely regarded
as dark brown pigment of molasses wastewater (sugar-based
crops) (Mohana et al. 2009, Satyawali and Balakrishnan
2008). Wine distillery wastewater was varied in color from
yellow to dark red due to the phenolic compounds (starch-
based crops) (Sales et al. 1987). Cellulosic feedstock typically
contains a substantial amount of hemi-cellulose and lignin,
which require a more substantial pretreatment before fermen-
tation compared to the conventional sugar- and starch-based
crops. It is possible that the color-causing compounds of
wastewater from cellulosic feedstock compared to sugar-
based and starch-based effluent might be different as well.
Nevertheless, information describing the color-causing com-
pounds of cellulosic ethanol production wastewater is ex-
tremely limited (Handelsman et al. 2013).

Color compound as dissolved organic matter may be a het-
erogeneous mixture of aromatic and aliphatic organic com-
pound containing oxygen, nitrogen, and sulfur functional
groups (e.g., phenolics, carbohydrates, amino groups, cara-
mels, furfurals) (Chen et al. 2003, Kort 1979, Wilkie et al.
2000). Fluorescence excitation-emission matrices (EEMs) can
be used to characterize the dissolved organic compounds in
water and wastewater. The EEM peaks can be allocated to the
different types of organic compounds according to Chen et al.
(Chen et al. 2003). Handelsman et al. have compared the char-
acterization of foulants in membrane filtration of molasses ef-
fluent (from cane and beet) and lignocellulosic effluent (from
sugar cane mulch feedstock) with EEM (Handelsman et al.
2013), however, without use of quantitative analytical approach
of fluorescence regional integration (FRI) to analyze the EEM
fluorescence spectroscopy. More advanced characterization
techniques such as molecular weight distributions, UV absorp-
tion spectra, Fourier transform infrared (FTIR) spectroscopy,
and ultrafiltration (UF) fractionation can be used to characterize
the dissolved organic matter (Chen et al. 2003).

In addition, a range of biological and physic-chemical
methods have been investigated for decolorization of stillage
effluents (bacteria and fungi, flocculation and coagulation, ox-
idation process, membrane treatment) (Mohana et al. 2009,
Satyawali and Balakrishnan 2008, Wilkie et al. 2000). As one
of effective methods for decolorization of nonbiodegradable
organic compounds, electro-catalytic oxidation process was
called “environment friendly technology” as its simplicity, easy
control, and no secondary pollution (Feng et al. 2004,
Martinez-Huitle and Ferro 2006). Electro-oxidation process
was used for decolorization of distillery wastewater, which
contains a dark-brown pigment known as melanoidin
(Arulmathi et al. 2015, Manisankar et al. 2003, Piya-
Areetham et al. 2006). However, application of this process
in cellulosic ethanol production wastewater has not been found.

This study employed EEM fluorescence spectroscopy,
FTIR spectrometer, UV-Vis spectra, and UF fractionation to
analyze the color compounds in wastewater from cellulosic
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ethanol production. It is proposed that the color in the effluent
of cellulosic ethanol wastewater (corn stover feedstock)
comes from humic acid-like matter. To better understand the
relationship between residual colors persistent in cellulosic
ethanol wastewater and humic-acid like matter, electro-
catalytic oxidation process was applied to study decoloriza-
tion of biologically treated effluent. The results of the present
study will help to facilitate the development of a well decol-
orization for cellulosic ethanol production wastewater.

Material and methods
Wastewater samples

The wastewater samples were collected from a combined sys-
tem composed of a continuous stirred tank reactor (CSTR),
expanded granular sludge bed (EGSB) reactor, and sequenc-
ing batch reactor (SBR) fabricated in our lab (schematic rep-
resentation as described in previous study (Shan et al. 2015)).
The effluent of combined system was characterized as fol-
lows: chemical oxygen demand (COD) 644 mg/L, biochemi-
cal oxygen demand (BOD) 98 mg/L, pH 8.92, total nitrogen
37.1 mg/L, total phosphorus 11.8 mg/L, and a high color
(2926 Pt-Co). The samples were filtered through 0.45-pm
membrane filters before analyzing and stored at 4 °C.

Electro-catalytic oxidation of biologically treated effluent

Electro-catalytic oxidation of combined system effluent was
carried out in the electrolysis cell with 150-mL glass beaker.
The operating conditions were Ti-based SnO, (Ti/SnO,) elec-
trode with 40 mm % 60 mm as the anode, stainless steel elec-
trode in the same size as cathode, and the distance of elec-
trodes as 1 cm. A DC potentiostat was used as the power
supply for organic degradation studies. Electrolysis was per-
formed under galvanostatic control. Solution samples were
took out from the cell after electrolysis for 30, 60, 90, 120,
and 180 min, respectively, and filtered through 0.45-pum mem-
brane filters before analyzing.

Analytical methods

Dissolved organic carbon (DOC) concentration was measured
using a total organic carbon analyzer (TOC-5000A, Shimadzu,
Japan). COD was determined according to the procedures de-
scribed in Standard Methods (APHA 1995). UV light absorp-
tion at 254 nm (UVA,s4) and UV-Vis spectra were determined
using a variable-wavelength spectrophotometer (UV-2550,
Shimadzu, Japan) and a quartz cuvette with a 1-cm path length.
Color was measured with a Hach DR/3900 spectrophotometer
at 465 nm in platinum cobalt (Pt-Co) units. All the above anal-
ysis was conducted in triplicates. Fluorescence EEM
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measurements were conducted using a luminescence spectrom-
eter (FP 6500, JASCO, Japan). The spectrometer displayed a
maximum emission intensity of 1000 arbitrary units (AU), and
excitation and emission slits were both maintained at 5-nm
band-pass, and the scanning speed was set at 2000 nm/min
for all the measurements. To obtain fluorescence EEMs, emis-
sion wavelengths were incrementally increased from 220 to
600 nm at 2-nm steps; for each emission wavelength, the exci-
tation wavelengths from 220 to 450 nm were detected at 0.5-
nm steps. A quantitative analytical approach of fluorescence
regional integration (FRI) was used to analyze the EEM fluo-
rescence spectroscopy (Chen et al. 2003).

Functional group characteristics of biologically treated ef-
fluent of cellulosic ethanol stillage were characterized using a
FTIR spectrometer (Spectrum One B, PerkinElmer, USA). KBr
pellets containing 0.25 % of the sample were prepared, and the
instrument was set up to scan from 4000 to 400 cm™' averaging
10 scans at 1-cm™ interval with a resolution of 4 cm™.

UF fractionation experiments were conducted to determine
the apparent molecular weight (MW) distribution using an
ultrafiltration cell (Amicon 8400, Millipore Corp., USA).
Nitrogen gas at a constant pressure of 0.03 MPa was utilized
to drive feed solution through the membrane. Ultrafiltration
membrane offering an appropriate series of molecular weight
(100, 30, 10, and 3 kDa) was used. Sample was fractionated
according to the procedures of previous reported (Shin et al.
1999), and color fractions with different nominal molecular
size were classified as: > 100, 30-100, 10-30, 3—-10, < 3 kDa.

Results and discussion

Fluorescence EEM characteristics of cellulosic ethanol
wastewater

EEM fluorescence spectroscopy has been widely used to char-
acterize dissolved organic matter in water and wastewater, and
EEMSs were delineated into five regions using consistent ex-
citation and emission wavelength boundaries (Chen et al.
2003): simple aromatic proteins such as tyrosine (regions I
and II), fulvic acid-like materials (region III), soluble micro-
bial byproduct-like materials (region IV), and humic acid-like
organics (region V). The organic compounds in the cellulosic
ethanol wastewater are shown as one distinctive and intense
peak in region IV (soluble microbial byproduct-like material,
275-280 nm/304-314 nm); weaker peaks are apparent in the
regions for simple aromatic proteins I (225 nm/308 nm) and
humic acid-like organics V (320/404 nm) (Fig. 1a), which
similar to the standard humic acid characteristic (Fig. 1c).
The biological treatment led to an apparent decrease in the
intensity of all the peaks: the soluble microbial byproduct-
like peak and simple aromatic proteins peak almost disap-
peared (Fig. 1b), while the humic acid-like peak was still

presented in the EEM fluorescence spectra for the biologically
treated effluent, which color was high to 2926 Pt-Co. It is
likely that the presence of humic acid-like matter caused the
color in the effluent. This finding on color source of cellulosic
ethanol wastewater (corn stover feedstock) is not fully
discussed previously. Only Handelsman et al. reported that
large drop in humic and fulvic acid-like regions by ultrafiltra-
tion contributes to color of lignocellulosic effluent (sugar cane
mulch feedstock) (Handelsman et al. 2013). Moreover, humic
substances reported to present in stillage from wood-ethanol
(cellulosic materials) process (Callander et al. 1986) would
support the relationship between the color and humic acid-
like organics of this kind of wastewater.

These changes were quantitatively analyzed using the fluo-
rescence regional integration (FRI) technique integrated the
volume beneath the EEM regions with the method Chen de-
scribed (Chen et al. 2003). Each region proportion was calcu-
lated based on the total volume beneath the EEM regions. The
results multiplied by corresponding dilution times were
showed in Fig. 2.

The region proportion of the raw wastewater: The region V
(humic acid-like matter) exhibited the greatest proportion
(55.5 %). The proportion of the region IV (soluble microbial
byproduct-like materials) and region III (fulvic acid-like ma-
terials) were 16.4 and 19.6 %, respectively. Regions I and II
(simple aromatic proteins) made up the remaining 8.5 %. The
biological treatment achieved a high fluorescent organics re-
moval efficiency of 72.5 %. However, the fluorescence of the
region V still exhibited great proportion (67.1 %) in the bio-
logically treated effluent (Fig. 2). The results further con-
firmed that the color of biologically treated effluent was pri-
marily due to the presence of humic acid-like matter.

UV-vis spectra analysis of cellulosic ethanol wastewater

Specific ultraviolet absorbance (SUVA) developed by Edzwald
and co-workers (Edzwald and Tobiason 1999) has been widely
used as an indicator of the nature organic matter (NOM). The
high SUVA value (absorbance at 254 nm per unit DOC in
mg/L) indicated the presence of mostly aquatic humics, strong-
ly hydrophobic and high molecular mass organic content of the
water. The SUVA value of the raw wastewater was 0.9
(L/mg- m). Following the treatments, the SUVA value of the
biologically treated effluent was increased to 4.0 (L/mg-m)
(Table 1), resulting in mostly aquatic humics (Edzwald and
Tobiason 1999). These results further support the presence of
humic acid-like matter in the biologically treated effluent.

The value of E2/E4 (the ratio of absorbance at 260 and
400 nm) characterizes the degradation of the phenolic/
quinoid core of humic substances to simpler carboxylic aro-
matic compounds (Lipski et al. 1999, Visser 1984). The in-
creasing E2/E4 ratio from raw wastewater (4.8) to biologically
treated effluent (5.4) (Table 1) indicated a degradation of long-
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Fig. 1 Typical EEM contour of 450
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wavelength absorbing chromophores: quinoid and
semiquinoid arrangements and aromatic and/or heterocyclic
zwitteranions, etc. (Lipski et al. 1999). The values of the E4/
E6 (the ratio of absorbance at 465 and 665 nm) of the raw
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Fig. 2 Distribution of FRI in organic compounds from biologically
treated effluent (regions I and II) simple aromatic proteins such as
tyrosine (region III) fulvic acid-like materials (region IV) soluble
microbial byproduct-like materials (region V) humic acid-like organics
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wastewater and biologically treated effluent were 4.5 and
10.0, respectively (Table 1). The E4/E6 ratio is related to the
particle sizes and molecular weights of HA fractions.
Following the treatments, the E4/E6 ratio in biologically treat-
ed effluent was increased reflecting a decreasing molecular
weights of the HA fractions (Chen et al. 1977).

FTIR spectra analysis of biologically treated effluent

The FTIR spectra of the organic compounds in biologically
treated effluent were illustrated in Fig. 3, and the main absorp-
tion bands and corresponding assignments were similar to hu-
mic acid (Gonzalez-Pérez et al. 2008, Inbar et al. 1992, Tatzber
et al. 2007). The main absorbance bands are the following: a
broad band at around 3400 cm™ (H-bonded OH groups), a

Table 1  UV-vis parameters of the raw wastewater and biologically
treated effluent

Wastewater source  DOC (mg/ L) SUVA,s4 E2/E4 E4/E6

22420+579.7 09+0.0 48+00 45+02
268.4+8.2 40+0.1 54+0.0 10.0+1.3

Raw wastewater

Biological treatment
effluent
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slight shoulder at 3050 cm™ (aromatic C-H stretching), a sharp
peak at 2921 cm™ and a shoulder at 2876 cm™ (aliphatic C-H
stretching), a shoulder or peak at 1697 cm™ (C =0 stretching of
COOH, C=0 of ketonic carbonyl), a broad peak at 1622 cm™
(aromatic C=C, COO-hydrogen-bonded C=0), a peak at
1452 cm™ (aliphatic C-H, aromatic ring stretching), a broad
peak at 14001300 cm™ (aliphatic C-H groups), a broad peak
centered at 1210 cm™ (C-O stretching and OH bending of
COOH groups), and peaks in the 1160—-1110 cm™ region (aro-
matic ring bending, symmetric bonding of aliphatic CH,, OH
or C-O stretch of various groups) (Fig. 3). The FTIR data fur-
ther confirmed and complemented the previous data suggesting
that the humic acid-like matter was present in the biologically
treated effluent.

Molecule weight (MW) distribution in color

Due to the polydisperse character of HA composed of a het-
erogeneous mixture of chemically dissimilar subunits with
different molecular weights, a close relationship could be ex-
pected between the properties of the molecular size fractions
and the color of biologically treated effluent. As described in
Fig. 4, the apparent molecular weight distribution of biologi-
cally treated effluent was obtained by the ultrafiltration frac-
tionation method. It was observed that color was mainly dis-
tributed in the MW fractions with 3—30 kDa. The color ratio of
the fractions with molecules of 3—10 and 10-30 kDa were
53.5 and 34.6 %, respectively. Other fractions made up the
remaining 11.9 %. This finding was different from
Handelsman’ results: low molecular weight acids, humic
compounds, and neutral compounds (<350 Da) were the most
prominent peak in lignocellulosic effluent (sugar cane mulch
feedstock), while high molecular weight humic compounds
(500-20,000 Da) were not prominent. (Handelsman et al.
2013). However, results in this study could be supported by
the similar molecular size distribution of humic acid after pho-
tocatalytic treatment expressed in terms of color (Sen
Kavurmaci and Bekbolet 2013). The properties of the molec-
ular size fractions could be related to the enrichment with
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Fig. 3 Infrared spectra of organic compounds from biologically treated
effluent
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Fig. 4 Effect of molecular weight (kDa) on color material of the
biologically treated effluent

acidic groups in lower molecular size fractions and the dense
aromatic macromolecular character in larger molecular size
fractions (Ghabbour and Davies 2001).

Decolorization of biologically treated effluent
by electro-catalytic oxidation

To better understand the residual colors persistent in cellulosic
ethanol wastewater, biologically treated effluent decoloriza-
tion by electro-catalytic oxidation process was investigated.
Previous research by our group has shown that the rate of
organic materials removal increased as the current density;
however, the increase in current density results in increase of
energy consumption (Wei et al. 2011). Therefore, we synthet-
ically considered the effective removal of the color and organ-
ic materials, enhance mineralization current efficiency, and
reduce energy consumption, the current density of
20 mA cm™ was selected in this study. As described in
Fig. 5a, residual color decreased continually with an increase
in degradation time, and color removal was relatively higher at
the initial stage of 90 min than after further oxidation. 86.5 %
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Fig. 5 Residual coloration and COD of biologically treated effluent after
electro-catalytic oxidation
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color removal was rapidly achieved at 90 min, while 11.8 % of
color removal was slowly obtained between 90 min and
180 min. Finally, 98.3 % of color removal was obtained after
180 min, which is better than those of previous studies regard-
ing the lignocellulosic effluent by aerobic treatment and coag-
ulation via alum dosing (89 %) (Kavanagh et al. 2011),
photocatalysis (77-91.5 %) (RamMohan et al. 2013), and ul-
trafiltration membrane (75, 98 %) (Handelsman et al. 2013,
Luiz et al. 2015), though membrane fouling and the high cost
of membranes were not considered (Meng et al. 2009). The
results presented herein showed that the inherent advantage of
electro-catalytic oxidation: environmental compatibility, due
to the fact that it uses a clean reagent (the electron), more
efficient and compact (Feng et al. 2004, Martinez-Huitle and
Ferro 2006). The concentration of color materials decreased
exponentially with reaction time, and the degradation rate
could be expressed by the following equation:

In (%") — kt

where ¢ was the value of color compounds at the reaction
time ¢, ¢, was the initial value, and k was the reaction rate

Fig. 6 Typical EEM contour of 450
biologically treated effluent after
electro-catalytic oxidation. a
After 30-min treatment 400
(25 x dilution), b after 60-min
treatment (25 x dilution), ¢ after
90-min treatment (25 X dilution),
d after 180-min treatment

(5 x dilution)

350

Ex (nm)

300

250 300 350 400 450 500 550 600
Em (nm)

Ex (nm)
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constant. The degradation of color compounds was in accor-
dance with pseudo-first-order kinetics as shown in Fig. 5b.
The reaction rate constant 4 is found to be 2.3 x 1072 min ™"
at the current density of 20 mA ¢cm™ with regression coeffi-
cient R of 0.9995.

The trend of color removal efficiency during degradation
time indicated that for the present electrodes, there exists cat-
alytic selectivity for the oxidation of electrochemical degrada-
tion intermediates (Feng and Li 2003). The initial reaction at
rapid period (stage I) is the oxidation of humic acid-like matter
to colorless compounds. The current efficiency decreases rap-
idly in this period, and the main reaction in slow period (stage
1I) is the oxidation of the formed colorless compounds in stage
L. Obviously, they are hard for electro-oxidation than original
color compounds.

Similar trends for reduction in COD during the electro-
catalytic oxidation was observed, 56.6 % COD removal was
achieved after 90 min, while 77.3 % COD removal was ob-
tained after 180 min. This was likely that the initial reaction at
rapid period (stage I) is the oxidation of organic materials,
which might be the oxidation of humic acid-like matter and
further oxidation to a series of intermediate products with the
aromatic ring opening. The current efficiency decreases

250 300 350 400 450 500 550 600
Em (nm)
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rapidly in this period, and the main reaction in slow period
(stage II) is the oxidation of the intermediates formed in stage
I, which are hard for electro-oxidation than original organic
materials.

Reduction of fluorescence of humic acid-like matter
after electro-catalytic oxidation

The electro-catalytic oxidation led to a gradual loss of
fluorescence for humic acid-like matter during the degra-
dation time (Fig. 6). These changes were quantitatively
analyzed using the FRI technique which integrates the
volume under the EEM regions (Chen et al. 2003). The
fluorescence of the region V exhibited great proportion
(67.1 %) in the biologically treated effluent, and this large
proportion was nearly no change after electro-catalytic
oxidation. The loss of fluorescence was relatively higher
at the initial stage of 90 min than after further oxidation.
The electro-catalytic oxidation reduced the fluorescence
of the region V by 94.9 % after 90 min (Fig. 7) and
achieved 97.3 % reduction of humic acid-like matter after
180 min. The loss of fluorescence of humic acid-like peak
(Region V) corresponded closely to the trend for decolor-
ization for the electro-catalytic oxidation (Fig. 5). The
results further confirmed that the color removal was
strongly correlated with the presence of humic acid-like
matter.

With the results presented in this study, the color-causing
compounds largely come from humic acid-like matter, which
can be effectively removed by electro-catalytic oxidation. In
addition, more work is required in optimizing the effect of
electro-catalytic oxidation. Future work will include types of
electrodes, pH of the solution, current density, dilution ratio,
statistical analysis, and modeling.
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R 180min
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Fig. 7 Distribution of FRI in organic compounds after electro-catalytic
oxidation. (Regions I and II) simple aromatic proteins such as tyrosine
(region III) fulvic acid-like materials (region IV) soluble microbial
byproduct-like materials (region V) humic acid-like organics

Conclusions

The results presented herein confirmed that the color materials
of the cellulosic ethanol wastewater largely come from humic
materials, and the molecular weight distribution influences the
color of biologically treated effluent of cellulosic ethanol pro-
duction wastewater. The color compounds were mainly dis-
tributed in the molecular weight fractions with 3-30 kDa.
Decolorization of biologically treated effluent by electro-
catalytic oxidation was investigated, and 98.3 % of color re-
moval was achieved after 180 min. The present study will
facilitate development of a better decolorization for cellulosic
ethanol production wastewater and significant for cellulosic
ethanol production.
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