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Abstract−A paper mill has recently proposed the treatment of methanol-containing condensate using anaerobic pre-
treatment system as an alternative control for hazardous air pollutants (HAPs) 40 CFR Part 63 Subpart S - Maximum
Achievable Control Technology. To investigate the potential use of an anaerobic digester and to reduce methanol in
wastewater treatment plants (WWTPs), the fate of methanol in a digester was examined. A series of laboratory-scale
experiments were conducted and a mathematical model was developed to evaluate the fate of methanol during an-
aerobic treatment. From a mathematical model, the losses of methanol through the Styrofoam® cover system and vol-
atilizations were calculated to be almost zero (<0.01%). Since acetaldehyde and methyl ethyl ketone have one order
of Henry’s law constants magnitude smaller than methanol, the release of these by-products into the atmosphere is ex-
pected to be much smaller than methanol, which was found to have an almost zero loss through volatilization.
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INTRODUCTION

The Environmental Cooperation Agreement allowed a paper mill
to design and install site-specific pollution control devices to limit
the releases of HAPs addressed in 40 CFR Part 63, Subpart S (Max-
imum Achievable Control Technology or MACT I) into the envi-
ronment [U.S. Wisconsin Department of Natural Resources (DNR),
2000]. In lieu of collecting and incinerating non-condensable gases
(NCGs) produced by pulp mill sources as prescribed by MACT I
for the semi-chemical subcategory, the paper mill proposed to col-
lect plant anaerobic basins foul condensates blow heat recovery pri-
mary and secondary condensers, liquor evaporator non-condensable
gas vents, and hot well vents and hard pipe them into the wastewa-
ter treatment. The mass balance benefit of the proposed compliance
alternative against the MACT I standard is shown in Table 1. The
data shown in Table 1 were reduced from low volume high con-
centration (LVHC) gases and foul condensate tests.

Packing Corporation of America (PCA) operates a mill in Tom-
ahawk, Wisconsin in the U.S. that presently uses a large anaerobic
lagoon system to process its wastewater. The schematic of the waste-
water treatment facility at the PCA is explained. Landfill leachate,

primary sedimentation tank effluent, and mill sanitary wastewater
are pretreated in anaerobic basins. Then, the effluent is treated with
aerobic treatment. Waste-activated sludge (WAS) from the aerobic
basin is discharged either into the anaerobic digester or into the sludge
blend tank. The sludge is discarded from the anaerobic digester at
260 m3/day at 3-4% solids concentration. The sludge is thickened
with a gravity belt thickener and dewatered with a screw press. Con-
cern has arisen regarding the introduction of a methanol-containing
condensate into the anaerobic treatment system. The concern cen-
ters on the anaerobic biodegradability and stripping of organic com-
ponents in the condensate from a (non-Kraft process) pulp and paper
mill, mainly methanol, in the system through a Styrofoam® cover.

Castillo et al. [1999] reported that the Monod equation, zero and
first order kinetic model, have been used to represent the biodegra-
dation of domestic sewage in a combined treatment system. An-
other study [Schwarz et al., 1996] dealt with a mathematical model
for anaerobic treatment of wastewater from the sugar industry, which
has been developed for supporting the scale-up of a fluidized bed
reactor. They also suggested that the dynamic model was based on
material balance equations for substrates and products in gas and
liquid phase. At the same time, the effects taken into account were
the biological degradation steps including chemical equilibrium and
mass transport between gas and liquid phase as well as convection
and dispersion. The purpose of this paper [Gruden et al., 2001] was
to study the toxic effects and fate of the two commercially signifi-
cant benzotriazole isomers used in aircraft deicing fluids during an-
aerobic digestion. According to results from the studies of Winfrey
and Zeikus [1977] and Gunnarsson and Ronnow [1982] there was
a significant reduction in the rate of methane production in anaero-
bic marine sediments in the presence of high sulfate concentrations.
Zender [1988] has also tried to explain the reduction of methano-
genic activity in the presence of sulfate by comparing the free en-
ergies of the various reactions, and through kinetic studies. The main
objective of the present study by Ashutosh et al. [1994] was to in-
vestigate and compare sulfate reduction and methanogenesis among

Table 1. Mass balance of hazardous air pollutants in a paper mill

Parameter Collected condensate, lb/yr LVHC, lb/yr

Methanol
Acetaldehyde
Methyl Ethyl Ketone
Formaldehyde

1,197,990
0,093,356
0,043,676
0,001,471

46,413
59,572
21,491
0,0190

Total 1,338,493 127,666

*Calculation based on actual 1999 pulp production and 11/17/99
emission report.



84 J.-H. Park and J.-K. Park

January, 2003

three different substrates (acetic acid, methanol and formic acid),
and they carried out the model development and verification using
methanogenesis and sulfate reduction in chemostats. Also the rate-
limiting step in anaerobic digestors has been shown to be the meth-
ane formation from acetate [Novac and Carlson, 1970; Ghosh and
Pohland, 1974]. In order to ascertain the feasibility of anaerobic di-
gestion for the treatment of an alcoholic waste (i.e., fusel oil) consist-
ing of approx. 50% methanol and 50% alcohols, Gatze et al. [1981]
performed experiments. Cecilia and Hakan [1999] concluded that
the transport of organic compounds with the percolating water through
reported that the hydrophobic compounds can be retained in the
landfill by sorption to the stationary waste during the transport. Dob-
bes et al. [1999] reported that the correlations developed provide a
basis for predicting the concentration of toxic compounds associ-
ated with wastewater solids at a given equilibrium concentration in
the aqueous phase. They also said that the sorption on solids is one
of the fundamental processes controlling the removal of toxic organic
compounds in municipal wastewater treatment plants. The fate of
hydrophobic organic pollutants in wastewater systems is highly de-
pendent upon their sorptive behavior. Therefore, it is important to
investigate the sorptive properties of wastewater solids in order to
better understand the role of this removal mechanism in wastewa-
ter treatment processes. Oremland et al. [1982] and Scheunert et al.
[1987] carried out the half-life of methanol under the unacclimated
anaerobic condition ranges from 1 to 5 days.

The objective of the study was to provide a reasonable evalua-
tion of samples from a paper mill to determine the fate of metha-
nol and other HAPs existing in the condensate in an anaerobic sys-
tem. A series of the biochemical potential (BMP) tests and batch
tests were performed to determine biodegradation rates of HAPs
with the seed obtained from the anaerobic pretreatment process. In
addition, a sorption test was performed to determine the partition
coefficient between Styrofoam® and methanol. Therefore, a mathe-
matical model was developed to assess the fate of methanol in an-
aerobic digester under various conditions.

EXPERIMENTAL APPROACH

1. Properties of Methanol
The Environmental Protection Agency (EPA) reported that meth-

anol, also called methyl alcohol, is manufactured by 13 producers
in the United States (U.S.). Annual production capacity is approxi-
mately 1,626 million gallons. In 1992, 1,345 million gallons of meth-
anol were produced in the U.S. 495 million gallons were imported
into the U.S. and 50 million gallons were exported [Mannsville,
1993]. Methanol is a colorless liquid and may explode when exposed
to an open flame. It occurs naturally in wood and in volcanic gases.
Methanol is also a product of decaying organic material. The largest
users of the methanol in the U.S. are companies that make methyl
t-butyl ether, a gasoline additive. They also use methanol to make
chemicals such as formaldehyde, acetic acid, chloromethanes, and
methyl methacrylate. They add methanol to paint strippers, aerosol
spray paints, wall paints, carburetor cleaners, and car windshield
washer products. Methanol is also used as a gasoline additive and,
in some cases, a gasoline substitute for use in automobiles and other
small engines. Although not likely to cause environmental harm at
levels normally found in the environment, methanol can contribute
to the formation of photochemical smog when it reacts with other
volatile organic carbon substance in air [U.S. EPA, 1994]. The pro-
perties of methanol are summarized in Table 2.
2. Analytical Methods I

The BMP test procedure adopted for this study is as follows:

(1) In an anaerobic chamber, carefully transfer a predetermined
aliquot of anaerobic digester sludge into 145-mL serum bottles and
spike with wastes.

(2) Mix well and withdraw 10 mL for analysis of Volatile Sus-
pended Solid (VSS) and total and soluble Chemical Oxygen Demand
(COD).

(3) Seal serum bottles with butyl rubber stoppers and cap with
aluminum cramp seals.

(4) Incubate bottles in the dark at 35 and 55oC without mixing.
(5) Measure volume and composition of the gas at 1, 3, 5, 15,

and 30 days. At the end of the tests, measure the final VSS and
total and soluble COD.

Table 2. Physical properties of methanol

Parameters Values Reference

CAS registry number
Physical state 
Molecular weight
Melting point
Boiling point
Water solubility
Density
Vapor density (air=1)
log Kow

Vapor pressure
Reactivity
Flash point
Henry’s law constant
Fish bioconcentration Factor
Odor threshold

67-56-1
Colorless liquid
32.04 g/mol
97.8οC
64.7oC at 760 mm Hg
Miscible
0.7915 g/mL
1.11
−0.77
126 mm Hg at 25οC
Flammable; may explode when exposed to flame
12 oC
4.55×10−6 atm m3/mol
<1 (estimated)
Highly variable, ranges over several orders of magnitude

(10 to 20,000 ppm in air)

-
Verschueren, 1983
Budavari et al., 1989
Budavari et al., 1989
Budavari et al., 1989
Budavari et al., 1989
Budavari et al., 1989
Budavari et al., 1989
HSDB, 1994
CHEMFATE, 1994
HSDB, 1994
Budavari et al., 1989
CHEMFATE 1994
HSDB, 1994
HSDB, 1994
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The amount of gas released from each bottle was measured by
water displacement in a burette as follows:

(1) Insert a 23-gauge needle equipped with an on/off valve (closed)
into the rubber stopper.

(2) Connect the end of the valve to a rubber hose leading to a
water-filled burette held inverted in a tub of water by a clamp on a
ring stand.

(3) Record the initial water level in the burette.
(4) Release the pinch clamp on the rubber hose.
(5) Open the valve on the needle ‘very slowly’ allowing the gas

to escape into the burette. These results in the displacement of water
were from the burette.

(6) Record the final water level in the burette.
(7) Subtract the two water levels measured in the burette to de-

termine the amount of gas released from the bottle.

After releasing excess pressure from the bottles, collect 2-mL
gas samples and analyze them for carbon dioxide, oxygen, nitrogen,
and methane using a gas chromatograph (G.C. Varian Model 3300)
equipped with a thermal conductivity detector.

(1) Swirl the bottle before taking a gas sample. Be careful to keep
the liquid from coming in contact with the rubber stopper.

(2) Collect a 0.4-mL gas sample with a gas-tight syringe equipped
with a miniature on/off valve as follows:

a. Insert the needle through the stopper,
b. Flush the syringe three times with at least 1 mL of gas from

the bottle,
c. Pull another 1 mL of gas into the syringe,
d. Push the plunger back to the 2-mL mark,
e. Equilibrate the volume at 35oC for at least 30 seconds,
f. Close the valve on the syringe,
g. Remove the needle from the stopper.
(3) Determine the methane, carbon dioxide, and nitrogen content

of the gas by injecting the 2-mL sample into the gas chromatograph.
(4) Calculate net gas production by subtracting the gas produced

in unamended bottles (control samples) from that produced in the
test bottles.

Methanol, methyl ethyl ketone (MEK), and acetaldehyde in the
liquid phase were analyzed with a GC equipped with a flame ion-

ization detector (FID). Gas composition was determined with a GC
equipped with a thermal conductivity detector (TCD). The detailed
conditions of two GCs are summarized in Table 3. An aliquot of
10 mL of America Standard Testing Material (ASTM) Type 1 water
and 10 mL of sample was injected. The column temperature was
40oC, injection temperature was 50oC, and detector temperature
was 250oC. Formaldehyde was not reliably detected with FID. For
the vapor phase methanol analysis, a GC equipped with thermal
detector was used.

The calibration curve was determined from 0, 500, 1,000, 2,500,

Table 3. Conditions of GCs used for methanol and gas composition

FID TCD

Model Varian 3600 Varian 3300
Column Capillary column Stainless steel column
Packing material Supelcowax-10 mega bore 1) Hayesep N 80/100 2) Molecular sieve 13X 45/100
Diameter 0.75 I.D mm 1) 0.3 cm 2) 0.3 cm
Length 60 m 1) 1.8 m 2) 1.2 m
Temperature programming 15οC/min 30οC/min
Column temp. 40οC→180οC 30οC→95 οC
Injection temp 50οC 85οC
Detector temp. 250οC 130οC
Injection mass 1µL 200 µL

Fig. 1. Methanol calibration curve - liquid phase.

Fig. 2. Methanol calibration curve - vapor phase.
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5,000, and 10,000 ppm of solution. Fig. 1 and Fig. 2 show the cal-
ibration curves for methanol in liquid and vapor phases, respectively.
Every 10th sample with a known concentration was analyzed for
quality assurance. The difference in concentration for two samples
from a serum bottle was <5%. Similarly, the calibration curves for
other chemicals were prepared. The R2 values were all >0.98.

Net methane production from decomposition of wastes was de-
termined by subtracting the quantity produced by the control sam-
ples. If the methane production was less than the control, a poten-
tial inhibition could be indicated. The most common expression of
BMP results is accumulated volume multiplied by the methane com-
position and divided by the volume of sludge (vol. methane/vol. of
sludge after 5 and 30 days).
3. Analytical Methods II

Total solids and volatile solids concentrations were obtained from
20-mL samples in accordance with Parts 2540B and 2540E, of Stan-
dard Methods [APHA et al., 1995]. Suspended and volatile sus-
pended solids concentrations were measured by procedures out-
lined in Parts 2540D and 2540G of Standard Methods [APHA et
al., 1995] using between 15 and 40 mL samples. Total volatile, sus-
pended, and volatile solids concentration values were computed to
the nearest 10 mg/L.

COD was determined by diluting all samples and following the
method in Parts 5220C of Standard Methods [APHA et al., 1995].

EXPERIMENTAL RESULTS

1. Fate of Methanol in Anaerobic Digester
Mathematical Model

When methanol in condensate is entered into an anaerobic di-
gester shown in Fig. 3, methanol will disappear through the fol-
lowing pathways: sorption onto biomass, volatilization, biodegrada-
tion, and loss through the Styrofoam® cover.

The mass balance within the anaerobic digester can be estab-
lished as follows:

Acclimation=Input−Output−Loss

(1)

Q0=Qe+Qw (2)

where V=volume of the anaerobic digester, L3;
where CL=effluent concentration, M/L3;
where T=time, T;
where Q0=influent flow rate, L3/T;
where CL, 0=influent methanol concentration, M/L3;

where Qe=effluent flow rate, L3/T;
where Qw=anaerobic sludge waste, L3/T;
where Rsorp=methanol loss by sorption to biomass, M/T;
where Rvol=methanol loss by volatilization to atmosphere, M/T;
where Rbio=methanol loss by biodegradation, M/T; and
whereRperm=methanol loss by permeation through floating Styro-

foam® cover, M/T.

Loss by Sorption
The loss by sorption to biomass can be expressed as follows:

Cs=KpCL (3)

where Cs=methanol concentration in biomass, M/M; and
where Kp=partition coefficient, L3/M.

The partition coefficient Kp can be correlated with the Freundlich
sorption coefficient as follows:

Kp=Kffoc (4)

where foc=organic carbon fraction=VS/TS ratio in anaerobic digester.
Dobbs et al. [1989] suggested the following equation to determine

Kf values from the octanol-water partition coefficient, Kow:

Log Kf=1.14+0.58 log Kow (5)

The loss by sorption can be expressed as follows:

Rsorp=QwKpXwCL×10−6=αCL (6)

where Qw=anaerobic sludge waste rate, L3/T; and
where Xw=waste sludge biomass concentration, M/L3.

Loss by volatilization
The loss by volatilization to atmosphere can be expressed as fol-

lows [Namkung and Rittmann, 1987]:

Rvol=HQgCL=βCL (7)

where H=Henry’s constant, dimensionless; and
where Qg=gas volume for mixing≈gas generated (L3/T).

Loss by biodegradation
The methanol biodegradation can be expressed as follows:

Rbio=kb2XvVCL=γCL (8)

Loss through Styrofoam® cover
The loss through Styrofoam® cover can be estimated as follows:

(9)

where D=diffusion coefficient in Styrofoam®, L2/T;
where Ks=methanol-Styrofoam® partition coefficient, dimensionless;
where A=surface area of the floating cover, L2; and
where l=thickness of the cover, L.

Estimation of losses
From Eq. (1), at steady state, Eq. CL becomes:

(10)

If the anaerobic digester is equivalent to n number of a completely-
stirred tank reactor (CSTR) in series, Eq. (10) can be modified by
dividing V and Qg by n and using CL at the preceding reactor as CL

at the following reactor.

V
dCL

dt
--------- = Q0CL o,  − QeCL − QWCL − Rsorp − Rvol − Rbio − Rperm

Rperm = 
DKsCLA

l
-------------------- = δCL

CL = 
QsCL 0,

Qs + α + β + γ + δ
--------------------------------------

Fig. 3. Schematic of anaerobic digester.
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When CL values determined from Eq. (10) can be inserted into
Eqs. (6) through (9), losses by sorption, volatilization, biodegrada-
tion, and permeation through Styrofoam® cover can be estimated.
2. Application of the Mathematical Model

PCA has an anaerobic digester followed by an aerobic treatment.
The anaerobic digester volume is 25.6 million gallons per day (mgd).
The current influent flow rate is 5.15 mgd with Biochemical Oxy-
gen Demand (BOD5) of 2,050 mg/L. The mixed liquor suspended
solids (MLSS) concentration is 26,000 mg/L. The condensate flow
rate is 0.12 mgd with BOD of 6,000 mg/L. Thus, the total flow
rate is 5.27 mgd with BOD5 of approximately 2,140 mg/L. The gas
generated is directly released into the atmosphere through holes in
the cover. The cover has 3-inch thick Styrofoam® and additional 3/
8-inch thick concrete layer to add weight. From Eq. (1), the gas
produced is estimated to be 27,930 m3/day when the initial COD is
5,000 mg/L and 80% of COD is decomposed in the anaerobic di-
gester. This value was used as the gas flow rate used for stripping
methanol from the anaerobic digester.

The parameters used in the model are summarized in Table 4;
other values are found in Table 1 or in the main text.

The modeling results are summarized in Table 5. Losses through
sorption, volatilization, and the cover were almost negligible due to
low octanol-water partition coefficient, Henry’s law constant, and Sty-
rofoam®-methanol partition coefficient. In general, methanol is more
biodegraded when the digester configuration is closer to a plugflow
type. Since the PCA anaerobic digester consists of four cells, the fate
of methanol predicted from four CSTRs in series appears to be more
plausible. Loss through the Styrofoam® cover appears to be negligi-
ble. Since a 3/8-inch thick concrete layer is sitting on top of the Sty-
rofoam® cover, the loss through the cover can be ignored entirely.

If the anaerobic seed is acclimated with condensate, it is antici-
pated that the methanol biodegradation rate increases. The fate of
methanol at various biodegradation rates in a completely stirred tank
reactor is shown in Fig. 4. It can be seen that if biodegradation rate
is low, the majority of methanol comes out in effluent. As the bio-
degradation rate increases to >10−3 m3/g·day, the removal is antici-
pated to be >99%. The losses through the cover, volatilization, and
sorption were negligible.

Due to the uncertainty in the Styrofoam®-methanol partition co-
efficient, Ks sensitivity analysis was performed when kb2 was 3×

10−5 m3/g·day (Fig.5). It can be seen that when the Ks value is >1,000,
the loss through the cover becomes significant (>20%). If kb2 is >1×
10−3 m3/g·day, the losses through the cover, volatilization, and sorp-
tion are almost zero.

Since Ks is anticipated to be <1 and 3/8-inch thick concrete is
sitting on top of the cover, it can be said that the loss through the
cover is negligible in a worst case.

By-products of anaerobic digestion of methanol may include ac-
etaldehyde, formaldehyde, and methyl ethyl ketone. These com-
pounds have one order of magnitude smaller Henry’s law constant
than methanol [Yaws and Yang, 1992]. Therefore, it is anticipated
that these compounds will be significantly less released into the at-
mosphere than methanol, which showed very little volatilization.

CONCLUSIONS

From the laboratory experiments and mathematical modeling,
the following conclusions can be drawn. With a mathematical mod-
el, methanol is predicted to either biodegrade or come out as efflu-
ent. For methanol at various biodegradation rates in a completely

Table 4. Parameters used in the model

Partition
coefficient, Ks

MLVSS/
MLSS

Diffusion
coefficient, cm2/sec

Cover
thickness, m

0.016 0.73 1×10−6 0.075

Table 5. Pathway of methanol under different biodegradation rate
and reactor configuration

kb2, m
3/g·day 4.06×10−2 4.06×10−2 3.97×10−3 3.97 × 10−3

No. of CSTRs in series 1 4 1 4

% sorption
% volatilization
% biodegradation
% loss through cover
% in effluent

0.00
0.00

99.97
0.00
0.03

0.00
0.00

100.00
0.00
0.00

0.00
0.00

99.73
0.00
0.27

0.00
0.00

100.00
0.00
0.00

Fig. 4. Fate of methanol in a CSTR anaerobic digester under var-
ious biodegradation rates.

Fig. 5. Fate of methanol in a CSTR anaerobic digester under var-
ious Styrofoam®-methanol partition coefficients.
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stirred tank reactor, it can be seen that if biodegradation rate is low,
the majority of methanol comes out in effluent. As the biodegrada-
tion rate increases to >10−3 m3/g·day, the removal efficiency is an-
ticipated to be >99%. The losses through the cover, volatilization,
and sorption are negligible. The losses of methanol through the Sty-
rofoam® cover system and volatilizations were estimated to be al-
most zero (<0.01%). The introduction of condensate into the exist-
ing anaerobic digestion process appears to improve the treatment
efficiency, leading to a more stable anaerobic treatment process op-
eration as well as reducing sludge generation in the aerobic waste-
water treatment process due to the reduced organic loading.
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NOMENCLATURE

V : volume of the anaerobic digester [L3]
CL : effluent concentration [M/L3]
T : time [T]
Q0 : influent flow rate [L3/T]
CL, 0 : influent methanol concentration [M/L3]
Qe : effluent flow rate [L3/T]
Qw : anaerobic sludge waste [L3/T]
Rsorp : methanol loss by sorption to biomass [M/T]
Rvol : methanol loss by volatilization to atmosphere [M/T]
Rbio : methanol loss by biodegradation [M/T]
Rperm : methanol loss by permeation through floating Styrofoam®

cover [M/T]
Cs : methanol concentration in biomass [M/M]
Kp : partition coefficient [L3/M]
foc : organic carbon fraction=VS/TS ratio in anaerobic digester
Qw : anaerobic sludge waste rate [L3/T]
Xw : waste sludge biomass concentration [M/L3]
H : Henrys constant, dimensionless
Qg : gas volume for mixing≈gas generated [L3/T]
D : diffusion coefficient in Styrofoam® [L2/T]
Ks : methanol-Styrofoam® partition coefficient, dimensionless
A : surface area of the floating cover [L2]
l : thickness of the cover [L]
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