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a b s t r a c t
Bioethanol has emerged as a major alternative and environment-friendly fuel to face with energy 
consumption increasing in recent decades. In bioethanol processing factories, new technologies 
using steam explosion pretreatments are developed to improve ethanol production from cellulose 
(e.g. sugarcane bagasse). However, wastewater from this step with high chemical oxygen demand 
(COD), high soluble total organic carbon (S-TOC), low pH, and dark brown color cause serious 
environmental problems. This research focused on the high-rate anaerobic wastewater treatment 
from bioethanol production using a fixed-bed reactor. A 10.8 L lab-scale reactor was continuously 
operated at 35°C for 160 d with a volumetric loading rate of 10.9 kg-COD/m3/d. A kinetic model 
based on a modification of anaerobic digestion model no. 1 and activated sludge models was used 
to reasonably simulate the methane production, soluble TOC, suspended solid as well as the solu-
ble effluent constituents in terms of carbohydrate, protein, propionate, acetate, lignin, and ammo-
nium nitrogen. The steady-state simulation results showed that 45% of COD was converted to 
methane with a high organic loading rate (9.72 kg-COD/m3/d). In addition, tests using physicochem-
ical methods were conducted to remove un-biodegradable materials and color from the effluent. 
Oxidation, coagulation/flocculation, and adsorption removed 88% of soluble TOC and 98% of color.
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1. Introduction

With the development of science and technology, it is 
one of the most promising biomass fractionation processes 
to produce bioethanol from lignocellulosic materials by 
the steam explosion [1–4]. Among the various feedstock 

sources, sugarcane bagasse is the most potential resource 
[5,6]. Pretreatment of bagasse by the steam explosion can 
replace or eliminate the structural and compositional hin-
drance to hydrolysis and increase the yield of fermentable 
sugar from cellulose or hemicellulose [7–9]. However, the 
great challenge for the production of bioethanol by the 
steam explosion is how to use all kinds of the waste left in 
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the production process, reduce the impact on the environ-
ment, and effectively use energy. Most of the liquid resid-
uals have high organic strength and nutrients, for instance, 
more than 20 g-COD/L, and high nutrients content, more 
than 100 mg-N/L and more than 25 mg-P/L containing 
[10,11], which is fit for anaerobic methane fermentation 
process due to unpowered requirement and energy pro-
duction (methane). Therefore, the wastewater of the steam 
explosion process might be a source of biogas production or 
recovery [12]. An up-flow anaerobic sludge blanket (UASB) 
granule reactor and mesophilic two-stage anaerobic diges-
tion process were utilized to treat steam explosion waste-
water (SEWW) for methane fermentation [11,13]. Anyway, 
there are still some places that need to be improved due to 
the poor effluent quality in previous researches [11,14,15]. 
In other words, in wastewater from the steam explosion 
process, the conditions of low pH (inhibitor factor for biolog-
ical reaction) [16], un-biodegradable material (for instance 
lignin), and accumulated organic acid (inhibitor for the 
process) were difficult in the anaerobic fermentation pro-
cess [17]. Additionally, the treatment of effluent from the 
anaerobic process was another difficulty in the whole treat-
ment process [18].

High-rate anaerobic treatment processes are rapidly 
becoming popular for industrial wastewater treatment. The 
advantages of the process are low energy consumption, short 
hydraulic retention times (HRTs), and high organic loading 
rates (OLRs) [19,20]. The technologies applying high-rate 
anaerobic digestion include fixed-bed reactors (FBR), UASB, 
moving-bed biofilm reactor, expanded granular sludge beds, 
sequencing batch reactors, and anaerobic hybrid/hybrid 
UASB reactors [20]. The biomass of the FBR system can 
retain and attach to the support materials and help avoid the 
loss of biomass from the reactor [21]. At the same time, the 
process is very stable and resistant to stress such as overload-
ing of organic or changes in pH and temperature [22–24].

This research focused on the experimental investigation 
of the high-rate anaerobic treatment of wastewater from the 
bioethanol production process over a period of 5 months 
using an FBR, which is the first report for wastewater 

treatment from steam explosion process using FBR according 
to published research reports. To express the reactor perfor-
mances in a mathematical manner, a kinetic model was devel-
oped based on a modification of anaerobic digestion model 
no 1 (ADM1) [25] and activated sludge models (ASMs) [26]. 
Additionally, in an effort to remove the total organic carbon 
and color from the effluent of the FBR, oxidation combin-
ing coagulation using NaClO and polyaluminum chloride 
(PAC) [27], and nanofiltration (NF) and reverse osmosis 
membrane (RO) post-treatment were conducted in this study.

2. Materials and methods

To clearly describe test contents and methods in each 
step of this study, the research and experimental flow was 
listed and shown in Fig. 1.

2.1. Analytical procedures and composition of the SEWW

Total solids, suspended solids (SS), total volatile sol-
ids, chemical oxygen demand (COD), soluble total organic 
carbon (S-TOC), total nitrogen, ammonium nitrogen, total 
phosphorus, and inorganic cations concentrations, respec-
tively were measured according to #2540 B, D, E, #5220 
D, #5310 B, #4500-N B, #4500-NH3 F, #4500-P E and 3120-B 
in Standard Methods [28]. Soluble carbohydrate, pro-
tein, lignin furfural, hydroxyl-methyl-furfural, fatty acid, 
inorganic cation and anion concentrations, the composi-
tion of sugars were measured according to the reference 
methods [11,29,30].

The steam-explosion of sugarcane bagasse collected 
was carried out under 3.0 MPa for 5 min at about 230°C 
followed by instantaneous depressurization to ambient 
pressure. The solid product was washed with tap water as 
much as 5 times the bulk volume of the bagasse material 
before filtration, and the SEWW (liquid fraction) was sep-
arated from the composite accordingly [11,15]. The 3 times’ 
collected SEWW samples used for the influent of contin-
uous anaerobic digestion experiment, the above analysis 
methods were utilized for SEWW.
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2.2. Continuous experiment reactor

A lab-scale continuous fixed-bed anaerobic reactor 
(filled with short plastic media of 10 mm height and 8 mm 
diameter corresponding to 350 m2-carrier surface/m3-  
reactor) was operated at 35°C ± 2°C with a working vol-
ume of 10.8 L (Fig. 2). For the fixed-bed anaerobic process, 
5 L seed anaerobic sludge was collected from a mesophilic 
digester at Hiagari Municipal Wastewater Treatment Plant, 
Kitakyushu, Japan operated at about 38 d HRT receiving 
a mixture of primary and secondary sludge from a con-
ventional biochemical oxygen demand removal activated 
sludge process. Seed anaerobic sludge was pumped into the 
fixed-bed anaerobic reactor for SEWW treatment, the most 
of seed sludge was attached in the reactor while the redun-
dant was washed out. Since the wastewater from washing 
process after the steam explosion was highly acidic, NaOH 
1 mol/L and a pH pump (EWN-W, IWAKI Co., Ltd., Japan) 
were used to neutralize the pH in the reactor (Fig. 2) and 
kept pH at 6.95–7.05 during whole operation period since 
the biological optimum pH is in neutral range while the 
volumetric loading rate (VLR) was increased from 4.46 to 
10.94 kg-COD/m3/d in a step-wise manner. The methane gas 
production rate (MPR) in the reactor was continuously logged 
using a wet gas meter (Shinagawa Corporation, Japan).

2.3. Dynamic simulation

Dynamic simulation of the FBR was performed focus-
ing on responses of methane production, soluble TOC, 
SS as well as the soluble effluent constituents in terms 
of carbohydrate, protein, propionate, acetate, lignin and 
ammonium nitrogen. For simulating the reactor perfor-
mances and biological degradability of the wastewater 
organics in a mathematical manner, a kinetic model was 
developed based on a modification of ADM1 and ASMs. 
Although ADM1 and ASMs were initially referred to 
model the set of reactions, the individual process expres-
sions were considerably modified in order to include the 
fates of furfural, hydroxymethylfurfural (HMF), lactate 
and formate. An anaerobic biological reaction map for 
the SEWW organics is shown in Fig. 3. Considering the 

soluble nature of organics in SEWW, the process map 
included hydrolysis (r1–r2), acidogenesis (r3–r7), aceto-
genesis (r8), methanogenesis (r9–r11) and decay (r12–r16). 
Monosaccharide, furfural, HMF, and lactate were classi-
fied as carbohydrate species while formate and hydrogen 
were degraded by the hydrogenotrophic methanogen. 
The decayed products were defined to be carbohydrate, 
protein, and un-biodegradable particulate, which was an 
analogy of ASM3. As shown in Table 1, a Contois type 
(from ASMs), a Monod type, and a first-order type (from 
ADM1) were applied to express the reaction rates. In addi-
tion, a non-competitive inhibition function was added for 
hydrogen inhibition on propionate degradation. Although 
diffusion resistance of soluble substrates in the biofilm 
was not incorporated in the model, by applying high half- 
saturation coefficients (Ks) of process rates the impact of 
biofilm on organic digestion performance was considered. 
Kinetics for individual organics in SEWW were estimated 
from simulation results of the batch biological experiment, 
which was conducted by mixing anaerobic sludge from a 
lab-scale continuous FBR and SEWW. Based on the MPR 
response, the degradation of organics in SEWW as well 
as the production of intermediates, kinetic parameters 
were estimated.

As the material balance of the model was COD based, 
COD/TOC factors were prepared to calculate the composite 
materials (carbohydrate, protein, and lignin) as 2.67, 3.00, 
and 2.92, assuming the elemental compositions (CH2O) n, 
(C4H9O2N)n [31] and (C31H34O11)n [32], respectively. The 
system responses were simulated using GPS-X Version 
6.4 (Hydromantis Environmental Software Solutions, Inc., 
Canada). The 5 kinds of active biomass sugar degrader, 
amino acid degrader, propionate degrader, and acetate 
degrader were defined as shown in Table 2. Biomass con-
centrations were estimated from the yield coefficients in 
the literature [25] and the decrement of soluble organic 
concentration between the influent and effluent in continu-
ous operation fed the wastewater [33].

2.4. Post-treatment for effluent from the anaerobic process

Although most biodegradable soluble TOC in influent 
could be removed by anaerobic treatment, the dark brown 
color and un-biodegradable components for instance lignin 
remained in the effluent of the anaerobic process. To treat 
this, the post-treatments were processed by the following 
methods including coagulation using NaClO and PAC, 
absorption by activated carbon (AC), NF, and RO mem-
brane technology for effluent from an anaerobic digester. 
Two kinds of commercial membranes, NF (NTR-729HF, 
Nitto, Japan) and low-pressure RO (NTR-759HR, Nitto, 
Japan), were used to remove un-biodegradable materials 
and color in the effluent of the FBR. The membrane mod-
ules had an effective surface area of 60 cm2 with a recycling 
speed of 0.15 m/s. The pressure was maintained at 0.5 MPa 
during the 12 h operation time and the influent concentra-
tions were kept consistently since enough influent volume 
was prepared to compare permeate volume.

To remove the lignin, the main un-biodegradable mate-
rial in the liquid, NaClO as an oxidizer could modify the elec-
tronic distribution on lignin surface layer that can enhance Fig. 2. Fixed-bed reactor (FBR).
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coagulation effect with PAC due to the macromolecule 
polymer formed by the electronic binding force (ClO– and 
Al(OH)3) (Ma et al. [43]). For post-treatment using NaClO 
and PAC, different dose of NaClO (0.5, 2, and 5 mg/L) was 
added into the neutralized effluent at pH 7 using 2 mol/L 
HCl for oxidizing, then PAC (0, 50, 100, and 200 mg-PAC/L) 
was added and neutralization was operated for after PAC 
addition.

For post-treatment using AC, the AC (WG465, Kurita 
Water Industries Ltd., Japan) was crushed and sieved using 
a 355 μm aperture net. The effluent from the anaerobic pro-
cess was added to AC and keep at 35°C temperature control 
chamber, stirring at 200 rpm for 24 ho, treatment time was 
decided by preliminary tests, which adsorption consequent 
could be equilibrium in 1 d approximately, then the treated 
water was centrifuged (10,000 rpm, 5 min) for supernatant 
analysis on TOC and color. The experimental data were fit-
ted to the Freundlich equation, which is the most common 
model for describing the AC equilibrium [34] as shown in 
the following equation.

log log logQ K
n

CF eads( ) = ( ) + ( )1  (1)

where Qads is the adsorption capacity at the equilibrium con-
centration, KF is the Freundlich concentration, Ce is the equi-
librium concentration, n is the homogeneity factor of the 
Freundlich equation.

To determine the fit goodness of experimental values, the 
coefficient of determination (r2) and the average relative error 
(P) were calculated. The P-value is defined as:
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where Qads(exp) is the experimental adsorption capacity, 
Qads(pred) is the predicted adsorption capacity at equilibrium 
concentration (Ce) according to the equation understudy 
with the best-fitted parameters, N the number of experi-
mental data. The lower the P-value, the better is the fit.

3. Results and discussion

3.1. Composition of the SEWW

The characterizations of 3 times’ collected SEWW sam-
ples used for the influent of continuous anaerobic digestion 
experiment are shown in Table 3. In general, the wastewater 
was acidic with pH in the range of 2.6–3.0. This wastewa-
ter also contained high COD (more than 21,000 mg-COD/L) 
and TOC concentrations (8,784–9,684 mg-C/L), strong odor, 
and dark brown color which mainly comes from high 
lignin concentration (5,521–6,929 mg/L). Carbohydrate 
(8,070–13,642 mg/L) contributed significantly to the com-
positions of the SEWW while protein (581–691 mg/L), 
sugar derivatives (furfural: 510–1,743 mg/L and hydrox-
yl-methyl-furfural: 544–1,129 mg/L) and low-molecule fatty 
acids (formate: 700–1,529 mg/L, acetate: 797–1,597 mg/L, 
lactate: 412–1,687 mg/L, oxalate: 70–156 mg/L, propionate: 
0–45 mg/L, butyrate: 0–52 mg/L) was detected. Total nitro-
gen (175–209 mg/L), total phosphorus (21–31 mg/L), ammo-
nium nitrogen (5.5–7.4 mg/L), and inorganic cations/anions 
(Na+, K+, Ca2+, Mg2+, Cl–, SO4

2–) were also measured to detect 
the constituents of the wastewater, but these concentrations 
were not significant as listed and shown in Table 3.

3.2. Anaerobic digestion process

The methane production rate and calculated methane 
conversion efficiency were plotted as shown in Fig. 4a. 
The initial VLR was 4.46 kg-COD/m3/d and incrementally 
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increased to 10.94 kg-COD/m3/d during 160 d of operation. 
The methane production rate correspondingly changed with 
VLR. That indicated that some organics in the influent were 
biodegraded and converted into methane gas. The methane 
production rate was simulated reasonably from influent VLR 
and constructed models. As shown in Fig. 4b, about 50% of 
the SEWW COD was converted to methane, and it can be 
estimated that half of influent COD was un- biodegradable 
material or different to be biodegraded, which main contents 
were predicted to lignin, cellulose, hemicellulose, and some 
productions from Maillard reaction, these material needed 

Table 1
Process rates in the anaerobic degradation of steam explosion wastewater
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r12 Decay of sugar degrader b X Bsu su⋅ ,

r13 Decay of amino acid degrader b X Baa aa⋅ ,

r14 Decay of propionate degrader b X Bpro pro⋅ ,

r15 Decay of acetate utilizer b X Bace ace⋅ ,

r16 Decay of hydrogen utilizer b X Bhyd hyd⋅ ,

Table 2
List of initial biomass concentrations for simulation

Microorganisms Concentration (mg-COD/L)

Sugar degrader (acidogen) 400
Amino acid degrader (acidogen) 400
Propionate degrader (acetogen) 300
Acetate utilizer (methanogen) 340
Hydrogen utilizer (methanogen) 300
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Table 3
Constituents of the steam explosion wastewater

Parameter unit: mg/L  
except pH

COD  
factor

Steam explosion wastewater

Sample 1  
(day 0–66)

Sample 2  
(day 67–107, 143–160)

Sample 3 
(day 108–142)

pH 2.61 2.87 3.03
Total solid 17,419 18,347 17,073
Total volatile solid 17,000 17,900 16,700
COD 24,100 26,250 21,390
TOC 8,784 9,684 9,375
Carbohydrate 1.07 9,825 8,070 13,642
Protein 1.4 581 650 691
Lignin 1.87 6,020 5,521 6,929
Furfural 1.67 510 689 1,743
Hydroxyl-methyl-furfural 1.52 1,009 1,129 544
Formate 0.35 1,294 1,529 700
Acetate 1.07 1,583 1,597 797
Lactate 1.07 1,687 732 412
Oxalate 0.18 107 70 156
Propionate 1.51 ND 45 15
Butyrate 1.82 ND ND 52
Total nitrogen 175 196 209
Total phosphorus 30 31 21
Ammonium nitrogen 5.5 6.5 7.4
Na+ 113 99 145
K+ 42 40 23
Ca2+ 87 77 76
Mg2+ 40 38 28
Cl– 21 18 8
SO4

2– 80 111 87
Acid-insoluble materials  
(assumed to be silicate)

316 305 259
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to treat by post-treatment after the anaerobic digestion 
process.

During the operation soluble TOC concentration was 
in the range of 2,300–4,400 mg-C/L while SS fluctuated 
from 100 to 300 mg/L in the effluent of the FBR shown in 
Fig. 5, which was attributed to the un-biodegradable par-
ticulate in raw wastewater and detached biofilm from the 
reactor. According to the soluble TOC influent and effluent, 
the removal efficiency corresponded to the change of VLR 
with an average value of 64%. The response of soluble TOC 
concentrations and SS concentrations in the effluent were 
reasonably simulated as shown in the figure.

The soluble effluent constituents (plots) in terms of 
carbohydrate, protein, propionate, acetate, lignin, and 
ammonium nitrogen were summarized in Fig. 6 together 
with the simulation results (solid lines). Comparing the 
total carbohydrate concentration in the influent, around 
713 mg-COD/L of un-biodegradable organics were 
retained in the reactor indicating that almost all of the 
carbohydrate was degraded. Approximately 33% of the 
un-biodegradable protein (293 mg-COD/L) was retained 
during 160 d of operation. One of the reasons for detected 
remained carbohydrate and protein compounds in the 
anaerobic reactor were predicted to production from the 
Maillard reaction since the carbohydrate and protein (or 
amino acids) existed in the liquid from the steam explo-
sion pretreatments, which support materials for Maillard 
reaction [35,36]. Although the Maillard reaction was gener-
ally considered to occur from around 140°C–165°C, many 
recipes called for an oven temperature high enough to 
ensure that a Maillard reaction occurs [37], thus in 230°C 
pretreatment process the occurrence of Maillard reaction 
became possible. Since Maillard reaction productions were 
the un-biodegradable materials with similar structures of 
carbohydrate and protein, when carbohydrate and protein 
analysis methods were utilized, Maillard reaction produc-
tions were included in detected results, which were con-
sidered as un-biodegradable carbohydrate and protein. 
In addition, soluble lignin was not degraded throughout 

the experimental period and considered as the soluble 
inert. The ammonia nitrogen produced from the protein 
decomposition was 3.5–7 mg-N/L and was considered to 
be a low concentration. From day 83, when the VLR was 
increased to 9.72 kg-COD/m3/d, the measured propionate 
concentration in the reactor was 1,940 mg-COD/L (Fig. 6) 
on day 100. The VLR was reduced to 7.92 kg-COD/m3/d at 
day 108 leading to a decline in propionate concentration 
to 1,280 mg-COD/L. After that propionate increased again 
from day 120 and reached 2,300 mg-COD/L with short-time 
VLR increasing (not shown in Fig. 3). Despite the high con-
centration of propionate, the acetate concentration was sta-
ble in the range of 100–250 mg-COD/L in the reactor.

3.3. Simulation and kinetic parameters

The datasets for CH4 production rate, effluent soluble 
TOC and SS concentrations, carbohydrate, protein, lig-
nin, propionate, acetate, and ammonia concentrations in 
Figs. 4–6 were simulated reasonably (solid line) for the FBR 
using the constructed model and influent concentrations. 
In the simulation process, high half-saturation coefficients 
(Ks) of process rates were used. Since a high Ks was applied 
the role of the biofilm process in the FBR was integrated. 
Nevertheless, almost all kinetic parameters for individual 
organics in SEWW were calibrated based on the results of 
the batch test and are listed in Table 4. Comparing to the 
default values [31,32,38–41], the kinetics were in a reason-
able range. However, the maximum specific uptake rates of 
propionate (21.5 d–1) and acetate (10 d–1) were remarkably 
higher than that adapted from ADM1 (0.02–1.07 d–1 for pro-
pionate and 0.02–1.4 d–1 for acetate) [29]. The concentration 
of the propionate degrader was obtained focusing on the 
reaction rate of the hydrogenotrophic methanogenic bio-
mass, formate, and propionate concentrations in the reac-
tor. To express the hydrogen inhibition for the propionate 
degrader, a pair of KI = 0.003 mg-COD/L and n = 0.118 was 
applied. The simulation was highly sensitive to changes in 
KI resulting in a minor error in simulated and measured 
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Table 4
List of kinetics for anaerobic degradation from steam explosion wastewater

Symbol Expression Value (this study) Value (references) Unit

kh,ca Maximum specific hydrolysis rate on carbohydrate 10 1.25–18 [21,28] d–1

KX,ca Half-saturation coefficient for carbohydrate hydrolysis 8 0.5–22.5 [28,29] mg-COD/L
kh,pr Maximum specific hydrolysis rate on protein 4 1.04–18 [29,30] d–1

KX,pr Half-saturation coefficient for protein hydrolysis 15 0.26–22.5 [28,29] mg-COD/L
μmax,su Maximum specific growth rate from carbohydrate 3 0.41–21 [31] d–1

Ks,su Half-saturation coefficient on carbohydrate 250 3–90 [31] mg-COD/L
μmax,fur Maximum specific growth rate from furfural 10 Nil d–1

Ks,fur Half-saturation coefficient on furfural 250 Nil mg-COD/L
μmax,hmf Maximum specific growth rate from HMF 10 Nil d–1

Ks,hmf Half-saturation coefficient on HMF 250 Nil mg-COD/L
μmax,lac Maximum specific growth rate from lactate 10 Nil d–1

Ks,lac Half-saturation coefficient on lactate 250 Nil mg-COD/L
μmax,aa Maximum specific growth rate from the amino acid 2 2.36–4 [31] d–1

Ks,aa Half-saturation coefficient on amino acid 100 7.5–70 [31] mg-COD/L
μmax,pro Maximum specific growth rate from propionate 21.5 0.02–1.07 [31] d–1

Ks,pro Half-saturation coefficient on propionate 110 1–57 [31] mg-COD/L
KI,pro Inhibition coefficient from hydrogen 0.003 0.001–0.008 [31] mg-COD/L
n Power factor 0.118 2 [29] –
μmax,ace Maximum specific growth rate from acetate 10 0.02–1.41 [31] d–1

Ks,ace Half-saturation coefficient on acetate 300 0.2–71 [31] mg-COD/L
μmax,for Maximum specific growth rate from formate 12 Nil d–1

Ks,for Half-saturation coefficient on formate 250 Nil mg-COD/L
μmax,hyd Maximum specific growth rate from hydrogen 3.4 0.02–12 [31] d–1

Ks,hyd Half-saturation coefficient on hydrogen 1 1 [30] mg-COD/L
bsu Decay rate of sugar degrader 0.01 0.02–0.8 [30,31] d–1

baa Decay rate of amino acid degrader 0.01 0.02–0.8 [30,31] d–1

bpro Decay rate of propionate degrader 0.01 0.01–0.2 [30,31] d–1

bace Decay rate of acetate utilizer 0.01 0.01–0.05 [30,31] d–1

bhyd Decay rate of hydrogen utilizer 0.01 0.009–0.3 [30,31] d–1

Nil: non-value
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values of propionate as shown in Fig. 6. And the obtained 
kinetics KI,pro and some half-saturation coefficient values in 
this system were different from previous UASB research [2], 
which reason was surmised to carrier media biofilm reac-
tor’s sensitivity difference.

The dynamic change for acidogens (sugar and amino acid 
degraders), acetogens (syntrophic propionate degrader), 
and methanogens (acetate and hydrogen utilizers) were 
calculated as shown in Fig. 7. Sugar degraders remained 
in the reactor at high concentration while amino acid and 
propionate degraders decreased quickly because carbohy-
drate concentration in influent for the anaerobic process was 
much higher (12.4–19.7 times) than protein that is shown in 
Table 3, resulting in the difference of corresponding sub-
strate utilizers (sugar degrader, propionate degrader, and 
amino acid degrader) shown in the left side of Fig. 7. The 
two estimated kinds of active methanogens were stable 
in the reactor because influent CODs and compositions 
for three times were almost in the same level as shown 
in Table 3, as the final COD utilizers (acetate utilizer and 
hydrogen utilizer) for methane fermentation, the biomass 
amount should be at a stable level.

To predict the CH4 conversion efficiency at different 
VLRs the simulations at steady state conditions were con-
ducted. As shown in Table 5 stabilized methane conversion 
efficiency (45%–50%) at the VLR from 4.46–9.72 kg-COD/
m3/d was obtained. Even when a high OLR (9.72 kg-COD/
m3/d) was applied, 45% of COD was converted to methane 
with soluble COD and soluble TOC concentrations in the 
effluent of 11,120 mg-COD/L and 3,604 mg-C/L, respectively.

3.4. Post-treatment for un-biodegradable materials and color

A significant soluble TOC removal efficiency of approx-
imately 64% could be obtained after biological anaerobic 
treatment. However a high lignin concentration and dark 
brown color (soluble TOC of 2,675 mg-C/L and color of 
12,642 unit) remained in the effluent, and lignin was consid-
ered as the main reason of high COD and dark color [42]. 
In an effort to remove the TOC and color from the effluent 
of the FBR, oxidation combining coagulation using NaClO 
and PAC was conducted. The TOC and color removal effi-
ciency was slight and neglected using single PAC addi-
tion. After oxidation by NaClO, with the PAC addition 
dose increasing, the TOC and color removal ratios were 
increased accordingly as shown in Figs. 8a and b, with 
5 mg- NaClO/L and 200 mg-Al2O3/L, TOC, and color removal 
ratio could be achieved at 61.6% and 70.6%. As an oxidation 
reagent, NaClO addition affected the TOC removal ratio 

revealing the importance of oxidation in the coagulation 
process, which the same conclusion was also highlighted 
in Ma et al. [43]. According to the experimental results of 
50 mg-Al2O3-Al/L addition with different NaClO concen-
trations shown in Fig. 8b, the color removal ratio could be 
improved by increasing of NaClO addition. While in the 100 
and 200 mg-Al2O3/L additional sets in Fig. 8b, whatever the 
amount of NaClO addition at 0.5, 2, and 5 mg/L, there was 
no significant difference in color removal ratio. And com-
paring to results in Fig. 8a the conclusion could be obtained 
that the TOC removal ratio is not proportional to color in 
this test, which is the same experimental results with Töre 
[44]. One of the reasons could be predicted that the dark 
color from long-chain/high molecule lignin and production 
of Maillard reaction (for instance, melanoidins), lignin is a 
kind of an aromaticity macromolecule material with a ball 
structure form generally, the OH radical produced by NaClO 
could oxidize low bond energy groups in the surface of lig-
nin structure, for instance, hydroxyl and aldehyde groups 
that can promote the TOC removal process with PAC coagu-
lation. Anyway, according to the melanoidins structure [45], 
it cannot be oxidized and coagulated by NaClO and PAC 
addition, resulting in the TOC and color removal was not 
synchronous beyond 50 mg-Al2O3/L addition.

As a common physical absorbance material, AC was 
also tested to treat effluent from the fixed-bed anaerobic 
reactor [46,47]. The relationship between AC addition and 
TOC and color removal is shown in Figs. 8c and d. The 
adsorption for TOC and color was fitted with the Freundlich 
isotherm model, the goodness of fit was evaluated by r2 and 
average relative error (P) shown in Table 6.

For NF and RO post-treatment, because the permeate 
flux was slow at 8.06 L/m2 h (NF) and 2.83 L/m2 h (RO) 
respectively in the initial 24 h, the operation was discon-
tinued after 1 d. According to TOC and color of before 
and after treatment with NF and RO membrane, solu-
ble TOC and color removal efficiencies of NF were 84.2% 
and 96.1% respectively in the permeate, while the soluble 
TOC and color removal efficiencies by RO were 97.3% and 
99.2% respectively as shown in the right side of Fig. 8. The 

Table 5
CH4 conversion efficiency at different VLR in steady-state condition

# VLR  
(kg-COD/m3/d)

S-CODeff  

(mg-COD/L)
S-TOCeff  

(mg-C/L)
CH4  

(kg-COD/m3/d)
CH4 conversion 
efficiency (%)

1 4.46 9,571 3,243 2.23 50
2 5.58 10,190 3,377 2.75 49
3 7.29 10,350 3,449 3.36 46
4 9.72 11,120 3,604 4.37 45

Table 6
Equilibrium model fitting parameters for AC at 25°C

KF n R2 P

TOC adsorption 1.06 1.3 0.986 3.68
Color adsorption 20 2.5 0.949 13.43
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RO post-treatment had a higher TOC and color removal 
ratio comparing the NF, while its flux was 3 times lower 
than NF post-treatment.

According to the experimental results from the above 
operation, although the physicochemical methods removed 
almost all of the un-biodegradable materials and color, the 
first test consumed a large number of chemicals (NaClO 
and PAC) while RO and NF membranes required much 
more energy for operation. Therefore, the physicochemical 
and membrane (RO and NF) methods for post-treatment 
should be employed depending on different objectives and 
energy accounting.

4. Conclusions

In this study, a newly anaerobic fixed-bed process was 
developed and applied to treat waste liquid from the steam 
explosion stage from a bioethanol processing plant. Most 
of the organics in the wastewater were supposed to be 
readily biodegradable except lignin. The average soluble 
TOC removal efficiency was 64% with a methane conver-
sion efficiency of about 50%. A kinetic model based on a 
modification of ADM1 and ASMs was used to reasonably 
simulate the methane production, soluble TOC, SS as well 
as the soluble effluent constituents in terms of carbohy-
drate, protein, propionate, acetate, lignin, and ammonium 
nitrogen. The role of biofilm on digestion efficiency was 
considered by using a high Ks for process rates. The simu-
lation results at steady state showed that 45% of COD was 
converted to methane gas at a high OLR of 9.72 kg-COD/
m3/d. On the other hand, some simple tests with physico-
chemical methods were conducted to remove un-biode-
gradable materials and color from the effluent. Oxidation, 
coagulation/flocculation, and adsorption removed 88% of 
soluble TOC and 98% of color while the removal efficien-
cies of were 98.3% (TOC), 99.3% (color) for RO membranes, 
and 87.9% (TOC) and 97% (color) for NF membranes, 
correspondingly. According to experimental results, a selec-
tive proper process could be combined for similar waste-
water treatment based on different objectives and energy  
accounting.
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