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EXECUTIVE SUMMARY

The formation of volatile organic compounds (VOCs), such as methanal, in kraft mills
has been an environmental concern. Methanol is soluble in water and can increase the
biochemical oxygen demand. Furthermore, it can aso be released into atmosphere at the process
temperatures of kraft mill-streams. The Cluster Rule of the EPA now requires the control of the
release of methanol in pulp and paper mills. This research program was conducted to develop a

computer ssmulation tool for millsto predict VOC air emissions.

To achieve the objective of the research program, much effort was made in the
development of analytical techniques for the analysis of VOC and determination of vapor liquid
partitioning coefficient of VOCs in kraft mill- streams using headspace gas chromatography.
With the developed analytical tool, methanol formation in alkaline pulping was studied in
laboratory to provide benchmark data of the amount of methanol formation in pulping in kraft
mills and for the validation of VOC formation and vapor-liquid equilibrium submodels. Several
millwide air and liquid samplings were conducted using the analytical tools developed to

validate the ssimulation tool.

The VOC predictive simulation model was developed based on the basic chemical
engineering concepts, i.e., reaction kinetics, vapor liquid equilibrium, combined with
computerized mass and energy balances. Four kraft mill case studies (a continuous digester, two
brownstock washing lines, and a pre-evaporator system) are presented and compared with mill
measurements. These case studies provide valuable, technical information for issues related to
MACT | and MACT Il compliance, such as condensate collection and Clean-Condensate-
Alternatives (CCA)".

" Rather than collecting brown stock washer vents, the Cluster Rules offers the alternative condensates for washing
to accomplish the equivalent reduction.



INTRODUCTION

With the increasingly restrictive environmental regulations posed by the federal agencies,
maintaining environmentally sound and technologically competitive practices in kraft mill
operations is key to the success of the U.S. pulp and paper industry. The EPA's Cluster Rule
requires control of volatile organic compounds (VOCs) released from kraft mills. VOC air
emission is a very complicated problem and it varies significantly from mill to mill. Recently,
the National Council for Air and Stream Improvement (NCASI) initiated a project on onsite
sampling of VOC air emissions at various mills, however the data is not very conclusive. There
isalack of comprehensive understanding of the VOC air emission problem, which caused
difficulties in adopting necessary and effective measures in many kraft mills to tackle the

problem.

VOCs are primary formed in the pulping process. The release of VOC's in kraft millsis
determined by severa factors: (1) the concentrations of VOCs in mill streams that are primarily
determined by the amount of VOC formed in the pulping and other processes, (2) the
fundamental thermodynamic vapor-liquid equilibrium (VLE) behavior of the VOCs in mill
streams, (3) mass transfer associated with specific mill processes, and (4) the mill operation
conditions, such as wood species, pulping and bleaching chemicals, water reuse in operation, etc.
The overall objective of Task A of the present research is to develop a computer simulation tool
for the prediction of VOC air emission. The tool can be used by mill engineers to achieve VOC
air emission compliance through process optimization and design improvement. The
development of the predictive tool relies heavily on the fundamental understanding of the
sources and pathways of VOCs in kraft mills. Therefore, one key focus of the present research is
to develop databases of VOC formation in pulping, VOC concentratiors in various mill streams,
and the VLE partitioning coefficients of VOCs in kraft mill streams. The effect of mass transfer
on VOC pathways are mill process specific and can be accounted for by using many existing
mass transfer correlations. Another focus of the project is to devel op the computational models

for each operational process for the prediction of VOC air emission. The models are then



integrated for the development of a design tool to predict VOC air emission in the entire fiber

line. Thedesign tool isfinally validated through mill-wide liquid and air sampling.

A significant amount of effort in the research was devoted on the development of
techniques for the analysis of VOC content in various kraft mill streams and the determination of
VLE partitioning coefficient. Thisis because most existing techniques are not suitable for the
analysis of VOCsiin kraft mill streams due to the complex sample matrix and corrosive nature of
the streams. Most VLE data of VOCs in the literature are obtained from agueous sol utions of
VOC and therefore not valid for VLE of VOCs in kraft mill streams that often contain dissolved
organic materials, such as lignin and hemicellulose, and inorganic salts, such as sodium
carbonate. Laboratory pulping experiments were conducted for the study of VOC in pulping, the
primary sources of VOC in kraft mill fiber line. The research effort on the development of VOC
predictive tool was built on the University of Idaho’s 30+ years of experience on computational

process smulation.

Methanol accounts for 90% of the VOCs in kraft mills. Methanol was adopted as the
surrogate of other VOCs by EPA. Therefore, this research was focused on methanol. The
overall objective of the present research is to develop a computer simulation model for the
prediction of methanol air emission in the fiber line of a kraft mill. Specific objectives are (1)
development of measurement methods to determine VOC/methanol concentration and Henry’s
constants in various kraft mill streams, (2) determine methanol concentration and Henry’s
constants in various streams, (3) develop a database of methanol formation during pulping, (4)
develop and validate a VOC simulation model as a process design tool for mill VOC air emission

compliance.



CHAPTER 1: DEVELOPMENT OF MEASUREMENT METHODS

Kraft mill streams have complex matrices and consists of organic and inorganic materials.
Headspace gas chromatography (HSGC) is a powerful technique for volatile species anaysis. It
relies on the vapor liquid equilibrium of a volatile species in a nonvolatile matrix within a closed
container (asample via). The volume of the space unoccupied by the nonvolatile matrix is
called the headspace (vapor or gas phase space). The basic principle of HSGC and many useful
methods can be found in textbooks [1-3] and review articles[4, 5]. Because direct liquid phase
probing is not necessary, HSGC eliminates the sample matrix effect on measurements and
therefore suitable for VOC analysisin the present research involving complex sample matrices.
With the advances in chromatographic technology, many commercial HSGC systems are
available, making HSGC in industrial applications convenient and practical. We will discuss
several methods and procedures that we developed for determination of VOC concentrations and

Henry’s constants in krfat mill streamsin this chapter.

1.1 Instrumentation — Headspace Gas Chromatograph
1.1.1 Headspace Operating Principle

A commercial HSGC, i.e.,, HP-7694 Automatic Headspace Sampler and Modd HP-6890
capillary gas chromatograph (Hewlett-Packard, now Agilent Technologies, Palo Alto, CA, USA)
was used in thiswork. The basic operating principle is similar to most other commercial HSGC
systems. Figure 1.1 shows a picture of an HP commercial headspace gas chromatographic
system. Fig. 1.2 shows a schematic diagram of an HP Headspace Sampler. The operation of the
sampler issimple. A sampleisfirst placed in avial, which is then sealed by a septum, and
placed in the sample vial tray of the headspace sampler. The unfilled space in the vial is caled
the headspace. The sample via is then transported to an oven (a well-controlled temperature
environment) to achieve vapor-liquid phase equilibrium within the vial. When valve S1 is open

and S2 is closed and positions 4 and 5, and 1 and 6 of the injection valve are connected, the



sample via is pressurized by a gas (helium, nitrogen, or air) through a hypodermic needle to
create a pressure head for sampling. The vapor phase in the headspace to be analyzed is
transferred into the sample loop when valve Sl is closed and S2 is open. The vapor in the
sample loop is then injected into the GC column by a carrier gas flow when the positions of 1
and 2, and 3 and 4 of the injection valve are connected. If multiple headspace extraction (MHE)
operation is desirable, the procedures described above are repeated on the sample vial. The entire

operation is controlled by a personal computer and is fully automated.

1.1.2 Headspace Operating Conditions

It is important to operate the headspace at a proper set of conditions for accurate
measurements. Most of the HSGC techniques rely on the VLE of the analyte in the headspace.
Therefore, it is critical to achieve analyte equilibrium in the via static headspace. We conducted
equilibrium tests at 70°C using an aqueous methanol solution to obtain the desired vial
equilibrium time through HSGC analysis of the headspace vapor. Via gentle shaking mode was
selected in the tests. Asshown in Fig. 1.3, the signal peak area of the GC flame ionization
detector (FID) increases with equilibrium time and then reaches a constant value, indicating that
VLE of methanol has been established. Figure 1.3 also shows that alarge sample size requires a
longer equilibrium time as expected. Figure 1.4 shows the effect of sample size on equilibrium
time for an agueous methanol solution. Although the equilibrium time also varies with the
sample matrix, the data presented in Fig. 1.4 can be used as a guideline for methanol analysis in
kraft mill streams.

Via pressurization is used in most commercia headspace samplers to create a pressure
head within the via for sampling. Via pressurization reduces the analyte concentration in the
headspace, raising the issue of analyte dilution, which will be discussed in the next paragraph.
Different headspace sampler, may use different control techniques for pressurization.
Pressurization time is used for pressurization control with a constant pressure head in the HP-
7694 sampler. We tested the effect of vial pressurization time on measured GC FID signal peak
area using an aqueous methanol solution. Because pressurization dilutes the analyte
concentration within the headspace, the measured signal decreases with pressurization time

initially as shown in Fig. 1.5 and then reaches a constant level because a fixed pressure head is



used. Although pressurization time can affect GC signal, it should not affect the accuracy of
absolute measurements through calibration as long as the same pressurization time is used for
both the calibration and testing experiments. Several HSGC techniques use the ratio, ra, of the
GC signal peak areas obtained from two separate measurements using two different sample sizes.
We plotted rp in Fig. 1.5 and found that ra is not affected by the vial pressurization time. A

pressurization time of 0.2 min isused in most of our experiments.

The sample-loop in most commercia headspace samplersis filled through venting the
pressurized via to atmosphere. The venting time is used to control the sample-loop filling
process. We studied the effect of sample-loop fill time on measured FID signal peak areausing a
methanol-water solution. As shown in Fig. 1.6, the measured FID signal peak areareaches a
constant level a about aloop fill time of 0.2 min for the two sample sizes tested. A constant
ratio of the two signals is also achieved with aloop fill time of 0.2 min. A longer loop fill time,
e.g., 0.2 min, can also lead to an atmosphere pressure within the sample vial, important in

multiple headspace extraction (MHE) HSGC measurements.

1.2 Quantitative Analysis

The difficulties in analysis of VOC in kraft mill streams is mainly due to the fact that
samples often have complex matrices. A typical exampleis spent pulping liquor, which is called
black liquor because of its color. Black liquor contains dissolved organic solids such as lignin,
hemicellulose, organic and inorganic salts, hydroxide, and sulfide. The volatile organic
compounds (VOCs) in black liquor were primary formed during the pulping process and the
concentrations of VOCs in the liquor are on the order of ppm (mg/L) level. NCASI [6]
developed a method for the measurement of liquid methanol concentration in weak black liquors.
The method requires the addition of chemicals to precipitate the solids in weak black liquors. It
has several disadvantages: (1) the amount of chemicals added (mass ratio of chemical to black
liquor = 30:1) significantly dilutes the VOC concentration in the sample and reduces the
measurement accuracy; (2) the method is only suitable for the analysis of weak black liquors
because the solids precipitation method cannot be used for other mill streams; and (3) the method

istedious and time-consuming. In the following section, we will describe a standard addition



HSGC method for the analysis of methanol in black liquors that is demonstrated in the present

research. The method can be easily applied to measure other VOCs in other kraft mill streams.

1.2.1 Methodology — The Standard Addition Method

The standard addition HSGC technique was initially developed by Drozd and Novak [7].
It is based on the thermodynamic VLE and mass balance of the analyte. We demonstrated that
the method is effective for volatile species anaysis in kraft mill streams, including in black

liquor [§].

Figure 1.7 schematically describes the standard addition method. Two sample vials both
filled with the same volume of sample solution were used. A known very small amount of
concentrated methanol solution was then added to one of the vials. The volume of the solution
added is very small compared to the volume of the original solution and, therefore, can be
ignored. After phase equilibrium was established within each vial, headspace GC analysis of

each sample was conducted.

It can be assumed that the analyte concentrations in these two sample vials are very low or
the analyte is under infinite dilution (which is valid for most VOCs in pulp and paper mill
streams even after the standard addition). Therefore, the analyte VLE partitioning in these two
vias follows Henry’s law. According to Henry’s law, the concentration of a solute dissolved in

adilute solution at equilibrium is proportional to the partial pressure of the gas, that is,

P =HC or H=

(1.1)

O|o

where P; is the partial vapor pressure, and C; is the solute mole concentration in the solution of
species i under equilibrium. When aliquid sample of volume V,° containing a solute is
introduced into a closed system with a headspace, some of the solute may be transported from
the liquid phase through the liquid-gas interface into the gas phase to become vapor, while some
of the vapor may diffuse into the solution at the interface. These two mass transport processes
will reach a dynamic equilibrium between the vapor and liquid phases after some time. At

equilibrium, the partia pressure of the solute in the vapor phase is proportional to the



concentration of the solute in the liquid. The proportionality coefficient is the Henry’s constant

of the solute in the solution.

By mass conservation, the amount of solute in the vapor phase in a vapor-liquid system

under equilibrium can be described as.

PV?
n,=CVe-acy = X<, (1.2)

where ng, C1, and P; are the total moles of solute in the vapor phase, the concentration of the

mole solute in the liquid phase, and the solute partial vapor pressure, respectively, under
equilibrium state 1. Cy is the solute concentration in the original sample. V° is the volume of the
sample solution. a is the solution volume expansion factor due to temperature change between
state O and state 1.V, is the volume of the headspace. We assumed that the vapor phase solute

in the headspace follows the ideal gaslaw. Ris the universal gas constant, and T is the

temperature of the vapor.

If a certain volume Vsof concentrated solution with a known solute concentration of Cs
is added into this system, the existing equilibrium will be disturbed and a new equilibrium state
will be reached after awhile. The amount of solute in the vapor phase under the new
equilibrium state can be expressed as:

— 0 0 — PZV(?
N, =CV +CoVs - aCV! ==L &, (1.3)

where we assume that the total volume of the solution remains the same as long as the volume of

the concentrated solution added is negligible compared to the initial volume of the solution, i.e.,
V,° >>V,. Subscript 2 denotes the new equilibrium state. From Egns. (1.2) and (1.3), we can

obtain the concentrations of the solute in the liquid phase under the two equilibrium states,

o _ GVCRT- RVS
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Under infinite dilution, the Henry’ s constant is not dependent on the solute concentration
in the solution. Therefore, we have
P P
H=-L-_2 1.6
Then, the initial solute concentration in the sample solution can be calculated from Egns. (1.4) to
(1.6) as,

C SVS

=___7s's 1.7
° (PP DV ()

where the solute vapor partial pressure P, and P, in the vapor phase can be measured using a

headspace GC system.

If gas chromatography is used for the headspace analysis, the GC response is measured as
the peak area A; of the species detected, which is proportional to the sample loop volume V)qop of
the GC system and the solute partial pressure P;, i.e.,

A=fV_P (18)

loop" i "

Substituting Eqgn. (1.8) into Egn. (1.7), we can find the concentration of the solute in the sample

solution through headspace GC measurements,

C SVS

Cp=— 38 (1.9)
(A /A -V,

Eqgn. (1.9) is the mathematical expression of the present method for measurements of liquid

concentration of VOCs in sample streams.



1.2.2 Experimental

1.2.2.1 Chemicals

Methanol, methyl ethyl ketone (MEK), and acetone were mixed with deionized water to
make standard solutions of methanol-water, MEK -water, and acetone-water to validate the
present method. The ranges of the concentration of these three standard solutions were 100-
2000, 10-100, and 1-10 ppm, respectively, and were selected to match their liquid contentsin
typical kraft mill streams. The combination of these three concentration ranges covers trace
species concentrations over three orders of magnitude within the infinite dilution assumption

limit.

Four pulping black liquor samples from two kraft mills (mills A and B) were used for
comparison studies of the measured methanol concentration in liquid using the present method
and the method developed by NCASI. Measurements of methanol and MEK were also

conducted in various kraft mill streams from Mill C.
1.2.2.2 Apparatus and Operation

Measurements were carried out using an Model HP-7694 Automatic Headspace Sampler
and Model HP-6890 capillary gas chromatograph as discussed previously. The GC is equipped
with a flame ionization detector (FID). GC conditions: HP-5 capillary column at 30°C; carrier
gas helium flow: 3.8 mL/min. A flame ionization detector (FID) was employed with hydrogen
and air flows of 35 and 400 mL/min, respectively. Headspace operating conditions: 25 minutes
gentle shaking for equilibration of the sample, via pressurization time: 0.2 min, and sample loop
fill time: 1.0 min., loop equilibration time: 0.05 min. Most of the experiments were conducted at
a headspace sampler temperature of 70°C to avoid water vaporization and obtain a good

sengitivity as sufficient methanol will be present in the vapor phase at this temperature.

The sample preparation and measurement procedures were as follows:. pipette duplicate
10 mL of sample solution into two 20 mL vials: add 10 ni of pure methanol solvent by
microsyringe into one of the vials; then, close the vials and place it into the headspace sample

tray for measurement.
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1.2.3 Results and Discussions

1.2.3.1 The Method of Standard Addition

We applied the method of standard addition to develop a technique for VOC
concentration measurements in sample solutions. The method of standard addition (or the known
increment method) is widely used in analytical techniques, such as potentiometry, polarography,
and atomic spectroscopy [8]. In this method, a certain volume of solution with a known
concentration of the solute is added into the sample solution (called “ standard addition”). By
measuring the signal changes before and after this “standard addition,” the concentration of the
solute in the sample can be calculated. The main advantage of this method is that it can measure
solute concentration in the samples having a high but unknown total ionic strength or for samples
with highly variable solution components. Unlike the traditional standard addition method, the
present method takes the approach of analyzing the solute in the vapor phase rather than in the
liquid phase before and after the standard addition to indirectly determine the concentration of
the solute concentration in the original sample solution. In addition, it does not require
calibration as can be seen in Eqgn. (1.9) that does not contain any calibration constants.

1.2.3.2 Experimental Technique Validation

The repeatability of the method was demonstrated by using a standard methanol-water
solution (methanol = 800 mg/L). A relative standard deviation (RSD) of measured methanol
concentration in solution was less than 3% for the five samples tested, indicating that the
repeatability of the technique is excellent.

The experimental technique was validated using a set of standard VOC-water (methanol-
water, MEK -water, and acetone-water) solutions with known concentrations. The present
method measures the VOC concentration of the standard solution according to Egn. (1.9), where
the GC peak areas A; and A, were obtained from the measurements of the vapor sample in the
headspace taken before and after the standard addition of each solution. For a combined VOC
concentration range of 1-2000 ppm described previously, the comparison between the standard
and the measured data was excellent. An excellent correlation between the standard and the
measured concentrations is shown in Fig. 1.8. The errors for all the measurements were less than
5.0%.

11



1.2.3.3 Chromatographic Separation of Various Compoundsin Black Liquor Vapor

Many kraft mill streams consist of various compounds that will be present in their vapor
phases. Accurate measurement of methanol vapor concentration in mill streams requires the
elimination of interference from other substances during chromatography. Black liquor is one of
the most difficult mill streams for GC analysis as it contains many hydrocarbons and sulfur
compounds. Fig. 1.9 shows a GC chromatogram of the vapor phase of a softwood black liquor
using aFID detector. The GC/mass spectroscopy was used to identify the various compounds
contained in the vapor phase as shown in Fig. 1.9. Through optimisation by choosing alow
column temperature of 30°C and moderate gas carrier gas flow rate of 3.8 mL/min as mentioned

previously, methanol can be measured under the GC conditions for the present study.
1.2.3.4 Comparison with NCAS| Method

Table 1.1 shows the methanol concentrations in different black liquors. It can be seen that
the data obtained by the present method show a good agreement with the results obtained using
the method developed by NCASI. The differences in measuring methanol content between these
two methods are within the error margins of the methods. Experimental repeatability test
indicated that the relative standard deviation (RSD) of the data obtained using the NCAS
method was about 10%. While the RSD of the data obtained using the present headspace method

was about 5%.
1.2.3.5VOC Concentration in Various Mill Streams

To demonstrate the present method for VOC analysis in various mill streams, we
conducted measurements of the methanol and MEK contents in various kraft mill streams from
Mill C using the present method, the results are shown in Table 1.11.  Mill C is an unbleached
kraft paper mill. For this particular mill, the data indicate: (1) the weak wash sample in the
recovery cycle did not contain methanol, but some MEK; (2) the shower water and filtrate
sample in the washers had a significant concentration of methanol and MEK; (3) the blow tank
condensate sample from the digester also had a high content of methanol and MEK as indicated
by the measurement of the sample from the hot water tank; (4) the weak black liquor sample had
significant methanol and MEK contents; and (5) the white water sample from the paper machine

head tank of the present unbleached mill contained some methanol, but no MEK.
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VOCs are primary formed in the pulping process. Therefore, their concentrationsin
various streams of the fiber line are primary determined by dilution through washing and water
reuse in the fiber line and by the vapor-liquid equilibrium in various processes. We conducted
three mill-wide VOC sampling in mill liquid streams. The detailed characterization of VOC

concentration of will be presented in the next Chapter.

1.2.4 The Full Evaporation HSGC Method

We also developed a full evaporation (FE) HSGC method for volatile organic sulfur
compounds analysisin black liquor and other kraft mill streams. Because this research does not
deal with sulfur compound, the method will not be discussed in this report. Interested readers
should refer to the work that we published [10, 11] for detail.

1.3 VLE Deter mination

The complex sample matrix of many streams from pulp and paper mills also makesVLE
determination of solute difficult. In this section, we will discuss three HSGC methods for VLE
analysis of methanol in various pulp and paper mill streams. Because the concentrations of
methanol and many other VOCs in mill streams are low and can be treated under infinite

dilution, determination of Henry’s law constant is the main objective of VLE analysis.

Henry’s law constant is defined according to the following equation as mentioned

previoudly:

_limopv_lim oy P
' x®0x Xx®0 x

(1.10)

where x; and y; are the mole fraction of the speciesi in the liquid and vapor phase, respectively.
For a system at equilibrium in a static headspace, the vapor phase can be assumed to follow the

ideal gas law,

y, P =R =Cg xRT (1.11)
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where Cg; is the solute mole concentration in the headspace (vapor phase) and Ris the universal
gas constant. In a system in which all solutes are at infinite dilution, the mole fraction of solute i
in the liquid phase can be approximated as
X »—-= G, =C
n r,/M,

J

0, (1.12)
where Cy; is the solute concentration in the liquid phase at equilibrium, and r;, M;, and v; are the
density, molecular weight, and the molar volume of the solvent, respectively. Equation (1.12) is

still a good approximation even for spent pulping liquors with total solids content around 20%.

Combining Egs. (1.11), (1.12), and (1.10) leads to a relationship between the Henry’s

constant of speciesi and its partition coefficient K; = Ci/Cg; in a static headspace:

H = RT _ r,RT
VK M XK

(1.13)

1.3.1 The Direct HSGC Method

The direct HSGC method for VLE analysis was demonstrated by Kolb et a. [12]. We
will not discuss in grate detail in this report. The method simply measures the equilibrium solute
concentrations in the liquid and vapor phase separately and directly for the calculation of K; and
Hi. With headspace measurement, the equilibrium solute concentration in the vapor phase can be
easily expressed in terms of the measured GC detector peak area A, i.e,

Ca=fA (1.14)

Because the equilibrium solute concentration in the liquid phase can be calculated from the

initial solute concentration in the original sample based on material balance, we have,

— :Co'bCGi
'TCy A

(1.15)

wheref isthe GC response factor and b = Vg/V| isthe phaseratio.
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Equation (1.15) is valid for determination of the VLE partitioning coefficient, K, in any systems.
We applied Eq. (1.15) to determine Henry’s law constant of methanol in black liquorsin this
research [13]. The volume of the sample vial was 20 mL and the liquor sample size was 10 mL
for al the experiments conducted, which gave the headspace volume of 10 mL and the phase
ratiob = 1. Therefore, if K; is much greater than 1, i.e, K; > 10, Cgj << Cy; (< Cp) can be
ignored in Eqg. (1.15), and, hence,

(1.16)

We adopted an external calibration standard to obtain the GC response factor f by using a
standard aqueous methanol solution with known methanol concentration of Cg = 800 mg/L and
methanol VLE partition coefficient Kg, (e.g., K¢ = 570 at 70°C [14]), and, hence,

K = ALS XK (1.17)
A CSO
where Ag is the FID signal peak area recorded in measuring the headspace vapor of the standard

solution at the temperature corresponding to Ks.

Equation (1.17) is especialy suitable for VLE analysisin black liquor. We have used Eq.
(1.17) to obtain a semiempirical correlation for the prediction of Henry’s constant of methanol in
black liquor [13] and will be discussed in detail later this report.

1.3.2 The Modified Method of Equilibrium Partitioning in Closed Systems (EPICS)

The EPICS method was initially developed by Lincoff and Gossett [15, 16]; it
determines Henry’s law constant indirectly based on the VLE of the solute in a closed system
and on solute mass conservation. In the method, two sample vials were used, and the volume
ratio of the two testing solutions was arbitrarily taken as 10 [15] and 4 [16]. The mass of the
solute in the two solutions was equal [15], or the mass ratio was measured [16]; therefore, the
solute concentrations in the two vials were different. It was assumed that the solute in two
solutions was under infinite dilution; therefore, the VLE partitioning coefficients of the solute in

these two solutions are equal at a given temperature. The advantages of the EPICS method are
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that no specia apparatus is required and calibration is not necessary. Henry’s constant can be
obtained by measuring the vapor concentration ratios from a pair of sealed vials with different

solution volumes and solute concentrations through headspace gas chromatography.

Later Kolb et al. [17] took a similar approach but conducted several headspace
measurements. They used several vials filled with the same solution but with different volumes,
instead of using two vials filled with solutions of different solute concentrations. They derived
the VLE partitioning coefficient as a function of the vapor phase concentration measured by the
HSGC, solute concentration in the original sample, and a volume ratio (sample volume over
headspace volume) parameter called the phase ratio, b, a known constant. They called the
method of phase ratio variation (PRV).

In principle, the PRV and EPICS method, are not much different. Both are based on solute
VLE in static headspace and mass conservation. The main problem of these two methods is that
their accuracy is poor in applied to systems with a large partitioning coefficient, for example
K>10 as shown by Gosett in his error analysis [16] and K>144 as indicated by Btre et a. [17].

From a mathematical point of view, it is sufficient and necessary to solve a VLE problem
with two and only two equations (two independent measurements). Therefore, it is not necessary
to conduct more than two headspace measurements as required in the PRV method [17]. From a
physical point of view, the VLE partitioning coefficient K changes with solute concentration
except within the range of infinite dilution in which K can be approximated as a constant.
Therefore, it is not appropriate to determine K or even Henry’ s constant on a very strict basis (the
concept of infinite dilution is not well-defined physically and mathematically) using two
solutions with different concentrations as adopted in the EPICS method [15, 16]. Based on the
above reasoning, we propose to conduct two headspace measurements and only two in two vials
filled with the same solution but with different sample volume to further develop the EPICS and
PRV method [14].

1.3.2.1 Methodology

Figure 1.10 shows the schematic diagram that described our proposed modified EPICS

method. We used two sample vias both filled with the same sample solution of different
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volumes rather than two different solutions as in the EPICS method. We conducted a headspace
analysis of each sample after a phase equilibrium was established within each vial. The solute of
the two systems has the same VLE partitioning coefficient K as the two systems are identical,
which can be used to connect the two independent headspace measurements to determine K. The
following is the derivation of the present indirect HSGC method.

When a sample solution of volume V, with asolute concentration of C/ isintroduced

into a closed vial, the total moles M of the solute in the vial can be expressed as:
M =CoV, =CV, +CV, = C.(V, ) +C.V, = C.[(v, %K) +V,], (1.18)

where C, and V,, are the concentration and volume of the solute in the vapor phase,

respectively.
Therefore, the total moles of the solutes in two separate vias canbe written as.
M, = COV}! = CL [V =K )+ V2], (1.19)
M, =CV?2 =c2|v2 < )+V2|, (1.20)
respectively.
The VLE partitioning coefficient K can be derived from Eqgns. (1.19) and (1.20),

1_ V- circg)
K~ CLICZN, - VE)- Virve(y, - v3)

(1.21)

The solute concentration in the vapor phase C; is proportiona to the peak areafrom GC

measurement. Thus, we have
CiICZ=AIA,. (1.22)

Substitute Eqgn. (1.22) into (1.21), the VLE partitioning coefficient K or itsinverse H* , the
dimensionless Henry’ s constant, can be determined
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where r = A / A, and x =V} /V?. Inthisstudy, wetake V'>V?, or x>1. Therefore, r >1.

When the solute is under infinite dilution, Eqn. (1.23) gives the Henry’s constant of the solute.

1.3.2.2 Experimental

Methanol and deionized water were used to make solutions of methanol-water for the
present study. The methanol concentration was about 800 mg/L. The experimental conditions of

the HSGC system were the same as those described in section 1.2.2.

The measurement procedure was as follows: Pipette 10 (V') and 0.05 (V,?) mL of the

sample solution into two 20 mL vials (x =V,'/V,>=200), respectively. Then close the vials and

put into the oven of the Headspace Sampler. The via is gently shaken to achieve equilibrium.
The vidl is then pressurized by helium to create a pressure head to fill the sample loop. The
vapor in the sample loop isfinaly analyzed by the GC.

1.3.2.3 Precision Analysis of the Method

We conducted a mathematical precision analysis of Eqn. (1.23) based on the following

variance estimation equation:

afH * 0 H*g ofH * & afH * 0 oH * 0
2(H* 2 22 O.2 2 Y2
s “(H*) = g—z (VL)+ QS ()+g T gs ()+§WLZEJ NL)"'%WT gs (V)

(1.24)

where the variance of r can be calculated from the variances of the peak areas A; and A, similar
to that of H*,

2 1 2 Alz 2
s (r)=—=s“(A)+—s°(A,). (1.25)
A, A A ~
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We conducted replica HSGC measurements in nine (9) testing vials filled with 10 mL (much less
than the smallest volume of the smaller sanple, i.e., V. ?>=40 i, used in this study) agueous
methanol solution to determine the variance of GC peak area A. We found that the relative
standard deviation (RSD) of nine (9) replica measurements was 2.1% as listed in Table 1.111.
Based on this experiment, it is assumed that s *(A) =s?(A,) =25%A >2.5%A, (A1>Azin this
study). Therefore, s%(r)=0.625X103(r?+1) from Eqgn. (1.25). The variances of other
independent variables were also determined experimentally. It was found that the main
contribution to the variance of H* or K isther term. By neglecting the contribution from other

measurement variables, we have

s (HY) , (- X H *)2 56 2(r). 126
CORMEDE ’Eﬁ/( =0 20

It can be seen from Egn. (1.26) that the relative variance of the measured partitioning
coefficient K (H*) is a complex function of the experimental variables, x, K (H*), and V! (or V?).
Mathematical calculations were carried out to study the precision of the developed method for
solution volume ratio x from 2 to 1000, VLE partitioning coefficient K ranging from 2 to 1000,
and V! =10, 1, 0.1, and 0.05 mL. We found that the volume ratio x of the two testing solutions
can affect the precision of the method significantly. The calculated results indicate that the
relative measurement error increases with x rapidly initially and then reaches an asymptotic
value as shown in Fig. 1.11 where the volume of the large sample V' was 10 mL. The predicted
experimental errors of Henry’s constant of methanol (H*=0.0017; or K=588) in aqueous
solutions agree with those obtained experimentally through several replica measurements as
shownin Fig. 1.11. Fig. 1.11 also indicates that a very large solution volume ratio ( x >100) is
required to obtain a good measurement of VLE partitioning coefficient K when it is large
(K>200). Thisis because the two separate HSGC measurements of the vapor in the two
headspaces will not be significantly different or the ratio of the peak areasr is not sufficiently
larger than unity (r can be derived from Egn. (1.23)) to obtain good accuracy when a small
difference between the two sample volumes or small x isused. This precision behavior was aso

observed by Ettre et a. [17] in their study. Unfortunately, little was done to resolve the problem
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in their study. The authors proposed to reduce the solute concentration, meaning to ater the

measurement system.

Our analysis also indicates that by significantly reducing the sample volumes of both
samples, good accuracy can be obtained with a small x in measuring large K’s as shown in Fig.
1.12a where the larger sample volume V' was varied. To obtain good VLE andysis of a system

with a very large K (~1000) of the solute, we can design an experiment using avery large x =
1000 with V}=10mL (or V>=10nL), or design one using asmall x =4 with V=100 niL. (or

V7?=25nL) asshownin Figs. 1.11 and 1.12a, respectively. The advantage of using small

sample sizes and a small solution volume ratio x is that the equilibrium time can be reduced
significantly as we discussed previously. Our experimental data indicate that the sensitivity of
the GC measurements will not deteriorate by using small sample sizes to measure very large K’s.
Table 1.1V shows the effect of sample size on the measured GC signal (peak area) of the
methanol-water solution. The GC peak area was only reduced by three times when the sample
size was decreased by three (3) orders of magnitude. A signal level of peak area A=190 obtained
using the smallest sample size of 10 nL. iswell in the range of good signal-to- noise ratio as the
GC linear response range was A=0-2000. The GC signa will drop much faster with the decrease
of sample size for systems with smaller K’s. However, we found that it is not suitable to
measure small K’s using small sample sizes and a small solution volume ratio as shown in Fig.
1.12b. Small K’s can be easily and accurately measured with large sample sizes in both of the
testing vias using the present, EPICS, and PRV methods.

1.3.2.4 Comparison with Literature Data

Determination of large values of VLE partitioning coefficient (K>200), such as the
Henry’s constant of methanol H* (=1/K) in water for temperatures ranging from 295 to 350K, is
difficult. Indirect techniques are ideal for this type of application because they can eliminate
most of the systematic and calibration errors. We conducted two sets of experiments to
demonstrate that the present indirect HSGC method can be applied with good precision. We
used two completely different sets of experimental parameters V,;'=10 mL and V,*=50 ni_ (or

x=V*/V?=200) and V'=100 nL and V?=40 nL (or x=V,'/V?=2.5), respectively, to measure the
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same guantity of the Henry’s constant of methanol H* in water. Good agreement of the results
measured by these two methods were obtained as shown in Table 1.V, indicating the validity of
our mathematical precision analysis of the method. We averaged the measurements of the
Henry’s constants of methanol fromthe two sets of experiments correspondingly to compare
with literature data. The data obtained using the present indirect HSGC method show excellent
agreement with those in the literature [18-22] as shown in Fig. 1.13. A linear regression analysis
shows that the logarithm of all the data fit to a straight line with the inverse of temperature very
well, demonstrating the validity and the accuracy of the present method.

1.3.3 Multiple Headspace Extraction (MHE) Method

MHE HSGC was devel oped to achieve analysis automation. It is similar to dynamic gas
extraction (or purge-trap), but is carried out in steps. The mathematical model of the MHE
method was developed by McAuliffe [23, 24] and Suzuki et al. [25]. The method was further
developed by Kolb and Ettre [26-28]. MHE HSGC has been successfully applied in many
industries for quantitative analysis [29, 30]. Kolb and Ettre [28, 3] developed an MHE technique
for VLE determination; however, they have never demonstrated the technique experimentally.
In this research, we developed and experimentally demonstrated an MHE HSGC technique that
can simultaneously determine solute concentration and Henry’s constant [31]. The method is
rapid, automated, and accurate. We also found through experiments that the MHE technique
proposed by Kolb and Ettre [28, 3] isinaccurate and produces large uncertainties for VLE
determination. The method is particularly useful for determination vapor-liquid equilibrium of

analyte in mill condensates and filtrates.

1.3.3.1 M ethodology

For a given sample solution of volume V| with a solute mass of mg introduced into a
closed vial of volume Vr, vapor-liquid phase equilibrium can be established within the vial with
an equilibrium headspace pressure of P,. The equilibrium concentration of the solute in the
vapor phase Cg is proportional to the concentration in the liquid phase C.. For infinitely diluted
solutions, the proportionality coefficient is the dimensionless Henry’s constant H* of the solute,

i.e.,
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H*=C,/C_, (2.27)
where Cg and C, are volumetric mass concentration, i.e., mg/L.

As discussed previously, pressurization of the sample vial to a pressure of Py using inert
gas is a common practice in headspace measurements to create a pressure head for sampling. It
is assumed that the pressurization time is very short so that the equilibrium remains unchanged.
It should be pointed out that the solute volumetric concentration Cg within the headspace is a
constant before and after pressurization. After pressurization, the headspace vapor is vented out
to fill the sample loop. The sample is then injected into the GC column to complete the first
headpsace measurement. Further venting is often necessary to reduce the headspace pressure
closetoitsinitial equilibrium pressure P,. The headspace measurement disturbed the
equilibrium in the vial. According to Kolb and Ettre [28], a new VLE can be reestablished
within the vial and the VLE conditions are exactly repeated. A second headspace measurement
isthen conducted. This procedure can be repeated several times. We label each equilibrium
sateasl, 2, ..., i, ..., n, correspondingly, in the following derivation.

The initial mass of the solute m; (or the solute mass at the first equilibrium state) in the

sample vial can be expressed as:
rnl = CleG +CL1VL ’ (128)
where Vg and V| are the volumes of vapor and liquid phases in the vial, respectively.

The amount of solute vapor extracted out of the headspace of the sample vial can be

expressed as a certain fraction of the solute vapor in the headspace before venting, i.e.,
Mex, solute = | X6V, (1.29)

where| is called the sample volumetric flow fraction. Therefore, the total mass of the solute

within the vial after the first headspace extraction can be written as my,

m, =(Cg, Ve +C V) =m - ,C. Vg, (1.30)



We can express the mass of vapor mixture within the headspace after each extraction as

follows,

M, =(CeaVe +CL Vi) =M, - ,CoVo =My - Vo (1 ,Ce; +) 2Cos) (1.318)

n-1
m, = (CGnVG +CLnVL) =m- VG(j 1CG1 +j 2C<32 +"'+j n-lCG(n—l)) =m- VGé.j iCGi
1
(1.31b)

We neglected the change of solute volume V| due to heating and headspace extraction in
the above derivation. Furthermore, we assume that the headspace operating conditions remained
unchanged for each headspace extraction, which is valid according to Kolb and Ettre [28, 3].
Therefore, the sample volumetric flow fractions are aconstant, i.e., j 1= 2= ...=] i =...= ] pa =
j , though the absolute solute mass extracted out is reduced due to the reduced solute
concentrations of the liquid and vapor phases within the vial. Above mass conservation

derivations are schematically shown in Fig. 1. 14.

For infinitely diluted solutions,

H"‘:CGl:CGZ :CG3 :...:CG”_ (132)
CL1 CLZ CL3 CLn
Substituting Egns. (1.32) into Egn. (1.31b), we have
& V0 o, &t
CGngVG +_Li: m-J Vs : Cai - (1.33)
Hc (4] 1

where the solute concentration in the headspace Cg is proportional to the measured GC peak area

A, i.e, A=fCs. We can then express Eqgn. (1.33) as afirst-order linear equation,

A A=arbs, (134)

with
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a= f m, (1.353)

J Ve
and
1l 1 Vo 1 16
b=- gl 2o 2y - 2 (1.35h)
J H VGﬂ J b >xH 4]

where b=V /V, isthe phase ratio according to Kolb and Ettre [28].

n-1
a A and A, can be obtained through MHE GC measurements. A linear regression
1

analysis can be applied to obtain the intercept a and the slope b of Egn. (1.34). The
concentration and the Henry’ s constant of the solute can be calculated from a and b using Egns.
(1.35a) and (1.35h), i.e,

Cozﬂ:ix\/_e’:ib’ (136)
v f Vv, of
or smply as Kolb and Ettre [3],
Co = fume xé. A = fue >‘{a+(b+1)Ah]’ (1.37)
1
and
1 1 .
*=.—— or K=—=-(1+jb)b 1.38
(1+j b)b H* (d+1b) (1.38)

wheref and j are two unknown constants and can be calibrated.

We would like to point out that the present derivation did not assume that each headspace
extraction is an identical isothermal expansion and the vapor mixture in the headspace follows
ideal gas law that are required in the MHE method (Egn. 1.41) by Kolb and Ettre [28, 3].
Therefore, the present MHE method to measure Henry’ s constant is more universal from both

theoretical and practical points of view. Furthermore, with the assumption of isothermal
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expansion headspace extraction and ideal gas law, the sample volumetric flow fraction j in Egn.
(1.38) can berelated to the pressure ratio r used by Kolb and Ettre [28, 3].

The amount of solute vapor extracted out of the headspace is ssimply the product of the
total vapor mixture extracted out of the headspace, m., =V, (P, - P,)/(RT) (from ideal gas
law), and the solute mass fraction C; /r ,, in the headspace before venting (r ph is the headspace

mixture gas density before venting), i.e.,

m =mg, XC./r =C.V,; XP,- P)/R, =C.V,; X1- P,/PR,)). (1.39)

EX,solute
Substituting Egn. (1.29) into Egn. (1.39), we have
j=1-P/P,=1-r, orr=1-j . (1.40)

The MHE method of Kolb and Ettre [3] can be expressed as

K= 1 :r_leb:(l-j _QI)Xb

T o o1 , (1.41)

Therefore, both the present MHE method (Eqgn. (1.38)) and that of Kolb and Ettre [3]
(Egn. (1.41)) can determine VLE partitioning coefficient K or H* with or without calibration
depending on whether the headspace pressureratio r is known or not. Neither method is better
than the other from an application point of view. However, without the assumptions of idea gas
law and isothermal headspace venting, Eqgn. (1.38) is till valid, but Egn. (1.41) is not.

1.3.3.2 Experimental

Chemicals

Methanol, ethanol, and isopropanol of analytical grade were used as solutes and de-
ionized water as solvent to prepare methanol-, ethanol-, and isopropanol-water solutions. The
methanol-water solution was used as the standard solution for calibration to obtain f andj witha
known methanol concentration of 800 mg/L and Henry’s constant at a temperature range of 25-
80°C according to the literature [18-22] and our previous study [14].
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Apparatus and Operation

Again, measurements were carried out using an HP-7694 Automatic Headspace Sampler
and an HP-6890 capillary gas chromatograph equipped with an HP ChemStation for data
acquisition and analysis. The basic operating principles and procedures of the headspace
sampler for multiple headspace extraction are very similar to that described by Kolb and Ettre
[28], except that the venting process was combined with the sample transfer process in the
present headspace sampler. More specifically, the sample loop is open to the atmosphere during
sample transfer. The duration of the sample transfer process (sample loop fill time) controls the
pressure inside the sample vial. Headspace operating conditions were the same as those
described previoudly.

The measurement procedure was as follows: pipette 50 L of sample solution into a 20-
mL vial, which gives a phase ratio b=399. The sample size (or b) can be varied as necessary.
The Headspace Sampler then heats the sample in the vial to a desired temperature with strong
shaking for three minutes to achieve vapor-liquid equilibrium within the vial. At equilibrium,
the vial is pressurized by compressed air, and the headspace is partialy withdrawn to fill the
sample loop and vent to the atmosphere to reduce the via pressure to close to its initial vial
pressure. The sampleisinjected into the GC column for analysis. The GC signal as peak area A
isrecorded. This procedureis repeated 10 times automatically for multiple headspace extraction
analysis and can be programmed by the HP ChemStation.

Method Calibration

Most commercial headspace systems control the headspace pressure Py, by the
pressurization time. Therefore, the pressure ratio r, or the sample volumetric flow fraction j ,
varies with the headspace temperature and the headspace volume Vg (or phase ratio b), so does
the proportional coefficient f between the GC peak area and the vapor phase solute
concentration. We calibrated j and f asa function of temperature at b = 399 (used in this
reserach) by conducting multiple headspace extraction measuremerts in a methanol- water
solution of concentration 800 mg/L at headspace temperatures of 40, 50, 60, 70, and 80°C. At a
given temperature, we conducted ten-headspace-extraction GC measurements of the methanol-

water sample. We established the following procedure for calibration:
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. Prepare a solute (methanol ) -water sample solution with known solute concentration (Co =

800 mg/L) and solute VLE partitioning coefficient K at a given temperature range.

. Pipette 50 nL of sample solution into a 20-mL via, which gives a phase ratio b=399. The

phase ratio can be varied as necessary.

. Put the sample vial into the headspace sampler tray. The headspace GC system is so
programmed that it will (1) automatically heat the sanple in the vial to a desired temperature
(e.g., 40°C) with strong shaking for three minutes to achieve vapor-liquid equilibrium, (2)
pressurize the vial by the compressed air, (3) partialy withdrawn the vial headspace vapor to
fill the sample loop and vent to the atmosphere to return to itsinitia pressure, (4) the vapor
sample is transferred to the GC for analysis and the GC peak area A is recorded.

. Program the HP Station so that the above procedure is automatically repeated 10 times for

multiple headspace extraction analysis.

. Conduct linear regression analysis using the 10 GC peak areas A; recorded to obtain the slope
b and the intercept a through Egn (1.34) with n= 10. Fig. 1.15 shows the results of atypical
regression analysis of the GC peak areas A; from multiple (10) headspace extractions, where
a= 2387.8and b = 10.862.

. Calculate the calibration constants f and j from Eqgns. (1.35a8) and (1.35b) using the
literature-given methanol VLE partitioning coefficients [18-22, 14] and known methanol
concentration (Cp = 800mg/L) with the slope b and intercept a obtained, respectively.

. Repeat procedures (3) to (6), but at a different headspace temperature.

Table 1.VI lists the calibration results. We correlated j and f with temperature T in °C as

follows,

j (b=399) =0.3777 - 0.00574 X +7.7614" 10°° xT 2 (1.42)

f(b=399) =437 + 3.1xT - 0.06XT > (1.43)
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Equations (1.42) and (1.43) are valid for any solute-solvent systems under headspace GC
conditions used in the present study. The effect of phase ratio b on f can be directly calculated
using Egn. (1.36). The effect of b onj can also be accounted for without recalibration.
Assuming that headspace operating conditions (temperature and the pressurization pressure;
therefore, the total volumetric flow into the headspace) remain the same, we have

j (b,

) >\/G (bcal ) :j (b) >{\/(3 (b) (144)

Since V, =V, xb/(b+1), we can obtain the following equation to correct the effect of b

on the sample volumetric flow fraction j .

b+1( )= 399 b+1
B 400 b

b
-b: cal
i (b) 5

o % (b =399) (1.45)

cal
1.3.3.3 Results and Discussions
Precision Analysis

We conducted a mathematical precision analysis of the present MHE GC method for
simultaneous determination of the concentration and the Henry’ s constant of a solute by Egns.

(1.36) and (1.38) using the following variance estimation Equations, respectively:

s?(C,) = gﬂ s() ? s (f)+aEﬂ % +§T %s(b) (1.46)
S 2 adH * 2 S 2 H*C)Z 2 /s HH 02
* b 9 2s2(b .
s(H*) = e‘ﬂbz ()’f%.”J BS(J)’fg BS() (1.47)

where the variances s(f)=2.0%f 2, s?(j )=2.0%j 2, s*(8)=2.0%a’, and s*(b)=2.0%b? are
determined based on experimentally measured relative standard deviations of f(1.3%), j (1.8%),
a(1.0%), and b(1.7%), respectively, during calibration. The variance of phase ratio
s?(b)=2.0x10*’ is calculated from the variances of the phase volumes s?(Vg) and s2(V,)
similar to Egns. (1.46) or (1.47), with s?(Vg)=1.0%Ve? and s2(V,)=1.0%V, ? based on

experiments.
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From mathematical calculations using Egns. (1.46) and (1.47), we found that the phase
ratio b is akey parameter that controls the accuracy of the present MHE method. The results
indicate that a b value of greater than 2 is required to obtain good measurements of solute
concentration with uncertainties less than 10% as shown in Fig. 1.16. We used Egn. (1.45) to
account for the effect of b on the volumetric flow fraction j in calculating the effect of j on the
measurement uncertainty of the solute Henry's constant. We found that the measurement
uncertainty is also affected by the solute Henry’s constant itself as shown in Fig. 1.16. Figure
1.16 also indicates that there is an optimum b at which the uncertainty is minimum for a given
solute-solvent system or a given solute Henry’s constant. The minimum uncertainty also varies
with the Henry's constant from less than 0.8% at H* = 0.001 to 10% at H* = 1.0. Furthermore,
the optimum phase ratio, by, correlates very well with the Henry s constant to the following
relationship as shownin Fig. 1.17,

H*by, =1.0. (1.48)

This relationship agrees with the recommendation of loffe and Vitenberg [2] in designing MHE
experiments. As noticed by Kolb and Ettre [3], this recommerdation (Eqn. (1.48)) to chose b is
difficult to follow, in particular, in measuring very small Henry’s constant. Moreover, as shown
in Fig. 1.16, the dlopes or the derivatives of the uncertainty curve with respect to b are very high
in the vicinity of boy, indicating the difficulties to achieve good precision in experiments because
bt cannot be determined using Eqn. (1.48) before the Henry's constant is being measured.
Fortunately, Fig. 1.16 shows that the uncertainties will be less than 10% as long asb < 2bqy such
as b » 4 can give good measurements of solute Henry’s constant in a wide range (H*<1.0, or
K>1.0) using the present MHE method. The present method however is not suitable to measure
solute Henry’s constant >1.0. The analysis also indicate that increasing the volume of the
samplevia Vr does not affect the above uncertainty characteristics, but shifts the optimum phase

ratio b to a greater value.

For comparison purposes, we conducted a precision analysis of the MHE method by Kolb

and Ettre [3] (Egn. (1.41)) using a similar variance estimation equation,
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. HKO _, . HKO . HKS_,
K)=¢g——= Q - = — b). 1.49
(9 gﬂQ'bS ( )+g‘ﬂj bs G)+gﬂbzs ) (149

We used same variances of j and b for the analysis of the present MHE method and variance of
the ratio of the GC peak areas, s%(Q') = 1.25° 103(Q")?, by assuming s (A1) = s(A) =... =
S?(A) =... S%(A,) = 2.5%A based on experimentally determined relative standard deviation of
A(2.3%). The analysis indicates that the first term in Egn.(23) is the mgor contributor to the
method uncertainty. Figure 1.17 plots the optimum phase ratio by and the measurement
uncertainties at by for measuring Henry's constant in a range of 0.001 - 100 using the present
and the Kolb and Ettre [3]'s MHE GC method. The results show that the by for both of these
methods correlates with Henry's constant well to Eqgn. (1.48). Figure 1.17 clearly indicates that
the minimum uncertainties of Egn. (1.41) are about 20-30%. The precision of the present MHE
method is as much or more than an order of magnitude better than that of the method by Kolb
and Ettre [3] for H* < 0.2, a significant progress in the development of MHE GC method for
VLE studies. From a mathematical point of view, the poor precision of the Kolb and Ettre [3]
method is caused by the close-to-zero term, Q’-1, in the denominator in Eqgn. (1.41) that
amplifies a small measurement error in the peak areas A or the peak arearatio Q' to alarge error
inK or H*, the fundamental problem of the method. More specifically, the amplification for
s(Q)is(TK /1Q)2 =[(r - Db]?/(Q-1)* that isinversely proportional to the fourth power of
(Q'-1). For atypica value of Q'=0.85, 1/(Q'-1)* is about 2000. Physically, Eqn. (1.41) did not
take full advantage of multiple headspace extraction techniques; it only uses two headspace

extraction measurements.
Method Validation

According to the derivation by Kolb and Ettre [28], the Logarithmic peak area obtained
from the ith headspace extraction Log(A;) should be linearly proportional to (i-1) or smply i if
the VLE conditions for each headspace extraction can be exactly repeated in MHE
measurements. We plotted the GC signal of peak area A; of methanol measured in a methanol—
water solution of concentration 800 mg/L at 60°C. We obtained a near perfect linear correlation
with a correlation coefficient of 0.9987 between the L ogarithmic peak area A; and the extraction
number i as shown in Fig. 1.18, indicating the validity of the basic assumption that the VLE
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conditions were exactly repeated for each headspace measurement in this study. We then carried
out alinear regression analysis according to Eqn. (1.34) to test the validity of our derivation and
the accuracy of the experiment. Again, we obtained a near perfect regression as shown in Fig.
1.15 with a correlation coefficient of 0.9997 and the relative fitting errors of the sope and the
intercept are 0.9 and 1.5%, respectively. With such a good regression, we are confident that the
concentration and the Henry’ s constant derived from the intercept a and the slope b of the
regression analysis, respectively, will be accurate. 1t should be pointed out that a minimum of

three extractions is required to use the present MHE method through Eqgn. (1.34).

The basic principle for solute concentration measurement of the present MHE method
(Egn. (1.36)) is not much different from that of Kolb and Ettre [3, 28] (Egn. (1.37)) in measuring
solute concentration; therefore, we expect that the measurement accuracy will be the same. We
conducted nine replica measurements of a methanol-water solution of 800 mg/L using the
present method. The average measured concentration was 797 mg/L. The standard deviation
was 2.7%, within our precision prediction limit as shown in Fig. 1.16. To further validate the
present method, we conducted comparison measurements of methanol concentrations in nine
filtrate samples collected from a fiber line kraft pulp mill using both the present MHE method
and an indirect HSGC method [7, 8]. For methanol concentration ranging from 50 — 1000 mg/L,
the relative differences in measured methanol concentrations using these two methods are within
+ 4.5% aslisted in Table 1.VII except one sample for an unknown reason. The 4.5% difference
is within the measurement uncertainties of these two methods obtained from several replica
measurements. These measurements demonstrate the validity of the present method for solute

concentration measurements in any solution.
Henry’s Constant Measurement

We measured the Henry’ s constants of isopropanol and ethanol in water solutions at a
temperature range of 40-80°C using the present MHE GC method (Egn. (1.38)). We compared
our measurements to those obtained by Kolb et a. [12] using a direct headspace GC method.
Linear regression shows that the Logarithm of the Henry’ s constants fits very well to the inverse
of the temperature in Kelvinas shown in Fig. 1.19. Correlation coefficients are 0.9999 and
0.9984 as obtained from the fitting of the isopropanol and ethanol data both reported by Kolb et
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al. [18] and those measured by the present MHE method. The relative errors of the slopes and
the intercepts are 1.2 and 1.9% and 6.2 and 4.0% for the isopropanol and ethanol linear lines,
respectively. The linear relationship obtained agrees with the van’t Hoff Equation in basic
thermodynamic theory for solute, i.e., the Henry’s constant is proportional to the partial molar
excess enthalpy, a function of temperature. Because Kolb et al. [12] did not provide the standard
deviations of their measurements, we compared our data with the fitted equations to both sets of
data as shown in Fig. 1.19. We found that the residual sums of squares of the fitsare 1.1° 10
and 1.37° 107 for isopropanol and ethanol, respectively. We also plotted + 10% relative error
bars of our data based on our replica measurements and uncertainty predictions for H* = 0.001 —
0.01 as shown in Fig. 1.16, most of the data points fall onto the two fitted lines within the + 10%

error bars.

We calculated the Henry’ s constants of isopropanol and ethanol at the temperature range
stated above with present experimental data using Eqn. (1.41) to experimentally verify the
measurement uncertainty of the MHE method by Kolb and Ettre [3]. The pressureratio is
calculated using Eqgn. (1.40), i.e,, r =(1-j ) withj =0.313 calculated from Eqgn (1.42). The peak
arearatios Q are calculated from the measured peak areas. Table 1.VIII lists two sample
calculations of Henry’ s constants of isopropanol and ethanol in water solutions at 60°C. It was
found that the relative standard deviations of Q' in the two experiments are only about 4.3 and
2.3 % (close to those used in precision analysis), respectively. However, the relative standard
deviations in measured Henry’ s constants are 36 and 23% for isopropanol and ethanol,
respectively, which agree with our mathematical predictions as shown in Fig. 1.16. Thisisan
indication of the poor precision of the MHE method by Kolb and Ettre [3] due to the error
amplification effect of the (Q'-1) term in Egn. (1.41) as discussed previoudly.

1.4 Summary

We developed and demonstrated several headspace gas chromatographic methods for
species concentrations and Henry’ s constants measurements of volatile organic compounds
(VOCs) in various kraft mill streams. The standard addition HSGC method was used for
analysis of VOC concentrations throughout this research. The direct HSGC VLE method was
used for determination of VOC Henry’'s constant in black liquors. The indirect and MHE HSGC
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VLE methods were used for the determination of Henry’s constant in mill filtrates. In the next

two chapters, we will discuss the mill-wide liquid sampling results using these methods.
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Fig. 1.8. Comparison between measured and known VOC concentrations in standard VOC-water
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Fig. 1.9. A typical chromatogram of a softwood kraft black liquor vapor obtained from HSGC
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39



: S —_—— K=1000
Lines: Predicted ——— K=588,

Symbols: Experimental B K=588 Measured

\ .

[EEY
o
o
!

SORT (Relative Variance), %
=
o

N

10 100 1000
Solution Volume Ratio, x
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Fig. 1.14. A schematic diagram that shows the principle of MHE GC technique.
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Fig. 1.15. Typical linear correlation (Egn. 1.34) between the sum of the GC signals (peak areas)
of the first (n-1)th headspace measurements and the signal of the nth measurement.
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concentration and Henry's constants using the present multiple headspace extraction method.
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Table 1.I. Comparisons of measured methanol concentrationsin four black liquors using
the NCASI method and the present method.

Solids M ethanol Concentration (ppm)
SAMPLE Content (%) | NCASI method | Present method | Difference (%)
Softwood. Mill A 15.2 775 736 5.0
Hardwood, Mill A 171 961 906 5.7
Softwood, Mill B 115 434 419 35
Hardwood, Mill B 10.8 527 560 -6.3

Table 1.11. Methanol and MEK concentrations in various mill streams measured using
the present method.

Sample Sample L ocation Description Methanol | MEK

Number (ppm) | (ppb)
1 weak wash liquor from recovery cycle <1 74.5
2 white water from paper machine head tank 40 0
3 pulp wash shower water first stage (digester 1) 277 165
4 filtrate stream from first washing stage (digester 1) 251 433
5 filtrate stream from second washing stage (digester 1) 238 316
6 filtrate stream from first washing stage (digester 2) 201 583
7 filtrate stream from second washing stage (digester 2) 172 481
8 condensate from blow tank steam in hot water tank 315 251
9 weak black liquor to evaporator 272 307




Table L.111. List of measurements to determine the variance of GC peak area.

Sample No. Measured GC Peak Area

1 188.2
189.3
193.2
185.4
188.9
195.7
193.0
196.3
196.5
MEAN 191.8

RSD 2.1%

O[N] |O|B|lW|N

Table 1.1V. Effect of sample size on the measured GC signal (peak area) of methanol in water
of concentration of 800 mg/L.

Sample Size Measured GC Peak Area

(m_)

10,000 600.1

5,000 598.7

1,000 588.6
500 576.4
100 494.4
50 419.8
40 390.3
30 349.4
20 288.9
10 190.2
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Table 1.V. Comparison of the Henry’s constant of methanol in water measured using the present
method with two different sets of experimental parameters.

Experiment Experimental Parameters Measured Henry’s Constant H*
Vi) | VZ(ml) | x=V}/VZ | T=40°C | T=50°C | T=60°C | T=70°C | T=80°C
I 10 0.05 200 0.00042 | 0.00062 | 0.00111 | 0.00171 | 0.00284
I 0.1 0.04 2.5 0.00052 | 0.00067 | 0.00105 | 0.00169 | 0.00250

Table 1.VI. List of calibration experimental resultsof j and f at several temperatures using
a methanol- water solution of concentration 800 mg/L.

Temperature (°C) Henry's b j a f
Constant H* | (Regression | (Calibrated) | (Regression | (Calibrated)
(Literature) |  Obtained) Obtained)
40 0.00044 -23.12+ 041 0.271 3205+ 36 468
50 0.00071 -14.92+ 0.12 0.286 2815+ 14 433
60 0.00112 -9.83+ 0.13 0.313 2496+ 15 420
70 0.00170 -6.61+ 0.12 0.3%4 1849+ 18 353
80 0.00260 -4.55+ 0.06 0.416 1352+ 10 303
Relative Standard
Deviation (RSTD) N/A 1.4% N/A 0.8% N/A




Table 1.VII. Comparisons of measured methanol concentrations in several environmental
samples from akraft pulp mill between the present MHE method and
an indirect headspace gas chromatographic method.

Methanol Concentration (mg/L) Relative
No. Previous method Present MHE Difference (%)
[7, 8] method
1 53 52 -1.9
2 94 91 -3.2
3 183 183 0.0
4 311 331 6.4
5 402 390 -2.3
6 613 605 -1.0
7 678 700 3.2
8 775 808 4.3
9 969 992 24
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Table 1.VIII. Sample calculations of Henry’s constants of isopropanol and ethanol in water
solutions at temperature 60°C using the MHE method of Kolb and Ettre [3]
with the raw data measured in this study.

Headspace | sopr opanol Ethanol
DAradion I peak | Q=AlAL|  H* Peak | Q=A/A1| H*
' Area A Area A
1 593.2 - - 396.5 - -
2 546.7 0.9216 | 0.00084 352.3 0.8885 | 0.00139
3 464.2 0.8491 | 0.00233 328.6 0.9327 | 0.00069
4 398.7 0.8589 | 0.00206 288.4 0.8777 | 0.00161
5 319.8 0.8021 | 0.00431 253.8 0.8800 | 0.00156
6 263.7 0.8246 | 0.00320 222.0 0.8747 | 0.00167
7 218.8 0.8297 | 0.00299 193.3 0.8707 | 0.00176
8 178.6 0.8163 | 0.00356 169.4 0.8764 | 0.00164
9 146.8 0.8219 | 0.00331 147.6 0.8713 | 0.00175
10 118.9 0.8099 | 0.00387 127.9 0.8665 | 0.00186
Mean N/A 0.8371 | 0.00294 N/A 0.8820 | 0.00155
RelativeSTD | N/A 0.043 0.359 N/A 0.023 0.227

* Calculated from Eqg. (1.41)




CHAPTER 2 VOCsIN KRAFT MILL STREAMS

VOCs are formed primarily in the pulping process in kraft mills. The continuing processin
pulp and paper manufacturing transports VOCs into various downstream process streams. We
report mill-wide liquid sampling results in this chapter to provide benchmark data. The HSGC
measurement method described in Chapter 1 was used for sample analysis.

2.1 Mill Liquid Sampling Process

A simple liquid sampling process was devel oped to conduct mill-wide liquid sampling.
Process streams were connected to a cooling coil submerged in an ice-water bucket of about 10
gallons. Process streams can be cooled down to about 30-40°C from 60-70°C after the cooling
coil. Both the process temperature and the cooled sample temperature were taken using a
thermocouple. A 100 mL sample bottle was used to collect the sample from the sample coil
directly. The bottle was completely filled without headspace and tightly sealed and labeled.
The samples were further cooled down in an ice chest and shipped to our laboratory at the

Ingtitute of Paper Science and Technology for analysis.

2.2 Mill I Sampling Results

A 3-day mill wide VOC sampling was conducted. Each location was sampled three times,
except for afew locations where there were difficulties in sampling. The samples are labeled to
reflect the sample information. The first letter indicates whether the sample is aliquid sample
(L) or an air sample (A). The next two digits identify sample location. The next 4 digits are the
date (day and month) of sample collected. The last two digits are the sample number. For pulp
suspensions, e.g., vat and mat samples, pulp samples were collected and then squeezed to get
liguid samples. Table 2.1 shows the pulp consistency from the first run. Other samples were

collected as it was for sample analysis. All the raw VOC data along with sample process
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temperature and pH are listed in Table 2.11, 2.111, and 2.1V for the three runs. Table 2.V lists the
dimensionless Henry’ s constant of methanol in various mill streams at different temperatures.

More studies on VLE partitioning of methanol in mill streams will be presented in Chapter 3.

2.3 Mill Il Sampling Results

A 3-day mill-wide VOC sampling was conducted. Each location was sampled three times,
except for a few locations where there were difficulties in sampling. The samples are labeled to
reflect the sample information. The first digit of the sample ID is the sample number. The
letters are the abbreviation of the sample location. The digits in the middle or at end of the
sample ID are the machine number or line number. For pulp suspensions, pulp samples were
again collected and then squeezed to get liquid samples. All the raw VOC data along with
sample process temperature and pH are listed in Table 2.VI.

2.4 Mill 111 Sampling Results

A 3-day mill-wide VOC sampling was conducted. The mill has alittle line (small
production rate and flow rate) and a big line (large production and flow rate). Each location was
sampled three times, except for a few locations where there were difficulties in sampling. For
pulp suspensions, pulp samples were again collected and then squeezed to get liquid samples.
The three runs were then averaged and presented in Table 2. VII and 2.VI1I, respectively. The

air emission data were presented in Table 2. IX.
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Table 2.I. Pulp Sample Consistency Results from First Run.

Date Location Sample Label pH TempeKrature Consistency (%)
9/18/97 BRN ATU Diff. C01091801 11.4 3;,5)_7 12.5
9/18/97 BRN ATU Diff. C01091802 345.4 11.9
9/18/97 BRN ATU Diff. C01091803 344.6 11.3
9/16/97 BSW Mat C03091601 10.79 341.8 14.5
9/16/97 BSW Mat C03091602 354.5 16.4
9/16/97 BSW Mat C03091603 353.1 14.0
9/16/97 O, Blow Line C05091601 10.66 344.2 3.2
9/16/97 O, Blow Line C05091602 347.0 59
9/16/97 O, Blow Line C05091603 344.2 4.3
9/16/97 | O, ATU Diff D1 Stage C07091601 10.79 349.8 12.9
9/16/97 | O, ATU Diff D1 Stage C07091602 3495 12.3
9/16/97 | O, ATU Diff D1 Stage C07091603 349.0 135
9/17/97 D, Mat C15091701 244 340.8 1.8
9/17/97 D, Mat C15091702 340.8 1.9
9/17/97 D, Mat C15091703 341.3 1.8
9/17/97 D, Mat C16091701 7.22 3475 13.6
9/17/97 D, Mat C16091702 347.0 12.3
9/17/97 D, Mat C16091703 341.8 12.6
9/17/97 Eop Vat C21091701 11.38 352.2 20
9/17/97 Eop Vat C21091702 351.0 21
9/17/97 Eop Vat C21091703 352.3 3.0
9/17/97 Eop Mat C22091701 4.06 345.9 14.8
9/17/97 Eop Mat C22091702 345.4 13.3
9/17/97 Eop Mat C22091703 3445 134




Table 2.11: Samples from the First Run Methanol Content and Dimensionless Henry’ s Constant

in the Liquid Sample a 343 K (70°C).

Date Location Sample Label pH MeOH/liquid He T
(ppm) 343K (K)
9/18/97 | BRN ATU Diff. Squeeze L01091801 11.4 612 0.00161 345.7
9/18/97 BRN ATU Diff. Filtrate L02091801 11.72 936 0.00169 323.9
9/16/97 BSW Mat Squeeze L03091601 10.79 775 0.00176 341.8
9/18/97 BRN ATU Diff Shower L04091801 10.92 703 0.00191 347.7
9/16/97 O, Blow Line L05091601 10.66 969 0.00179 344.2
9/16/97 O, ATU Diff Filt L06091601a 10.81 678 0.00197 352.5
9/16/97 O, ATU Diff Filt L06091601b 10.73 883 0.00173 350.6
9/16/97 | O, ATU Diff D1 Stage Sqz L07091601 10.79 516 0.00187 349.8
9/18/97 Strip-Cona (Dlorswiz) L08091801 9.90 458 0.00169 3394
9/16/97 O, ATU Diff Shower L11091601 10.89 459 0.00168 347.3
9/18/97 Drain Filtrate L11091801* 10.37 603 0.00174 342.2
9/18/97 D, Feed L13091801 2.83 402 0.00170 328.1
9/17/97 D, Vat Liquor L15091701 2.44 320 0.00202 340.8
9/18/97 D, Vat Liquor L15091801* 2.32 403 0.00153 3375
9/17/97 D, Mat Sqz L16091701 7.22 138 0.00155 347.5
9/17/97 D, Filtrate L17091701 2.52 311 0.00166 332.0
9/17/97 E, Filtrate L19091701 12.03 53 0.00184 346.7
9/17/97 D, Filtrate L20091701 3.53 151 0.00164 347.0
9/17/97 Eop Vat Liquor L21091701 11.38 183 0.00229 352.2
9/17/97 Eop Mat Sqz L22091701 4.06 94 0.00140 345.9
9/17/97 Eop Filtrate L23091701 11.30 183 0.00179 3494




Table 2.111. Samples from the Second Run Methanol Content and Dimensionless M ethanol
Henry's Constant in the Liquid Sample at 343 K (70°C).

Date Location Number pH MeOH/liquid Hc T
ppm 343K (K)
9/18/97 | BRN ATU Diff. Squeeze L01091802 | 11.23 672 0.00169 345.4
9/18/97| BRN ATU Diff. Filtrate L02091802 | 12.13 828 0.00152 345.9
9/16/97 BSW Mat Squeeze L03091602 | 10.69 803 0.00180 354.3
9/18/97 BRN ATU Diff Shower L04091802 11.04 750 0.00152 348.6
9/16/97 O, Blow Line L05091602 | 10.73 913 0.00192 347.0
9/16/97 O, ATU Diff Filt L06091602a | 10.69 696 0.00152 357.6
9/16/97 O, ATU Diff Filt L06091602b | 10.73 935 0.00145 352.0
9/16/97 | O, ATU Diff D1 Stage Sgz | L07091602 | 10.80 649 0.00145 349.8
9/18/97 Strip-Cona (Dlorswiz) L08091802 9.51 545 0.00162 338.8
9/16/97 O, ATU Diff Shower L11091602 | 10.83 576 0.00164 345.9
9/18/97 Drain Filtrate L11091802* | 10.48 583 0.00220 346.5
9/18/97 D, Feed L13091802 3.38 346 0.00208 329.3
9/17/97 D, Mat Liquor L15091702 2.38 313 0.00211 340.8
9/18/97 D, Mat Liquor L15091802* 2.27 332 0.00196 3375
9/17/97 D, Mat Sqz L16091702 7.10 151 0.00180 347.0
9/17/97 D, Filtrate L17091702 2.46 309 0.00147 328.8
9/17/97 E, Filtrate L19091702 | 12.15 40 0.00190 348.7
9/17/97 D, Filtrate L20091702 3.36 110 0.00175 346.5
9/17/97 Eop Vat Liquor L21091702 11.27 179 0.00207 351.0
9/17/97 Eop Mat Sqgz L22091702 3.93 99 0.00204 345.4
9/17/97 Eop Filtrate L23091702 | 10.77 196 0.00186 350.0




Table 2.1V. Samples from the Third Run Methanol Content and Dimensionless Methanol
Henry’s Constant in the Liquid Sample at 343 K (70°C).

Date Location Number pH MeOH/liquid Hc T
ppm 343K (K)
9/18/97 | BRN ATU Diff. Squeeze L01091803 | 11.25 695 0.00152 344.6
9/18/97| BRN ATU Diff. Filtrate L02091803 | 11.98 698 0.00179 348.4
9/16/97 BSW Mat Squeeze L03091603 | 10.67 708 0.00164 353.1
9/18/97| BRN ATU Diff Shower L04091803 | 11.05 725 0.00139 348.6
9/16/97 O, Blow Line L05091603 | 10.56 1046 0.00159 344.2
9/16/97 O, ATU Diff Filt L06091603a | 10.70 593 0.00171 350.4
9/16/97 O, ATU Diff Filt L06091603b | 10.60 770 0.00173 353.1
9/16/97 | O, ATU Diff D1 Stage Sgz | L07091603 10.69 501 0.00180 348.7
9/18/97 Strip-Cona (Dlorswiz) L08091803 9.63 417 0.00187 336.1
9/16/97 O, ATU Diff Shower L11091603 | 10.50 576 0.00191 346.5
9/18/97 Drain Filtrate L11091803* | 10.76 437 0.00199 346.6
9/18/97 D, Feed L13091803 2.07 370 0.00199 335.3
9/17/97 D, Mat Liquor L15091703 2.33 351 0.00194 342.8
9/18/97 D, Mat Liquor L15091803* 2.15 258 0.00217 337.9
9/17/97 D, Mat Sqz L16091703 7.16 126 0.00210 3415
9/17/97 D, Filtrate L17091703 2.40 331 0.00201 332.6
9/17/97 E, Filtrate L19091703 | 12.03 37 0.00199 353.8
9/17/97 D, Filtrate L20091703 3.13 122 0.00152 348.0
9/17/97 Eop Vat Liquor L21091703 | 11.08 184 0.00165 352.2
9/17/97 Eop Mat Sqz L22091703 3.87 104 0.00140 344.5
9/17/97 Eop Filtrate L23091703 | 11.86 198 0.00141 352.0
9/18/97 Clo2 L12091801 1.98 515 0.00170 282.5




Table 2.V Dimensionless Henry’s constant of Methanol in Mill streams (first run samples) at
different Temperatures

Temperature, °C
Date Location Number pH 50 60 70 80
9/18/97 | BRN ATU Diff. Squeeze L01091801 11.4 0.00074 | 0.00102 0.00161 0.00254
9/18/97 BRN ATU Diff. Filtrate L02091801 | 11.72 | 0.00067 | 0.00095 0.00169 0.00191
9/16/97 BSW Mat Squeeze L0O3091601 | 10.79 | 0.00077 | 0.00092 0.00176 0.00171
9/18/97 BRN ATU Diff Shower L04091801 10.92 0.00083 0.00104 0.00191 0.00167
9/16/97 O, Blow Line L05091601 | 10.66 | 0.00075 | 0.00112 0.00179 0.00253
9/16/97 O, ATU Diff Filt L06091601a | 10.81 | 0.00078 | 0.00123 0.00197 0.00175
9/16/97 O, ATU Diff Filt L06091601b | 10.73 | 0.00078 | 0.00129 0.00173 0.00211
9/16/97 | O, ATU Diff D1 Stage Sqz | L07091601 | 10.79 | 0.00082 | 0.00125 0.00187 0.00207
9/18/97 Strip-Cona(Dlorswiz) L08091801 9.90 0.00075 | 0.00100 0.00169 0.00265
9/16/97 O, ATU Diff Shower L11091801 | 10.89 | 0.00079 | 0.00118 0.00168 0.00217
9/18/97 Drain Filtrate L11091801* | 10.37 | 0.00082 | 0.00136 0.00174 0.00223
9/18/97 Do Feed L13091801 2.83 0.00071 | 0.00112 0.00170 0.00299
9/17/97 D, Mat Liquor L15091701 2.44 0.00073 | 0.00114 0.00202 0.00245
9/18/97 D, Mat Liquor L15091801* 2.32 0.00081 | 0.00117 0.00153 0.00254
9/17/97 D, Mat Sqz L16091701 7.22 0.00065 | 0.00107 0.00155 0.00250
9/17/97 D, Filtrate L17091701 2.52 0.00092 | 0.00122 0.00166 0.00260
9/17/97 E, Filtrate L19091701 12.03 0.00083 0.00109 0.00184 0.00187
9/17/97 D, Filtrate L20091701 3.53 0.00077 | 0.00101 0.00164 0.00256
9/17/97 Eop Vat Liquor L21091701 | 11.38 | 0.00075 | 0.00139 0.00229 0.00247
9/17/97 Eop Mat Sqz L22091701 4.06 0.00084 | 0.00096 0.00140 0.00237
9/17/97 Eop Filtrate L23091701 11.30 0.00081 0.00114 0.00179 0.00443
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Table 2.VI. Raw Data of Mill-Wide Sampling at Mill |1

Sample ID Sample ID T:Process| pH MeOH DMS MEK [Benzene|Toluene
(washer) Description (°C) (ppm) | (ppb) | (pPb) | (ppb) | (ppb)
1BSWV11 Brown stock washer vat, line #1, stage #1 72.9 12.62 366.8 8889.6 928.2 35.9 1
1BSWV12 Brown stock washer vat, line #1, stage #2 58.2 12.49 111.4 430.7] 671.5 18.1 0.1
1BSWV21 Brown stock washer vat, line #2, stage #1 72.6 12.68 342.6 9642.5 1001.9 67.1 1
1BSWV22 Brown stock washer vat, line #2, stage #2 61.7 12.52 153 785.6 220 19.4 -
1BSWV31 Brown stock washer vat, line #3, stage #1 73.7 12.78 390.8 9712.5 967.8 8.9 1.1
1BSWV32 Brown stock washer vat, line #3, stage #2 60.9 12.47, 147.9 880 161.6 73.4 0.2
1BSWM11 Brown stock washer mat, line #1, stage #1 57.1] 12.28 158.3 53.9 92.6 14.4 -
1BSWM12 Brown stock washer mat, line #1, stage #2 53.1 11.93 38.7 10 . 26.3 -
1BSWM21 Brown stock washer mat, line #2, stage #1 56.8 12.49 236.2 380.6 277.7 38.3 -
1BSWM22 Brown stock washer mat, line #2, stage #2 56.7] 11.95 52.5 62.4 47.1 33.4 -
1BSWM31 Brown stock washer mat, line #3, stage #1 60 12.02 194.9 166.4 198.9 27.8 -
1BSWM32 Brown stock washer mat, line #3, stage #2 53.9 11.72 51.9 15.3 47.1 12.3 -
1BSWF11 Brown stock washer filtrate, line #1, stage #1 72.2 12.77, 410.27 10078.3 1063.6 29.5 1.2
1BSWF12 Brown stock washer filtrate, line #1, stage #2 58.9 12.52 130.2 473.7 262.3 65 0.2
1BSWF21 Brown stock washer fltrate, line #2, stage #1 12.74 335.4 9011.64 945.1 63.7] 1.2
1BSWF22 Brown stock washer filtrate, line #2, stage #2 12.62 159.7 1224.6 181.9 42.4 0.2
1BSWF31 Brown stock washer filtrate, line #3, stage #1 72.2 12.97 394.5 10056.5 960.5 89.6 1.1
1BSWF32 Brown stock washer filtrate, line #3, stage #2 61.1 12.52 161.4 1276 218.4 28 0.2
1BSWI1FWS [Brown stock washer #1 fresh water shower 54.2 7.43 3.9- 23.9 -
1BSW2FWS  |Brown stock washer #2 fresh water shower 54.5 7.05 1.5- 2.5 -
1BSW3FWS [Brown stock washer #3 fresh water shower 55.7 7.37, 2.3- 22.3 0.1
1BSWFT Brown stock washer foam tank 55.2 12.41 399.2 6387.7 914.2 65.6 1.1
1FECC Flash evaporators clean condensate 52.5 11.54] 1159.3 43.7 690.1 - -
1IMEESC Multiple effect evaporators stripped condensate 37.1 11.55 179.3 27.5 352.4 20.4 0.1
1IMEECC Multiple effect evaporators stripped condensate 52.1 11.38 550 155.3 686.1 7| 0.2




1PM2LVB4 Paper machine #2 low vacuum bottom line 46.4 6.73 26.3 60.8 - 14.2 -
1PM2LVT3 Paper machine #2 low vacuum top line 29.1 6.87| 23.3 15 - 33.5 -
1PM1BHX Paper machine #1 bottom headbox 60.1] 6.22 23.5 20 - 35.2 -
1PM1THX Paper machine #1 top headbox 57.9 6.1 22.6 16.1 - 37.4 -
1PM2BHX Paper machine #2 bottom headbox 56.2 6.98 21.2 18.6 - 4.8 -
1PM2THX Paper machine #2 top headbox 55.5 6.3 24.9 25.3 - 30 -
1PMTEFF Paper machine total effluent 46 4.47) 18.8 12.3 - 36.5 -
1BLOXOUT Oxidized black liquor outlet 78.7] - 54.1 253.3 576.7 3.7 1.1
2BSWV11 Brown stock washer vat, line #1, stage #1 73 12.57| 372.9 8317.1] 1252.8 49 1.1
2BSWV12 Brown stock washer vat, line #1, stage #2 58 12.3 99.7] 259.9 145.3 28.9 0.2
2BSwWv21 Brown stock washer vat, line #2, stage #1 73.5 12.5 345.5 8485.9 1148.1 22.5 1
2BSWV22 Brown stock washer vat, line #2, stage #2 57.7 12.3 137.8 517.3 212.7 80.5 0.1
2BSWV31 Brown stock washer vat, line #3, stage #1 74.4 12.55 445.6 9704.1] 1134.3 8.8 2.4
2BSWV32 Brown stock washer vat, line #3, stage #2 61.8 12.34] 180 659.2 198.1 46.1 0.1
2BSWM11 Brown stock washer mat, line #1, stage #1 57.9 12.07| 173.5 45.1] 124.2 43.2 -
2BSWM12 Brown stock washer mat, line #1, stage #2 54.5 11.42 29.7 - . 29.2 -
2BSWM21 Brown stock washer mat, line #2, stage #1 63.5 12.27 268, 1238.8 397.8 12.3 0.2
2BSWM22 Brown stock washer mat, line #2, stage #2 55.7] 11.32 21.5 - - 16.6 -
2BSWM31 Brown stock washer mat, line #3, stage #1 59.2 12.23 264.8 630.3 338.6 29.6 0.2
2BSWM32 Brown stock washer mat, line #3, stage #2 53.2 11.7 42.8 10.8 - 30.4 -
2BSWF11 Brown stock washer filtrate, line #1, stage #1 71.9 12.52 408.3 8813.9 1024.7 23.2 1.2
2BSWF12 Brown stock washer filtrate, line #1, stage #2 57.4 12.23 111.5 198.3 169.7 31.9 0.1
2BSWF21 Brown stock washer filtrate, line #2, stage #1 72.4 12.61 368, 9130.9 1102.6 54.3 1]
2BSWF22 Brown stock washer filtrate, line #2, stage #2 61.6 12.32 162.6 751 229.8 43 0.2
2BSWF31 Brown stock washer filtrate, line #3, stage #1 72.9 12.34] 439.9 10589.2 1175.7 61.5 0.9
2BSWF32 Brown stock washer filtrate, line #3, stage #2 60.9 12.3 166.7 675.9 224.1 82.3 0.3
2BSW1FWS |Brown stock washer #1 fresh water shower 44 .4 7.42 2 - - 11.3 -
2BSW2FWS  [Brown stock washer #2 fresh water shower 55.1 7.01] - - - 1.8 -
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2BSW3FWS  [Brown stock washer #3 fresh water shower 55.8 7.29 2.1 - - 27.5 -
2BSWFT Brown stock washer foam tank 53.5 12.6 435.9 6818.4 1019 18.9 1.4
2FECC Flash evaporators clean condensate 55.3 9.56 1351.6 206.4 664.2 14.1 -
2MEESC Multiple effect evaporators stripped condensate 38.9 11.68 172.5 90.3 470.1 17.8 0.2
2MEECC Multiple effect evaporators stripped condensate 70.2 9.26 556.5 61.6 630.1 18.5 -
2PM2LVB4 Paper machine #2 low vacuum bottom line 44.1] 6.7 21.9 59.6 - 20.5 -
2PM2LVT3 Paper machine #2 low vacuum top line 39.1 6.38 20.5 10.5 - 16.7 -
2PM1BHX Paper machine #1 bottom headbox 59.8 6.83 24.8 19.1] 2484.5 - -
2PM1THX Paper machine #1 top headbox 58.1] 5.75 24.4 12.1] 2013.6 - -
2PM2BHX Paper machine #2 bottom headbox 59.6 6.38 25.8 21.27 1133.5 - -
2PM2THX Paper machine #2 top headbox 58.2 6.15 25.9 15.7 2240.9 - -
2PMTEFF Paper machine total effluent 47.3 4.73 17.6 15 47.1 25.4 -
3BSWV11 Brown stock washer vat, line #1, stage #1 72.5 12.71 376.9 7440.3 1015.7 85.2 0.9
3BSWV12 Brown stock washer vat, line #1, stage #2 56.7] 12.34] 103.4 312.6 134 38.4 0.2
3BSwWv21 Brown stock washer vat, line #2, stage #1 70.8 12.75 333 8341.5 1087.2 12.9 1
3BSWV22 Brown stock washer vat, line #2, stage #2 62.3 12.34] 174.1 1311.9 315.8 39.8 0.3
3BSWV31l Brown stock washer vat, line #3, stage #1 73.1 12.57 425.7 9094.4 993.8 83.9 1.3
3BSWV32 Brown stock washer vat, line #3, stage #2 58.9 12.22 156.8 543 183.9 20.7] 0.2
3BSWM11 Brown stock washer mat, line #1, stage #1 57.5 12.07| 150.1 77.9 136.4 48.1 0.1
3BSWM12 Brown stock washer mat, line #1, stage #2 54.7 11.97 44.2 19.8 54.4 33.1 0.1
3BSWM21 Brown stock washer mat, line #2, stage #1 61.5 12.48 239.2 901.3 416.5 53.6 0.2
3BSWM22 Brown stock washer mat, line #2, stage #2 56.5 12.12 71.5 80.7] 68.2 13.4 -
3BSWM31 Brown stock washer mat, line #3, stage #1 61.9 12.32 178.7 233.8 216.8 32.9 0.2
3BSWM32 Brown stock washer mat, line #3, stage #2 55.5 11.97, 54.6 14.4 49.5 22.9 -
3BSWF11 Brown stock washer filtrate, line #1, stage #1 72 12.53 451.2 8223.4 1196.8 14.8 1.3
3BSWF12 Brown stock washer filtrate, line #1, stage #2 57.7 12.16 100.3 224.6 148.6 20.2 0.2
3BSWF21 Brown stock washer filtrate, line #2, stage #1 69.5 12.66 356.4 6925.64 1086.4 13.6 1
3BSWF22 Brown stock washer filtrate, line #2, stage #2 61.7 12.31] 165.5 1002.1f 306.1 25.6 0.7




3BSWF31 Brown stock washer filtrate, line #3, stage #1 72.2 12.66 428.9 8514.1 988.1] 441 1.1
3BSWF32 Brown stock washer filtrate, line #3, stage #2 60.1 12.34 156.6 428.8 289 56.8 0.2
3BSW1FWS |Brown stock washer #1 fresh water shower 54.1 7.44 2.4 5.1 - 29.8 -
3BSW2FWS  [Brown stock washer #2 fresh water shower 55.5 6.9 2 - - 25.3 -
3BSW3FWS  |Brown stock washer #3 fresh water shower 56 7.15 2.6 - - 1.6 -
3BSWFT Brown stock washer foam tank 53.5 12.54 331 6591.1 1294.2 49 1.5
3FECC Flash evaporators clean condensate 52.9 9.61 1339.2 274.7 542.4 6.8 -
3MEESC Multiple effect evaporators stripped condensate 34.4 11.23 166 18.1 258.2 2.6 -
3MEECC Multiple effect evaporators stripped condensate 63.2 9.22 565.2 73 430.3 21.9 -
3PM2LVB4 Paper machine #2 low vacuum bottom line 44.1] 6.72 23.6 44 - 4.9 -
3PM1BHX Paper machine #1 bottom headbox 60.1 6.07 25.5 18.8 - 27.8 -
3PM1THX Paper machine #1 top headbox 68.1] 6.01 24.4 13.6 55.2 15 1.7
3PM2BHX Paper machine #2 bottom headbox 59.6 6.28 28.3 25 - 41.7 0.2
3PM2THX Paper machine #2 top headbox 58.2 6.37 27.6 31.4 - 35.3 -
3PMTEFF Paper machine total effluent 45.3 4.82) 18.9 11 . 39.3 -
MEEPROD Multiple effect evaporators product - 26.7 22 319.2 9.5 0.2
Brown stock washer foam tank vapor condensate
BSWFTCL from the left side 114 8.95 671.7 7157.3 1347 8.4 -
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Table 2.VII. VOC Concentrations'” in Brownstock Washi ng Liquor Samples of Little Line (June 28 — July 1, 1999)

Little Line Brownstock Washing

Sample ID Temperature M ethanol Acetone MEK Benzene Toluene
Case A¥Y|CaseB® |Case A P | CaseB? |Case A?| CaseB® |Case AP | CaseB? [Case A @ | CaseB@ |Case A @ |CaseB@

°F °F mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
Knotter Accept LKN 196 196 332 307 1.6 2.1 0.59 0.71 0.044 0.050 0.037 0.039
No.1 Vat LV1 185 181 301 276 1.7 2.2 0.53 0.58 0.044 0.064 0.031 0.023
No.1 Filtrate LF1 181 181 305 280 1.8 2.3 0.58 0.62 0.040 0.051 0.038 0.019
No.1 Mat CO LM1 158 156 238 176 2.2 3.3 0.33 0.23 0.111 0.033 0.033 0.020
No.2 Vat LV2 154 142 237 146 1.8 3.1 0.34 0.21 0.068 0.043 0.034 0.020
No.2 Filtrate LF2 150 143 229 156 1.9 3.6 0.33 0.21 0.056 0.051 0.023 0.013
No.2 Mat CO LM2 138 134 211 104 2.8 2.0 0.17 0.09 0.032 0.029 0.026 0.016
No.3 Vat LV3 137 134 218 93 2.8 15 0.19 0.07 0.031 0.034 0.026 0.020
No.3 Filtrate LF3 135 134 214 98 2.7 15 0.19 0.07 0.030 0.032 0.023 0.014
No.3 Mat CO LM3 139 137 225 69 1.4 0.7 0.21 0.05 0.043 0.037 0.026 0.015
Pressure Sceen Feed | LPS 137 134 219 79 1.4 0.6 0.20 0.07 0.039 0.040 0.035 0.036
Decker Vat Lv4 148 142 224 72 14 0.6 0.21 0.05 0.038 0.033 0.027 0.016
Decker Filtrate LFD 133 133 220 75 1.3 0.6 0.20 0.04 0.040 0.023 0.026 0.011
Decker Mat CO LM4 144 142 326 A 14 0.5 0.32 0.06 0.031 0.031 0.024 0.015
Decker Shower LS6 146 147 347 116 1.6 0.4 0.39 0.07 0.043 0.018 0.026 0.013
Foam Tank Cond. | LTS 151 170 448 274 7.4 2.3 175 0.62 0.024 0.073 0.021 0.020
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Table 2.VIII. VOC Concentrations® in Brownstock Washing Liquor Samples of Big Line (Mill 111, June 28 — July 1, 1999).

Big Line Brownstock Washing

Sample ID Temperature Methanol Acetone MEK Benzene
Case A @[ CaseB @ |Case A @ | CaseB ?|Case A ?|CaseB @ |Case A ®|CaseB ?|Case A?|CaseB @
°F °F mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Hot Refiner Stock |BRH 201 201 273 283 1.9 1.9 0.56 0.59 0.028 0.018
No.1 Vat BV1 187 188 253 254 1.9 1.8 0.52 0.50 0.009 0.009
No.1 Filtrate BF1 181 189 241 251 1.9 1.8 0.53 0.53 0.047 0.034
No.1 Mat CO BM1 166 175 177 181 1.5 1.6 0.31 0.37 0.015 0.013
No.2 Vat BV2 151 158 160 156 15 1.6 0.29 0.34 0.073 0.008
No.2 Filtrate BF2 151 158 164 160 15 1.6 0.28 0.35 0.043 0.013
No.2 Mat CO BM2 144 156 155 137 2.3 1.8 0.22 0.26 0.014 0.018
No.3 Vat BV3 138 146 128 116 1.8 1.8 0.20 0.24 0.024 0.007
No.3 Filtrate BF3 140 146 135 120 1.7 19 0.20 0.25 0.023 0.016
No.3 Mat CO BM3 140 140 128 114 2.3 2.6 0.16 0.16 0.005 0.006
Cold Refineer Stock |BRC 144 145 119 100 1.6 2.6 0.05 0.16 0.019 0.004
No.4 Vat BV4 141 144 118 88 1.5 1.8 0.18 0.16 0.017 0.007
No.4 Filtrate BF4 140 144 119 88 1.5 1.8 0.19 0.17 0.012 0.007
No.4 Mat CO BM4 138 138 141 20 1.4 14 0.22 0.17 0.008 0.007
No.4 Shower B4 140 146 153 111 1.4 1.1 0.30 0.22 0.020 0.004
BHE Clean Cond. BS6 155 154 369 131 1.5 0.3 0.35 0.05 0.013 0.015
MEE Comb. Cond. | BS5 160 161 164 160 2.3 2.2 0.52 0.49 0.018 0.015
Foam Tank Cond. |BT1 138 126 424 636 53 135 0.94 1.19 0.011 0.045

1. Anayzed by IPST
2. Case A = High methanol in Decker/No.4 washer shower. (June 28 for Big Line, July 1 for Little Line).
Case B = Low methanol in Decker/No.4 washer shower. (June 29 for Big Line, June 30 for Little Line).



Table 2.1X. Measured Air Emission Data in Brownstock Washer Vents (Mill 111, June 28 — July 1, 1999).

LittleLine Washers

Big Line Washers”

1. Four vacuum drum washers with a shared
hood which has 3 stacks.

2. Case A = High methanol in last washer
shower.

Case B = Low methanol in last washer
shower.

3. Air samples were collected and analyzed by
NCASI.

4. Corresponding to No.1~3 washer hood.

5. Combined vents for No.1~3 washer seal tanks
for both big and little line.

CaseA @ CaseB @ Case A ¥ CaseB @
Stage1 ¥
Methanol ppm 196 83 33 37
Stack Flow DSCFM 1529 1568 25649 25099
Stack Temperature F 131.3 122.0 108.0 115.0
Moisture % 14.2 11.3 7.6 9.3
Emission Ib/hr 1.5 0.7 4.3 4.7
Stage2 ¥
M ethanol ppm 102 27 31 23
Stack Flow DSCFM 1406 1601 31076 31065
Stack Temperature F 118.3 106.7 104.0 104.0
Moisture % 9.3 75 6.9 7.0
Emission Ib/hr 0.7 0.2 4.8 3.6
Stage 39
Methanol ppm 160 42 12 6
Stack Flow DSCFM 1261 1370 23811 23837
Stack Temperature F 122.3 119.3 93.7 94.0
Moisture % 11.8 11.2 4.5 4.5
Emission Ib/hr 1.0 0.3 1.5 0.7
Foam Tank ©
M ethanol ppm 291 428 503 591
Stack Flow DSCFM 634 983 1155 981
Stack Temperature F 115.0 142.7 142.0 142.0
M oisture % 9.9 20.7 20.0 20.0
Emission Ib/hr 0.9 2.1 2.9 2.9




CHAPTER3: HENRY'SCONSTANTSOF VOCs

Henry’s law constant directly relates the partial vapor pressure to the infinite dilution
activity coefficient of a dissolved speciesin a given solution as defined in Chapter 1 by Eq.
(2.10). Thedimensionless Henry’s constant H* is the inverse of partitioning coefficient K and
can be related to the infinite dilution activity coefficient as follows:

* R-I-
g|¥ =Hi sat
VP

(3.1)

whereg* istheinfinite dilution activity coefficient of the solute i in water, P, is the vapor
pressure of a solute at given temperature, and vj, R, and T have been described earlier. In
environmental science, the partia vapor pressure of a volatile pollutant species can be used to
predict the air emission of the pollutant in many industrial sites. In thisresearch, obtaining the
Henry’s constants of VOCs is the key for the development of a computer simulation model for
the prediction of VOC air emission in kraft mills. Mill streams, especialy spent pulping liquor,
contain inorganic sats. Knowledge of the partitioning behavior of methanol in agueous
solutions containing salts is therefore essential for estimating VOC emissions from pulp and
paper mills. As discussed in the introduction of this report, the focus of the study is methanol.
This chapter presents the experimental data of Henry’s constant of methanol in agueous solutions
and in kraft pulping spent liquors. The study of Henry’s constant of methanol in aqueous
solutions lays a foundation for the study in kraft mill streams, including spent pulping liquor that

has the most complex sample matrix.
3.1 Experimental

The carrier gas (helium) flow rate in the HP-7694 Automatic Headspace Sampler was set
at 3.9 mL/min, and the sample was allowed to attain equilibrium with gentle shaking for 30 min.
The other parameters such as via pressurization time, sample-1oop fill time and loop
equilibration time were maintained at 0.2, 1.0, and 0.05 min, respectively. The pressure source
for pressurization of the vial was maintained at 18 psig. A flame ionization detector (FID) was

employed with hydrogen and airflow rates of 35 and 400 mL/min, respectively. The HP-5
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capillary column temperature was maintained at 30°C in all experiments, except for samples
consisting of pentanol and hexanol. In these cases, the column temperature was raised to 150°C
in order to detect asignal. In order to determine the time required for the headspace samples to
reach equilibrium, the signal peak area counts on chromatograms were plotted versus time for 10
mL of dilute solutions of several alkanols at 40°C. Fig. 3.1 shows the results of the equilibration
tests. As can be seen, the signal count increases with time and approaches a constant value in less
than 30 min. This implies that equilibrium is reached inside the vial in less than 30 minutes and
also supports the findings of Chai and Zhu [1] who used an equilibration time of 25 minutes for

methanol in water.
3.1.1 Materials

Methanol (purity >99.4%), ethanol (>99%), 1-propanol (>99.4%), 1-butanol (>99.4%), 1-
pentanol (>98%), and 1- hexanol (>98%) were al purchased from Fisher in the highest purity
grade available. Anhydrous sodium carbonate and anhydrous sodium sulfate (both >99.5% pure)
were also purchased from Fisher and used as received. Deionized water was obtained from
Fisher and used for preparing solutions. Microliter syringes obtained from Supelco Inc. were
used to measure volumes. Clear glass vials with a volume 21.75 + 0.10 mL were purchased from
Supelco Inc. and made airtight with 20-mm aluminum seals with PTFE/grey butyl molded septa
(also purchased from Supelco Inc.).

Pulping spent liquor, also called black liquor from its color, is an aqueous solution
containing dissolved organic and inorganic solids. It isabyproduct of the wood delignification
process in pulp manufacturing. The dissolved organic materials are complex substances derived
from cellulose, hemicellulose, lignin, and other extractives in the wood. The soluble inorganic
solids are mainly sodium salts with minimal quantities of potassium salts. The total solids
content of pulping spent liquor or weak (unconcentrated) black liquor is around 5-20% with the
organic-to-inorganic ratio around 0.45. Black liquor is caustic with a pH value of greater than
13. It aso contains many volatile organic compounds (VOCs), such as methanol, methyl ethyl
ketone (MEK), and dimethylsulfide (DMS), formed during pulping. The concentrations of these
VOCs are very low and can be assumed to be at infinite dilution from a thermodynamic point of

view.



Weak black liquors derived from various wood species and collected from both kraft pulp
mills and laboratory pulping processes were used in this study. Four softwoods of Douglasfir,
white spruce, western hemlock, and southern pine, and six hardwoods of aspen, basswood, birch,
maple, oak, and sweet gum were used in laboratory pulping experiments. The total dissolved
solids contents of all the liquors were less than 25% and the black liquors were therefore treated
as agueous solutions. Analytical- grade sulfonated lignin, mixed-wood kraft lignin, sodium
carbonate, sodium sulfate, sodium chloride, sodium hydroxide, dimethylsulfide (DMS),
dimethyldisulfide (DMDS), methyl ethyl ketone (MEK), and a - pinene were added to standard
water-methanol solutions to study the effects of these minor constituents of black liquors on the

Henry’s constant of methanol.

3.1.2 Experimental Conditions

To achieve good signal-to-noise ratio in GC measurements, GC conditions were set as
follows. HP-5 capillary column at 30°C; carrier gas helium flow: 3.8 mL/min. A flame
ionization detector (FID) was employed with hydrogen and air flows of 35 and 400 mL/min,
respectively. Headspace operating conditions: gentle shaking for equilibration of the sample for
25 minutes, vial pressurization time of 0.2 min to create a pressure head in the headspace for
sample transfer to the sample loop, sample-loop fill time of 1.0 min, and loop equilibration time
of 0.05 min. The sample loop is heated to avoid condensation. In instrument evaluation tests,
we found that the GC signal peak area did not vary with the sample-loop filling time and loop
equilibrium time in certain operating ranges, respectively, indicating that the sample in the loop

is agood representative of the sampled vapor phase.

3.1.3 Sample Preparation

Stock solutions of each n-alkanol in water were prepared in 250-mL flasks with a solute
concentration of 5000 g of alkanol/liter of water at room temperature. Stock solutions of
sodium carbonate and sodium sulfate were prepared gravimetrically. The stock solutions were
stirred for 24 hours, and then used to prepare solutions with alkanol concentrations ranging from
40 ng/liter to 1000 ng/liter, depending on the validity of Henry’s constant region for the alkanol,

and salt concentrations ranging from 0 to 1.5 mol/kg. Precise alkanol concentrations are not
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required in the method of Chai and Zhu [1] since the dimensionless Henry’s constant is
determined from the ratio of two areas obtained from chromatographic analysis of the headspace

in two vids.

The two vials contained 10 mL or 50-100 nL of the solution. 10 mL of the dilute solution
was pipetted into the first via in order to maintain minimum headspace volume as suggested by
the manufacturer. 50 L of the methanol or ethanol solution was added to the second via using a
microsyringe. In the case of the other alkanols, 100 mL_ of the solution was added to the second
vial. In order to minimize errors, three sets of vials were prepared containing dightly different
concentrations of alkanol. Special care was taken during the transfer of liquid into the glass vidls,
and the vials were sealed immediately after addition of the solution. Thus, for each measurement
of Henry’s constant, atotal of eighteen samples were analyzed at constant temperature (three
samples” two different liquid volumes ~ three concentrations). The samples were used to verify
that alinear response of the GC detector would be obtained over alarger concentration range

than used in the actual experiments.

3.2 Measurementsin Aqueous n-Alkanol Solutions

3.2.1 Henry’s Constants

Henry’s constants of methanol and ethanol in water were measured at 40, 50, 60, and
70°C, which are below the normal boiling temperatures of these alkanols. In the case of the
remaining alkanols, data were obtained at 40, 50, 60, 70, 80, and 90°C. The data are plotted in
Figs. 3.2 and 3.3. Using an analysis similar to that performed by Chai and Zhu [1] we estimate

the error in the measurements of Henry’ s constants to be less than +10%.

Most of the literature data on Henry’ s constants of alkanols in water have been reported
at temperatures close to 25°C and therefore cannot be compared directly with our measurements.

However, comparisons of extrapolated data with literature values are discussed below.
Our data were correlated using the van't Hoff equation:

In(H) = a—b/T (32



The results of the regression for the n-alkanols are given in Table 3.1. Ingenera, aand b
increase as the carbon number increases. Henry’ s constants of alkanols in water at 25°C were
calculated using Eq. (3.2) and are compared with literature datain Table 3.11. The agreement
between calculated and literature values (2-4%) is excellent, except in the case of hexanol. Even
here, however, the agreement is probably within experimenta error. The experimental data were
also compared with Henry’ s constants cal culated using group contribution [2], bond contribution
[2], and QSAR [3] methods. These comparisons are also shown in Table 3.11. The QSAR method
predicted the data better than the other methods.

A multiple linear regression analysis was performed on the data in order to correlate the
natural logarithm of Henry’s constants with temperature and carbon number. The following

relationship was obtai ned:
IN(H)=c—d/T+ e*Cn (3.3

where Cn represents the number of carbon atoms in the alkanol, and ¢ = 11.512, d = 6164,
e=0.329 and R? = 0.985. The maximum deviation between calculated and experimental values

was found to be 0.28 and the average deviation was £ 0.09.

3.2.2 Infinite Dilution Activity Coefficients

In order to further check the consistency of the experimenta data, Henry’ s constants were
converted to infinite dilution activity coefficients using Eq. (3.1). The natural logarithm of
infinite dilution activity coefficient versus the inverse temperature is plotted in Figs. 3.4-3.7.
Literature values from a review paper [4] are a'so shown aong with the values calculated using
the UNIFAC and ASOG methods. A linear fit to these data will yield partial molar excess
enthalpy at infinite dilution, according to the following relation:

lding| _h*

MQN)M_IR (34

The partial molar excess enthalpy at infinite dilution obtained from the slopes of the lines

can also be compared with the values obtained by calorimetric measurements.
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In the case of methanol, results of this study are in good agreement with the literature,
especially with results obtained using a differential static cell [5]. Moreover, the measurements
of dilute mixture VLE data by Christensen [6] using a recirculating still are in good agreement
with the results of this study. On the other hand, values reported by Bergmann and Eckert [7]
using differential ebulliometry appear to be too low and those reported by Pecsar and Martin [8]
using gas liquid chromatography show atrend that is opposite to the expected trend based on
calorimetric measurements. The empirical correlation developed by Pierotti et a. [9] and the
UNIFAC and ASOG methods seem to underpredict the data.

In the case of ethanoal, the results of this study are aso in good agreement with literature
values, especially with those obtained by differential ebulliometry [10] and by gas stripping
methods [11, 12]. One interesting feature of all literature values is that data obtained by different
methods show good agreement at approximately 60°C, but not at other temperatures. The Pierotti
et al. [9] correlation underpredicts infinite dilution activity coefficients, whereas the Pecsar and
Martin [8] data show atrend that is opposite to that expected.

Few literature data are available for comparison in the case of propanol (Fig. 3.6). At
high temperature, the gas stripping methods [11, 13] yield results that are of the same order of
magnitude. However, the slope is very different. The Pecsar and Martin [8] data again show an
increase in magnitude of g¥ values with decrease in the temperature that is opposite to that
expected. The Pierotti et a. [9] correlation and the UNIFAC and ASOG methods predict values

that are lower than experimental values.

Butanol results are presented in Fig 3.7. Results obtained by differential ebulliometry
[14] and the UNIFAC method show a positive slope on plotting In (g¥) versus T-1. Thisis
opposite to that expected based on partial molar excess enthalpy at infinite dilution obtained
from calorimetric measurements [15, 16]. Results from the present study appear to be high
compared with literature values and the values predicted by the UNIFAC method.

Table 3.111 lists the partial molar excess enthalpies at infinite dilution obtained from the
dopes of the linear plots together with literature values. The partial molar excess enthal pies of

methanol and ethanol obtained in this work compare well with calorimetric measurements. For
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propanol and butanol, results from this study are lower by a factor of three. No literature values

are available for comparison in the case of pentanol and hexanol.

3.3 Measurements and Prediction of Henry’s Constants of Methanal in
Aqueous Solutions Containing Salts

In this study, we report new data for partition coefficients of methanol in agueous solutions
containing sodium carbonate and sodium sulfate. The data show a linear dependence of partition
coefficients of methanol with salt concentration. This linear dependence extends also to black
liguor solutions from pulp and paper mills. Furthermore, the datacan be extrapolated in
temperature and salt concentration using an extension of the relationship proposed by Harvey

[17].
From Eqg. (3.3), the Henry’ s constant of agueous methanol solution can be expressed as

In( H) = 8.969- @ (35)

The average deviation for this correlation is about 0.3% with an R value of 0.9981. We estimate
the experimental error to be + 10%. Data for methanol in agqueous NaCOs and agueous NaSO4
solutions at temperatures between 40-65[1C were measured in thiswork and are presented in
Table 3.1V. Figures 3.8 and 3.9 show these data in the form of In(H) plotted vs. UT. A salting-
out behavior of methanal is observed with the addition of either salt. At afixed temperature,
Henry’ s constants of methanol in these salt solutions were found to vary linearly with the mass
concentration of the salt. Thisis shown in Figure 3.10, where the data for both saltsfall on a
single straight line, within experimental error. Thus, the anion apparently plays no role in the
salting-out behavior of methanol. This relationship can aso be used to predict partitioning in
black liquor solutions, as shown by the datafrom Zhu et al. [18] aso plotted in Figure 3.10.
Apparently, the partitioning of methanol in black liquor can be estimated from knowledge of the

total sodium salt concentration of the black liquor.

The relationship shown in Figure 3.10 applies at a particular temperature (or, in other
words, different lines are obtained at different temperatures). The data, however, can be
generalized using a relationship reported by Harvey [17]. This relationship was based on an
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expansion of the Helmholtz energy about the critical point of the solvent [19] and was of the

form:

aH. 0
Tlngf—f‘i: A+B(r-rf) (3.6)
i@
where fj is the fugacity of the solvent and r and r  are its saturated density and critical density,
respectively. The constants A and B in this equation can be obtained by fitting, but they are aso
meaningful thermodynamic quantities [17]. From a practical point of view, however, Eq. (3.6)
has sveral disadvantages. First, it is an asymptotic relationship valid near the critical point of the
solvent. Second, the fugacity and density of the solvent are rarely available in practice. Harvey
[17] overcame these limitations by replacing the fugacity with the vapor pressure, replacing the
density behavior with a scaling relationship in terms of temperature, and adding an empirical
term to account for the temperature dependence away from the critical point. The resulting

equation is given by:

1_ Tr 0.355 1_ -I-r
‘( T) +Ce>(p(_|_ 0.41) ( 1'7)

r

In(H) = In(p}) + 2+ B

An important advantage of Eq. (3.7) isthat it allows the extrapolation of low-temperature data to
high temperatures, since it is constrained to yield the correct asymptotic behavior as the critical

point of the solvent is approached.

We have developed an extension of this correlation to include a dependence on salt

concentration as follows:

A  B(L- T )% 1-T,
T—+%+C>@(p(w) + D XX (3.8

r r r

In(H) = In( pg) +

where asingle value of parameter D is used for all salt concentrations. Our results for sodium
salts (Figure 3.10) aso indicate that the parameter D is likely to be the same for sats with a
common cation. Equation (3.8) therefore represents an extremely powerful model for
extrapolating Henry’ s constant data both in temperature and salt concentration (for salts with a

common cation).
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We have tested Eqg. (3.8) using data for benzene-water compiled by Tsonopolous and
Wilson [20]. The constants A, B, and C were determined from this data and used to correlate
Henry’ s constants of benzene in seawater at various salt concentrations. Figures 3.11 and 3.12
show these results. It is quite remarkable that one additional parameter (D) is able to correlate

Henry’s constant data in salt solutions over an extended range of temperatures [21].

These calculations were repeated for the systems studied in the present work.
Parameters A, B, and C were again determined from binary solution data (without salt), and
parameter D was determined from data at a single salt concentration. Once again, the agreement

with measurement is excellent as shown in Fig. 3.13.

3.4 Measurements and Prediction of Henry’s Constants of M ethanol in Black
Liquor

3.4.1 Effect of Temperature

Twenty-two black liquor samples were collected from both kraft mills and our laboratory
pulping processes of various wood species. Because the operating process temperature of weak
black liquor in kraft mills varies significantly, we measured the Henry’ s constants of the 22 black
liquors in atemperature range of 50 to 80°C. Our measurements indicate that the Henry’s
constant of methanol in all black liquors follows the van’'t Hoff relationship with temperature as
shown by Eq. (3.2). Table 3.V liststhe linear regression results along with the correlation
coefficients for the liquors tested. Only the results from 4 black liquor samples are shown in Fig.
3.14.

For comparison, we have also plotted Henry’ s constants of methanol in water in Fig.
3.14. Theresultsaslisted in Table 3.V show that the slopes for the 22 black liquor samples were
very close to the slope of the aqueous methanol solution. The relative standard deviations of the
slopes for black liquors (22 data sets) and all the samples (23 data sets including water- methanol
mixture) were 6.4 and 6.9%, respectively. Also, the slopes of all the black liquor samples were
dightly smaller than that of the agueous methanol solution, indicating that the partial molar
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excess enthalpy of methanol in black liquor (a multicomponent system) is only dlightly smaller

than that in water (a two-component system).

Figure 3.14 indicates that there are significant variations in measured methanol Henry’s
constants among various black liquors. The variations in the compositions of the black liquors
due to inorganic and organic solids content, pH, and the presence of other species are a possible

cause of these differences.

3.4.2 Effect of Lignin

Black liquor contains significant amounts of dissolved organic materials such as lignin.
To understand the effect of lignin on Henry’ s constants of methanol, we measured methanol
Henry’s constants in several model solutions containing water, methanol, and sulfonated lignin.
We found that the methanol Henry’s constant is not affected by the presence of sulfonated lignin.
Figure 3.15 shows the normalized Henry’ s constants of methanol measured in such solutions at
two temperatures, 343 and 353 K, and various sulfonated lignin concentrations. Similar
experiments were also conducted using mixed-wood lignin in a dightly caustic solution (mixed-
wood lignin can only be dissolved in caustic solutions) yielded from kraft pulping of softwood to
linerboard-grade pulps (Westvaco Corp., SC). It was found that Henry’ s constant of methanol is
only aweak function (increases with the increase) of mixed-wood lignin mass concentration
ranging from O to 13%.

3.4.3 Effect of pH

We took a similar approach to study the effect of pH on the Henry’ s constant of methanol
in black liquors. Black liquor is a caustic solution with a nominal pH value of about 13.
Different amounts of sodium hydroxide were added to methanol- water solutions. Henry’'s
constants in these solutions were measured. As shown in Fig. 3.16, our results indicate that the
Henry’s constant of methanol is proportional to the hydroxide concentration to the power of 0.2,
which means that the effect of pH is not significant. It should be noted that the sodium ion
concentration aso contributes to the variations shown in Fig. 3.16. The effect of ionic strength,
or more specifically, sodium salt concentration, on methanol Henry s constant is discussed in the
next section.
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3.4.4 Effect of Inorganic Salt

Black liquor contains significant amounts of inorganic solids. These inorganic solids are
mainly sodium carbonate (NaCO3) and sodium sulfate (N&SO4) plus minimal amounts of
sodium thiosulfate (N& S;0s), sodium chloride (NaCl), and potassium salts. To understand the
effect of inorganic solids on methanol Henry’s constant, we measured the Henry’ s constant in
water-methanol solutions containing N&COs , N&SO4, Na $03, and NaCl, respectively. We
found that the logarithm of Henry’s constant of methanol increases linearly with the sodium salt
mass concentration at a given temperature but not dependent on the type of salt, as shown in Fig.
3.17. The measured Henry’s constants of methanol in actua black liquors are also shown in Fig.
3.17. Thetotal mass concentrations of the inorganic materials (more than 95% are sodium salts)
in the 22 black liquor samples studied were obtained by subtracting the lignin content (organic
solids measured by UV absorption) from the measured total solids content. We used the
following equation to express this relation [22]:

IN(H)=cxS,,+d (3.9
where Syt is the total sodium salt mass concentration of the liquor.

3.4.5 Effects of dimethylsulfide, dimethyldisulfide, methyl ethyl ketone, a-pinene, b-
pinene, fatty acids, resin acids

Many other chemical species, such as dimethylsulfide (DMS), dimethyldisulfide
(DMDS), methyl ethyl ketone (MEK), a-pinene, b-pinene, fatty acids, and resin acids present in
weak black liquors can affect the methanol Henry’ s constant. To determine the effect of these
compounds, we prepared methanol-water solutions, each containing one of these compounds, to
study their individual effects on Henry’ s constant of methanol. The results indicate that the
effect of these compounds on methanol Henry’s constant is insignificant at the concentration
levels present in weak black liquor. Figures 3.18-3.21 show the effects of a-pinene, DMS,
MEK, and DMDS.
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3.4.6 Empirical Correlation

The results presented in this work show that temperature and inorganic solids (salts)
content are the two main variables that affect Henry’ s constants of methanol in black liquors.
The effects of pH, lignin concentration, and other organic compounds are not significant and can
be neglected. Because the ratio of the inorganic to organic solids (wood lignin) in black liquors
does not vary significantly and the total solids content can be easily determined with very good
accuracy, the total solids content S can be used to account for the effect of inorganic salts on
Henry’s constant of methanol. Furthermore, the dlight effect of wood lignin on methanol
Henry’ s constant can be accounted for by using the total solids content. To demonstrate the
validity of this assumption, we plotted the measured methanol Henry’ s constants in the 22 black
liquors against the total solids content. As shown in Fig. 3.22, we found that the logarithm of
Henry's constart of methanal is linearly related to total solids content at four different
temperatures tested, indicating that the minor effect of wood lignin on methanol Henry’s
constant is well accounted for by using the total solids content. The scatter in the data can be
attributed to experimental errors, the effects of minor variables such as pH, the presence of other
components, and the small variations of inorganic/organic ratio from liquor to liquor. Thisis
demonstrated by the fact that the measured Henry’ s constants of methanol in a given black liquor
sample at the 4 temperatures (50, 60, 70, and 80°C) are very consistent; i.e., all the measured

data points are either lower or higher than the expected (regression) value.

The experimental data can be correlated using the following expression, based on the
work of Stumm and Morgan [23] and Schwarzenbach et al. [22]:

In(H):-$+B><S+C (3.108)

or H= méexp( - ?A+ BxS) (3.10b)

u
& H
with m = 3.77X10%, A = 5620, B= 1.63, and H in Pa. Figure 3.23 plots the direct comparison of

the methanol Henry's constants of 22 black liquors measured at 4 temperatures with those
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predicted using Eqg. (3.10). We found that the mode-predicted methanol Henry’s constants agree

very well with those measured experimentally.
3.4.7 Measurement Uncertainty

Although black liquor can be treated as an agueous solution, the distribution of various
dissolved solids in the liquor can be inhomogeneous, which makes it difficult to obtain uniform
and representative samples during experiments. Therefore, liquor sampling can contribute to
measurement uncertainty. Sampling of the liquid phase and the vapor phase can aso contribute
to measurement uncertainty. We conducted 11 replicate measurements (repeatability test) using
black liquor collected from a kraft mill to estimate the actual measurement uncertainty. We
found that the maximum error of the 11 individual measurements relative to the average value of
the 11 measurements was 15%. However, the relative standard deviation of the 11
measurements was 8.8%. We conducted triplicate experiments and averaged the results;
therefore, the actua measurement uncertainty of the data presented in this study is less than the

relative standard deviation of the single measurement of 8.8%.

3.5 Conclusions

Dimensionless Henry’ s constants of n-alkanols, methanol through hexanol, in water were
measured between 40°C and 90°C using a headspace gas chromatographic technique recently
developed by Chal and Zhu [1]. The data were consistent and in good agreement with literature
data when available. The temperature dependence of dimensionless Henry’s constants was
modeled with the classical van't Hoff equation. An empirical correlation was established for the
dimensionless Henry’ s constants of n-alkanols in water as a function of temperature and number

of carbon atoms in the n-alkanol.

Henry’s constants were also converted to infinite dilution activity coefficients and
compared with literature data. In addition, partial molar excess enthalpies at infinite dilution for
n-alkanols in water were obtained and found to be in agreement with the negative partial molar
excess enthalpies at infinite dilution from calorimetric measurements. Infinite dilution activity

coefficients were also in good agreement with other experimental values. The UNIFAC and



ASOG models generally underpredicted infinite dilution activity coefficients of alkanols with

three or more carbon atoms.

Henry’ s constants for methanol in water, water + salt, and black liquor solutions have
been measured and their consistency verified. At afixed temperature, Henry’ s constants of
methanol in agueous salt solutions vary linearly with salt mass concentration. This relationship

can be used to predict partitioning in black liquor solutions.

Henry’ s constant data can also be correlated over an extended temperature range based
on the model of Harvey. An extension of this model to salt solutions has been presented in this
work. The extended model requires one additional parameter for solutions containing salts with a

common cation and can be used to extrapolate data over a wide range of temperatures.

Henry’s constant of methanol in weak black liquor can be correlated using two
parameters, temperature and inorganic solid contents. The effect of other variables, such as pH,
lignin content, and the presence of other organic materials, isinsignificant. A two-parameter
empirical model can be used for the prediction of methanol Henry’s constants in weak black

liquors.
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Table 3.1. Parameters of the van't Hoff equation for n-akanols in water

n-Alkanols a b R®

M ethanol 8.969 5206.8 0.9981

Ethanol 10.173 5531.6 0.9979

Propanol 11.830 5923.2 0.9959

Butanol 12.141 5892.0 0.9982

Pentanol 14.233 6559.6 0.9967

Hexanol 11.705 5538.7 0.9982

Table 3.1l. Comparison of log(H*) at 25°C
Methanol | Ethanol Propanol | Butanol Pentanol | Hexanol

This Work -3.69 3.64 -3.49 -331 -331 -2.98
Exp. Data: Hine & -3.72 -3.59 -3.56 -3.46 -3.46 -3.20
Mookerjee (1975)
Exp. Data: Abraham -3.74 -3.67 -3.56 -3.46 -3.46 -3.23
(1987)
Exp. Data: Li & Carr -3.74 -3.66 -3.54 -3.45 -3.45 -3.20
(1993)
Group Contribution: -3.83 -3.70 -3.55 -341 -341 -3.12
Hine & Mookerjee
(1975)
Bond Contribution: -3.89 -3.72 -3.54 -3.37 -3.37 -3.02
Hine & Mookerjee
(1975)
QSAR: Nirmala- -3.65 -3.59 -3.49 -3.39 -3.39 -3.19
Khandan & Speece
(1988)
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Table 3.111. Partial molar excess enthalpy at infinite dilution for n-alkanols

Unitin Jmol Methanol | Ethanol | Propanol | Butanol | Pentanol | Hexanal
This Work -7,916 -9,069 -3,419 -2,217 -1,756 7,344
Calorimetric Values -7,000 -10,020 -9,900 -8,740
Trampe and Eckert,

1991

Caorimetric Vaues -7,050 -9,750 -9,810 -9,315
Korolev et a., 1985

From ¢* data -5,100 -2,750

Pividal et a., 1992

From ¢g* data -4,000

Bergmann, 1990

Table 3. 1V. Dimensionless methanol Henry’ s constants, H*, in aqueous salt solutions
measured in this research

Conczﬂaitrati on 40°C 50°C 60°C 70°C
(mol/kg)
H20 0 0.000476 |  0.000769 0.00132 0.00161
NaCO3 05 0.000553|  0.000867 0.00146 0.00193
1.0 0.000611 0.00101 0.00166 0.00197
15 0.000747 0.00119 0.00182 0.00227
NapSO,4 0.4 0.000537 |  0.000921 0.00153 0.00187
0.8 0.000656 0.00121 0.00209 0.00309
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Table 3.V. A list of fitting parameters of Eq. (3.1) for a water- methanol mixture
and black liquors.

Sample a b Correlation
Coefficient
Water-Methanol -5878|  22.766 0.9992
Mill ALRS -5337| 21.708 0.9996
Mill ALRH -5164 | 21.024 0.9981
Mill UCSS -5092 |  20.729 0.9996
Mill WVCS -5179| 20.835 0.9999
Mill WV CH -5525|  22.118 0.9980
Mill GPLS -5119| 20.988 0.9947
Mill GPMS -5553 |  22.187 0.9983
Mill GPMV -5734| 22.648 0.9996
Mill UCS2 -5325|  21.233 0.9997
Lab Pine73A -5101| 20.623 0.9999
Lab Pine74A -4930|  20.305 0.9991
Lab Pine75A -4793| 19.723 0.9991
Lab Pine76A -5120| 20.857 0.9996
Lab Aspen121 -5452 | 21.825 0.9997
Lab Bass122 -5767 | 22.733 0.9996
Lab Birch123 -4907 | 20.281 0.9976
Lab Oak125 -4305|  18.366 0.9947
Lab Maple127 -5010| 20.527 0.9996
Lab Douglas-fir102 -5175|  20.903 0.9995
Lab Sprucel03 -5128|  20.787 0.9997
Lab Western Hemlock138 -4872|  19.947 0.9998
L ab Sweetgum137 -4912 |  20.124 0.9996
Mean -5190 21.01 0.9989
RSD 6.9% 5.0% 0.15%
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CHAPTER 4: VOC FORMATION IN KRAFT PULPING

As we discussed previously, methanol has been identified as the major alcohol in pulp
mill process streams [1-4]. Methanol is soluble in water and can increase the biochemical
oxygen demand (BOD) [5]. Furthermore, it can also be released into the atmosphere at the
process temperatures of kraft mill streams. Methanol is primarily produced through the pulping
process in digesters. Its formation during pulping depends on the pulping time, temperature,
hydroxide concentration or alkalinity, and wood species [5]. Two different mechanisms of
methanol formation in pulping processes are generally accepted [6-8]: the rapid alkali-catalyzed
elimination of methanol from the 4-O-methylglucuronic acid residues in hemicellulose [6] to
form hexenuronic acid groups and methanol, and the demethylation of lignin[7, 8]. However,
the amount of demethylated methoxyl groups in lignin in an alkaline pulping process is small
according to Sarkanen et a. [8]. Therefore, it is reasonable to assume that a substantial amount
of methanol is formed through the demethylation of xylan [6, 8]. Because most of the methoxyl
groups in lignin have not been demethylated during pulping [8], they can be hydrolyzed to form
methanol in the downstream processes, such as bleaching and chemical recovery, whenever a set

of favorable reaction conditions exists.

In this part of the study, we validated methanol formation through alkali-catalyzed
elimination of methanol from hemicellulose during wood pulping by measuring the hexenuronic
acid groups in pulps and methanol in the pulping spent liquors. The study also investigated the
effect of four pulping processes, i.e., soda, kraft, polysulfide kraft, and multistage kraft, and
pulping conditions, i.e., different alkali charges, sulfidities, and catalyst anthraquinone (AQ), on
methanol formation. The effects of kappa number and wood species (both hardwood and
softwood) on methanol formation were also studied. The results indicated that the alkali-
catalyzed reactions of xylan contribute to about 40% of the total methanol formation in kraft
pulping of southern pine to bleachable grade. For a given active alkali (AA) charge and kappa
number, soda pulping produced more methanol than kraft and polysulfide kraft pulping
processes did; furthermore, both the increase in sulfidity and the addition of catalyst AQ reduced

methanol formation.

106



4.1 Experimental

4.1.1 Pulping

Three sets of pulping experiments were conducted. The first two sets of experiments
were conducted at the Institute of Paper Science and Technology. The third set was conducted at
the North Carolina State University (NCSU).

The first set of pulping experiments was conducted using eight rotating bomb digesters to
study the effect of kappa number and wood species on methanol formation in pulping. The
volume of each bomb digester was 500 mL. Fifty grams of oven-dry wood chips of four
softwoods (Douglas-fir, white spruce, western hemlock, and loblolly pine) and six hardwoods
(aspen, bass, birch, maple, oak, and sweetgum) were used in each cook. For the pulping of
southern pine, the cooking liquor-to-wood-chip ratio was 4.0 L/kg. Conventional kraft, soda,
polysulfide kraft, and multistage kraft pulping processes to simulate RDH processes were
conducted. The active akali charge AA (as NaO) was maintained at 18% on wood for all the
pulping processes except the multistage pulping. Three sulfidities of S=10, 20, and 30% and four
AQ concentrations of 0, 0.025, 0.05, and 0.1% on wood were used in kraft pulping. A
polysulfide concentration of 1.5% on wood and a sulfidity of S=18% were used in polysulfide
kraft pulping. The multistage pulping processes were designed as follows: Stage 1 used black
liquor with AA=9 g/L (as N&O) and N&S=12 g/L and lasted 20 minutes when pulping
temperature was raised from 100 to 130°C, Stage 2 used black liquor with AA=15 g/L and
Na,S=12 g/L and lasted 20 minutes when pulping temperature was raised from 130 to 160°C,
and Stage 3 used white liquor with AA=18% and sulfidity S=30% and lasted to the end of the
cook and varied for different cooks. Therefore, some of the cookings may only have
experienced Stage 1 or 2, depending on the total cooking time used to achieve the desired kappa
number. For the pulping of the rest of the wood species, the pulping liquor-to-wood ratio was
3.7, sulfidity was 31%, and the active alkali charge was 17% for softwoods and 16% for all
hardwoods. For each set of pulping conditions selected, cooking temperature was first linearly
ramped from a room temperature of 23°C to 170°C in 70 minutes or at arate of 2.1°C per minute,
then maintained at 170°C to continue delignification. The pulping processesin different
digesters were terminated at different pulping times to obtain the rates of formation of methanol

and hexenuronic acid. By this approach, the effect of kappa number on methanol formation was
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obtained. The pulp kappa numbers were measured using the standard TAPPI Test Method (T236
cm-85) [9].

The second set of experimentswas conducted in alaboratory batch digester (ME&K) to
mainly study the time-dependent formation characteristics of various VOCSs in conventional
pulping processes. The load of each batch cooking was 800 grams of oven-dried (0.d.) chips.
Both southern pine (softwood) and birch (hardwood) were used. Southern pine and birch were
pulped separately by both kraft and soda processes, with and without a catalyst, anthraquinone
(AQ). The EA charge was 18% and sulfidity was 25% for kraft pulping. After the addition of
the chips and cooking liquor, the temperature of the digester was raised from room temperature
to 100°C in 20 minutes. Then it was brought to 170°C in an hour, and maintained at 170°C for
two hours. After the completion of the cooking, the digester was cooled to room temperature by
draining the black liquor. The pulp was thoroughly washed before the handsheets were made for
kappa number and viscosity analysis. During each cooking process, a small amount (15 mL) of
cooking liquor was collected at about 15-20 minute intervals after the temperature reached
100°C.

The third set of experiments was conducted at NCSU to study the effect of alkali charge,
sulfidity, and cooking temperature on methanol formation. Three hundred grams of wood chips
at a liquor-to-wood ratio of 4:1 were pulped in 3-liter reactors in arotating autoclave. At the end
of a cook, each reactor was cooled in an ice bath to ensure condensation of the volatiles before
opening the reactor. The black liquor was stored in sealed vials and kept in arefrigerator until
tested for methanol content. The yield and kappa number were determined for the pulp by
TAPPI standard methods.

4.1.2 Analyses of Methanol and Hexenuronic Acid Groups (HexA)

The analytical method [3] described in Chapter 1 of this report was used for methanol
analysisin black liquor in the first sets of experiments. The EPA Method 1624 using a 5890 Gas
Chromatograph with purge and trap capability was employed at NCSU for methanol analysisin
weak black liquor. The GC capillary column was an HP-INNOwax (crosslinked polyethylene
glycol) and the trap column was a VOCARB 3000 (CarbopackB/Carboxen 1000 and 1001). A
5-mL black liquor sample size was used with a cyclopentanol internal standard. One drop of
defoamer was added to reduce foaming of the black liquor during the purge and trap procedure.
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The UV-spectrophotometric HexA analysis method that we developed [10] uses alow
absorptive mercuric chloride hydrolysis agent together with a spectral compensation technique to
directly and rapidly (each measurement only takes 30 minutes) determine HexA concentration in
chemical pulps obtained in the second set of pulping experiments. In this method, 22 mM
(0.6%) mercuric chloride and 0.7% sodium acetate, of analytical grade from commercial sources,
are used to make a hydrolysis solution. Then approximately 0.05 gram of air-dried pulp
handsheet with a known moisture content is accurately weighed and put into a 20-mL via with
10 mL of hydrolysis solution. The mixture is seeled in the vial by a septum. To obtain good
mixing of the pulp with the hydrolysis solution, we shake the vial and then heat the mixture for
30 minutes in awater bath with atemperature range of 60-70°C. After the solution is cooled to
room temperature, UV absorption measurements of the filtered solution are conducted in a 10-
mm path length silica cell using a commercial spectrophotometer (UV-8453, Hewlett- Packard,

now Agilent Technologies) at a wavelength range of 260 to 290 nm.

4.2 Reaultsand Discussion

4.2.1 The First Set of Experiments
4.2.1.1 Under standing M ethanol Formation During Pulping

Figure 4.1 shows the time-dependent methanol and pulp kappa data of three replicate
experiments of conventional kraft pulping of southern pine obtained inthe second set of
experiments. The methanol data are presented as kilogram per metric ton of oven-dry pulp based
on measured pulp yields and methanol concentrations in the pulping spent liquors. The time-
dependent methanol data show similar characteristics to those obtained in the first set of
experiments [11] using a different batch digester (ME&K), i.e., methanol formation is slow
initially due to low cooking temperature, then increases rapidly as the temperature reaches
170°C, and finally levels out. A certain amount of methanol was formed instantly at the
beginning of the pulping process. Although these three sets of experiments were conducted in a
six-month period, the results show remarkable repeatability. We measured the amount of HexA
in the pulp samples obtained in the kraft conventional pulping processes of southern pine with
sulfidity S=30% and active akali charge AA=18% to validate the mechanism of methanol
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formation through rapid alkali-catalyzed elimination of methanol from 4-O-methylglucuronic
acid residues in hemicellulose [6]. According to the akali-catalyzed methanol formation
reaction of 4-O-methylglucuronic acid residues [6], the production of one mole of HexA will be
accompanied by the formation of one mole of methanol. Figure 4.2 shows the correlation of the
measured methanol in the pulping spent liquors and the measured HUA in the corresponding
pulps. Because the methanol formation is not linearly dependent on cooking time, as shown in
Fig. 4.1, the pulping temperature is not a linear function of methanol formation in Fig. 4.2. The
data indicate that the amounts of methanol measured in the pulping spent liquors are linearly
proportional to the amounts of HexA found in the pulps up to a methanol level of 53 mol/oven
dried ton (ODT)-wood or 1.66 kg/ODT-wood (R°=0.9938) when the pul ping temperature
reaches 160°C. Furthermore, the slope of the linear relationship is close to unity (0.90, to be
exact, from least-squares fitting of the first three data points, corresponding to pulping time of 65
minutes and temperature 160°C.) Therefore, the amount of HexA dissolution and the amount of
methanol formation from lignin demethylation in the pulping liquor are negligible. This validates
the 1:1 relationship of the amounts of methanol and HUA formed through the xylan degradation
reaction. The dightly lower-thanunity (10%) slope of the linear relationship is perhaps due to
the fact that some of the HexA formed associated with methanol formation is no longer with the
pulp and is dissolved into the pulping spent liquors. It is noticed that the methanol-HexA linear
line does not pass through the origin of the coordinate with a positive methanol intercept of 32
mol/ODT-wood (or 1.0 kg/ODT-wood) when HexA (measured) = 0. This is perhaps due to the
fact that some of methanol was released instantly at the beginning of cooking by the degradation
reactions. We conducted cooking of southern pine wood chips using pure water heated up to
170°C to verify this argument. From the measurements in the final cooking solution, about 28
mol/ODT-wood (or 0.875 kg/ODT-wood, very close to the intercept of 1.0 kg/ODT-wood shown
in Fig.4.2) of methanol was obtained.

From the experimentally obtained unity slope of the methanol and HexA relationship, we
can conclude that except for the methanol that is released instantly at the beginning of the
pulping process, the elimination of methanol from xylan is the only methanol formation
mechanism during the initial pulping process and lignin demethylation does not contribute to
methanol formation below pul ping temperature 160°C (corresponding to a kappa number of
140). Figure 4.2 aso shows that the methanol-HexA data deviate from the linear relationship as
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delignification continues after pulping temperature reaches 160°C. However, this deviation is
not significant until the kappa number reaches about 120, indicating that lignin demethylation
may start to contribute to methanol formation.  With the completion of the methanol elimination
reaction from xylan and further HexA dissolution into the solution, the HexA content measured
in pulp decreases as pulping continues. One can extrapol ate the maximum measurable amount
of HexA content in wood (about 46 mol/ODT-wood) from the data presented in Fig. 4.2. Based
on the extrapolation, the contribution of methanol elimination from the xylan to methanol
formation can be estimated to be about 51 (=83-32, calculated from the least-square fitted
equation shown in Fig. 2) mol/ODT-wood (or 1.59 kg/ODT-wood). The remaining 42 (=125-
51-32, the total formation is 125) mol/ODT-wood (or 1.31 kg/ODT-wood) is the contribution
from lignin demethylation. Based on this calculation, we can conclude that for bleachable- grade
pulping of southern pine, methanol formation from xylan is the major factor contributing to
methanol formation in pulping processes, accounting for about 40% of the total methanol formed
(as measured from the final cooking spent liquor). Lignin demethylation accounts for about
35%.

4.2.1.2 Effect of Sulfidity

Figure 4.3 shows the effect of sulfidity on methanol formation during kraft pulping of
southern pine. The results plotted as methanol versus pulp kappa numbers clearly show that
increasing sulfidity reduces methanol formation at a given pulp kappa number. There are two
factors that might explain this phenomenon. A longer cooking timeisrequired in a lower-
sulfidity pulping process to achieve the same kappa number than that required in a higher-
sulfidity pulping process, alonger cooking time will increase methanol formation. Secondly, a
lower sulfidity means a higher effective alkali concentration in the pulping liquor because the
active alkali was maintained at 18% for all the pulping processes; an increase in effective akali
(or HO™ concentration) leads to an increase in methanol formation. The HexA data obtained in
our previous study [12] of akaline pulping of southern pine (not presented in the present paper)
indicate that the amount of HexA in pulp decreased with the increase of sulfidity at the same
kappa number, which verifies the second argument. More results on effect of sulfidity on

methanol formation were obtained in the third set of experiments, presented later in this chapter.
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4.2.1.3 Effect of Catalyst Anthraquinone (AQ)

Figure 4.4 shows the effect of AQ addition on methanol formation in conventional kraft
pulping. Although the data show some scattering, the results clearly indicate that AQ can reduce
methanol formation. This reduction is not very significant at a low-dosage application (a single
curve was drawn for the two data sets of no AQ and 0.025% AQ addition in Fig. 4.4). However,
at a high-dosage application, i.e., 0.1%, the reduction of methanol formation is very significant.
This phenomenon can be explained by the accelerated delignification due to the catalyst AQ,
which reduces the cooking time to achieve the same kappa number. A dosage of 0.1% AQ may
not be permitted in many mills; however, the results indicate that AQ can be used in mills not

only to facilitate delignification but also to reduce methanol formation.
4.2.1.4 Effect of Pulping Processes

Figure 4.5 shows the effect of pulping processes on methanol formation as a function of
pulp kappa number. Data with a kappa number greater than 130 were excluded in Fig. 4.5. The
data clearly show the difference in methanol formation among various pulping processes. Soda
cooking produces much more methanol than kraft cooking at a given kappa number. There are
two factors that contribute to the higher methanol formation in soda pulping. Firstly, the
delignification rate is lower in soda pulping than in kraft pulping. A longer pulping timeis
required to achieve the same kappa number in soda pul ping than that required in kraft pul ping.
Secondly, the effective alkali is higher in soda pul ping than in kraft pul ping because the active
alkali was maintained at 18% for both the soda and kraft pulping processes; an increase in

effective alkali (or HO™ concentration) results in more methanol formation.

The resultsin Fig. 4.5 also show that polysulfide kraft pul ping processes consistently
produce less methanol than conventional kraft pulping processes. Polysulfide can reduce the
degradation of hemicellulose through the peeling-off reactions of oxidation of end groups to
carbolic acid groups to reduce methanol formation. The methanol formation in RDH pulping
processes is slightly less than that in kraft pulping. This may be explained by the lower effective
alkali used in the first and second stages in an RDH pulping process.
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4.2.1.5 Effect of Wood Species

Conventional kraft pulping experiments of various wood species were carried out to
investigate the effect of wood species on methanol formation as shown in Figs. 4.6 and 4.7. The
data are averaged over 2-5 replicate experiments. The specific number of replicate experiments
varies with wood species. Figure 4.6 shows the results obtained from the pulping of softwoods.
Four softwoods of Douglas-fir, white spruce, western hemlock, and southern pine were used.
Both bleachable (kappa number around 30) and linerboard (kappa humber around 60) pulps were
produced. Figure 4.6 shows that western hemlock and southern pine produce the least (7.3
kg/ODT pulp) and most (9.3 kg/ODT pulp) amounts of methanol in bleachable-grade pul ping of
softwoods, respectively. Figure 6 also shows that Douglas-fir and southern pine produce the
least (5.6 kg/ODT pulp) and most (7.3 kg/ODT pulp) amounts of methanol in linerboard-grade
pulping, respectively. Furthermore, the difference in methanol formation between bleachable
and linerboard pulping processes is the smallest (1.3 kg/ODT pulp) for western hemlock and
largest (2.7 kg/ODT pulp) for Douglas-fir.

Figure 4.7 shows the methanol formation data during pulping of six hardwoods:. aspen,
bass, birch, maple, oak, and sweetgum. Bleachable (kappa number around 14), liner-board
(kappa number around 50, a little lower than the anticipated value of 60), and an intermediate
kappa (kappa number around 25) grades of pulps were produced. For bleachable-grade pulp, the
methanol formation is highest (15.0 kg/ODT pulp) and lowest (9.6 kg/ODT pulp) when pulping
sweetgum and aspen, respectively.  The variation in methanol formation in linerboard-grade
pulping of various hardwoods is not very significant, ranging from 4.3 to 5.4 kg/ODT pulp.
However, the results show that the difference in methanol formation between bleachable and
linerboard pulping is about 75-300%.

Overall, the results in Figs. 4.6 and 4.7 indicate that hardwoods produce more methanol
than softwoods when producing an equivalent grade of pulp, which agrees with the results
obtained in the second set of experiments[11] to be discussed later. The total methanol
formation varies from wood to wood mainly due to the differences in structure between softwood
xylan and hardwood xylan and the variations of methoxyl group content in xylan and lignin of

the woods.
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4.2.2 The Second Set of Experiments: The Formation of Ketones

Figures 4.8 and 4.9 show the concentration profiles of VOC’ s during kraft and soda
pulping of softwood and hardwood. We found that the methanol concentration profiles are
amost identical for both except that more methanol is produced in hardwood cooking than in
softwood cooking. More methanol formation was also reported by Wilson et al. [13]. Hardwood
has a higher content of 4-O-methyl-D- glucuronoxylans in hemicellulose than softwood does, and
hardwood lignin has more methoxyl groups than softwood lignin does [14]. Softwoods contain
only coniferyl acohol, while hardwoods contain both coniferyl (50-75%) and sinapyl acohols
(25-50%). Sinapyl acohol contains more methoxyl groups than coniferyl alcohol as shown in
Fig. 4.10. Furthermore, the peak methanol formation rate in hardwood pulping is higher than
that in softwood pulping. Ninety percent of the methanol was formed within the first 75 minutes
in the hardwood pulping processes. It took about 90 minutes to achieve 90% of the methanol in

softwood pul ping.

According to Wilson and Hrutfiord [1], all of the ketones found in pulping, as methyl
ketones, are formed through the air oxidation of extractives followed by decomposition of the
extractive hydroperoxide, which undergoes a reverse alcohol condensation at a high temperature
in the digester. We found in this study that the major ketone species generated in al the pulping
processes were acetone and MEK. The concentration profiles of these ketones during the
pulping were quite different from those of methanol as shown in Figs. 4.8b and 4.9b. Inthe
cookings of the softwood, the profiles of acetone and MEK measured in the kraft pulping process
are similar to those measured in the soda pulping, i.e., the concentrations of acetone and MEK
reached a maximum at 50 minutes and then decreased after the cooking temperature reached
170°C. This behavior could be explained as a result of hemiacetals, or hemiketals, reactions
between methanol and ketones [15]. Either acetals or ketals can react with methanol to form

hemiacetals or hemiketals under certain conditions as follows:

0 OH
R—C—R —HOHOH o R _G—OCH,
L
Aldehyde Hemi acetal
or ketone or hemiketal (14)
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which leads to a decrease in ketone concentration as cooking continues. However, some other
researchers believe that the equilibrium between acetal/ketal and the corresponding
aldehyde/ketone is unaffected by hydroxide [16], which contradicts the above explanation. The
results also show that the acetone and MEK concentrations in the kraft hardwood pul ping
process did not decrease until very late in the cooking process for unknown reasons as shown in
Fig. 4.9b. Further study is needed to understand the reaction mechanism. Figs. 4.8b and 4.9b
also show that more acetone than MEK is formed in both kraft and soda pul ping of a hardwood

and a softwood.

4.2.3 The Third Set of Experiments

Statistical analysis of the data was done using Statistical Analysis System, SAS[17].
Tables4.A1 and 4.A2 and Figs. 4.1A and 4.2A in the appendix of this chapter show the raw data
collected from the softwood and hardwood cooks. The cooks for both species types were

replicated, but the data from the first set of softwood cooks were lost due to procedural errors.
4.2.3.1 Softwood Results

Figure 4.11 shows the methanol data from the softwood cooks plotted as a function of
kappa number. As expected, the methanol increases with decreasing kappa number, in
agreement with the results obtained in the first set of experiments at IPST [18]. The datarange
from about 10 to 22 |b methanol/ODT pulp for a kappa number range of 78 to 18. Due to the
nature of the experimental design, however, it is difficult to determine from a graph like Figure
4.11 the exact relationship between each of the four cooking variables and the methanol

generated.
Nonlinear statistical analysis of the kappa number data resulted in the following model:
Kappa # = 150.5-6.6388* AA* (1-exp(-Hfactor/655))-26.4405* (1-exp(-512.8809))
with RR=0.92; AA=active akali, and S=sulfidity, as previously defined.

Figure 4.12 shows the plot of predicted kappa number from the model against the actual value.
Good agreement is achieved with this model.

Linear regression was used for analysis of the methanol generation as a function of

cooking conditions. The model for methanol prediction is shown below.
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Methanol (Ib/ODT) = 559.1169 — 33.106* AA — 0.00465* AA* Kappa#
+0.2034* AA*T - 3.33*T

The R for the model is 0.61 and predicted versus actual methanol is shown in Figure 4.13. Note
that sulfidity is not a significant variable in the methanol generation equation except through its
contribution to kappa number, in agreement with the conclusion drawn from the first set of
experiments conducted at IPST [18]. Figure 4.14 shows predicted methanol generated versus
kappa number at AA=18%, sulfidity=30%, temperature = 170°C; the H-factor was varied for
different kappa numbers. Also shown are reference data points reported in the first set of
experiments [18] (also shown in Fig. 4.5 in this report). The prediction agrees reasonably well
with the reference data, although there seems to be some spread in both the reference and

predicted data below a kappa number of 30.

Figures 4.15 and 4.16 show predicted methanol generation versus predicted kappa
number for selected active alkali of 18% and temperature of 170°C for three levels of sulfidity.
As shown in Figure 4.15, with increasing H-factor the kappa number decreases and the methanol
increases at each level of sulfidity. Increasing the sulfidity at a given H-factor causes a dight
increase in methanol generated. However, as shown in Figure 4.16, the effect of sulfidity on

methanol is linear with respect to kappa number.

More significant results are seen in the effects of akali and temperature. Figure 4.17
shows methanol as a function of H-factor at two temperature and three active alkali levels. At a
constant temperature, H-factor is representative of time in the cook. The points were derived by
varying the H-factor to achieve constant kappa numbers. Taken in sequence starting from the
left, the kappa numbers in each series are 68.1, 53.5, 44.2, 38.4, 34.7, and 33.0. As expected, as
kappa number decreases methanol generation increases. At 170° C, as active alkali increases,
methanol generation increases. At 160° C, however, as active akali increases, methanol
generation decreases. This might be the result of the fact that at low temperature and low alkali,
the cook must be longer to reach a given kappa number. Thus, for 160° C, the 15% active akali
condition gives a higher methanol than the 19% alkali due to alonger cooking time. On the
other hand, at 170°C, the 15% akali gives alower methanol than the 19% alkali, in spite of
being alonger cook. Clearly, the interaction of cooking variables in determining the methanol

generation is no simple matter.
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Figure 4.18 further demonstrates this point in a plot of points at the same kappa number,
taken from Figure 4.17. In this representation, the increasing methanol with decreasing active
alkali at low temperature is shown for kappa numbers of 68.1 and 34.7. The reverse true for the
higher temperature — increasing akali produces increasing methanol. The behavior is consistent
over the kappa number range of this study. Since each circle of points represents the same kappa
number, clearly some combinations are preferred over others for minimizing the amount of
methanol produced in a cook. Thus, it can be concluded that high active alkali/high temperature

and low active alkali/low temperatures will produce higher levels of methanaol.
4.2.3.2 Hardwood Results

Figure 4.19 shows the methanol data from the hardwood cooks plotted as a function of
kappa number. The data range from about 18 to 77 Ib methanol/ODT pulp for a kappa number
range of 37 to 11. For the conditions used, the majority of the datais clustered in the kappa
number range of 10 to 20 with the methanol mostly between 20 to 40 Ib/ODT. As expected, the

methanol generated from hardwood is significantly higher than that from the softwood cooks
[1,13, 18].

Nonlinear statistical analysis of the kappa number data using the same form as the softwood

model resulted in the following equation:
Kappa # = 40.7886-1.294* AA* (1-exp(-Hfactor/432.8))-7.2018* (1-exp(-923.5738))
with R=0.23; AA=active alkali, and S=sulfidity, as previously defined.

Figure 4.20 shows the plot of predicted kappa number from the model against the actual
value. The prediction at higher kappa numbers is not very good and the remainder of the
analysis will focus on kappa numbers of about 20 or below, which is also the predominant range

of the experimental data.
Linear regression analysis resulted in the following model:

Methanol, Ib/ODT = -175.34 + 0.73*AA + 5.99* S+ 36.06* Hfactor®*-0.016* AA* T
-0.33* AA*S

The R for the model is 0.61 and predicted versus actual methanol is shown in Figure 4.21. Note
that, unlike the softwood model, for hardwoods sulfidity is a significant variable in the methanol

generation equation, and H-factor appears in the equation instead of kappa number. Figure 4.22
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shows predicted methanol values at AA=18%, sulfidity=30%, temperature=170°C, and variable
H-factor to generate different kappa numbers. As kappa number decreases, the methanol
increases. Also shown in the figure are reference data points obtained from the first set of
experiments [18]. Since the chips used in this study consisted of a mixture of hardwoods, it is
not unexpected that the methanol prediction is intermediate to the points for the single speciesin
the first set of experiments[18].

Figure 4.23 shows the methanol generated as a function of kappa number at three levels
of sulfidity. As sulfidity increases, the methanol increases. This result indicates a greater

dependence on sulfidity for hardwood than that indicated for softwood, as shown in Figure 4.16.

Figures 4.24 and 4.25 show the effects of alkali and temperature at a sulfidity of 25%. As
discussed in the softwood section for Figures 4.17 and 4.18, the H-factor was varied in order to
keep the kappa numbers constant between the sets of conditions. The kappa numbers are 21.5,
19.1, 17.9, 17.3, 17.0, and 14.6, reading from left to right on Figure 4.24. The figure shows that
methanol increases as AA decreases at both low and high temperatures. At a constant AA,
methanol is higher at the lower temperature, and that holds true at all three AA levels. Figure
4.25 shows conditions to achieve kappa numbers of 21.5 and 17 and clearly shows that the high
alkali and high temperature result in the lowest methanol generation, with akali being more
significant than the temperature. Similar results were found at sulfidity of 40%. However, as
shown in Figure 4.26, at 15% sulfidity, it was found that increasing alkali increased methanol
generation at both levels of temperature. Increasing the temperature at constant alkali still
resulted in lower methanol, as was seen at the other sulfidity levels. There appears to be some
minimum sulfidity, below which the response to increased alkali changes from decreasing to

increasing the methanol generation.

4.3 Conclusions

We conducted laboratory pulping experiments using various wood species under various
pulping conditions in bomb-type rotating batch digesters. We validated the methanol formation
mechanism through alkali-catalyzed methanol elimination from 4-O-methylglucuronic acid
groups in hemicellulose [7] of wood xylan by the direct measurements of hexenuronic acid
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groups in pulps. The results obtained from the pulping of bleachable grades from southern pine
indicate that methanol formation from hemicellulose contributes to about 40% of the total
methanol formed. About 25% of the methanol naturally present in wood is released instantly at
the beginning of pulping. The remaining 35% of the methanol may be formed as aresult of

lignin demethylation reactions.

The results also indicate that increasing sulfidity reduces methanol formation for a given
active adkali charge in kraft pulping. AQ addition in pulping can reduce methanol formation
through increased delignification that results in a short reaction time. Soda pul ping produces
more methanol than kraft pulping at a given pulp kappa number and active alkali charge.
Polysulfide kraft pulping produces less methanol than kraft pulping, possibly due to reduced
hemicellulose degradation. Wood species can have a significant effect on total methanol
formation. The study further confirms our previous work [10] that hardwoods produce more

methanol than softwoods do.
The following conclusions were drawn from the third set of experiments:

The statistical experimental design and analysis resulted in regression models for predicting

kappa number and methanol generation as a function of cooking conditions.

Sulfidity played only a small role in the methanol generation in softwoods. There was a
small increase in methanol with increasing sulfidity at a given kappa number. On the other hand,
sulfidity plays a significant role in hardwood methanol generation, again with increased
generation with increasing sulfidity.

For softwood cooks, the interactions between active alkali, temperature, and H
factor/cooking time are complex. To reach a given kappa number, low alkali and low
temperature will result in more methanol generation, probably because of the long cooking time
required. However, for that same kappa number at high cooking temperature, high alkali results

in higher methanol generation.

For hardwood cooks at a given kappa number and moderate to high sulfidity, methanol
generation is higher at low alkali and low temperature, again suggesting a cooking time effect,
perhaps. However, at low sulfidity, the trend is reversed, with high alkali producing high
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methanol at low temperature. A more thorough study of the nature of the sulfidity effect would

be necessary to better explain this result.
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Fig. 4.1. Time-dependent methanol formation during conventional kraft pulping processes.
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Fig. 4.3. The effect of sulfidity on methanol in conventional kraft pulping of southern pine.
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Fig. 4.4. The effect of catalyst AQ on methanol in conventional kraft pulping of southern pine.
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Fig. 4.12. Actua versus predicted kappa number for softwood.
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Fig. 4.13. Actua versus predicted methanol generation for softwood.
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Fig. 4.14. Methanol model results compared to reference data for softwood.
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Fig. 4.15. Effect of sulfidity on kappa number and methanol generation in softwood cooks.
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Fig. 4.16. Effect of sulfidity on methanol generation as a function of kappa number.
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Effects of Alkali and Temperature
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Fig. 4.17. Effect of alkali and temperature on softwood methanol generation as a
function of H Factor at constant kappa numbers (Kappa numbers are shown
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Fig. 4.18. Methanol generation as a function of softwood cooking
conditions for a target kappa number.

133



Experimental Data - Hardwood
80

70
60

50 —L
|

40 b
ot [

g |
20 : ——— :

10

O T T T T T
10 15 20 25 30 35 40

Kappa Number

30

Methanol,lb/0ODT

Fig. 4.19. Experimenta hardwood methanol generation as a function of kappa number.
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Fig. 4.20. Actual versus predicted kappa number for hardwood.
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Methanol Model - Hardwood
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Fig. 4.21. Actua versus predicted methanol generation for hardwood.

Predicted Methanol and Reference Data
AA = 18%, S= 30%, Mixed Hardwoods

16
15 A m Sweet Gum
S 14 - I
%’ 13 7 I Model
é 12 - Maple results
8 11 - * u Birch " ng]erence
10 A
9 T T T T

10.0 12.0 14.0 16.0 18.0 20.0
Kappa Number

Fig. 4.22. Methanol model results compared to reference data for hardwood.
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Effect of Sulfidity
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Fig. 4.24. Effect of alkali and temperature on hardwood methanol generation as a
function of H Factor at constant kappa numbers and moderate sulfidity
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Fig. 4.25. Methanol generation as a function of hardwood cooking
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Fig. 4.26. Methanol generation as a function of hardwood cooking
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APPENDIX

Table 4.Al. Raw datafor Softwood Cooks and Methanol Analysis

Species  Active  Sulfidity Temp H-Factor Methanol Kappa Screened Total Methanol

Type Alkai % %onAA °C ppm  Number Yied Yied |b/ODT
on wood % %
1SW 15 15 165 1200 789 51.7 404 428 148
2SW 19 15 165 1200 769 25.7 38.2 389 158
3SW 15 40 165 1200 801 38.2 40.7 420 153
4 SW 19 40 165 1200 836 23.0 37.7 390 17.2
5 SW 17 25 170 600 703 62.3 40.3 40 128
6 SW 17 25 170 1800 812 24.4 36.8 388 16.8
7SW 17 25 160 600 707 60.2 39.7 440 129
8 SW 19 25 160 1200 699 224 39.0 390 143
9 SwW 17 25 160 1800 744 219 38.9 389 153
10 SW 17 15 165 600 703 73.4 334
11 SW 17 40 165 600 676 50.8 37.5
12 SW 17 25 165 1200 730 33.6 39.0
13 SW 17 25 165 1200 683 32.0 38.7 397 138
14 SW 17 15 165 1800 718 26.1 38.1 39.0 147
15 SW 17 40 165 1800 723 22.2 38.5 394 147
16 SW 15 25 170 1200 711 37.8 37.8 418 136
17 SW 19 25 170 1200 1053 23.2 37.0 381 221
18 SW 17 15 170 1200 720 311 374 393 147
19 SW 15 25 165 1800 700 30.7 39.3 401 140
20 SW 19 25 165 1800 685 17.0 36.8 369 149
21 SW 17 25 165 1200 700 28.1 39.2 396 142
22 SW 15 25 165 600 599 78.0 36.6 462 104
23 SW 19 25 165 600 697 47.8 39.6 415 135
24 SW 15 25 160 1200 712 40.9 39.8 417 137
25 SW 17 15 160 1200 122 33.1 38.9 398 145
26 SW 17 40 160 1200 726 279 39.6 405 144
27 SW 17 40 170 1200 613 36.6 36.5 409 120
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Table 4.All. Raw Datafor Hardwood Cooks and Methanol Analysis (Wood 1)

Species Active Sulfidity Temp H-Factor Methanol Kappa Screened Total  Methanol
Type Alkai % %onAA °C ppm  Number Yidd Yiedd |b/ODT
on wood % %
1 HW2-1 15 15 165 1200 1413 15.9 44.3 46.6 24.3
2 HW2-2 19 15 165 1200 1391 11.6 43.3 43.7 25.5
3 HW2-3 15 40 165 1200 4551 14.9 43.9 474 76.9
4 HW2-4 19 40 165 1200 1502 15.6 45.1 45.8 26.3
5 HW2-5 17 25 170 600 1365 125 42.9 46.3 23.6
6 HW2-6 17 25 170 1800 1963 154 44.1 45.2 34.8
7 HW2-7 17 25 160 600 1540 16.1 44.6 46.8 26.3
8 HW2-8 19 25 160 1200 1871 13.3 44.6 45.1 33.2
9 HW2-9 17 25 160 1800 1887 13.1 45.1 45.5 33.2
10HW2-10 17 15 165 600 1442 18.1 41.9 46.5 24.8
11 HW2-11 17 40 165 600 1118 15.9 42.7 47.1 19.0
12HW?2-12 17 25 165 1200 1606 14.4 44.8 45.7 28.1
13HW?2-13 17 25 165 1200 1586 13.2 45.1 46.2 27.5
1I5HW2-15 17 40 165 1800 3117 14.1 45.2 46.0 54.3
16 HW2-16 15 25 170 1200 1860 14.9 48.0 51.7 28.8
17HW2-17 19 25 170 1200 1141 12.2 47.9 49.3 18.5
18 HW2-18 17 15 170 1200 1477 135 47.9 51.0 23.2
19HW?2-19 15 25 165 1800 2052 145 44.8 45.8 35.9
20HW2-20 19 25 165 1800 1755 10.8 42.5 42.8 32.8
21HW2-21 17 25 165 1200 1435 13.6 44.2 45.5 25.3
22HW2-22 15 25 165 600 1197 20.3 41.2 48.3 19.8
23HW2-23 19 25 165 600 1455 154 45.1 46.9 24.8
24HW2-24 15 25 160 1200 1881 15.8 44.1 45.7 33.0
25HW2-25 17 15 160 1200 1468 134 44.0 44.4 26.5
26 HW2-26 17 40 160 1200 2556 14 45.1 45.7 44.8
27 HW2-27 17 40 170 1200 2667 134 49.6 515 41.5
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Table 4.All continued - Raw Data for Hardwood Cooks and Methanol Analysis (Wood 2)

Species Active Sulfidity % Temp H-Factor Methano Kappa Screened Tota Methanol
Type Alkdi % onAA °C [ ppm Number  Yield Yidd |b/ODT
on wood % %

1 HWI1-1 15 15 165 1200 1370 37.3 26.2 49.8 22.0
2 HW1-2 19 15 165 1200 1674 12.8 42.0 42.5 315
3 HW1-3 15 40 165 1200 3053 16.7 45.1 474 51.6
4 HW1-4 19 40 165 1200 1624 13.6 53.0 53.2 244
5 HW1-5 17 25 170 600 1199 33.8 419 48.3 19.9
6 HWI1-6 17 25 170 1800 1041 17.2 42.6 45.7 18.2
7 HW1-7 17 25 160 600 1298 344 43.6 46.8 22.2
8 HW1-8 19 25 160 1200 1324 145 44.1 444 239
9 HWI1-9 17 25 160 1800 1500 16.7 43.5 44.8 26.8
10 HW1-10 17 15 165 600 1139 17.7 41.5 45.8 199
11 HW1-11 17 40 165 600 1405 15.8 41.9 46.5 24.2
12 HW1-12 17 25 165 1200 1362 12.7 43.8 447 24.4
13 HW1-13 17 25 165 1200 1237 15.6 42.7 494 20.0
14 HW1-14 17 15 165 1800 1413 15.9 42.7 434 26.1
15 HW1-15 17 40 165 1800 2233 135 44.0 447 40.0
16 HW1-16 15 25 170 1200 1515 25.8 40.3 41.3 294
17 HW1-17 19 25 170 1200 1448 13.6 43.0 43.9 26.4
18 HW1-18 17 15 170 1200 1686 25.8 37.8 40.2 33.6
19 HW1-19 15 25 165 1800 2851 15.2 449 45.6 50.1
20 HW1-20 19 25 165 1800 1874 11.6 442 445 33.7
21 HW1-21 17 25 165 1200 1628 14.1 44.2 45.3 28.8
22 HW1-22 15 25 165 600 15.1 42.8 44.9

23 HW1-23 19 25 165 600 1614 17.9 40.4 47.3 27.3
24 HW1-24 15 25 160 1200 1525 14.8 439 45.6 26.8
25 HW1-25 17 15 160 1200 1734 13.3 43.7 44.2 314
26 HW1-26 17 40 160 1200 2183 14 43.8 44.8 39.0
27 HW1-27 17 40 170 1200 1577 16.1 43.3 515 24.5
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CHAPTERS: VOC AIR EMISSION PREDICTIVE MODEL

Computer based process simulation models is atool capable of predicting process
parameters in kraft mills. Developing a simulation tool for the predicting of VOC air emission in
kraft mill is the objective of Task A of thisresearch. In this chapter, basic chemical engineering
concepts are used to develop sub-models of VOC vapor-liquid equilibrium, formation, and air

emission.

Different from the pure methanol and water system as discussed previously, methanol
vapor-liquid equilibrium calculation for kraft pulp mills needs the following special
considerations. Methanol content in most liquorsis very low and there are significant amounts
of other dissolved organics and inorganics in kraft liquors. The new equilibrium model
developed is based on the traditional equilibrium calculation approach and addresses the special
requirements for kraft pulp mills. The model was validated by laboratory measurements at
different temperatures and various concentrations of dissolved compounds. Also, direct mill
measurements were compared with laboratory measurements and model predictions. The new
equilibrium model is an essential part of a complete tool kit that can predict methanol
concentrations in all kraft mill vapor streams (fiberline, evaporators, strippers and recaustizing).

Application of these tools will help minimize the cost of cluster rule VOC compliance.

Methanol is mainly generated during cooking from methoxyl groups in hemicellulose and
lignin as discussed in Chapter 4. Wood species and final cooking kappa number significantly
affect methanol generation. Residual lignin on pulp carries methoxyl groups down the fiberline
and methanol can be generated in oxygen delignification and bleaching stages. Demethylation in
dissolved lignin causes methanol generation in black liquor evaporation. Mathematical models
of methanol generation in kraft mills have been developed for cooking, bleaching and black
liquor storage. The models relate methanol generation to methoxyl contents in hemicellulose and
lignin, cooking conditions, final cooking Kappa, degree of delignification in bleaching stages
and black liquor temperature and storage time. Experimental data presented in Chapter 4 are
used to validate the models.
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VOC air emission models are developed based on equilibrium cal culations and mass
transfer rates for commonly used equipment in kraft mills. These models quantify the interaction
between methanol air emissions and liquor conditions (concentrations and temperature).
Methanol air emission data collected in three kraft mills are used to validate these models. When
the air emission models are integrated into existing process simulators, it is possible to evaluate
the impact of process modification and operating changes on methanol air emissions. Besides
methanol, the same models can be applied to other VOC components if their equilibrium

constants are available.

5.1 VOC Vapor-Liquid Equilibrium Models

Methanol content in most filtrates and condensates is less than2000 mg/kg [1]. For
practical purposes, it isimportant to predict methanol equilibrium concentration near infinite
dilution. However, methanol can be enriched to more than 50% in steam strippers. Also,
methanol content in condensates generated from cooking can reach more than 10,000 mg/kg [1].
Because other VOC's in kraft mills have lower concentrations than methanol, the existence of
these VOC's has little effect on methanol equilibrium. However, dissolved organic and inorganic
solids are significant in kraft liquors, especially in evaporator areas. Previous studies have shown

that these dissolved solids have a significant impact on methanol equilibrium [2, 3].

Blackwell et al. [4] summarized vapor and liquid equilibrium relationships for kraft foul
condensates. It was shown that the methanol activity coefficient at infinite dilution is a function
of temperature. However, the infinite dilution activity coefficients from literature data were
increased by 10% by Blackwell et al. in order to match experimental measurements of stripper
liquid concentration profiles. Because the relationships were developed for condensates, no
dissolved solids effect on the equilibrium was included. Gupta [5] has summarized recent studies

of the methanol activity coefficients at infinite dilution.

Chai and Zhu [6] have developed a headspace GC method for measuring methanol
content and Henry's law constants. It was found that Henry's law constant for methanol is

dependent on temperature and dissolved solids content [4]. Several empirical equations have
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been developed to correlate Henry's law constant with these variables [2, 3]. This part of the

report generalizes methanol equilibrium calculations for all kraft mill liquors and filtrates.

5.1.1. Equilibrium Theory

Genera vapor and liquid equilibrium theory is defined according to following equation

(please see last page for nomenclature):
Ry =R°(Mgax, (5.1)

In pulp mills, no equipment is under high pressure. Therefore, it can be assumed that the vapor

phaseisidea. A general equilibrium constant can be expressed as.

_y, _gP°M
x PR

K.

(5.2)

For most VOC's, vapor pressure information, P,°(T), can be found in the literature. Less

information is available for activity coefficients, especially at infinite dilution.

There are various activity coefficient models in the literature. In this work, the NRTL
(Non-Random Two-Liquid) model [7] has been chosen. For a binary mixture, it can be expressed

as:

—_ 2 tZlAjl tlZAZZ
I(g,) = X2 5.3
o) = oA Go + %A 53

in which,

Ay =exp(-at )
Aiz = exp(- atlZ)

The NRTL model has three parameters, t 21, t12 and a, which have to be determined from

experimental measurements.

146



At fixed total pressure and composition, the effect of temperature on activity coefficients

can be expressed as.
fing)| _ DH,
| - 1 (54)
1T, R

The partial excess molar enthalpy, CH;, has to be determined from measurements. If CH; is

constant, the natural logarithm of the activity coefficient is inversely proportional to absolute
temperature.

5.1.2 Binary Methanol and Water System Equilibrium
5.1.2.1 Methanol Activity Coefficients

Figure 5.1 shows various direct measurements of methanol activity coefficients at infinite
dilution for the mixture of methanol and water [5, 8-10]. Although the measurements vary,
methanol activity coefficients gererally increase with temperature. The methanol activity
coefficient at 100°C is approximately 25% higher than at 60°C. If Equation (5.4) is applied,
methanol partial molar excess free enthalpy at infinite dilution is -5200 Jmol. When the NRTL
model parameters, to; andt1,, are expressed as Equations (5.5) and (5.6), the temperature effect
on the methanol infinite dilution activity coefficient is well represented by the NRTL model as
shown by the solid linein Fig. 5.1.

t, =27967 - 10 (5.5)
T
t,, =2.4362- @ (5.6)

A comparison of the NRTL model prediction and measurements for methanol infinite dilution
activity coefficient is shown in Fig. 5.1. Also, shown in Fig. 5.1 are methanol, infinite dilution,
activity coefficients calculated from vapor-liquid equilibrium measurements. The activity
coefficients (from VLE) in Fig. 5.1 are calculated from Wilson parameters provided in the

literature [11]. Figure 5.1 shows that the direct measured methanol, infinite dilution, activity
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coefficierts are generally higher and more temperature sensitive than those calculated from

vapor-liquid equilibrium measurements.

The impact of methanol concentration on the methanol activity coefficient is shown in
Fig. 5.2 for the methanol and water system. The measurements were obtained by using a method
emphasizing accuracy at low methanol concentration [8]. When Egs. (5.5) and (5.6) are used to
calculate the temperature effect on NRTL parameters, the NRTL model accurately represents the
methanol activity coefficient for the whole methanol concentration range. In Fig. 5.2, the
methanol activity coefficient approaches the infinite dilution activity coefficient at methanol
concentration lower than 0.001 mole fraction in the liquid phase. In other words, the methanol
equilibrium concentration can be calculated from Henry's law when the methanol concentration

in the liquid phase is lower than 0.001 mole fraction.
5.1.2.2 Methanol Equilibrium Constant

It is shown in Eq. (5.2) that temperature affects the equilibrium constant through both the
saturated vapor pressure, P,°(T), and activity coefficient, Eq. (5.4). The effect of temperature on
saturated vapor pressure is much stronger than on the activity coefficient. At atimospheric
pressure, the model predicted temperature effect on the methanol equilibrium constant at very
low methanol concentration is compared with laboratory measurementsin Fig. 5.3. The
measurements in Fig. 5.3 were converted from Henry's law constants obtained from a headspace
GC method [6]. The methanol content in the liquid phase was 800 mg/L. Both the NRTL model
and measurements show that the methanol equilibrium constant is very strongly dependent on
temperature (e.g. at 80°C it is 2.6 times higher than at 60°C).

5.1.2.3 Methanol Equilibrium Concentrations

Using Egs. (5.2), (5.3), (5.5) and (5.6), methanol vapor equilibrium concentrations can be
predicted for binary mixtures of methanol and water. The comparison of predicted equilibrium
concentration with measurements is shown in Fig. 5.4. The model gives good predictions over
the whole range of methanol concentrations. When methanol concentration in the liquid is lower
than 0.001 mole fraction (1800 mg/kg), the embedded figure in Fig. 5.4 shows that Henry's law
is acceptable (1% error) for methanol equilibrium calculations. At 0.006 mole fraction methanol
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in the liquid phase, the error from Henry's law is 5%. For streams with high methanol
concentrations, such as foul condensates, stripper feed and stripper overheads, it is necessary to
use the NRTL model presented in this paper for equilibrium calculation.

Methanol is the most abundant VOC in kraft mills. Except in steam strippers and foul
condensates, methanol concentration in most mill streams is lower than 0.001 mole fraction
(1800 mg/kg). At such low concentrations, the methanol equilibrium constant only depends on
the interaction between methanol and water. The existence of other VOC's in kraft mills will not
affect the interaction between methanol and water. Therefore, methanol equilibrium constants
from the binary mixture of methanol and water can be applied to most condensate streamsin
kraft mills.

5.1.3 Impact of Dissolved Solids on Methanol Equilibrium Constants

Although the existence of other VOC's in pulp mill streams does not affect methanol
equilibrium in these streams, the existence of other dissolved solids in kraft mill filtrates and
liquors does affect methanol equilibrium [2, 3]. Dissolved solids in kraft liquors can be generally
divided into dissolved organics and dissolved inorganics. Their impacts on methanol equilibrium

have been examined separately and are discussed below.
5.1.3.1 Dissolved Organics

The composition of dissolved organics in kraft spent liquors is not well defined. The
impacts of sulfonated lignin and wood lignin have been studied experimentally [3]. The wood
lignin is from kraft pulping of softwood to liner board grade pulp. pH 9.8 was used to dissolve
wood lignin for equilibrium measurements. The effect is expressed as a relative equilibrium

constant according to Eq. (5.7):

R, = K for Kraft Liquors
K for Methanol and Water Only

(5.7)

While sulfonated lignin has little impact on methanol equilibrium, kraft lignin slightly increases

the methanol equilibrium constant. The impact of kraft lignin on methanol equilibrium is shown
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inFig. 5.5. Because the molecular weights of the dissolved organics are generally unknown,
methanol mole fraction in the liquor is calculated according to Eq. (5.8):
Moles of Methanol

x (methanol) = : : (5.8)
Moles of Water and Methanol in the Liquor

Dissolved organics are excluded in the calculation of methanol mole fractions. The impact of

kraft wood lignin on relative methanol equilibrium constant can then be expressed as:
R =1+1.3W, (5.9)

The comparison of Eq. (5.9) with measurements is shown in Fig. 5.5. The measurements were
conducted using acommercial kraft lignin and a standard agueous methanol solution with
methanol concentration of 800 mg/L. A headspace gas chromatographic (GC) technique [6]

were used to determine the methanol partitioning coefficients.
5.1.3.2 Dissolved I norganics

Dissolved inorganics in kraft mill liquors can significantly increase the methanol
equilibrium constant. The measured effects at low methanol concentration are shown in Fig. 5.6
[3]. The existence of 10 wt.% inorganics can cause a 60% increase in the methanol equilibrium
constant. It seems that different inorganics have the same effect on the equilibrium constant. An

empirical equation, Eqg. (5.10), is used to describe the impact of dissolved inorganics.

IN(R,) = 480, ¢ (5.10)

The comparison of Eg. (5.10) with measurementsis also shown in Fig. 5.6. The same approach
used in studying the effect of kraft lignin (Fig. 5.5) was used to obtain the measurements in Fig.
5.6.

5.1.3.3 Kraft Black Liquors

Black liquors from several kraft mills were collected to investigate the effect of kraft
pulping dissolved solids on methanol equilibrium. The liquors were for various pulping

conditions of southern pine and birch for bleachable and liner board grade pulps. Methanol
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equilibrium constants were measured at 50°C and 60°C. The dissolved inorganics contents were
calculated by subtracting measured dissolved organics from the measured total solids content.
When dissolved organics were not measured, the average content of dissolved organics
measurements, 63% of total dissolved solids, is used in the calculation. The results are shown in
Fig. 5.7. Also, the combined model correction for dissolved solids from Egs. (5.8), (5.9) and
(5.10) is shown in Fig. 5.7. Although Eq. (5.9) is only from lignin, it was applied to all dissolved
organics in the black liquors in the calculation shown in Fig. 5.7. The current model can reflect
the genera trend of dissolved solids impact. However, the measurements in Fig. 5.7 suggest that

there are more influencing factors than those considered in the current models.

5.1.4 Mill Measurements of Equilibrium Constants

Air and filtrate have intensive contact in vacuum drum washer drop legs before they are
separated in the seal tanks. Temperature measurements indicate that the vented air from seal
tanks is close to equilibrium with the filtrates. Several seal tank methanol measurements in
vented air and filtrates are shown in Table 5.1. Air samples were collected and analyzed by
NCASI. The listed measurements are the average of triplicate samples. The methanol
concentration ratios of air to liquor (i.e. K-values) from these measurements are 37% lower than
methanol equilibrium constants predicted by the equilibrium model described earlier in this
paper at the measured temperatures.

Methanol equilibrium constants for these mill liquor samples were also measured at 70°C
by the headspace GC method [6]. The laboratory measurements are 20% lower than the model
prediction. Based on laboratory measurements, the prediction of methanol infinite dilution
activity coefficient is adjusted to eliminate the 20% difference. The adjusted NRTL parameter,
t21, isshown in Eq. (5.11).

t, =1.7774- g (5.12)

The comparison of these measurements with adjusted model predictions (i.e. Eq. (5.11)

rather than Eqg. (5.5)) is shown in Table 5.1. Also, measurements from an oxygen delignification

blow tank are included. Because the temperature in the blow tank is much higher than that in seal
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tanks, the methanol equilibrium constant is much higher thanthose for seal tanks. The model

presented in this paper predicts well at high temperature, but more mill data are needed.

5.2 Methanol Formation Models

It iswell known that methanol is generated in cooking processes [1, 15, 16]. Wood
species affect the amount of methanol generation during cooking (from 28 Ib/ADTP for red ader
to 14 Ib/ADTP for Douglas-fir [16]. Recent studies of methanol generation aso found 8.5
kg/ADTP from Douglas fir and 10 kg/ADTP from birch [17, 18] as reported in Chapter 4.
Cooking Kappa also affects methanol generation. Previous research has shown that methanol can
also be generated from chlorine and chlorine dioxide bleaching as well as oxygen delignification
[19-21]. Mathematical models for methanol generation can combine various measurements for

practical applications.

It is believed that methanol generated in kraft mills is from methoxyl groups in wood
compounds [17]. Earlier research [15] has shown that 53% of methoxyl in a hardwood 4-O-
methyl- glucuronoxylan is recovered as methanol during alkaline degradation. Laboratory
cooking [17] has shown that methanol is generated from lignin. Also, methanol is generated
during black liquor storage [22]. Available data suggest that methanol is generated during and

after lignin dissolution from pulp.

After cooking, a significant amount of lignin is still left on pulp. To make bleached pulp,
the residual lignin will be removed during oxygen delignification and various bleaching stages.
Methanol is also generated in these stages. Compared to cooking, only arelatively small amount
of methanol is generated in bleaching stages. However, the generation affects methanol air

emissions[13, 14].

Instead of describing the mechanisms of methanol generation in kraft mills, the major
purpose of our models is to predict methanol content in mill streams. Existing literature data and

results are re-organized in this study to predict methanol generation.
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5.2.1 Methanol Generation During Kraft Cooking

Since the dissolution of hemicellulose is much faster than delignification during kraft
cooking, it is necessary to separately model methanol generation from hemicellulose, Gy, and

lignin, G:
G. =G, +G, (5.12)
5.2.1.1 Methanol Generation from Hemicellulose

Wood species significantly affects methanol generation [16-18]. Methanol generation
from hemicellulose is mainly determined by 4-O- methyl- glucuronoxylan content in woods. The

maximum methanol generation from hemicellulose, Gh max, Can be expressed as:

G, . =0.0295f H,, (5.13)

H max

in which, Hy is hemicellulose content in wood and fy is the fraction of 4-O- methyl-
glucuronoxylan in hemicellulose. Wood species affects 4-O- methyl- glucuronoxylan content [23].
Hardwood 4- O-methyl- glucuronoxylan content (average 25.7%) is significantly higher than
softwood (average 9.3%).

Although maximum methanol generation from hemicellulose is only dependent on wood
species, cooking conditions affect the actual conversion of methoxyl groups into methanol. Eq.
(5.14) is proposed to predict methanol generation from hemicellulose at various cooking

conditions;
GH = AH GH max FHD Fs FAQ FHC (5-14)

in which, Fyp is the effect of hemicellulose dissolution degree on methanol generation, Fsisthe
effect of sulfidity, Fag is the effect of anthraguinone (AQ) addition and Fc is the conversion

factor of methoxyl groups into methanol.

Methanol generation from hemicellulose is proportional to the degree of hemicellulose
dissolution [15]. Fyp in Eq. (5.14) can be expressed as:
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(5.15)

In some modern cooking technologies, such as Lo-Solids™ cooking, asignificant amount of
spent liquor is extracted at the early stage of cooking. In order to predict methanol content in
spent liquor from the early stage of cooking, cooking time has to be included in the model. There
are various kinetic models for hemicellulose dissolution in the literature [24]. Equation (5.16) is
derived based on theoretical propagation rate [25]:

C, Chi i Chi _int A y 'EDF/
—H =_"-" +(1- = )Exp(- “PH e RT 5.16
C. ( C ) X ) ( )

Hi Hi

A comparison of the model withlaboratory measurements is shown in Fig. 5.8. Almost al
dissolvable glucuronoxylan is dissolved within 30 minutes at 170°C. Model parameters used for
Fig. 5.8 arelisted in Table 5.11.

5.2.1.2 Methanol Generation from Lignin

Table 5.111 shows that the degree of delignification in cooking does not affect the content
of methoxyl group in residua lignin on pulp [21]. However, methoxyl content in residual kraft
lignin is lower than wood lignin. This suggests that some methoxyl groups may be removed from

all wood lignin at avery early stage of cooking.

Methanol generation from wood lignin is divided into initial generation, G;, and
delignification generation, G q4:

G =G, +G (5.17)

Initial generation is defined as methanol generated before the cooking temperature
reaches 100°C. It is expressed as:

GLi = A_ RLi GL max I:LCi (518)

Gy e =320, L, /196 (5.19)
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in which, R is the fraction of initial methoxyl removal from lignin on pulp; F.¢i isthe fraction
of methoxyl conversion into methanol; ny is the number of methoxyl group in each lignin
monomer (Cg units) and Ly is wood lignin content. Although softwoods have a higher lignin
content (average 29.7%) than hardwoods (average 21.0%), hardwoods have a higher methoxy!l
content (22% on lignin, ny=1.4) than softwood lignin (16%, ny=0.95) [23].

Methanol generation during delignification, G, g4, is expressed as.
GLd = AL (1' RLi)GLW max FLD FSFAQ FLC (5-20)

in which, F ¢ is the conversion from methoxyl into methanol and Fp is the degree of
delignification.

= - (- Com YEXp(- K, 1) (5.21)
C, C, C,

Only afraction of lignin methoxyl is converted into methanol during cooking. Laboratory study
[19] has shown that dissolved lignin from the early stage of cooking (yield > 80%, degree of
delignification <20%) has lower methoxyl content than lignin dissolved at the end of cooking
(210.5% vs. 12.5% on lignin). This suggests that methanol conversion factor, Fc, is lower for
bulk delignification than initial delignification.

5.2.1.3 Determination of Model Parameters

Laboratory batch cooking (Southern Pine. Cooking conditions: AA = 18%, Sulfidity =
30%, Max T = 170°C) has been conducted to determine the model parameters. A set of typical
dissolved lignin and Kappa during laboratory batch cooking is shown in Fig. 5.9. Also, the
model prediction is compared with measurementsin Fig. 5.9. Model parameters used for Fig.
59 arelisted in Table 5.11.

Figure 5.10 shows the methanol generation for the cooks shown in Fig. 5.9. Model
predictions for methanol generation from hemicellulose, lignin and total methanol generation are

also shown in Fig. 5.10. Although no detailed kinetic models are used, methanol generation
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during cooking can be represented by the current models. Model parameters used for Fig. 5.10
aredso listed in Table 5.11.

Figure 5.10 shows that 45% of the total methanol generation is from hemicellulose. Sixty
percent of the methanol generation from hemicellulose has happened before reaching final
cooking temperature and 95% of the methanol generation from hemicellulose is finished at 20

minutes after reaching final cooking temperature.

The effect of sulfidity and AQ on methanol generation has been studied by Iaboratory
batch cooking [18]. Egs. (5.22) and (5.23) are proposed to describe the impact of sulfidity and
AQ on methanol generation. The comparison of these models with laboratory measurements is
shown in Fig. 5.11.

F. =1+1.1650.3- S/100) (5.22)
Fro =1- 0.75(AQ) (5.23)

Laboratory batch cooking has been conducted to investigate wood species effect on
methanol generation during cooking [18]. Methanol generation was measured for two levels of
final Kappa (Kappa 70 & 30 for softwoods, Kappa 45 & 15 for hardwoods). Measured methanol
generations are shown in Figs. 5.12 and 5.13.

In the current model, the effect of wood species has been included in Gy max and G,
(Egs. (5.13) and (5.19)). Hemicellulose content, lignin content and methoxyl content affect
methanol generation from different wood species. Based on parameters listed in Table 5.11 and
hemicellulose and lignin data in the literature [ 23], the methanol generation from various wood
species has been predicted successfully by the model. The comparison of model predictions with
laboratory measurements for softwoods is shown in Fig. 5.12 and hardwoods in Fig. 5.13.
Because no Hy, fx and Ly, are available for Bass, Oak and Sweet Gum, the average of hardwood

values is used for these species.
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5.2.1.4 Simplified Cooking M odel

For most practical mill applications, the model described above for methanol generation
during cooking can be simplified. The dissolution of hemicellulose is very fast (Fig. 5.8), about
95% of methanol generation from hemicellulose is completed within 20 minutes after reaching
cooking temperature (Fig. 5.10). Except for predicting methanol content in extraction liquors
from the early stage of cooking, Frp in Eg. (5.14) can be set to one. Methanol generation from

hemicellulose can be smplified as:
G, =0.0295A, f H, FsF o Fic (5.24)

When Kappa humber is used as an indicator of pulp lignin content in the model,

methanol generation from lignin for cooking can be expressed as:
GL = 0'163At My Lw (RLi FLCi + (1' RLi )FLD Fs FAQFLC) (5-25)
in which, yp is pulp yield at given Kappa number.

_ 1.53(Kappa - 25)y;
L, - 383y,

F, =1 (5.26)

Figure 5.14 shows methanol generation from a laboratory cooking of Southern Pine. A linear
relationship exists for awide range of Kappa numbers (Kappa<90). The prediction of the
simplified model is also shown in Fig. 5.14. The hemicellulose and lignin contents of Jack pine
[23] are used in the prediction. The simplified model predictions are about 7% higher than the
|aboratory measurements for Kappa numbers less than 90. The difference between smplified
model and the measurements at high Kappa numbers of about 145 in Fig. 5.14 indicates that
methanol generation from hemicellulose is not completed at these Kappa numbers. This
suggests that the smplified model can be used for Kappa lower than 90, which covers most mill
applications.
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5.2.2 Methanol Generation in Oxygen Delignification and Bleaching Plants

For each O, delignification or bleaching stage, the total methanol generation is expressed

GS = ASGSmax FSD (527)

in which, Asis a coefficient related to bleaching chemicals; Gsmax isthe maximum methanol

generation and Fsp is the degree of delignification. Gsmax and Fsp are expressed as:

Gge = 0.163n,, (1.53Kappa. ) (5.28)
Kappa,

Fy =1- (5.29)
¥ 7 Kappa

The impacts of operating conditions on methanol generation can be reflected from the change of

Kappa numbers.
5.2.2.1 Oxygen Delignification

The datain Table 5.111 indicate that the residual lignin in O, pulp has a lower methoxyl
content (25% lower) than that in kraft pulp. It is suggested that methanol is not only generated
from lignin dissolution but also from residual lignin on pulp during oxygen delignification.
Lower methoxyl content is observed in dissolved lignin from oxygen delignification than from
kraft cooking [20]. Therefore, oxygen delignification generates more methanol than kraft
cooking for the same amount of lignin removal from pulp. The methoxyl content in O, dissolved
lignin remains almost the same during O, delignification [20]. This suggests that the degree of
delignification does not affect the conversion of lignin methoxyl into methanol. Therefore, Asin
Eq. (5.27) isaconstant for O, delignification.

Mill methanol has been measured for southern pine cooked to Kappa 37 in a two- vessel
Kamyr digester with Lo-Solids™ cooking. The final Kappa after oxygen delignification is 17.5.
Methanol generation from mill measurementsis 1.22 kg/ODMTP. Based on these data, As in Eq.
(5.27) is estimated as 0.265.
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5.2.2.2 Chlorination and ClO; Bleaching

Methanol generation during chlorination is well understood based on studies of the
chlorination mechanism [26]. Lignin has to go through demethylation before it can be dissolved
from pulp. All methoxyl groups removed during kraft pulp chlorination are converted into
methanol [27]. Also, the methoxyl content in the lignin of chlorinated pulp remains constant.
Therefore, methanol generation during chlorination is determined by the amount of lignin
dissolved during chlorination and the methoxyl content in lignin. When Kappa is used to
measure lignin content, final Kappa after chlorination, i.e. CW Kappa (instead of CE Kappa, See
reference [27] for CW Kappa measurement), should be used in Eq. (5.29).

In Fig. 5.15, the model is compared with laboratory measurements for softwood Ch
bleaching [26]. For this specific pulp, each lignin monomer has 0.79 methoxyl groups and 0.15
kg of methanal is generated from dissolving 1 kg of lignin (i.e. As = 1.15). For the same amount
of lignin dissolution, more methanol is generated from chlorination than from oxygen
delignification.

Different from chlorination, chlorine dioxide does not remove methoxy! groups before
dissolving lignin from pulp. Only part of the lignin methoxyl groups are converted into
methanol [28]. Sixty-two percent of methoxyl has been recovered as methanol from softwood
ClO,, laboratory bleaching [28]. Laboratory measurements of softwood ClO, bleaching [28] are
shown in Fig. 5.15. For this specific pulp, 0.065 kg of methanol is generated from dissolving 1
kg of lignin (i.e. As = 0.50). Methanol generation from CIO, bleaching is much lower than Ch
bleaching. Because oxygen delignified pulp has alower methoxyl content than kraft pulp, it is

expected that less methanol will be generated from ClO, bleaching of oxygen delignified pulp.

Table 5.1V lists available model parameters for methanol generation in oxygen
delignification and bleach plants. Although no methanol generation data are available for caustic
extraction (E/Eop), it is expected that methanol is generated during caustic extraction due to
methoxyl groups on residual lignin. However, the As of caustic extraction will be lower than

oxygen delignification.
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5.2.3 Methanol Generation in Black Liquor

From a laboratory study it was found that methanol can be formed during black liquor
storage and evaporation[19]. Since methanol is also generated in a caustic solution of model
lignin, it is suggested that methanol generated during storage and evaporation is from the

continuation of dissolved lignin demethylation.

Although it is difficult to determine black liquor temperatures and residence timesin a
multiple effect evaporator system, the mechanism of methanol generation from black liquor
during evaporation should be the same as liquor storage and the same generation model can be
applied. Because methanol generation in black liquor is the continuation of demethylation from

dissolved lignin, the generation is related to the generation during cooking.

Equation (5.30) is proposed to incorporate various impacts on methanol generation

during storage and evaporation:

GBL = ABLGBLmax I:BLC (530)

in which, GgL max IS the maximum methanol generation from black liquors and Fg_ ¢ isthe degree

of methoxyl conversion. Gg| maxiS expressed as.

T I c A (5.31)

BL max L max

Methanol generation during cooking, Gc, affects methanol generation from black liquors. Fgic
isexpressed as.

C
Foo =1- é (5.32)

Because methanol generation during black liquor storage and evaporation is time
dependent, a kinetic model is needed. The following equetions are proposed to calculate Fg, c:
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dC -Eg
. IR 539
Cy =Cy(a+hbT) (5.34)

Temperature affects not only the rate of methoxyl group conversion in Eqg. (5.33), but also how

many methoxyl groups can be converted into methanol in Eq. (5.34).

Figure 5.15 shows methanol generation during black liquor storage. The black liquor is
from laboratory batch kraft cooking of Southern Pine[22]. Five hours storage time generates
about 10% (70°C) to 15% (80°C) of the methanol generated during cooking. Based on these data,
the parameters in Egs. (30)~(34) have been determined. The results are listed in Table 5.V. The

comparison of model predictions with laboratory measurements is also shown in Fig. 5.16.

5.3. VOC Air Emisson Modds

Kraft mill VOC air emissions originate from various liquors or filtrates. Although some
studies have been done to correlate VOC air emissions with liquor concentrations [29, 30], little
work has been done to explain how VOC air emissions are affected by processes, equipment and
operating conditions. Now, the Cluster Rule directly links air and water emissions through
programs such as the Clean Condensate Alternative in MACT Il [31]. For minimum cost

compliance, it is essentia to understand the interaction between air and water emissions.

In this part of the research program, VOC air emission models were developed to predict
VOC air emissions as a function of liquid phase VOC concentrations, liquid temperature,
equipment type, etc. A VOC air emission model for vacuum drum washer hoods was devel oped
previoudy [32]. The model is based on mass transfer and equilibrium calculations. Some
improvements have been made to generalize this model in the research. Also, more equilibrium
measurements [2, 3] have been made and a better equilibrium calculation model for kraft mills
has been developed [33]. Based on the same modeling principles, new air emission models have
been developed for other equipment in kraft mills (atmospheric diffusers, filtrate tanks, smelt

dissolving tanks and paper machines).
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5.3.1 Single Source Model

If the filtrate concentration and temperature in the equipment can be represented by
single value, such as the seal tank for vacuum drum washers, a single source emission model can
be applied. VOC emission from a single source can be described as (see last page for

nomenclature):

KX,
= 5.30
Yo 1+G(l/ K a+K/L) (530
Evoc KX (5.31)

T UG+UK.a+tK/L

For good mass transfer conditions (Kga >> G), Eq. (5.31) can be approximated by
Equations (5.32). VOC emission concentration is equal to the final VOC equilibrium
concentration in the filtrate. Air flowrate and gas-liquid contact have a strong effect on VOC

emission. The emission from vacuum drum washer seal tanks is a good example of this case.

KX
Evoc = GKXg = ————— 5.32
voe °T1UG+KI/L (532)
For poor mass transfer conditions (K ga << G), Equation (2) can be approximated by Eq.
(5.33). The mgjor influence of air flowrate is on VOC concentration, not on total VOC emission,
although air flowrate will have some effect on mass transfer. Filtrate storage tank vents are a

good example of this case.

KX
Fvoc= ———1 5.33
YOCT 1K a+ K /L (5:33)

The same model has also been applied to atmospheric diffusers, bleach towers and
oxygen blow tanks. Different mass transfer coefficients and vent air flowrates are required when

the model is applied to different equipment.
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5.3.2 Multi-Source Model

An air emission model for vacuum drum washers has been described in our previous
paper [32]. To make the model more general, the following modifications have been made since
that publication:

1. Equilibrium constants have been substituted for Henry's law constants. This allows
the same equilibrium model to be used throughout the mill (e.g. for evaporator

methanol equilibrium calculations).

2. Wet basis methanol concentration for the air stream has been substituted for dry air

based methanol concentration.

The improved model can be expressed as follows:

_ (KGa)vaXv+(KGa)sKs)(s
Evoc= G 534
TG (Kea), + (Ko, o

in which, %, is vat VOC concentration and xs is shower VOC concentration.

When Eq. (5.35) is applied to a split shower washer, the mass transfer coefficient is

divided in proportion to the shower flowrates.

o (Ked)y Ky X, + (Ko@) Kor Xor + (K@) o Ko X (5.35)
G+ (KGa)V + (Kea)ST + (KGa)SB

Evoc =

Because the equilibrium constant is very sensitive to temperature, equilibrium constants at
corresponding filtrate and shower temperatures are required in the model. In mill situations, the
amount of VOC air emission is relatively small when it is compared with the amount of VOC in
the filtrates. The impact of VOC air emission on VOC concentration in filtrates has been
neglected in Egs. (5.34) and (5.35).

5.3.3 Paper Machine/Pulp Dryer Model

Depending on the VOC emission mechanism, paper machines or pulp dryers can be
divided into two parts: sheet formation and sheet drying.
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In the sheet drying section of paper machines, VOC is evaporated with the water.
Because the residual VOC in the dried sheet is negligible and generally no condensate is
collected from the drying section, all VOC carryover after pressing will be evaporated and
released into the air.

Eyoc = PX(100/c - 1) (5.36)

in which, P is dry pulp rate into the dryer section, x is the VOC concentration in the white water
and c isthe press discharge consistency. Because white water in paper machines is circulated at
high flowrates, VOC carryover concentrations at the press are aimost equal to those in the
headbox.

In the sheet formation area, from the headbox to the press, VOC emission is caused by
VOC vaporization from white water and the pulp on the wire. Vents in this area can be divided
into general vents and vacuum system vents. The emission from general ventsis less predictable
because the fans used for these vents play a significant role. Considering the significant white
water circulation, Eq. (5.37), simplified from Eq. (5.33), is proposed to predict VOC air

emissions from general vents in the sheet formation area:
EVOC = KGaKx (5.37)

The vented air from the vacuum system has much more intimate contact with white water
and the air flowrate is more predictable. If the change of VOC content in white water is
neglected, Eq. (5.38), which is smplified from Eq. (5.31), is proposed to predict VOC air

emission from vacuum system vents:
Eyoc = GKx (5.38)

Air flowrate, VOC concentration in the white water and white water temperature affect VOC air

emission.
5.3.4 Smelt Dissolving Tank Model

In order to model VOC air emission from smelt dissolving tanks, it is necessary to
separate the smelt dissolving tank itself from the scrubber. Molten smelt from the recovery boiler
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evaporates water in the smelt dissolving tank. When there are VOC's in the weak wash, VOC's
will be evaporated along with water. Because of total evaporation in the vicinity of the molten
smelt entry points, the methanol content in vapor can be assumed the same as that in weak wash.
VOC air emission from the smelt dissolving tanks without scrubbers can be expressed as:

Ty - T

EVOC =0.35M M 645'6\A-—TI Xww (539)

wWw

The vapor, Vr, is estimated according to the equation used in GEMS [35]. Although the air
entering smelt dissolving tanks affects the VOC concentration, it does not affect the amount of
VOC air emission.

The vapor generated in the smelt dissolving tank mixes with air before entering the smelt
dissolving tank scrubber. If a mixed tank model is used to represent the scrubber, methanol

content in the exit gas stream can be expressed as.

_ (G+KgaKG/Ly)yq + KgaKx

Yo (5.40)
G+Ksa+K;aKG/ L,

Normally, thereisaliquor circulation in the scrubber. If the liquor flow is much bigger than the
gas flow (Lc>>G), Eq. (5.40) can be simplified:

Kx.
G+K a2t
- Ys
=Sy 541
Yo =57 K_a Ys (5.41)
If VOC content in the scrubbing liquor is low, (Kx<ys), VOC content in the exit gas will be
lower than that in the inlet gas. High VOC content in the scrubbing liquor, (Kx>Yys), can increase
VOC content in the exit gas. If the same weak wash is used for smelt dissolving and makeup
scrubber liquor, EQ. (5.41) can be expressed as.

_ KKV /L) +Vy o (5.42)

W
G+Kga(l+ K%M)

o
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In which, K is the equilibrium constant at the temperature of scrubbing liquor. VOC content in
weak wash, gas flowrate, makeup liquor flowrate, scrubbing liquor temperature and the mass

transfer coefficient affect VOC emission from smelt dissolving tank scrubber vents.

5.3.5 Validation of Air Emission Models Using Mill Data

5.3.5.1 Single Sour ce Emissions

If the VOC concentration related to air emissions in equipment can be represented by one
concentration and one temperature, it is classified as "single source”. A typical exampleis
vacuum drum washer seal tanks. The single source air emission model can aso be applied to
oxygen delignification blow tanks, bleaching towers, filtrate tanks and atmospheric diffusers. A
comparison of methanol concentrations in vent gases from modd predictions, Eq (5.30), and mill
measurements is shown in Fig. 5.17. All mill measurements are from the same fiberline in a
southern softwood kraft mill. All air samples were collected and analyzed by NCASI. The
reported data are the average of triplet samples. Liquor samples were collected at the same time
and analyzed by the headspace GC method at IPST [36]. Detailed liquor methanol profile along
the fiberline is presented in other publications [37, 12].

The methanol air emissions from those sources shown in Fig. 5.17 can be calculated from
Eq. (5.31). Theresult isshown in Fig. 5.18. The only difference between Egs (5.30) and (5.31)
isvent air flowrate, G, in Eq. (5.31). The significance of air flowrate on air emissions can be
demonstrated by comparing Fig. 5.17 and Fig. 5.18. Although methanol concentration in the O,
blow tank vent is approximately 10 times higher than that in the O, atmospheric diffuser vent,
methanol emission from the O, blow tank is only half of that from the O, atmospheric diffuser
duetoitslow air flowrate. Although reducing air flow causes higher methanol concentration in

vents, methanol emission can be reduced.

It is difficult and costly to measure methanol concentrations in vents. However, they can
be reliably calculated from methanol liquor concentrations and liquor temperatures. Therefore,
the prediction of methanol concentrations in vents is relatively certain. On the other hand, vent
flowrate is very equipment specific. For example, air flowrate from a vacuum drum washer

hood is mainly determined by the discharge fan. Different washers may use very different fan
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sizes. Itisdifficult to develop reliable methods to predict air flowrates for various equipment.
However, it is relatively easy to measure or estimate air flowrate from the specific equipment
used. Therefore, a reliable approach to predict methanol air emission is combining the model,
Eq. (5.30), with measured air flowrate. In this paper, al air flowrates are from mill

measurements.
5.3.5.2 Multi-Sour ce Emissions

A vacuum drum washer hood is a typical example of multiple source air emission.
Methanol air emissions from washer hoods are affected by methanol concentrations in both the
vat and showers. Some mills use two different shower liquids, (i.e. split showers) on the same
washer. Therefore, three liquid concentrations and three temperatures affect air emissions from a

single washer hood.

Measurements from three kraft mills have been collected to test the model. The result is
shown in Fig. 5.19. Mill A and B produce bleached pulp. Mill B uses split showers for the two
washers shown in Fig. 5.19. Mill Cisalinerboard mill that has three parallel washing lines.
The Mill C data shown in Fig. 5.19 are the average of the three lines.

Liquor samples and process operating conditions were also collected during the air
sampling. Methanol air emissions from similar washers in the same fiberline vary significantly.
In Mill A, the emission from No.1 brown stock washer (#1BSW) is approximately 10 times
higher than that from No.2 post oxygen washer (#2POW). Also, the measurements show that the
emission from the decker is higher than that from the No.2 brown stock washer (#2BSW).
However, the methanol concentrations in filtrates decrease from (#1BSW) to (#2POW).
Therefore, filtrate concentration is not the only factor affecting air emission. The difference from
mill to mill isaso significant. In Mill A and Mill C, the methanol concentrations of No.1 brown
stock washers (#1BSW) are ssmilar. However, methanol air emission of #1BSW in Mill Cis
only about 1/5 of that of #1BSW in Mill A.

The methanol air emissions from these hoods are calculated using Egs. (5.34) and (5.35)
and shown in Fig. 5.19. The same methanol equilibrium model (7) has been applied to all

calculations. The equilibrium model automatically takes consideration of filtrate temperature on

167



methanol air emissions. The same values of (K ga), and (K ca)s were used for al four hoods in
Mill A. The moddl correctly predicts the low emission at No.2 brown stock washer. The low
temperatures at No.2 brown stock washer is responsible for itslow air emission. Filtrate
temperature plays an important role in methanol air emissions. The effect of filtrate temperature
onair emission is also demonstrated in Fig. 5.20. If decker shower temperature in Mill A is
reduced 20°C, emission is reduced over 50% according to the model. Of course, washing

efficiency has to be considered in choosing the best shower temperature.

In Mill A, the vent flowrate from #1BSW and #2BSW is twice that of the decker and
#2POW. The hood air flowrates in Mill B are approximately 1/7 of those in Mill A. One
difference between Mill A and Mill B is that sasmpled vents in Mill B (Do and Eop) are collected
and go through a caustic scrubber to remove chlorine species. Perhaps, due to that concern, the
vent system was not over-designed and is operated carefully. To control odor on the washing
floor, large hood vent flows are traditionally used to improve the operating environment. This
study has shown that large vent flows can result in higher VOC air emissions. A tradeoff
between VOC emissions and odor should be considered in the operation of vent systems.
However, some simple practices, such as closing washer hood doors, are good for VOC emission

reduction and improving the operating environment.

The impact of air flowrate on methanol emission from washer hoods is demonstrated in
Fig. 5.20. If the air flowrate of #1BSW in Mill A is cut to Mill B level, methanol air emission
from #1BSW in Mill A will be reduced to 1/5 of current emission. Thisis close to the situation
of the Dy washer hood in Mill B.

The same pulp production adjusted mass transfer coefficients, (Ka)y and (K ca)s, are used
in the calculations for al washer hoods of Mill A and Mill B in Fig. 5.19. This means that mass
transfer conditions in these hoods are similar. When the same production adjusted mass transfer
coefficients are applied to the hoods of Mill C, the predicted methanol emissions are much
higher than measurements. Much lower mass transfer coefficients are needed for the model to
match the measurements. Mass transfer conditions in the hoods of Mill C are very different from
those of Mill A and Mill B. Physically, the open hood structure of Mill C isalso very different
from those in Mill A and Mill B.
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The vent air temperature is a good indicator of mass transfer conditions. When the air
temperature is close to the vat and shower temperatures, there are good mass trarsfer conditions
in the washer. Theoretically, there is a relationship between mass transfer and heat transfer.
Since it is easy to measure temperatures, it is possible to calculate mass transfer coefficients from
various temperature measurements. More study is needed to develop areliable approach to

predict mass transfer coefficients.
5.3.5.3 Paper Machine/ Pulp Dryer Emissions

Table 5.VI compares model predictions with NCASI mill measurements [34] for
methanol air emissions from paper machines / pulp dryers. Each measurement represents a
different paper machine / paper dryer. The mill data for the wet end genera vents are calculated
by subtracting the measured vacuum vent emissions from the measured total wet end emissions.
Only methanol concentration in white water was measured during the study. In the model
predictions for the dry section, Eq. (5.36), 40% press consistency is used because pulp
consistency at the press discharge was not measured. Measured air flowrates and methanol
concentrations in the white water are used in Eq. (5.38) to predict air emissions from vacuum
vents. The same mass transfer coefficient adjusted by production is used for al five mills. Also,
the same mass transfer coefficient adjusted by production is used in Eq. (5.37) to predict
methanol air emission from the wet end general vents for al mills.

5.3.5.4 Smelt Dissolving Tank Emissions

Very limited data are available to test the air emission model for smelt dissolving tanks.
The scrubber plays an important role in the air emission of smelt dissolving tanks. Inthe
previous NCASI study [38], not enough data were collected to validate the currently proposed
model. Based on our best estimation for al parameters in Equation (??), amodel predicted
methanol concentration in SDT vent air is calculated from the measured methanol concentration
in the weak wash. The same set of parametersis used for all three casesin Fig. 5.21. A
comparison of model prediction with mill measurements is shown in Fig. 5.21. The proposed
model reflects the difference between No.1 SDT and No.2 SDT in Mill D in which the same
weak wash was used.
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5.3.6 Prediction of Other VOC Emissions

The same air emission models validated by methanol can be applied to other volatile
compounds, such as TRS and chlorine species. Because the mass transfer coefficient is mainly
determined by the mass transfer conditions in the equipment involved, the same value used for
methanol can be applied to other VOC’s. However, the equilibrium constant is totally

determined by the species involved and the temperature.

In Fig. 5.22, it is demonstrated that acetone air emissions can be predicted by the same
model, Eqg. (5.34), with the same mass transfer coefficients for all washer hoods. Methanol air
emission predictions are shown in Fig. 5.19. Because acetone concentration in filtrates is much

lower than methanol, acetone air emissions are much lower.
5.4 Conclusions

A general methanol and water equilibrium model has been developed with special
emphasis on low methanol concentrations. The methanol infinite dilution activity coefficient is
temperature dependent. Temperature is the single most important factor influencing methanol
equilibrium. Henry's law is acceptable when methanol concentration in the liquid phase is lower
than 1800 mg/kg. Dissolved solids in kraft liquors increase methanol equilibrium constants.
Dissolved inorgnics have stronger impact than dissolved organics. The impact of dissolved

inorganics is not species dependent for the investigated inorganics.

Methanol is mainly generated during cooking in kraft mills. Methanol is produced from
methoxy! groups in hemicellulose and lignin. Methanol can also be generated during oxygen
delignification and bleaching. The methoxyl groups in dissolved lignin causes methanol
generation during black liquor storage and evaporation. Wood species and the final cooking
Kappa are two major factors that affect total methanol generation in kraft mills. Model
parameters for predicting methanol generation are determined from limited available
measurements. From these models, methanol generation can be predicted for different wood
species and operating conditions. A simplified cooking model (Egs. (5.24)~(5.26)) is applicable
for most mill digesters. At Kappa numbers lower than 90, there is alinear relationship between

methanol generation and final digester Kappa number. Methanol generation in oxygen
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delignification and bleaching is determined by the type of bleaching chemical and the degree of
Kappa reduction.

VOC air emissions can be calculated from VOC liquor concentrations and temperatures
by the models presented in this paper. These models are based on mass transfer and equilibrium
calculations. Equipment and its operating conditions affect the mass transfer coefficients and the
air flowrate in these models. The same principles of mass transfer and equilibrium calculation
can be applied to VOC air emission calculations for al situations. However, a specific model has
to be developed for each kind of equipment. In this paper, models for vacuum drum washer
hoods, washer seal tanks, atmospheric diffusers, oxygen delignification blow tanks, bleaching
towers, paper machines/pulp dryers and smelt dissolving tanks are presented. The models are
validated by methanol mill measurements in three kraft mills. The same models and mass

transfer coefficients are able to predict the air emissions of other VOC species.

Reducing vent air flowrate can reduce the amount of VOC air emissions athough it will
increase VOC concentrations in the vent air. Reducing liquor temperatures can aso reduce

methanol air emissions due to lower equilibrium constants.
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NOMENCLATURE

A = Coefficient for methanol generation
or pre-exponential coefficient of reaction rate
AQ = Anthraguinone charge, % onwood
C = Hemicellulose or lignin concentration, kg/L
C = Pulp consistency at press discharge, %
E = Activation energy, j/mol.K
Evoc =VOC air emission, mt/h
F = Influence factors in methanol generation, fraction
fx = Fraction of methoxyl in hemicellulose, mass fraction
G = Methanol generation, kg/ODTW
or Gas flowrate (vented wet air), mt/h
Gy = Methanol generation from hemicellulose, kg/ODTW
G = Methanol generation from lignin, kg/ODTW (cooking) or kg/ODTP
Hw = Hemicdlulose content in wood, kg/ODTW
K =VOC equilibrium constant
k = Rate constant, 1/minute

Kea = Overal masstransfer coefficient, mt/hr

Ki = Equilibrium constant of component i

Kappa = Kappa number

L = Liquor flowrate, mt/h

Lc = Circulation liquor flowrate in smelt dissolving tank scrubber, mt/h
Lm = Liquor makeup to smelt dissolving tank scrubber, mt/h

Lw = Lignin content in wood, kg/ODTW
Mau = Smelt mass flowrate, mt/h

Nw = Number of methoxyl in each lignin monomer

P = Pulp rate into the dryer section, ODmT/h

P°(T) = Saturated vapor pressure of pure component i at temperature T, mmHg

Pr = Tota pressure on system, mmHg

R = Genera gas constant, Jmol .K

Rk = Ratio of liquor equilibrium constant to water equilibrium constant, see Eq.(5.7)
R.i = Fraction of demethylation during initial cooking stage, fraction

S = Sulfidity, %

T = Temperature, K

Time, minutes

Ti | ntermediate smelt temperature, °C

Tav = Smdt temperature, °C

Tww = Temperature of weak wash entering smelt dissolving tank, °C
Vr = Evaporated water flowrate from smelt dissolving tank, mt/h
Wpis = Dissolved inorganic solids content, mass fraction

Whpos = Dissolved organic solids content, mass fraction

Xn = Number average degradable chain length
X = VOC content in inlet liquor stream, mass fraction

or Mole fraction of component i in liquid phase at equilibrium
Xo = VOC content in outlet liquor stream, mass fraction
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xww = VOC content in weak wash, mass fraction

Ve = VOC equilibrium concentration, mass fraction

Yi = Mole fraction of component i in vapor phase at equilibrium
Yo = VOC content in outlet gas stream, mass fraction

Yp = Pulp yield of cooking, fraction

Vs = VOC content in inlet stream of SDT scrubber, mass fraction
DH; = Partial molar excess enthalpy of component i, j/mol

s} = Activity coefficient of component i

fi = Fugacity coefficient of component i

t12, t21, @ = NRTL activity coefficient model parameters

Subscripts:
AQ = Anthroguinone
BL = Black liquor

C = Conversion of methoxyl into methanol
D = Degree of dissolution for hemicellulose or lignin
d = Délignification after initial dissolution
H = Hemicellulose
[ = Initia value (time = 0)
Inf =Vaue at infinite time
L =Lignin
max = Maximum
S = Bleaching stage or sulfidity
X = Xylan
W =Wood
Subscripts:
\V; =Va
S = Shower
ST = Top shower
B = Bottom shower
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Table5.I. Methanol M easurements from a Southern Kraft Mill

Liquor M ethanol Equilibrium Constant
L ocation Temperature Air Liquor |Measured l| M odel |Adj. Model 3
°c mol/kmol mol/kmol ratio of molefractions
Decker Seal Tank 71.9 0.8333 0.3021 2.76 3.06 2.64
DO Washer Sedl Tank 57.9 0.2253 0.1783 1.26 1.62 1.45
Eop Washer Seal Tank 77.3 0.2325 0.1082 2.15 3.85 3.27
02 Blow Tank 92.2 2.9752 0.5490 5.42 6.99 5.73

Note: 1. Mill values from this table.
2. Model using Eqg. (5.5)
3. Model using Eq.(5.11)

Table5.11. Mode Parameters of Methanol Generation during Kraft Cooking

| | Softwood | Har dwood | Source
Hemicellulose/Lignin Dissolution
Cu 1/Cy; fraction 0.06 Figure 5.8
An/X. | dimessionless 9.25E9 Figure 5. 8
Eny Jmol K 9.3E4 [25]
C, /G fraction 0.08 Figure 5.9
An, dimessionless 3.0E5 Figure 5.9
Ey, J/mol.K 6.0E4 Figure 5.9
M ethanol Generation
H,, kg/ton 275 347 [23]
f, fraction 0.339 0.74 [23]
L, kg/ton 297 210 [23]
Ny dimessionless 0.95 14 [23]
R g fraction 0.15 0 Figure 12/13
Ay dimessionless 1.0 Figure 5.8
A dimessionless 0.11 Figure 5.10
Fuc fraction 0.53 [15]
Fi g fraction 1 Figure 5.10
F e fraction 0.4 Figure 5.10
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Table5.111. Methoxyl Content from Residual Lignin of Spruce Kraft Pulp [21]

Milled Wood Unbleached Pulp 02 Pulp
Pulp Kappa number 145.0 86.4 29.4 17.0
Degree of delignification on wood, % 39.8 71.3 92.5 95.7
Methoxyl groups on lignin, % 15.3 11.5 11.9 12.2 9.0

Table5.1V. Model Parametersfor Methanol Generation in Oxygen Délignification

and Bleach Plants

Parameter Softwood Har dwood Source
Ny 0.95 14 [24]
Ag O, 0.27 Mill Data
Ag C, 115 Figure 5.15
A CIO, 0.50 Figure 5.15

Table5.V. Model Parametersfor Methanol Generation from Black Liquors

Par ameter Softwood Source
Ag 0.017 Figure 5.16
Ac 4.07E+05 Figure 5.16
Eg 5.14E+04 Figure 5.16
a 10.00 Figure 5.16
b -0.028 Figure 5.16

Table5.VI. Comparison of Model Predictions with Mill Measurements:
Air Emissions from Paper Machines[34]

Methanol Air Emission, kg/ODMTP
Mill ID PM Dryer Section PM Vacuum Vents PM Wet End Vents
Measured | Predicted | Measured | Predicted | Measured | Predicted
Mill G 0.352 0.467 0.286 0.236 0.234 0.283
MillH 0.224 0.198 0.081 0.083 0.213 0.130
Mill K 0.010 0.002 0.002 0.001 0.012 0.001
Mill N 0.030 0.014 0.027 0.007 0.020 0.008
Mill 0.162 0.066 0.002 0.001 0.002 0.049
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CHAPTER 6: PREDICTING EMISSIONSOF VOC'sIN KRAFT MILLS

Process simulation is an effective and efficient approach to understand complicated
processes and predict the impacts of process modification. However, reliable models for given
issues are required when reliable ssimulation results are needed. Due to the complexity of real
mill systems, it is difficult to get reliable regression models for mill process variables such as
VOC air emissions. First principle models are more desirable. This chapter demonstrates the
application of the VOC predictive models developed in this research based on first principle in
krfat mills. Four kraft mill case studies (a continuous digester, two brownstock washing lines
and a pre-evaporator system) are presented and compared with mill measurements. These case
studies provide valuable, technical information for issues related to MACT | and MACT 11

compliance, such as condensate collection and Clean-Condensate-Alternatives (CCA).

Venkatesh [1, 2] demonstrated that ssmulation is able to predict mill wide methanol (and
TRS) levels. Methanol modeling was applied to assessing the emission impact of installing a
new washer and to developing an aternative condensate segregation strategy to size a stripper.
Simulation is a useful tool for evaluating MACT compliance alternatives in kraft mills. When
fundamental models [3-5] are available, detailed mill ssimulation and limited mill sampling can
replace comprehensive mill VOC sampling, such as those in the Venkatesh paper [1]. The mill
cases presented in this chapter show that process details play a significant role in methanol
distribution and air emissions. With the new simulation tools, the impacts of process

modifications on methanol distribution and air emission can be predicted.

Methanol is generated mainly during cooking and is separated into digester condensates,
weak black liquor and the blow line filtrate. Because significant amounts of methanol can be
recovered in digester condensates, digester operation is not only important for methanol
generation, but also for methanol collection. Case | in this chapter demonstrates the potential for

improved methanol collection from a continuous digester.

It isdifficult and costly to conduct VOC air sampling. Simple correlations between

liquid methanol concentrations and methanol emissions for certain types of unit operations have
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been developed [6], but these do not consider effects of equipment configuration and operating
conditions. The new air emission models [5] can handle these effects very well as shown in Case

I1. In Case lll, these new models are applied to evaluate Clean-Condensate-Alternatives.

Although most all methanol in the weak black liquor will end up in evaporator
condensates, the evaporator system details determine how methanol is separated among different
evaporator condensates. Good condensate segregation in evaporators results in less condensate
for treatment. Evaporator operation is important not only for collecting methanol rich
condensates for treatment, but also for collecting “clean” condensates for re-use. CaselV in this

paper shows how the new VOC models are used to optimize condensate segregation.

For the U.S. Industry, MACT | is understood to be the requirements for NCGs (both
LVHC and HVLC systems); bleach plants; and kraft mill condensate collection and treatment.
MACT Il refers to the upcoming requirements for emissions from so-called combustion sources
(recovery furnace, lime kiln, smelt dissolving tank). Collection of brownstock washer went gases

is part of MACT I, even though the compliance date is not until April 2006.

6.1 New VOC Simulation Tools

6.1.1 Overview

For the reader’ s convenience the next paragraphs are a very brief summary of the

simulation submodels developed in this research and discussed in Chapter 5.

1. Methanol generation models. Currently, new models are available for kraft pulping,

bleaching and liquor storage.

2. Methanol equilibrium models, which are needed for the calculation of evaporators,

flash tanks and air emission predictions.

3. VOC air emission models, which predict VOC air emissions from mill equipment at

given operating conditions (also requires equilibrium models).
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Figure 6.1 shows the genera relationship among these models in a simulation project.
When methanol generation is available, existing process simulators can predict filtrate methanol
distribution in the process when evaporation (e.g., in flash tanks and evaporators) is not involved.
During evaporation, methanol in the vapor is in equilibrium with methanol in the liquor.
Therefore, methanol equilibrium calculation is needed to predict methanol in condensates.
Emission models calculate air emissions from methanol concentrations in filtrates and filtrate
temperatures. Equilibrium calculation is also needed for air emission prediction [5] as shown in
Fig. 6.1.

When amill processis smulated using a VOC enhanced process simulator, condensate
flows, methanol concentrations in condensates and methanol air emissions are predicted. The
impacts of process configuration changes and operating changes are predicted from these first
principle models. Thisinformation is very valuable for process improvement, equipment design
and on-going monitoring purposes for MACT | and MACT Il compliance.

6.1.2 Methanol Generation [3]

In Kraft mills, methanol is generated mainly in cooking. Methanol originates from
methoxyl groups in wood, so wood species affect methanol generation. Methanol generation
from cooking can be estimated from wood species and fina cooking Kappa. The details of
methanol generation models can be found in Chapter 5 or in our publication [3].

Methanol is aso generated during O, delignification and bleaching. Kappa change affects
methanol generation in these stages. For a given Kappa change, chlorination generates more
methanol than ClO, bleaching and ClO, bleaching generates more methanol than O,

delignification. Methanol can aso be generated from black liquor.
6.1.3 Methanol Equilibrium [4]

Temperature has the most influence on methanol equilibrium corstants [4]. The methanol
equilibrium constant at 100°C is 5.7 times higher than at 60°C. The impact of washer shower

temperature on washer hood methanol air emission has been documented by mill measurements

[4].
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Laboratory measurements have shown that inorganic salts in liquors and filtrates also

increase the methanol equilibrium constant while dissolved organics have limited impact [4].
6.1.4 VOC Air Emission [5]

Newly developed methanol air emission models [5, 7] are based on equilibrium and mass
transfer calculation. Methanol concentrations in filtrates, filtrate temperatures, vent air flow and
mass transfer coefficients affect air emissions. When these models are used in ssimulation, the
effects of process modifications and operating conditions (e.g condensate recycling and
temperature adjustment) on methanol air emissions are reflected in the model prediction. When
the methanol equilibrium constant is replaced with the equilibrium constants of other VOC's the

same models can be used to predict air emissions.

Compared with NCASI's methanol air emission correlations [6], these new models can
predict the impacts of process changes on air emissions from first principles. However, they are
more complicated and are more suitable for applications in process simulators while NCASI's

correlations [6] are good for quick estimations.

6.2 Kraft Mill Methanol Simulation: Case Studies

Four case studies using the new VOC models are included in this section. Mill

measurements validate the smulation results.
Case |: Continuous digester, condensate methanol collection
Case Il Fiberline methanol air emissions
Case Il1: Clean condensate aternative
Case |V: Pre-evaporator condensate segregation

All simulations shown in this paper are calculated using VOC enhanced WinGEM S [ 8]

although the new VOC models can be implemented in any modular process simulator.
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6.2.1 Case I: Continuous Digester, Condensate Methanol Collection

Cooking is the major source of methanol generation in kraft mills. Also, digester
operation determines how methanol is split among digester condensates, black liquor and the
fiberline. The more methanol in black liquor, the more methanol in the evaporator condensates,
the lower the condensate treatment cost and methanol air emissions from the fiberline are

minimized.

Figure 6.2 shows a single vessel Kamyr digester smulation. In the simulation, 23 blocks
are used for the calculation of the digester body. One methanol generation block predicts
methanol generation before the UCC (Upper Cooking Cir culation) and another for the rest of the
cook. Methanol equilibrium calculation is included in the two flash tanks. Also, an air emission
model is used to predict methanol content in NCGs (NonCondensable Gases) from the blow
tank.

An overal methanol mass balance is shown in Table 6.1 for the process shown in Figure
6.2. Approximately 50% of methanol goes to brownstock washing and 11% goes to the second
flash tank steam.

Black liquors extracted from digester have the highest methanol concentrations and high
temperatures. Because steam generated from these liquors has even higher methanol
concentrations, digester flash tank systems can be improved from the point view of methanol
collection. Table 6.11 demonstrates the significance of flash tank steam configuration on
methanol distribution. 1f No.1 flash tank steam is removed from the steaming vessdl, 2.7
kg/ODTP (vs. 1.1 kg/ODTP in Table 6.1) methanol can be collected from the No.1 and No.2
flash tank steam condensate. The flow of this condensate is only about 5% of the total

condensate. Also, fiberline methanol concentrations (and air emissions) will be reduced 25%.

Batch digester heat recovery systems can also be improved to collect condensates with

higher methanol concentrations.
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6.2.2 Case lI: Fiberline Methanol Air Emissions
6.2.2.1 Filtrate Methanol Profiles

When methanol generation is specified, methanol concentrations in filtrates can be
calculated from mass balances for the process if evaporation is not involved. Compared with
methanol in filtrates, methanol air emissions account for a small fraction of the total methanol
and its effect on the filtrate methanol mass balance is very small. In Fig. 6.3, calculated filtrate
methanol concentrations from mass balance calculations are compared with mill measurements
for brownstock washing, O, delignification and the Dy stage in a southern softwood kraft mill.
Methanol is used for ClO; generation.

6.2.2.2 Prediction of Air Emissions

Figure 6.4 shows atwo-stage O, delignification system with metharol air emissions from
the blow tube vent, atmospheric diffuser vent, decker hood vent and decker seal tank vent. The
new emission models [2] predict methanol air emissions from all these vents. In Fig. 6.5, model

predicted methanol air emissions are compared with mill measurements.

The whole fiberline smulation of a southern softwood kraft mill has been built. The
simulation includes digester, brownstock washing, O, delignification (Fig. 6.4), an ECF bleach
plant and a pulp dryer. Simulated air emissions are a'so compared with mill measurementsin
Fig. 6.5.

Process changes can significantly affect methanol air emissions. Condensate with 470
ppm methanol is applied to the decker shower in the current mill situation, Fig. 6.4. When
condensate with 100 ppm methanol is used on the decker shower, the simulation predicts that the
total fiberline methanol air emissions will be 1/3 lower than current emissions. Fig. 6.5 clearly
shows the significant impacts on the O, diffuser and the decker vent. Due to lower methanol
carryover to the bleach plant, methanol air emission in the bleach plant is also lower, especially
for Do stage vents. The impact of cleaner decker showers on filtrate methanol concentrationsis
also shown in Fig. 6.3.
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6.2.3 Case lll: Clean Condensate Alternative

In MACT I, the HVLC collection system from brownstock washing and screening can
be replaced by the reduction of air emissions through using clean condensate (Clean-Condensate-
Alternative). In order to evaluate CCA options for MACT |1 compliance, it is necessary to know

methanol air emissions under current mill conditions and CCA conditions.

A mill study (3 brownstock drum washer and a decker) has been conducted to
demonstrate that the new air emission models [2] can predict methanol air emissions at CCA
operating conditions using fundamental model parameters determined from current mill
conditions. Figure 6.6 shows methanol air emissions from brownstock washing at two levels of
methanol in the decker shower. The air emission model parameters (i.e. mass transfer
coefficients) are determined from Case A in Fig. 6.6, the air emissions for Case B are totally
predicted from the models without any adjustment in model parameters. The same mass transfer
coefficients are used for all three washers.

The breakdown of Hood Totalsin Fig. 6.6 is shown in Fig. 6.7. Except for No.3 washer
hood, the new air emission models are able to describe air emissions under current mill situation
(Case A) and to predict air emissions under CCA (Case B). The No.3 (Case A) washer hood has
higher air emission than the No.2 (Case A) washer hood but the No.3 washer has lower methanol
concentration and temperature in the vat and shower than the No.2 washer. Thisis most likely a

measurement error.

Figures 6.6 and 6.7 demonstrate that the new air emission models can predict the impact
of a specific process modifications. Because the new air emission models are based on
equilibrium and mass transfer calculations, it is expected that the impacts of other process and
operating conditions (i.e. temperature, production) on air emissions can be predicted by these

models.

Table 6.111 demonstrates the possibility of using the Cleant Condensate-Alternative for
this sampled line if the decker pulp is sent to a paper machine (i.e. a"brown" mill). Clean

condensate significantly reduces methanol carryover to the paper machine and air emissions
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from the paper machine and the ssimulation predicts this system can meet MACT Il requirements
under the Clean-Condensate-Alternative (Table 6.111).

6.2.4 Case IV: Pre-Evaporator Condensate Segregation

Evaporator operation isimportant for MACT compliance especially when a steam
stripper or CCA isinvolved. Skillful condensate segregation minimizes the condensate flow that
has to be collected to meet MACT requirements. The steam usage and size of condensate

strippers are directly proportional to the feed rate.

Internal condensate segregation in evaporator bodies is a good approach to maximize
condensate methanol concentration. Separating condensate from each effect in a multiple effect
evaporator system is another approach. Increasing evaporator vent steam can also be considered
if a separate surface condenser is used for the vent steam. In evaporators, methanol splits
between condensate and black liquor according to equilibrium. Mass balances alone cannot
predict the methanol distribution between liquors and condensates. Detailed mass bal ances,
energy balances, heat transfer and methanol equilibrium calculation are required to study the
effect of process, equipment and operating conditions on condensate methanol content.

Figure 6.8 shows a mill two-effect pre-evaporator simulation including methanol
prediction. Weak black liquor (16% TDS) is concentrated to TDS 18.8% by using steam
generated from accumulator condensate in a two-stage flash tank. There isinternal condensate

segregation in each evaporator body.

Methanol concentrations from the simulation are compared with mill measurements in
Fig. 6.9. Except for two foul condensate samples, methanol concentrations in al other samples
are matched very well by the simulation. Liquor flows, TDS, temperatures and pressures aso

match mill measurements.

For asimulation, such as Fig. 6.8, flows and methanol concentrations are calculated for
all streams. Thus, it is easy to determine which condensate streams should be collected. If
internal streams are collected, the ssmulation predicts the new evaporation capacity and methanol
distribution.
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Table 6.1V shows the overal methanol mass balance for Fig. 6.8 under the current mill
operating conditions. Of the incoming methanol, 22% remains in black liquor after the pre-
evaporator set. The foul condensate accounts for 23% of the total condensate flow and 42% of
the total methanol input. Table 6.V shows the overall methanol mass balance when athird effect
is added to evaporate black liquor to TDS 22.7% (18.8% for 2 effects). Methanol in the strong
black liquor of this proposed 3-effect pre-evaporator set is very low (5% of the total input).
Approximately 50% of the methanol input is collected in the foul condensate. The foul
condensate flow accounts for about 25% of the total pre-evaporator condensate and 6% of the
total condensate generated from TDS 16% to 70%. If 15.4 Ib/ODTP methanol is gererated from
softwood linerboard cooking, this 6% foul condensate contains 7.4 Ib/ODTP methanol, enough
to meet MACT | requirement. This case shows that there is great potential to reduce the cost of
MACT compliance through evaporator optimization.

A detailed simulation, such as Figure 6.8, predicts the effect of operating conditions on
methanol distribution. This information can help mill operations in on-going MACT compliance.
If input streams and sensitive operating conditions are collected online, the simulation can be

used as a soft sensor for MACT compliance and thus reduce the monitoring cost.

6.3 Conclusions

Case studies presented in this paper show that simulation can "map out" methanol
distribution and air emissions in kraft mills when newly developed VOC models are
implemented in existing process simulators. These calculations provide information about how to
collect methanol from condensates and can act as soft sensors for MACT | and MACT 11

compliance.

Mill data have demonstrated that the newly developed air emission models can predict
changes in brownstock washing air emissions caused by changes in the methanol content of the
decker shower. Because these emission models are based on fundamental equilibrium and mass

transfer calculations, they can predict the impacts of process modification and operating changes.

When condensate is carefully segregated in evaporator systems, collecting a very small
fraction of total condensate can meet the MACT | requirement. A simulated case shows that only
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6% of the total condensate is needed. Also, the condensate from continuous digester black liquor

flash steam is a good source for methanol collection when its heat can be recovered indirectly.
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Table 6.1. Overal Methanol Mass Balance in Digester Area

Input Methanol Output Methanol
ppm kg/ODTP % ppm kg/ODTP %
UCC Generation 3.10 32.4 Pulp 523 5.09 53.1
Bulk Generation 3.68 38.5 Black Liguor 511 3.36 35.0
#1 BSW Filtrate 380 2.79 29.2 Flash Steam 4917 1.11 11.5
Blowtank NCG 1647 0.04 0.4
Total 9.56 Total 9.59
Table 6.11. Effect of Removing No.1 Flash Tank Steam on Methanol Distribution
Input Methanol Qutput Methanol
ppm kg/ODTP % ppm kg/ODTP %
UCC Generation 3.10 35.0 Pulp 385 3.75 42.3
Bulk Generation 3.68 41.5 Black Liquor 371 2.43 27.4
#1 BSW Filtrate 284 2.08 23.5 Flash Steam 4114 2.66 30.0
Blowtank NCG 1215 0.03 0.3
Total 8.86 Total 8.88

Table 6.111. Model Predicted Methanol Air Emissions under Current Mill and Clean+
Condensate-Alternative (CCA) Conditions

Methanol in Decker Shower: | 350 ppm / Current| 100 ppm/CCA
IL/ADSTP Ib/ADSTP
Brownstock Washing Total 0.38 0.27
Paper Machine Total 1.32 0.38
Breakdown of Brownstock Washing Air Emissions

No.1 Washer Hood 0.13 0.10

No.2 Washer Hood 0.04 0.02

No.3 Washer Hood 0.03 0.01

No.1 Seal Tank 0.13 0.12

No.2 Seal Tank 0.03 0.01

No0.3 Seal Tank 0.02 0.01
Breakdown of Paper Machine Air Emissions

General Vents 0.38 0.11

Vacuum Vents 0.41 0.12

Dryer 0.53 0.15
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Table 6.1V. Methanol Distribution for Existing 2-Body Pre- Evaporators

Input Streams Flowrate Methanol Output Streams Flowrate Methanol
kib/hr Ib/hr % kib/hr Ib/hr %
Flash Tank Inlet 2500 Product. SBL 1385 184 22
Net Change of Accu. Cond. 257 31 Contanimated Condensate 274 295 35
Weak Black Liguor 1624 585 69 Foul&Hotwell Condensate 81 357 42
NCG's 1 5 1
Total Input 841 Total Qutput 841
Table 6.V. Methanol Distribution for Proposed 3-Body Pre-Evaporators
Input Streams Flowrate Methanol Output Streams Flowrate Methanol
kib/hr Ib/hr % klb/hr Ib/hr %
Flash Tank Inlet 3380 Product, SBL 1116 54 5
Net Change of Accu. Cond. 543 48 Contanimated Condensate 611 524 47
Weak Black Liguor 1624 585 52 Foul&Hotwell Condensate 161 547 48
NCG's 1 2 0
Total Input 1128 Total Output 1128
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PREFACE AND ACKNOWLEDGEMENTS

A joint research effort was carried out in this program towards detection and control of
volatile organic compound (VOC) emissions form kraft pulp mills. The program was selected
by the Office of Industry Technologies of the US Department of Energy and American Forest
and Paper Association (AF&PA) as a successful story project in 1998. The program consists of
Tasks A (see separate report) and Task B (reported here).

This report deals with Task B. This Task was to develop a membrane technology for the
control of the emission of VOC’ s from bleached kraft pulp mills. The main contribution of Task
B is material science and laboratory experimentation towards development of a membrane
technology to selectively remove methanol (as a VOC surrogate) from humid air streams that
occur in a bleached kraft pulp mill.

This effort consists of two main aresas;

1. Fundamental materials research to investigate the possbility to use the transport
properties of polymers for selective methanol removal via polymeric membranes (performed
mainly at Georgia Tech)

2. Laboratory experimentation on realistic mixed feed streams for selective separation of
methanol via membrane permeation (performed at the Institute of Paper Science and
Technology).

This work would not have been possible without the dedicated work of students, post
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recognition goes to Professor Czermak of the University of Applied Sciences in Giessen,
Germany, Professor Staude of the University of Essen, Germany, and Professor Schltinder of the
University of Karlsruhe, Germany, who made it possible for several students from their
ingtitutions to join this effort.
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EXECUTIVE SUMMARY
Four peer-reviewed publications are appended below.

The first three publications (Appendices A through C) dea with the measurement of
transport properties (sorption and diffusion) of small molecules in polymers. This was done
early in the project to identify whether there are polymers that would show a sufficiently high
selectivity for methanol over water and air to allow design of a simple separation process where
methanol is directly removed from a humid air stream by contacting the stream with a polymer
membrane and providing a partial pressure driving force for methanol permeation (for example
using a partial vacuum on the permeate side). Although we found polymers with a selectivity for
methanol over water, the selectivities are not very high and permeation of air is an additional
issue. Therefore, a simple process based on the selectivity of the membrane material seems not
viable.

The fourthpublication (Appendix D) deals with the final approach that we took to remove
methanol from humid air streams via membrane permeation through a tight polymer layer
(solution/diffusion transport). We produced defect-free polymer/ceramic thin film composite
membranes at the laboratory scale. We applied a water vapor purge stream on one side of the
membrane to supply a partial pressure driving force to remove methanol from the feed, while not
removing water vapor from the feed. The feed was a redlistic mixture of methanol, air, and
water vapor. Parasitic air permeation turned out to be a significant problem, and we point out
routes to improved membranes. Our results show that minimized air permeation (diluting the
permeate and making it hard to condense) might be more important than to concentrate on
methanol/water selectivity. Process design calculations are shown to prove how this system
could work in reality.
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ABSTRACT: Sorption and diffusion of water and methanol in polydimethylsiloxane and
a series of PEBAX®™ copolymers (polyether block amide copolymers) were measured
over a wide range of activities near room temperature. The goal was to identify a
membrane material for separation of the hazardous air pollutant methanol from wet
air streams in the pulp and paper industry. The PEBAX®™ copolymer series used here
allows a unique insight into transport of small molecules, because solubilities are virtu-
ally constant, while diffusion coefficients vary. This is due to the similar chemical
structure, but different chain mobility of the homopolymers. The grade PEBAX® 2533
is most promising for the separation process due to high solubility and diffusivity. The
unwanted simultaneous highly selective separation of methanol and water from the
targeted air/vapor streams will be addressed in future work. © 1997 John Wiley & Sons,

Inc. J Appl Polym Sci 65: 1983-1993, 1997

Key words: PEBAX®™; methanol and water sorption and diffusion; membrane vapor

separation; pulp and paper industry

INTRODUCTION

Methanol vapor present in water wet air streams
has clearly been identified as one of the major
hazardous air pollutants emitted from pulping
and papermaking operations.! In a typical pulp
and paper mill using the Kraft process,? methanol
is emitted at many points in the process. As wood
is chemically treated to liberate individual cellu-
lose fibers that will be made into paper, the lignin,
an organic network polymer present in the wood,

Correspondence to: M. E. Rezac.

* Current address: BASF, Mannheim, Germany.

Contract grant sponsors: Technical Competitiveness in the
Pulp and Paper Industry Initiative (State of Georgia); Ernest
Solvay Foundation.

© 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/101983-11

is decomposed into lower molecular weight or-
ganic compounds. These processes are carried out
in an aqueous phase medium at high pH. Very
large amounts of water are employed. Conven-
tional equipment (washers, holding tanks) is not
pressure tight, and operates above ambient tem-
perature. Many of the separation stages operate
in “open” systems where loss of some of the
aqueous phase in the form of vapors occurs. The
dissolved organics present as byproducts from
chemical pulping may have a much higher vapor
pressure than water, and therefore, partition
preferentially into the vapor phase. Methanol is
the most significant example.

Major equipment and processing changes
would be required to eliminate all air—liquid con-
tacts currently present in pulp and paper mills.
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Failing this, the partial migration of organics
from the liquid to the air phase will continue. It
is unrealistic to expect that complete renovation
of a majority of mills will occur, due to the prohibi-
tive investment costs that are involved. Entirely
novel methanol control technologies are not cur-
rently realistic. However, methanol must be cap-
tured, because it will have to be removed from the
process in a controlled fashion. Therefore, we have
chosen to focus our efforts on the recovery of or-
ganics from mixtures with air, with methanol as
the representative example.

The ultimate goal of our work is a technology
that can be used as a retrofit to existing mills to
control hazardous air pollutant emissions. Metha-
nol is the most prominent contributor to these
emissions and will serve as our model compound.’
We chose to investigate membrane vapor separa-
tion for this purpose.

Polymeric membranes have inherently high se-
lectivities for organics over air. Membrane vapor
separation units are rugged and can be built to
treat point sources.® The organics are recovered
as liquids without cumbersome regeneration or
disposal problems that occur with adsorption or
bioremediation.

Membrane vapor separation is being evaluated
here as a potential technology for the recovery
of methanol. In this process, organic vapors are
separated from the feed stream by permeation
through an ultrathin polymeric membrane with
outstanding affinity for the organic component.
Current industrial-scale applications of this pro-
cess include recovery of fuel vapors from tank
farms and recycling of solvents and chemicals.*

The vapor separation membrane module itself
contains no moving parts. Modularity of the sys-
tem allows expansions and adaptation to the vol-
ume to be treated. Ideally, the result of the mem-
brane separation process is recovery of nearly all
organics in liquid form for easy reuse, transport,
or disposal. Through internal recycling schemes,
the process can be adapted to feeds with low or
high concentrations.

TECHNICAL APPROACH

A membrane material capable of recovering meth-
anol while allowing the majority of the water and
air to pass through the unit is required for this
application. The affinity of the membrane mate-
rial for a minor component of the feed stream
(methanol) allows removal of a highly concen-

trated solvent vapor by permeation through the
membrane.

As only limited data regarding diffusivity of wa-
ter and methanol from the vapor phase through
polymers is available, experimental evaluation of
candidate polymers was made. This entails determi-
nation of basic transport properties (sorption, diffu-
sion) of candidate polymers when contacted with
methanol, water, and air. The initial material eval-
uation is reported here.

PREVIOUS STUDIES

The system polydimethylsiloxane (PDMS)/water
was included in the work presented here to vali-
date the experimental technique by comparison
with existing data (see discussion). After many
years of experimental work (e.g., refs. 5-7), the
diffusivity of water in PDMS remains under dis-
cussion. A review and additional data has recently
been published.® Watson and Baron challenge the
view that clustering of water molecules decreases
the diffusion coefficient with increasing water
sorption. Our data appears to support this view.

The literature yielded no comparable results
for the diffusivity of methanol in PDMS beyond
Favre et al.’

The transport properties of polyether block am-
ides (PEBAX®), especially for water and metha-
nol, have rarely been reported in the literature.
Some PEBAX® grades show a very high affinity
for water. Therefore, this polymer was chosen to
investigate the separation of methanol from air
streams. The availability of a wide range of co-
polymers allows unique insights in structure/
property relationships. Optimization of the poly-
mer for the separation process may then be possi-
ble. Depending on chemical composition, PEB-
AX® grades can exhibit two glass transition tem-
peratures far below and above room temperature.
PEBAX® has been evaluated for the separation of
liquid acetone/water mixtures by pervaporation.’
Although the grade of PEBAX® was not given,
the low acetone selectivity may indicate a grade
with low polyamide content. Permeability coeffi-
cients cannot be derived, because the effective
membrane thickness was not given.

It is of some interest to investigate the litera-
ture for the transport properties of homopolymers
made from the monomer units of PEBAX®. Co-
polymer properties could then potentially be pre-
dicted.'® The transport properties of the system
polyamide/water have been reviewed.'! This re-
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VA1l

Figure 1 Schematic of apparatus for dynamic sorp-
tion—desorption measurements. (B) Cahn microbal-
ance, (H) heater, (V) valve, (VO) ballast volume, (F)
flask, (VA) vacuum pump, (S) sample, (T) temperature
indicator, (P) pressure gauge.

view lists experimental data for water uptake in
Nylon 12 of 12.6 to 13.8 cc(STP)/cc Polymer at
25 + 5°C and an activity of 0.6. This data clearly
confirms the magnitude and trend of water sorp-
tion in PEBAX® grades with increasing polyam-
ide content (Fig. 5). Using a model,** a diffusion
coefficient of 5.4 X 1072 cm?/s of water in Nylon
12 at unit activity and 30°C can be predicted. Con-
sidering the many assumptions for the model, this
value corresponds reasonably well with another
source.'” The decrease in the diffusion coefficient
of water with increasing polyamide content of
PEBAX® grades as found in this work is generally
confirmed.

Unfortunately, no studies of the diffusivity of
water or methanol in polytetramethylene oxide
(PTMO) were found in the literature. Therefore,
no attempt could be made at predicting copolymer
properties from the homopolymers.

EXPERIMENTAL

The absorption—desorption kinetics and the solu-
bility of methanol vapor, water vapor, and dry air
in a series of PEBAX® polymers and PDMS were
studied by a gravimetric method. This method
consists of measuring the rate of weight gain or
loss of a sample due to sorption or desorption. The
weight change is determined with an automatic
electromicrobalance incorporated in a vacuum
system as shown in Figure 1.

An electronically controlled beam balance was
used (Cahn Instruments, Inc.; Cerritos, CA;
Model D-200). On both sides of the beam, hang-

down wires with sample baskets were suspended
in glass tubes. One basket holds sheets of the sam-
ple material; the other holds tare weights. For the
configuration employed, the balance had a maxi-
mum load-carrying capacity of 3.5 g and was capa-
ble of registering weight changes of up to 750 mg
with a sensitivity of 1 mg.

The vacuum system consisted of two flasks, F1
and F2, to generate the solvent vapor, a ballast
volume (approximately 12 L) to reduce pressure
fluctuations during the runs due to absorption,
and two vacuum pumps with cold traps (VA1: Pre-
cision Scientific, Model D25. VA2: Edwards,
Model E2M2). Pump VA1l was used to evacuate
the system up to valve V5 during the desorption
runs, and pump VA2 was used to evacuate the
remainder of the system and to adjust the vapor
pressure prior to sorption experiments. The pres-
sure was measured with two absolute pressure
transducers (MKS, range 0—1000 cmHg and 0—
100 cmHg). The temperature inside the isolated
chamber (black box in Fig. 1) was held at 30 =
0.1°C.

For gas absorption, a sample of known thick-
ness is placed on the hangdown wire. Valve V5 is
closed and the system evacuated with pump VAL.
In this stage, any remaining penetrants are re-
moved. Solvent is filled in Flask F2 at room tem-
perature. Valve V1 was closed and the left part
of the system was evacuated with pump VA2 to
remove any air. To start the run, valve V6 is
closed and data recorded every 5 s. After 60 s
valve V5 is carefully opened and the sample ex-
posed to the solvent vapor. Typically, about 30 s
is required for the pressure in the balance system
to reach steady state. No data for this initial tran-
sient pressure period was used in the analysis.
Sorption was allowed to continue for a period of
at least 20 times the half-time (time for 50% final
penetrant uptake).

Desorption measurements followed each ab-
sorption measurement. Valve V5 was closed and
the data recording started. After 60 s, valve V6
was opened to evacuate the system. This pump
was capable of evacuating the system within sev-
eral seconds. The run was terminated after the
same time had elapsed as during absorption.

?
~C-PA-O-FE~
Figure 2 Chemical structure of PEBAX®,
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Table I Physical Properties of the Different PEBAX®™ Grades

PEBAX®

2533 3533 5533 6333
“x” (number of PTMO groups per repeat unit) 2.68 3.42 14.85 19.30
“y” (number of PA groups per repeat unit) 27.80 26.00 24.70 16.60
Weight percent PA 21.6 27.1 62.2 75.8
T, PTMO (°C) =72 -65 —60

None None

T,, crystalline PTMO (°C) 7 detected detected
T, PA (°C) All between 65 and 75
T, crystalline PA (°C) 142 160 170

MATERIALS

Polymers

The polymers used in this study were Polydimeth-
ylsiloxane (PDMS) and polyether block amide
(PEBAX®),

The PDMS films were cast from commercially
available components (General Electric) with no
fillers or additives. As solvent, toluene was used.
The sample was dried at room temperature for 2
weeks and at 100°C for 48 h under vacuum (vac-
uum pump equipped with an aluminum oxide
backdiffusion trap). The density of PDMS is re-
ported to be 1.02 g/cm?.'® The thickness, 6, was
evaluated with a thickness gauge at 21 positions
on the sample. The arithmetic average was 0.502
+ 0.074 mm. The glass transition temperature,
T,, was measured using differential mechanical
thermal analysis to be —123°C. This is in good
agreement with the published value.'®

A series of PEBAX®™ gsamples in the form of
pellets was generously supplied by EIf Atochem
(Philadelphia, PA). PEBAX®™ 2533, 3533, 5533,
and 6333 were evaluated. The general chemical
structure of PEBAX® is given in Figure 2.

PA represents polyamide, and PE is a polyether
segment. In the PEBAX® gseries studied here, Ny-
lon 12 and polytetramethylene oxide (PTMO)
were present in varying ratios. An elemental anal-
ysis for carbon, hydrogen, nitrogen, and oxygen
was performed by Huffman Laboratories (Golden,
CO). The number of repeat units of polyamide

and polyether in each monomer segment (sub-
scripts “x” and “y” in Fig. 2) were calculated. Ini-
tial guesses for “x” and “y” were based on the
literature.'*'® Using these guesses and the known
structure of Nylon 12 and PTMO, the resultant
mass fraction of each element was calculated.
These calculated values were compared to the ex-
perimentally measured mass fractions and an
overall error (defined as the sum of the error for
each element) was minimized via iteration. The
results are reported in Table 1.

The T,s were measured using differential scan-
ning calorimetry (DSC) under nitrogen. Scans
were run from —100 to 200°C at a heating rate of
10°C/min. The measured values are reported in
Table I. Thermal analysis of the PEBAX® grades
indicated two distinct glass transition tempera-
tures as well as crystalline melting peaks near 10
and 140°C.

PEBAX® films were melt extruded using a
Haake Buckler extruder fitted with a flat film die.
The extrusion temperature ranged from 140 to
180°C, depending on the material. The motor
speed was varied between 5 and 30 rpm. Sample
thickness was controlled by the motor speed and
the speed of the take up roller. Sample thick-
nesses are reported in Table II.

All films were optically clear and remained so
throughout the preparation and testing process.
Samples were dried under vacuum for 14 days at
40°C. The vacuum pump was equipped with an
aluminum oxide backdiffusion trap. Following

Table II Thickness and Standard Deviation for PEBAX®™ Samples

PEBAX®™ 2533

PEBAX®™ 3533

PEBAX® 5533 PEBAX®™ 6333

Thickness, 6 (mm) 0.470 + 0.011

0.470 = 0.023

0.432 = 0.023 0.125 = 0.005
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Figure 3 Solubility of water in PDMS as a function
of activity at 30°C.

drying, all samples were stored in a desiccator
until further use. The density of the PEBAX®

3 16

grades tested was reported to be 1.01 g/cm”.

Solvents

Methanol (Fisher Chemical, technical grade,
99.9% purity) and water were used. Both pene-
trants were subjected to a series of freeze—thaw
cycles before use. The measured vapor pressures
were in good agreement with those reported by
Reid, Prausnitz, and Poling.”

TREATMENT OF EXPERIMENTAL DATA

Solubility

The equilibrium sorption for each penetrant was
calculated using

22414 M, — M, |

MW-V, (L

where ¢ is the equilibrium concentration of the
penetrant [em®(STP)/cm? polymer]; 22414 is the
volume (cm?) of 1 mol of penetrant at standard
temperature and pressure; M; and My are the ini-
tial and final masses (g), respectively; MW is the
molecular weight of the penetrant (g/mol); and V,
is the polymer volume (cm?). Standard conditions
were taken as 0°C and 1 atm.
The solubility coefficient, S, is defined as:

S =clp (2)

where p is the vapor pressure. Solubility coeffi-
cients were needed to calculate permeability coef-
ficients. The permeability coefficients at low activ-
ities were of interest for the methanol separation
process. Therefore, eq. (2) could be used directly,
because the concentration c is linearly related to
the vapor pressure in this range.

Diffusion Coefficients

The diffusion coefficient can be determined from
the transient portion of the sorption process. The
necessary relationships were obtained from the
solution of Fick’s second law by Crank'® obeying
boundary conditions equivalent to the ones in this
study. At short times, the diffusion coefficient can
be estimated from a plot of M,/M.. versus the
square root of time:

|5 (3)

M. =z

M, 4 <Dt>1/2

where M, and M.. are the weight gain by the sam-
ple at time ¢ and at equilibrium, respectively, 6 is
the thickness of the sample, and D is the mutual
diffusion coefficient. This equation is only valid for
applications with a constant diffusion coefficient.
However, Crank and Park'® showed that for cases
of nonconstant D, the average diffusion coefficient
over the entire experimental range is calculated.
This method can be applied up to a normalized
mass uptake M,/M.. of 0.6 with negligible devia-
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Figure 4 Solubility of methanol in PDMS as a func-
tion of penetrant activity. The dark line represents the
data published by Favre.”
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Figure 5 Solubility of water in a series of PEBAX®™
polymers as a function of activity.

tions from the exact solution of Fick’s second law.
The short-term method was used in this study to
analyze the data. The time required to bring the
sample environment from vacuum to the vapor
pressure of the run is small compared to the ex-
perimental timescale, but not zero. The raw ex-
perimental data (weight vs. time) was therefore
shifted so that a zero time/zero uptake intercept
of the linear regression (up to M,/M. = 0.6) was
obtained.

Crank and Park® also introduced the long-
term method to calculate the diffusion coefficient
from experimental data. The long-term method
proposes a linear relationship in a plot of In(1
— M,/M.) versus time ¢:

M, 8 D
ln<1 — E) = 11'1(;) - <7T52 )t (4)

This method was used for a normalized mass
uptake between 0.5 and 0.85. The uncertainty of
the starting time has negligible influence on the
results of the long-term method. The starting time
determined through the shift of the raw experi-
mental data to satisfy the zero time/zero uptake
intercept was used (see above). Agreement be-
tween the diffusion coefficients from the short-
and long-term methods was very good. This shows
the high reliability of the results obtained here.

The reported diffusion coefficients were calcu-
lated by first averaging the results of the short-
term and the long-term method for each sorption
and desorption experiment. Then, the final value

is obtained by averaging the results of the corre-
sponding sorption—desorption runs.

Permeation Coefficients

The permeation coefficient of each penetrant has
been calculated as the product of the diffusion and
sorption coefficients according to

P =DS (5)

RESULTS

Solubility Measurements

To ensure that the data obtained were accurate,
the sorption of water and methanol in PDMS was
measured and compared to values reported in the
literature.

PDMS/Water

The solubility of water in PDMS was determined
at 30.0 = 0.1°C over the pressure range of 4 to 21
cmHg, or an activity range of 0.13 to 0.64. Experi-
mental results are presented in Figure 3 in the
form of a solubility isotherm. The isotherm is lin-
ear, indicating that the sorption can be described
by Henry’s law for this activity range. The solubil-
ity of water in PDMS is quite low (<0.5
cm?®(STP)/cm?® polymer at an activity of 0.7).
The behavior of water in PDMS has been the
subject of recent analysis by a number of research-
ers. Unfortunately, there is some discrepancy as
to the exact numerical results. The compliance
with Henry’s law over this activity range, and the
order of magnitude of the sorption found in our
work are consistent with the published data.?

PDMS /Methanol

The solubility of methanol in PDMS was mea-
sured at 30.0 = 0.1°C over the pressure range 4
to 122 cmHg, or an activity range from 0 to 0.75.
Experimental results are presented in Figure 4.
As with the sorption of water, the sorption of
methanol is linearly related to the applied pene-
trant pressure at low penetrant activities. How-
ever, at activities above about 0.3, there is clear
curvature in the sorption isotherm, indicating
that Henry’s law no longer applies. Furthermore,
the absolute value of sorption of methanol is an
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order of magnitude greater than the sorption of
water.

The results for the measurements with PDMS
were compared to those reported by Favre® after
correcting for temperature (solid line in Fig. 4).
Temperature correction was performed using the
interaction parameter calculated with the equa-
tions from Koningsveld and Kleinjtens.”® The Fa-
vre data was obtained with a vapor permeation
module. The agreement between our data and
that of Favre is quite good. This is a very good
validation of our experimental method.

PEBAX®/Water

The solubility of water in a series of PEBAX®™
polymers was determined at 30.0 + 0.1°C over the
pressure range of 4 to 21 cmHg, or an activity
range of 0.13 to 0.64. Experimental results are
presented in Figure 5. Each of the isotherms is
essentially linear with activity and shows no pro-
nounced swelling or plasticization behavior. In-
terestingly, the total sorption, at a given activity,
is not markedly affected by the polymer composi-
tion. Slight increases in the sorption of water are
observed in the order of increasing PA content of
PEBAX®™ 2533 < 3533 < 5533 < 6333.

PEBAX®/Methanol

The solubility of methanol in the PEBAX® series
was determined at 30.0 = 0.1°C over the pressure
range of 4 to 90 cmHg, or an activity range of 0.02
to 0.55. Experimental results are presented in
Figure 6. Each of the isotherms is essentially lin-
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Figure 6 Solubility of methanol in a series of PEB-
AX® polymers as a function of activity at 30°C.

107 -
[ PDMS ® Water
—30.0 £ 0.1 °C ¥ Methanol
w
o
g 5 ®
S 10 @
o = ) |
Dm
‘vvw w YY
M v
10°° :

0 01 02 03 04 05 0.6 07 08
activity

Figure 7 Average diffusion coefficient for water and
methanol in PDMS as a function of penetrant activity.

ear and shows no pronounced swelling or plastici-
zation behavior. The total sorption, at a given pen-
etrant activity, is essentially unaffected by the
polymer composition. Within experimental error,
all four polymers exhibit the same total sorption.

DIFFUSION COEFFICIENTS

PDMS/Water /Methanol

The mutual diffusion coefficients, D, for water
and methanol in PDMS were determined from the
absorption and desorption rates using both the
short-time and long-time methods as discussed
above. The results are presented in Figure 7. The
diffusion coefficients for both water and methanol
are nearly independent of activity over the condi-
tions investigated.

A recent publication by Watson and Baron re-
views published diffusion coefficients for water in
PDMS.® In contrast to previously published
data,® which demonstrate decreases in the diffu-
sion coefficient with increasing penetrant concen-
tration, Watson and Baron report an essentially
constant diffusion coefficient over a wide concen-
tration range. The published values of diffusion
coefficients as summarized by Watson and Baron
vary by nearly an order of magnitude.

The data reported here is in acceptable agree-
ment with that of Watson and Baron. In both data
sets, the diffusion coefficient is observed to be in-
dependent of penetrant concentration. The aver-
age diffusion coefficient measured by Watson and
Baron was 1.2 to 1.9 X 10 ° cm?/s.® The values
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Figure 8 Average diffusion coefficient for water in a
series of PEBAX® polymers as a function of penetrant
concentration. Lines drawn as visual aid.

measured here range from 0.8 to 1.1 X 10~ cm?/s.
Considering the variability in the previously re-
ported data, this agreement was deemed accept-
able.

PEBAX®/Water

The diffusion coefficient of water in the PEBAX™
series was measured under the same conditions
as the sorption isotherms. The results are pre-
sented in Figure 8, which shows that the diffusion
coefficients are essentially independent of concen-
tration over the interval investigated. However,
there are marked differences in the diffusion coef-
ficient of water in each of the four PEBAX®
grades. The trend is (increasing diffusion coeffi-
cient with decreasing polyamide content): 2533
~ 3533 > 5533 > 6333.

The absolute value of the diffusion coeffi-
cients ranges from approximately 3 X 10 ®to 1
X 10 % cm?/s.

PEBAX®/Methanol

The mutual diffusion coefficient of methanol in
the PEBAX® sgeries was measured under the
same conditions as the sorption isotherms. The
results are presented in Figure 9, which shows
that for grades 2533 and 3533, the diffusion coef-
ficients are essentially independent of concentra-
tion over the interval investigated. Concentration
dependence, which was not apparent in Figure 6,
is clearly apparent here for PEBAX® grades 5533
and 6333. This is most likely due to the plasticiza-

tion of PEBAX® grades 5533 and 6333 by meth-
anol.

There are marked differences in the diffusion
coefficient of methanol in each of the four poly-
mers investigated. The trend in diffusion coeffi-
cients is the same as for water (increasing diffu-
sion coefficient with decreasing polyamide con-
tent). The absolute values of the diffusion
coefficients range from approximately 1.5 x 108
to 4 X 1077 em?/s.

Permeation Coefficients

In the analysis of the membrane separation pro-
cess, the relative rates of permeation through the
polymer matrix is the key material property.
Therefore, for each of the penetrants, the perme-
ability has been calculated from eq. (5). In Table
III, the calculated permeability for each material
is reported at an activity similar to the level that
would be encountered in the methanol recovery
application of interest.

Due to the very low sorption of air in the poly-
mer samples, the inaccuracy of the reported per-
meabilities for this penetrant is relatively high,
estimated as =50%. The relative inaccuracies are
only approximately =2% for the reported perme-
ability coefficients of methanol and water.

DISCUSSION OF RESULTS

Membrane Separation Process

Ideally, if a membrane process were to be em-
ployed in recovery of vaporous methanol from hu-
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Figure 9 Average diffusion coefficient for methanol
in a series of PEBAX® polymers as a function of pene-
trant concentration. Lines drawn as visual aid.
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Table III Calculated Permeability Coefficients and Selectivities for Methanol, Water, and Air

Transport through PEBAX® Polymers

Permeability (Barrer)

Ideal Selectivity

PEBAX™ Grade Methanol?® Water” Air® Methanol/Air Methanol/Water
2533 8090 25600 4.4 1840 0.32
3533 6840 27450 5.1 1340 0.25
5533 2250 8910 2.1 1070 0.25
6333 520 2590 0.3 1730 0.20

1 barrer = 107*° cm?® (stp) cm/cm? s cmHg.
# Methanol activity, 0.09.

> Water activity, 0.53.

¢ Air pressure, 73 cmHg.

mid air streams, it would preferentially permeate
the methanol while excluding nearly all water and
air from the permeate. Further, the rate of metha-
nol transport should be as fast as possible, thereby
minimizing the size of the membrane unit re-
quired. An appreciation for the ability of a particu-
lar material to complete this separation can be
gained by evaluation of the ideal separation fac-
tors in Table III.

The ideal separation factor, defined as the ratio
of the independently measured single-component
permeation coefficients, provides a useful mea-
sure of the actual separation for polymers that
exhibit Henry’s law type sorption if there is no
strong interaction of the various penetrants, and
if the polymer does not undergo plasticization or
swelling.?® For the activity ranges of interest,
swelling was not evident from the sorption mea-
surements.

Each of the polymers in the PEBAX®™ series
evaluated here exhibits an outstanding ability to
separate methanol from air, with selectivities of
greater than 1000. PEBAX® grade 2533 would
appear to be the most attractive for this separa-
tion based on its high methanol permeability.

However, none of these polymers demonstrates
the ability to selectively remove methanol from
a water-wet air stream. Because these materials
actually transport water faster than methanol,
the permeate would consist of a methanol/water
mixture, and the retentate would be a well-dried
air stream. Thus, the goal of methanol recovery
could be realized, but only at the added expense
of a very large membrane area, which would be
required to transport both the minor constituent
(methanol) and the contaminant water.

Efforts are underway to overcome these limita-
tions. We will report in the future on modifications

of the mode of operation that will make full use
of the high methanol selectivities, while avoiding
problems with water permeation.

Transport Properties of Copolymers

The series of PEBAX®™ polymers investigated is
interesting in that although the films evaluated
are optically clear, thermal analysis clearly dem-
onstrates two distinct T,s. Evaluation of Table 1
indicates that the thermal properties of the poly-
mer are not influenced by the relative composition
of polyether and polyamide segments. This is in-
dicative of a microphase separated polymer.?*?
The possible presence of two distinct phases in
the polymers evaluated introduces some compli-
cations in the analysis.

The polyether phase has a T, well below room
temperature. Therefore, sorption into this phase
would be expected to obey Henry’s law with linear
sorption isotherms up to the activity at which
swelling becomes apparent. However, the polyam-
ide segment has a T, of approximately 40°C above
the measurement temperature. Therefore, dual-
mode type sorption isotherms, as are typical of
glassy materials, may be expected from this frac-
tion of the polymer.

Evaluation of the sorption isotherms for water
and methanol in PEBAX®™ (Figs. 5 and 6) indi-
cates that, within the experimental error, all iso-
therms are linear with penetrant activity. Even
for grade 6333, which is approximately 75 wt %
glassy polyamide, no dual-mode behavior is ob-
served.

A number of factors may be contributing to this
behavior. First, the overall sorption measured is
the sum of sorption into the rubbery PTMO phase
and into the glassy PA phase. Any dual-mode be-
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havior that may be present in the PA phase could
be masked when superimposed on that of the
PTMO phase.

It is further possible that the PA phase itself
exhibits little or no dual mode sorption behavior.
Stern has reported on the sorption of ethane and
butane into polybutylmethacrylate over a range
of temperatures traversing the 7,.** Even at tem-
peratures 30°C above T, the sorption isotherm
exhibited no dual-mode behavior. Rather, for the
entire temperature range that was covered, the
sorption isotherms were well described by Henry’s
law. Stern attributed this to the fact that the T,
is a temperature range, rather than a singular
temperature.

Influence of Polymer Structure on Transport
Properties

The copolymers evaluated here provide a unique
look at a series of materials with essentially con-
stant solubility, but varying diffusion coefficients.

Equilibrium sorption is determined by thermo-
dynamic interactions between the polymer and
the penetrant.? Thus, changes in the chemical
nature of the polymer (such as changes in polar-
ity) may manifest themselves as changes in the
level of equilibrium sorption. In the series of
polymers evaluated here, the relative content of
polyether and polyamide groups is varied. The
two constituents, PTMO and PA, have the chemi-
cal structures of —(CH;);—O—, and —NH—
(CH3);;—CO—, respectively. Because both ma-
terials have rather long aliphatic components, the
chemical affinity of each for water and methanol
is expected to be similar. This is consistent with
the virtually constant equilibrium sorption for
each of the block copolymers.

While the chemical nature of each of the blocks
of the copolymer are nearly equivalent, their ther-
mal behavior is not. At the evaluation tempera-
ture, the PTMO is in the rubbery range, and the
PA has glassy characteristics. Thus, the kinetic
behavior (chain mobility) of the two, which con-
trols the rate of diffusion, is markedly different.
These differences manifest themselves as differ-
ences in the diffusion coefficients. As the content
of PA in the copolymer increases, the measured,
average diffusion coefficient decreases. The dif-
fusion coefficient in these materials is well cor-
related with the weight fraction of PA in the co-
polymer.

CONCLUSIONS

The PEBAX® materials evaluated here can be
used to selectively separate methanol from air,
but not methanol from water. The 2533 grade ap-
pears to be the most promising based on its high
permeation rates. If one of these materials were
to be used in a membrane system for the recovery
of methanol from water-wet air streams, the per-
meate product would be a mixture of methanol
and water. Research is under way that will ad-
dress this limitation, while simultaneously mak-
ing full use of the very high methanol/air selectiv-
ities.

The PEBAX® materials are unique in several
respects. Because of the similar chemical nature
of the two components of the copolymer, the equi-
librium sorption of water and methanol in each
of the polymers is essentially equivalent. How-
ever, the diffusion coefficient decreases markedly
as the glassy polyamide content is increased.

Although the PEBAX® polymers exhibit two
Tgs, they are optically clear. Therefore, micro-
phase separation is probable, but, if present, it
must be present on a local scale only. The sorption
isotherms of these materials (even those with up
to 75 wt % glassy polyamide) obey Henry’s law
and show no evidence of dual-mode behavior. This
may be attributable to masking of the sorption
in the glassy phase by sorption into the rubbery
phase. In addition, the presence of only minimal
dual-mode behavior in the glassy phase could be
explained by the close proximity of the measure-
ment temperature to T,.
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The transport rates of methanol and water through a series of PEBAX® block copolymers were measured and
correlated with the fractional free volume. Excellent agreement between the logarithm of the diffusion coefficient
and the inverse of the fractional free volume of the polymer was observed. This provides new evidence of
the utility of the free volume theory to describe the transport of highly condensable vapours. Correlation was
also quite good when the logarithmic additivity relationship was employed. This relationship has been
previously shown to correlate the properties of homogenous blends with copolymer composition. The successful
use of this theory for a series of blends that exhibit two glass transition temperatures is discussed. © 1997 Elsevier
Science Ltd.

(Keywords: diffusion in polymers; free volume theory; copolymers)

INTRODUCTION

The rate of gas transport across a solid polymeric film is
determined by the process conditions (feed composition,
temperature and partial pressure) as well as by the chemical
structure of the polymer. Many studies have attempted to
quantify and generalize the relationship between chemical
structure and gas transport. Notable are those of Stern and
coworkers' ™ and Koros, Paul and others®®. These studies
have focused on the use of permanent gases as test
penetrants and on systematic variation of the polymeric
backbone or side groups. Our analysis of a series of block
copolymers minimizes ambiguities in the interpretation
of the results due to variations in the chemical makeup
of the polymer backbone or pendant groups. The research
reported here examines the gas transport of highly
condensable penetrants in a series of block copolymers.
Block copolymers are rarely examined. Yet, they offer the
unique opportunity to systematically examine gas transport
without the influence of side-group interactions. The physical
properties of these materials vary as the copolymer content
changes; however, the chemical constituents of the polymer
remain constant.

Through a detailed analysis of the transport of con-
densable penetrants in a series of block copolymers,
we have provided further information in the continuing
attempt to correlate the polymer structure with transport
properties.

BACKGROUND

Cohen and Turnbull have suggested that diffusion in a
rubbery polymer is the result of redistribution of free

*To whom correspondence should be addressed
+ Present address: BASF, Mannheim, Germany

volumes within a matrix and migration of the penetrant
among these free volumes®. Diffusion can therefore occur
if a hole exists that is large enough for a molecule to enter
this newly formed hole. From the evaluation of transport
in liquids, Cohen and Turnbull found that the probability
that a volume large enough exists for such a jump could be
described by the following equation:

P(v') = exp(—yv"/ve) (1)

where P is the probability for a hole of sufficient size v¥, v is
a constant and v is the average free volume in the material.
Barrer and Fergusson'® found linear relations between
the probability of the existence of a hole and the diffusivity.
Therefore, the free volume model suggests a linear relation-
ship if the logarithm of the diffusion coefficient is plotted
versus the polymer’s free volume. Lee has shown that such
a correlation can be applied both above and below the poly-
mer’s glass transition temperature''.

A major limitation of the quantitative use of this theory is
the lack of a clear working definition of ‘free volume’ ta-14
Specific free volume and fractional free volume have been
suggested. Each method has proven useful. The following
simple definitions for specific and fractional free volume
have been proposed and employed. Specific free volume can
be found by

Ve=V -V, )

Where V is the experimentally observed specific volume
and V, is an estimate of the specific volume occupied by
the polymer at zero Kelvin. The specific volume is taken as
the inverse of the polymer bulk density. A group contribu-
tion approach was used in the calculation of V. The van der
Waals specific volume, Vi, of the polymer was calculated
by group contribution and equated to the occupied volume
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by
Vo=13Vy (3)

as suggested by Bondi'%.
The fraction free volume has been defined as the ratio of
the specific free volume to the observed specific volume:

Ve
FFV=— 4
FV= @

Cohen and Turnbull’s theory has been used to correlate the
rate of penetrant diffusion in a polymer with its ‘free
volume’. Examination of penetrant transport in polymers
is often concerned with the rate of penetrant migration
across a film or the permeation rate. This rate can be used
in the design of polymeric membranes for separation or
barrier packaging. For the case of negligible downstream
pressure, the permeability coefficient can be written as the
product of a diffusion coefficient and a sorption coefficient:

P=DS (5)

In principle, each of these coefficients can be measured
independently. However, for low sorbing penetrants such
as oxygen, nitrogen and helium, accurate measurement
of the sorption and diffusion coefficients is difficult. Yet,
direct measurement of the permeability coefficient of such
gases is straightforward'®. Therefore, the literature fre-
quently reports permeability coefficients exclusively. As a
result, several authors have attempted to apply Cohen and
Turnbull’s theory to correlate permeability coefficients
with the free volume'®~?2. While such an extension has
little theoretical basis, the correlations are often quite
good. Successful correlations supports the proposition
by these authors that the expected level of sorption is
nearly constant for a given penetrant over a wide range
of free volumes if the chemical nature of the polymer is
varied only minimally. For systems in which D and §
were indegendently measured, this proposition is generally
confirmed

Several modern theories of gas transport in polymers
have been developed based on work of Cohen and Turnbull.
Notable amo 5g these are those of Vrentas, Duda and
coworkers?>~%°, These authors have attempted to develop a
predictive theory and to account for differences in the
chemical nature of the polymer and the penetrant. However,
the complexity of the Vrentas and Duda model has limited
its use.

While the Cohen and Turnbull model can accurately
correlate transport rates to a single parameter, the polymer
free volume, the Vrentas and Duda model requires
information relating to variations in polymer viscosity
above and below T,, thermal expansion coefficients of
the glassy and rubbery state, molar volume of solvent,
rheological data and diffusivity data for the solvent in the
glassy polymer as a function of temperature. The correlative
power of the model appears to be quite high, better than
that of Cohen and Turmnbull in certain circumstances.
However, the use of the model has been limited by the
amount of experimental data required.

Weinkauf and Paul used free volume theory to describe
the behaviour of a series of copolymers®®. The copolymers
exhibited only a single melting exotherm and a single glass
transition temperature. The theory showed a good correla-
tion with the experimental data.

Weinkauf and Paul also demonstrated that the copolymer
permeability could be correlated using logarithmic
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additivity as shown in equation (6):
In P=xln P; +x;In P, (6)

where x; is the volume fraction of component ¢, and P; is
the permeability of the homopolymer. equation (6) provides
a simple model by which to predict the behaviour of
miscible mixtures or copolymers prior to actual synthesis
and evaluation.

EXPERIMENTAL

The absorption—desorption kinetics and the solubility of
methanol and water in a series of polyamide—polyether
block copolymers were studied by a gravimetric method.
This method consists of measuring the rate of weight gain or
loss of a sample material due to absorption or desorption,
respectively, of the penetrant. The weight change was
determined with an electromicrobalance incorporated in a
vacuum system that allowed the exposure of the candidate
material to a vapour of the solvent of interest. The system
has been previously described in detail®’.

Materials

Polymers. A series of PEBAX® block copolymer
samples in the form of pellets was kindly supplied by EIf
Atochem (Philadelphia, PA). PEBAX® grades 2533, 3533,
5533 and 6333 were evaluated. The general chemical
formula for PEBAX® is given in Figure 1.

PA represents polyamide and PE is a polyether segment.
In the PEBAX® series studied here, Nylon 12 and
polytetramethylene oxide (PTMO) were used in varying
ratios. An elemental analysis for carbon, hydrogen, nitrogen
and oxygen (C, H, N and O) was performed by Huffman
Laboratories (Golden, CO). The number of repeat units of
polyamide and polyether in each monomer segment (sub-
scripts ‘x” and ‘y’ in Figure 1) was calculated. In this
calculation, initial guesses for ‘x’ and ‘y’ were based on
those reported by Faruque and Lacabanne for this PEBAX®
polymer®®. Using these values and the known structure of
Nylon 12 and PTMO, the resultant mass fraction of each
element was calculated. These calculated values were
compared to the experimentally measured mass fractions
and an overall error (defined as the sum of the error for each
element) was minimized via iteration. The results are
reported in Table 1. The fractional free volume for each
material is also reported. Fractlonal free volumes were
calculated using the method of Bondr 2 with values for the
structural groups from van Krevelen®”

The glass transition temperatures of the various polymers
were measured using differential scanning calorimetry
(DSC) under nitrogen. Scans were run from —100 to
200°C at a heating rate of 10°C min~". The measured values
are reported in Table 1. Thermal analysis of these materials
indicated two distinct glass transition temperatures as well
as crystalline melting peaks near 10 and 140°C.

PEBAX® films were melt extruded using a Haake
Buckler extruder fitted with a flat film die. The extrusion
temperature ranged from 140 to 180°C depending on the
material. The motor speed was varied between 5 and

?
~-C- PAZO-PE-

Figure 1 General monomeric repeat structure of PEBAX®
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Table 1 Physical properties of the PEBAX® samples

PEBAX® Nylon 12
2533 3533 5533 6333
X 2.68 342 14.85 19.30 -
‘y’ 27.80 26.00 24.70 16.60 -
Weight percentage of PA 21.6 27.1 62.2 75.8 100
FFV 0.172 0.168 0.141 0.131 0.120*
T4 prva (°C) —76 -72 —65 —60 -
T Crystattine prmo (CC) 12 7 None detected None detected -
T, Nylon (°C) 70 68 66 72 -
T'n Coysatine P (°C) 137 142 160 170 178°

*Reference

30 rpm. Sample thickness was controlled by the motor
speed and the speed of the take-up roller. Sample
thicknesses were between 0.0125 and 0.0470 cm.

All films were optically clear and remained so throughout
the preparation and testing process. Samples were dried
under vacuum for 14 days at 40°C. The vacuum pump was
equipped with an aluminium oxide backdiffusion trap.
Following drying, all samples were stored in a desiccator
until further use. The density of the PEBAX® grades tested
was reported to be 1.01 g em™ %0,

Solvents

Methanol (Fisher Chemical, technical grade, 99.9%
purity) and water were used. Both penetrants were subjected
to a series of freeze—thaw cycles before use. The measured
vapour pressures were in good agreement with those
reported by Reid er al.*'

TREATMENT OF EXPERIMENTAL DATA

Sorption
The equilibrium sorption for each penetrant was calcu-
lated using

_22414IM; — M|

MWV, @

where ¢ is the equilibrium concentration of the penetrate
absorbed in cm® (STP)cm™ polymer, at a pressure, p,
and at the given temperature. The constant 22414 represents
the volume, in cm3, of one mole of penetrant at STP (0°C
and 1 atm), M is the mass shown by the balance at equi-
librium (final) and M; is the mass shown at the beginning
of an experiment (initial), both in grams. MW is the mole-
cular weight of the penetrant (in g mol ') and V, is the
polymer volume, in cm”.

Diffusion coefficients

Diffusion coefficients were evaluated using the non-
steady state of the sorption and desorption curve according
to Crank®?. At short times,

M, 4 (D" ®
M. /x\¥&

where M, and M. are the weight gain by the sample at time

t and at equilibrium, respectively, & is the thickness of

the sample and D is the mutual diffusion coefficient. This

equation is only valid for applications with a constant diffu-
sion coefficient. However, Crank and Park'> showed that for

cases of non-constant D, the average diffusion coefficient
over the entire experimental range is calculated. This
method can be applied up to a normalized mass uptake
M /M. of 0.6 with negligible deviations from the exact
solution of Fick’s second law. This ‘short-time method’
was used in this study to analyse the data.

Crank and Park'’ also introduced the long-time method
to calculate the diffusion coefficient from experimental
data. The long-time method proposes a linear relationship
in a plot of In(1 — M/M..) versus time t:

MY\ 8 7°D

Agreement between the values of the diffusion coefficient
calculated using those two methods was very good, support-
ing the accuracy of the calculated values.

The diffusion coefficients reported in this paper are the
average of the results of the short- and long-time values.
Furthermore, the average of the results of the sorption and
the desorption runs is used.

Permeation coefficients

The permeation coefficients reported were calculated
using equation (5), where § is the sorption coefficient and is
defined as S = C/p. Here, the average slope of a plot of
equilibrium sorption versus pressure up to the activity
reported is used as S.

RESULTS

Sorption isotherms for both methanol and water in each of
the PEBAX® polymers were measured over the activity
range of O to approximately 0.75 at 30°C. Complete analysis
of the influence of activity on molecular transport is
provided in a separate publication”’. Here, we have
chosen to evaluate only a single intermediate activity for
each penetrant. Up to the activities discussed, the sorption
isotherms were linear with respect to penetrant activity.
Therefore, one may conclude that no significant swelling
of the polymer matrix has occurred.

Measured solubility coefficients, diffusion coefficients
and calculated permeability coefficients for each of the
polymers are reported in Table 2 for methanol and in Table 3
for water. Each of the values reported is the average of
the measured values obtained from a paired absorption-
desorption run.

For the polymers and penetrants examined, the solubility
is essentially constant. Therefore, variations observed in
the permeability coefficient can be attributed almost
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Table2 Solubility, diffusion, and permeability coefficients for methanol in a series of PEBAX® polymers at 30°C and methanol partial pressure of 40 cmHg
(methanol activity = 0.25)

Polymer S [em® (STP) cm™ polymer cmHg '] Davg X 108 (cm?s™" P x 10" [em® (STP) cmem 2 emHg ™' s 7]
Pebax 2533 2.53 38.0 9600
Pebax 3533 248 33.0 8200
Pebax 5533 2.58 10.6 2740
Pebax 6333 2.86 245 700

Table 3 Solubility, diffusion, and permeability coefficients for water in a series of PEBAX® polymers at 30°C and water partial pressure of 20 cmHg (water
activity = 0.64)

Polymer S [em® (STP) em ™ polymer cmHg"] Davg X 108 (cm?s™h P % 10" [em® (STP) cm cm 2 cmHg ™! s
Pebax 2533 4.37 73.0 31870
Pebax 3533 4.06 66.4 26930
Pebax 5533 5.1 17.9 9150
Pebax 6333 5.70 4.35 2480

D (cm?/sec)

555 6 65 7 75 8 85 9
1/FFV

Figure 2 Correlation between inverse fractional free volume of PEBAX®
polymers and the measured diffusion coefficients for methanol and water at
30°C. Correlation coefficients for water and methanol are 0.996 and 0.993,
respectively. Water data denoted with solid triangle (at 1/FFV = 8.5) is for
the transport of water through pure Nylon 12°3

-
] <A :
2 -~
= ® A
'% 10° - Methanol =~
: °
£ 1
10° . L . L
0 20 40 60 80 100

wt% polyamide in blend

Figure 3 Influence of PEBAX® blend composition on the permeability of
water and methanol at 30°C. Correlation coefficients for water and
methanol are 0.966 and 0.990, respectively. Water data denoted with solid
triangle (at pol¥amide content = 100%) is for the transport of water through
pure Nylon 127

entirely to changes in the measured diffusion coefficient.
This supports the use of the free volume theory for
correlations of the permeability coefficient with minimal
inaccuracy.

DISCUSSION OF RESULTS

A plot of the diffusion coefficients of both water and
methanol in the PEBAX® series as a function of inverse
fractional free volume is presented in Figure 2. An excellent
correlation between the fractional free volume of the
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copolymer and the diffusion coefficient of either water or
methanol is demonstrated. Furthermore, data from the
literature is included for water transport through pure Nylon
12. This data fits well with the experimentally measured
trend. No data for the transport of methanol through the
homopolymers was found in the literature.

Several, potentially significant variations exist between
the results reported here and those reported in the literature
for the correlation of transport properties with a polymer’s
free volume. The polymers studied here exhibit two glass
transition temperatures indicative of phase separation. Yet
the materials are optically clear and the molecular weight
of each segment in the repeat unit is relatively short.
Thus, any phase separation present is on a local molecular
scale. Nevertheless, the free volume theory provides very
good correlation for the transport properties of these
materials.

The highly condensable components water and methanol
were used as test penetrants. While the free volume theory is
hypothetically applicable to any penetrant in any pseudo-
liquid system, essentially all of the published correlations
are for test penetrants that are much less condensable
than water and methanol, typically carbon dioxide, nitrogen
or methane. We must note, however, that the analysis
presented here is at relative vapour activities under
which no swelling of the polymer matrix was observed.
Under bulk swelling conditions, this correlation may not
provide sufficient detail to fully describe the diffusion
process.

The extension of the free volume theory of Cohen and
Turnbull to highly condensable components in block
copolymers provides unique evidence for the usefulness
of the theory to correlate transport properties and the
fractional free volume of a polymer.

The permeability data for these polymers has been
analysed using the logarithmic additivity model described
in equation (6). While the permeability values for the
homopolymers are not known, it appears that the block
copolymers follow this simple relation (as can be seen in
Figure 3). Our data confirms that equation (6) provides a
simple method for the prediction of the properties of
block copolymers. The excellent fit of equation (6) provides
further support that the transport properties of the polymers
examined here behave in a manner consistent with
homogenous polymer blends?®.
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CONCLUSIONS

Correlations between polymer free volume and penetrant
diffusion coefficients, first proposed by Cohen and Turnbull
have been successfully applied to a series of block
copolymers with methanol and water as the test penetrants.
The excellent agreement between the overall polymer free
volume and the diffusion coefficients provides an opportu-
nity to tune the copolymer content to achieve a wide range
of desired transport properties. The successful extension of
the free volume theory to a series of block copolymers and
highly condensable penetrants provides further evidence of
its general utility.
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Appendix C: Gas Transport Properties of a Series of High Tg Polynorbornenes with Aliphatic
Pendant Groups



Gas Transport Propertiesof a Seriesof High T, Polynor bornenes
with Aliphatic Pendant Groups

K okou D. Dorkenoo, Peter H. Pfromm, and Mary E. Rezac”
I nstitute of Paper Science and Technology
500 10th Street N.W., Atlanta, GA 30318-5794

“School of Chemical Engineering, Georgia | nstitute of Technology
Atlanta, GA 30332-0100

ABSTRACT

A study of gas transport properties of novel polynorbornenes with increasing
length of an aliphatic pendant group R (CHs-, CH3(CHy)s-, CH3(CHy)s-, CH3(CHy)g-) has
been performed. These polymers were synthesized using novel organometallic complex
catalysts via an addition polymerization route. This reaction route maintained the
bridged norbornene ring structure in the final polymer backbone. Gas permeability and
glass transition temperature were found to be higher than those for polynorbornenes
prepared by ring-opening metathesis and reported in the literature. It was shown that for
non-condensable gases such as H, and He the selectivity over N, decreased when the
length of the pendant group increased, but remained relatively stable for the more
condensable gases (O, and QO-). The permeability coefficient is correlated well to the
inverse of the fractional free volume of the polymers. The more condensable gases
showed a deviation from this correlation for the longest pendant group, probably due to
an increase of the solubility effect. This polymer series demonstrated a simultaneous
increase in permeability and selectivity, uncommon for polymers.

(Keywords: Polynorbornene; gas separ ation; Membrane; free volume)



INTRODUCTION

Polynorbornenes have been synthesized for their excellent properties for dielectric
applications, and also for their significant cost advantage in comparison with materials
currently used as interlevel dielectrics in microelectronics.® Their transport properties are
important not only for this application, but also for other potentia usesin packaging® and
gas separation.® The most familiar polynorbornene*® (Figure 1) is prepared by ring-
opening metathesis polymerization (ROMP) and has a varying content of cis and trans
units depending on the polymerization catalyst used. The ROMP polynorbornenes have
been the subject of a number of investigations; some of which are summarized below. In
contrast, the polynorbornenes evaluated here have been synthesized via a novel addition
polymerization which maintains the norbornene ring structure. For simplicity, we will
refer to these as addition polynorbornenes (APNB’s). The molecular architecture of the
APNB'’s, shown in Figure 2, is fundamentally different than the ROMP polymers shown
in Figure 1. The impact of this difference on the physical and transport properties is the

subject of this study.

Yampol skii et al.® studied the transport properties of ROMP polynorbornenes
with different stereoregular structures controlled by the synthesis. They showed that the
polynorbornene with predominantly cis units in the backbone chain shows higher gas
permeabilities than those with predominantly trans units They also determined the free
volume of their polymers by the positron annihilation method. Steinhéusler and Koros’
have aso investigated the influence of stereochemistry and tacticity of ROMP
polynorbornenes on gas separation properties and reported findings similar to

Y ampol’ sKii.



Bondar et a.® studied permeation and sorption in polynorbornenes with varying
substituents. They reported that the introduction of a Si(CHs)s group to the backbone
increased the glass trangition temperature and the permeability of gases through the
polymer. They concluded that if the size of the siliconcontaining side group is too large
the permeability and the glass transition decrease (see Table 4). Yampol'skii et a.°
observed increased gas permeability, gas sorption, and elevated glass transition

temperatures in polynorbornenes with fluorine-containing side groups.

In the research reported here, we have investigated a class of polynorbornenes,
whichretain the norbornene ring in the repeat unit as shown in Figure 2. This structure is
substantially more rigid than the polynorbornenes prepared by ring-opening metathesis
polymerization as previously discussed.*® Thus, we anticipate that our materials will
have enhanced glass transition temperatures and potentially improved separation
selectivities. We have investigated the effect of the size of aiphatic pendant groups on

transport properties.
EXPERIMENTAL

Materials

The repeat unit for the polynorbornene materials evaluated here is shown in
Figure2 where R represents different pendant groups. The polynorbornenes were
supplied by the BFGoodrich corporation.  They were produced via addition
polymerization using an organometallic complex as catalyst.’®*'2  APNBs with four

different pendant groups have been evaluated here. The pendart groups are methyl,



butyl, hexyl, and decyl. The elongationto-break of the unsubstituted APNB was

insufficient to allow for formation of the film samples needed for permeation evaluation.

Polymer samples were cast from dloroform (Aldrich, 99.9% purity, used as
received). Permeation samples were prepared by adhering aluminum foil masks to the
polymer with an epoxy adhesive (Duro Master Mend).** All gases (minimum purity

99.9%) were obtained from Air Products and used as received.

Preparation

The films were cast from the chloroform solution containing approximately 3.6
wt% of polymer. The solution was filtered through a0.45 mm Teflon filter and cast
directly into a stainless-steel ring on a leveled mirror. A second glass plate was placed
across the top of the casting ring to slow the evaporation of the solvent. The evaporation
was performed in aglove bag in a solvent-enriched environment. Following 24 hours,
the films were removed from the plates by immersion in water. The films were further
dried under vacuum at 100°C to a constant weight. In the initial 7 hours of vacuum
drying, a weight loss of 2% was measured. Continued drying to a total of 24 hours
resulted in no further change in weight. The vacuum system was equipped with atrap to

prevent oil vapor back diffusion.

Thickness and ar ea measur ement

After drying, the film thicknesses were measured. A known area of the film was
weighed, and using the measured density (see below), the film thickness was cal cul ated.
The accuracy of this thickness measurement was determined by repeated measurements

and was estimated to be within 2% of the reported value. The thickness of our films



ranged from 612 nm. Thickness measurements with a mechanical gauge (resolution

1mm) were in good agreement with the method described above.

The permeation area was determined by successive magnified photocopies of the
masked permeation area taken after the end of the experiments. The image of the
permeation area was then determined gravimetrically. The average area determined by

the above procedure ranged from 1 to 13 cnf with an error of about 1%.

Per meation measur ement

The permeability was studied by single-gas permeation using a constant-
volumelvariable-pressure apparatus. The permeation cell was maintained at
35°C + 0.1°C. The feed pressure was 10 + 0.05 atm; on the permeate side of the film, the
gas pressure was less than 10 Torr and considered negligible. The leak rate into the
vacuum system introduced an error for the permeability measurement of less than 0.01%
for the slowest gas. These techniques have been described in greater detail, for example,

by Koros.**

Density measur ement

The density measurements were performed at 23 + 0.1°C with a density gradient
column, using iso-propanol/water-calcium nitrate solutions. Samples were cut from the
same samples used in the permeability measurement. Solvent uptake during the density

measurement was less than 0.2 wit%.



RESULTS AND DISCUSSION

Physical properties

A polymer’s glass transition temperature, Tg, is related, among other parameters,
to the rigidity of the macromolecule. The thermal properties of these polynorbornenes
were measured using dynamic mechanical thermal anaysis at the BFGoodrich
Corporation.’® The results are summarized in the second column of Tablel. The
increasing length of the flexible pendant group results in a decrease in the glass transition
temperature and modulus of these polymers. The polynorbornene with the methyl side
group has the highest glass transition temperature of this group (above 380°C). The
polynorbornene with the decyl side group has the lowest glass transition temperature
(about 150°C). For comparison, the glass transition temperatures of the ROMP
polynorbornenes are presented in Table 2. The ROMP polymers have consistently lower
Tq's. Thus, we can conclude that the APNB polynorbornene backbone is less flexible

than the ROMP polymers.

Fractional free volume deter mination

The relation between the free volume and the coefficient of viscosity, h, was
introduced by Doolittle in 1951'° as:
h = Aexp[B/(Vo/ V)] (@)
where A and B are constants. The fractional free volume (FFV) is defined as w/Vo:
FFV=(v-Vo)/Vo = Wi/ Vo 2

where v is the total specific volume of the polymer; v, is the so-called “occupied

volume,” which cannot assist in penetrant transport; and v is the specific free volume of
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the polymer. Using the Stokes-Einstein relation with @ as the diameter of a sphere
having the volume of the molecule, the diffusion coefficient, D, can be written as:

D= (kT /pay)/h (3)
where T is the temperature, and k is Boltzmann’s constant.

Cohen and Turnbull*” derived the relation between the diffusion coefficient and

the fractiona free volume as:

D=Doexp[-gv*/v] (4)

where v* is the critical volume just large enough to permit displacement of molecules.
The permeability coefficient can be written as the product of the diffusion coefficient and
the sorption coefficient, in the absence of significant swelling:

P=DS 5)

The pendant groups of our polynorbornenes can be written as CH;z (CHy)x-. As
one evaluates the polymer series reported here, only the length of the aliphatic side chain
changes (represented by x). If it is assumed that the solubility coefficient does not
change significantly, the permeation coefficient, P, and the ideal selectivity, a s, can be
described as follows:

P=Poexp[-gv*/v] (6)
aam = PalPs (7
where Py and Pg are the permeation coefficients for two different gases A and B. P, and g

are constants.

Table 1 presents the volumetric data of polynorbornenes. The free olume was

calculated using the Bondi*® method. The specific volume, Vg, IS defined as 1/r , where



r, the density, was experimentally measured. The van der Waa’s volume, v,, was
estimated by using van Krevelen's'® data. Thus, the free volume is given by

Vi = Vg - 1.3y (8
and the fractional free volume can be calculated as

FFV = w/vg 9

The greatest challenge for this calculation is the van der Waal’s volume of the
norbornene ring structure. We approximated this volume by building up the ring in a
step-wise fashion from known components. While this may introduce error in the exact
fractional free volume values calculated, errors in this calculation should not seriously
influence the comparison between the different pendant groups, because the same ring is
present in al polymers investigated here. The calculated fractional free volumes are

presented in Table 1.

Permeation

Table 2 presents the permeability coefficients for different gases at 35°C and
10 atm. The permeability coefficient decreased with increasing size of the pendant group
except for the last value, which showed an increase in the permeability coefficient.
Figure3 presents the H, permesability coefficient versus the inverse fractiona free
volume for these polymers (numbered 1-4 in the figure) and selected data from the
literature. The polynorbornenes evaluated here exhibit good correlation between the
experimental permeabilities and the inverse of fractional free volume. Similar
relationships also existed for the other gases examined. The good correlation observed

for these polymers could be explained by the fact that our pendant groups present the



same structure, and therefore, the solubility of gases in these materials is approximately

constant across the entire family.

The overal correlation between hydrogen permeability and the inverse of
fractional free volume for our APNBs evaluated and the ROMP polymers from the
literature shows some scatter. The inability of this correlation to account for differences
in the polymer backbore has been previously observed.?®?! Indeed, this behavior
provides further evidence that differences in polymerization routes, which result in
dissmilar polymer backbones, are important in determining the properties of the

polymers.

Selectivity

Table 3 presents the idea selectivity for different gases over nitrogen and
methane. The selectivity decreased with increasing pendant group length for all gases.
The percentage change was the largest for the non condensable gases such as He, H,, and
less pronounced for more condensable gases such as CO, and O,. The CH4/N, selectivity
was the only gas pair that showed an increase in selectivity with increasing side group

length.

Comparison to other polynorbornenes

Table 4 presents permeability coefficient data measured by other researchers. The
first three lines of the table give Yampol’skii’s’ data for fluorinated polynorbornenes.
Both the permeability of our polynorbornene with the CHz pendant group and its Ty are
higher than for the polymers present in this table. For the rest of our polymers, some

permesability coefficients are lower, but the high Ty is maintained. The second part of this



table presents Bondar's data.® Although glass transition temperatures of polynorbornenes
with organosilicon substituents are consistently lower than those for our APNB’s in

Table 2, no clear trend in the permeability coefficients is apparent.

Direct comparison of ROMP and APNB polynorbornenes is complicated by the
dight variations in the side groups of the materials studied. For the APNB series
evaluated, both permeability and selectivity decrease as the length of the aliphatic side
group is increased. Although extrapolation of this trend to predict the performance of
other materials is should be viewed with caution, we hypothesize that the properties of
the unsubstituted APNB would be similar to those of the APNB with the methyl side
group. Indeed, the glass transition temperature of the unsubstituted material is above

400°C, as would be expected from extrapolation of data for the substituted materials.

Comparing the properties of the unsubstituted ROMP polynorbornene (polymer 5
in Table 4) with the methyl-substituted APNB (polymer 1 in Tables 1-3), one can gain
insight into the importance of the rigidity of the polymer backbone in these polymers.
The permeability of H, through these polymers is 500 Barrer for the APNB materials, but
only 21 Barrer for the ROMP polymer. Hydrogen/nitrogen selectivities are 20.8 and 14,
and the Tys are 380°C and 31°C, respectively. Thus, the APNB has higher
permeabilities, higher selectivities, and a higher glass transition temperature than the
corresponding ROMP material. One might expect, therefore, that an APNB material with
a fluorinated side group (such as the ROMP polymer 6) might have even more attractive

properties.
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Comparison to gastransport in other polymers

The polymers studied here show increasing permeabilities with increasing
selectivities as can be seen in the Hy/N, trade-off curve in Figure 4 Robeson’s upper
bound?? is dso shown for reference. The behavior of this polymer family is somewhat
unusual because for many polymers, permeability decreases with increasing selectivity.
According to previous work by Hoehr? the behavior of our polymers can be rationalized
by considering qualitatively the properties of the polymer chains and the free volume in
the polymer. In the absence of significant sorption effects, the simultaneous selectivity

increase with increased permeability can be explained as follows:

The increasing selectivity with decreasing length of the flexible side chain is due
to increasing influence of the rigidity of the polymer backbone. Rotational
mobility decreases with increasing influence of the stiff backbone on the
polymer properties. This, according to the ideas presented by Hoehn'’ and
Koros,* will increase selectivity.

The flexibility of our polymer molecules increases with the side chain length
(CH3(CHy)x-). Thisis evident from the decrease of Ty with increasing side chain
length. At the same time, the side group is linear and packs well. Improved
packing of the polymer chains is apparent from the decrease of fractiona free
volume with increasing side chain length. This is strongly related to a
permeability loss.

The transport data for this family of polymers with a rather stiff backbone and a
flexible side chain show how the properties of polymers can be tailored by molecular-
level changes. It is even possible to reverse the trade-off between selectivity and

permeability that is often found.

CONCLUSIONS

Maintaining the norbornene ring structure in the polymer backbone is important to

obtain high glass transition temperatures and gas permeabilities This study of the

11



transport properties of polynorbornenes with aliphatic pendant groups further shows that
an increase in pendant group chain length is responsible for the simultaneous decrease in
fractional free volume, glass transition temperature, permeation coefficients, and
permsel ectivity. Interestingly, the APNB polymer family investigated shows
simultaneous increases in selectivity and permeability as the pendant chain length is
decreased. This behavior may prove important for future attempts to move beyond the

performance of current polymers.
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Tablel. Physical properties of APNB polynorbornenes.

Polynorbornene T Young's modulus® r* Vi Vi FFV
Pendant group (R) (°C) (GPa) (gcm®)  (cm’lg)  (cmP/g)

1.CHs- 380>> 1.4 0.986 0.6302 0.1949 0.1922
2. CHs(CHy)s- 350> 0.9 0970 06579 01756  0.1704
3. CH3(CHy)s- 280 0.6 0.965 0.6691 0.1664 0.1606
4. CH3(CHy)g- 150 0.2 0.946 0.6835 0.1685 0.1594

*at 23°C
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Table2. Permeability coefficients at 35°C and 10 atmfor APNB polynorbornenes.

Polynorbor nene N2 H> O, CO2 CH4 He
Pendant group (R) Barrer*

1. CHs- 24.1 502.1 89.2 396.3 30.3 309.4
2. CH3(CHy)3- 11.2 110.7 33.3 141.9 28.4 66.7
3. CH3(CHy)s- 6.9 57.2 198 83.8 18.7 36.8
4. CH3(CHy)o- 8.7 62.4 25.3 1111 28.1 38.9

*1 Barrer = 10 cn® (STP) cmient scm Hg
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Table3. Idea selectivity coefficients for APNB polynornornenes.

Polynorbor nene Ho/N> 0O,/N> He/N-» CO,/N> CHu4/N> CO,/CH4 H,/CH4

Pendant group (R)

1. CHsz- 20.8 3.7 12.8 16.4 1.2 13.0 16.5
2. CH3(CHy)3- 9.9 3.0 5.9 12.6 2.5 4.9 3.9
3. CH3(CHy)s- 8.3 2.9 5.3 12.2 2.7 4.4 3.0
4. CH3(CHy)g- 7.2 2.9 4.5 12.8 3.2 39 2.2
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Table4. Properties of ROMP polynorbornenes.

Polynorbor nene r FFV Ty (°C) N> H, 0O, CO; CH4 CoHe
(glem®) Barrer*

No Side Chain

5. PNB* 0.98 0.156 31 15 21 2.8 15.4 25 1.4

Fluorine-Containing Side Chains

6. PFMNB?® 1.586 0.165 169 17 166 50 200 13 6.6

7. POFPNB? 1.626 0.187 77 17 130 55 200 18 14

Silicone-Containing Side Chains

8. PTMSNB® 0.92 0.200 113 7.2 140 30 89 17 7

9. PDSNB® 0.93 0.142° 24 3.7 73 16 67 85 10

&M easurements performed at 22+3°C and 50-500 Torr (ref 9.).
® Measurement performed at 22+1°C, 10-200 mm Hg, and the low-pressure side was about 10 mm Hg (ref 8.).

¢ Calculated by authors using Bondi method.
*1 Barrer = 10°° cm® (STP) cm/ent scm Hg
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Figurel. Repeat unit of ROMP polynorbornene polymerized by ring-opening
metathesis.
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Figure2. Repeat unit of addition polynorbornene (APNB) polymerized by using an
organometallic complex as catalyst (prepared by BFGoodrich, R see Table 1).

21



1000
1
3
@ 8 7
2, 100 - o
I O
Q
©
©
o
@)
2
< 101
o}
£
O
D:\I ® our Data
T HRef. 8
.Ref. 9
1 } } } } }
4.5 5 55 6 6.5 7 7.5

Figure 3. Correlation between inverse fractiona free volume of APNB polynorbornenes
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Repeat unit of ROMP polynorbornene polymerized by ring-opening
metathesis.

Repeat unit of addition polynorbornene (APNB) polymerized by using an
organometallic complex as catalyst (prepared by BFGoodrich, R see Table 1).

Correlation between inverse fractional free volume of APNB polynorbornenes
and the permeability coefficient for Hy,. Comparison with literature data
(Table 1 and Table 4). (1 Barrer = 10°*° cm® (STP) cm/en? s cm Hg).

Relative position of our polynorbornenes in comparison with Robeson’ s upper
bound.?? Permeability and selectivity increase simultaneously with decreasing
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Abstract
Methanol is an unwanted byproduct of kraft pulping in the pulp and paper industry. More

than 50 million tons of kraft pulp is produced in the U.S. per year, and methanol releases are on
the order of pounds per ton of pulp produced. Methanal is released in low concentrations with
humid air streams from many sources in a kraft pulp mill. Membrane vapor separation was
tested for sdlective remova of low concentrations of methanol from a humid air Sream. The
separation studied here was driven by a water vapor purge stream on the permeste Sde of a
poly(ether amide) block copolymer (PEBAX® 2533) membrane.  The separation
characterigtics of the membrane were essentiadly unchanged comparing the water vapor purge
mode and previous single component measurements. Modeling based on the experiments and
for another possible target membrane materid is discussed.

“To whom correspondence should be addressed
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Introduction
Hazardous Air Pollutants (HAP' s) such as methanol (the mgor HAP in kraft pulping)

have become a focus for reduction of emissions from pulp and paper mills*? Methanol and a
host of other organics are produced during the kraft pulping process and released downstream
of the kraft digester snce many downstream operations are open to the atmosphere. Closure of
the various process steps to the atmosphere is generdly not an acceptable solution, since the
emissons would smply be shifted esewhere and become intractable, for example in the
wadtewater treatment system or at the papermachine. Conventional HAP control would consst
of the codtly collection, trangport, and centralized trestment of vent sireams.  As a potentia

dterndtive, we are here exploring treatment of vapor-phase HAP point sources in bleached
kraft pulp mills (tank vents and washer hoods etc.) with a membrane separation process to
sdectively remove methanol (a surrogate of the HAP s in these Streams).  The streams targeted
here congs mainly of air near ambient conditions with high relative humidity.

The potentid of polymeric membranes to recover organic vapors from gas streams has
been recognized.®>*> We have chosen to evaluate the use of a water purge stream to (1)
maintan a minimum methanol partid pressure on the permeete sde of the membrane and,
therefore, provide the maximum possible methanol driving force, and (2) diminate the driving
force for water transport and, thus, minimize water flux. Thus, through appropriate system
design, the need to sdectively separate methanol from water will be iminated and the key
separation requirement will be the sdective remova methanol from ar.  If this can be
successtully achieved, the industrid concern of complying with methanol emisson regulations

can be achieved.

This systemn design examined in this paper is the use of water vapor as a purge stream on
the permeete side of a membrane separator to drive the methanol remova from the feed. This
purge mode has been rardy explored. Nevertheless, it provides a mechanism by which the
methanol can be sdectivey removed from the feed stream with minimd transport of water.
Previous experimentd evauation of an air purge to facilitate the remova of carbon dioxide from

ar indicated that, under certain conditions, the use of a purge stream could grestly reduce the
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required membrane area® The use of a portion of the dry retentate stream as a permeste
sweep for the dehydration of moist air has also been andyzed.” The permesbilities and
sdectivities in the work by Wang et d. are smilar to ours (vapor/air sdectivities of severd

hundred to severd thousand, high permeabilities for vapors on the order of thousands of
Barers). Inadgtuation of high permesbility and high sdectivity for the vapor to be removed, the
main resistance to mass transfer may lie in the boundary layers and not in the membrane itsalf.’
In reference 7, the purge stream was recognized to partialy overcome concentration
polarization in the permeate sde fluid boundary layers of the membrane. The “interna purge’

by a somewhat “lesky” membrane was seen as not as efficient as an externd purge since the
permesate space at the retentate end of the module (where an externa purge would enter) is not
well purged. The externd purge aso adlows for grester control.

Our work examines a polymeric membrane for the recovery of dilute methanol from a
nitrogen stream a high relative humidity while using awater vapor purge on the permeete sde of
the membrane. This externa permeste purge is explored to address mass transfer issues and
minimize the needed membrane area while producing an easily condensble permeste. One
objective is to experimentaly determine the sdectivity and productivity of athin film composite
membrane for this process under redistic process conditions. Another objective is to evauate

the utility of the concept by modeling.

Principle of the process
The partid pressure driving force available for methanol remova in our industrid problem

isandl. The exact concentration of methanol varies in a kraft mill with values on the order of
1000 ppm (volume) or lower. This would usudly favor carbon adsorption over a membrane

system,® but the high level of water saturation complicates adsorption.

Figure 1 shows the concept. The permesate is condensed and a vacuum pump is used to
exhaust a smdl amount of air permesting the membrane. It could also be consdered to send
the permeate stream to an exigting ripper many of which operate a below amospheric

pressure.’
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Many candidate membrane materidswill likely be able to effectively block the permestion
of ar. However, the methanol/water selectivity will generaly be low.”® Therefore, if a partia
vacuum on the permeste side would be used to drive the mass transfer, the high permesbility of
water will cause sgnificant water trangport dong with the methanol remova. The permeste
purge with water vapor will have advantages compared to a vacuum driven process at technica
vacuum levels permeete Sde mass trandfer limitations are minimized, permeate condensation

can be used to drive the process, and the needed membrane areawill be reduced.

The commercid recovery of methanol from a humid air stream would be likely limited by
the available pressure ratio (tota feed pressure/total permeate pressure). Typical vaues for the
feed gas would have a pressure of on the order of 5.3 psig with a methanol concentration of
only 1000 ppm. An industrid vacuum system with a pressure of 0.1 am might be reasonably
assumed for this system (for example a single-stage dry vacuum pump). The pressure ratio of
13 limits the separation achievable. For this system, the maximum methanol concentration in the
permeste would then be approximately 1.4 mole%.® The baance is a nearly equd ratio of
water and air. However, if water vapor is used as a purge on the permesate Side, the air contert
in the resultant permeate stream will be reduced. Further, depending on the purge flowrate, the
membrane area required may also be reduced.

Experimental

Test system
The test system is shown in Figure 2. Descriptions of the feed, permeate, and analyticd

systems are provided. The permegtion system was enclosed in a temperature controlled air
bath (30°C), except for the liquid nitrogen traps.

Feed system
The feed was made with nitrogen evaporated from a liquid nitrogen dewar. A liquid

mixture of methanol and water was injected into the gaseous nitrogen stream using a syringe
pump. The liquid was evaporated using heating tapes. Complete evaporation was assured by
maintaining the temperature in the liquid feed evaporation zone a twice the boiling point of
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water. No liquid was found in the feed system when it was examined after severa hours of
experimentation. The absolute feed pressure in the feed system was dways 5.3 £ 0.2 psig. The
temperature a the membrane cell was maintained at 30 °C.

Permeate (purge) system
A permeate water vapor purge siream was st up by evaporating water under partial

vacuum from a reservoir while hegting the reservoir to counteract evaporative cooling. After
passing through the test cdll, the water vapor stream which now aso contained the permeated
components was condensed in liquid nitrogen traps. The condensate was later analyzed by gas
chromatography. The pressure difference for water vapor flow was supplied by condensing
vaporsin the liquid nitrogen traps downstream of the membranetest cdll. A rotary vane vacuum
pump downstream of the cooling traps evacuated the nitrogen. The nitrogen permeetion rate
was measured with a soap film flowmeter at the vacuum pump exhaust (corrected for gas lesks
in the permeate system). The methanol permegtion rate was determined from the mass of
methanal collected in the condensate over a given time period.

The system was typicdly operated at atotal permesate pressure of 2.84 cmHg.

The permesate system was equipped with an absolute pressure transducer so that the
permestion properties of pure gases could be determined to assure membrane integrity

(congtant volume/variable pressure method).

Sage Cut
The stage cut of a component i that is trangported through the membrane is defined here

SC= (m,Z/m,l)* 100 (1)

where m; and m, represent the masses of component 1 in the sream from which the

component is removed and the stream which receives the component, respectively.

Methanol was trangported from the feed to the permeate, while some water was
trangported from the permeate to the feed. The stage cut, SC, for methanol was dways lower
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than 1.5%. The stage cut for water (transport from the permeate to the feed) was aways less
than 2.5%. The feed compostion shdl therefore be assumed to be constant.

Materials
The polymer was a commercia grade poly(ether amid) block copolymer (PEBAX®

2533, EIf Atochem). PEBAX® 2533 was determined elsewhere10 to contain, on average,

about 2.7 Nylon 12 units and about 27.8 polytetramethylene oxide units per repeat unit. Some
properties of PEBAX® 2533 are listed in Table 1.

Commercia Anopore discs (Whatman) with a nomina pore size on the polymer-coated

surface of 0.02 micrometer were employed.

Methanol and butanol were ACS grade (Fisher) and were used as received. Deionized
water was used. Industrial grade nitrogen obtained from a dewar was used to prepare the feed

stream and to perform nitrogen permestion measurements.

Membrane manufacture and characterization
Polymer/ceramic composite membranes were manufactured by one-sided dip coating of

the ceramic support membranes in a polymer solution (1 wt% of PEBAX® 2533 in 1-butanol)
at room temperature. The coated membranes were air-dried hanging coated face down a room
temperature for two days. One membrane was used for al tests reported here. An average
polymer layer thickness of 1.33 + 0.06 micrometer was calculated by mass baance. The

effective membrane area employed was 13.8 cn'.

The perfection of the polymer layer was checked by observing the pressure-normdized
nitrogen flux as a function of feed pressure (20 = 2 °C; O, 3, 6, and 9 psig; constant
volume/variable pressure method). The nitrogen pressure-normdized flux was congtant (as
expected for solutiontdiffuson gas trangport in absence of defects) within + 2.1% of the
absolute value.
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The membrane integrity was periodicaly checked during the experiments by monitoring
the flux of pure nitrogen. No change of properties was observed throughout the course of the
experimenta program.

Analytical
The methanol content of the condensate was determined by gas chromatography (HPS

capillary column, 35 m length).

Representation of permeation results
It is widely accepted to present gas and vapor membrane permegtion results in units of

Barrer (1 Barrer = 1¥10™° cnsrp) cm/on? cmHg 9. This is essantiadly a volume flow
normalized by the membrane area, membrane thickness, and the driving force for permestion.
In our case, “membrane thickness’ refers to the thickness of the polymer layer on the ceramic
support. Membrane thicknesses may become ambiguous if the polymer swells significantly.

The sgnificant sorption of water in PEBAX® 2533 at high water vapor partia pressures is the

issuein our case.

No direct measure of polymer swelling was performed. Therefore, the “dry” thickness of
the polymer layer, derived from the known density of the polymer and the mass of polymer
deposited on the known superficia surface area of the ceramic support, has been used in the
caculation of dl permesbilities

Data at every feed methanol concentration was obtained in at least three independent
permestion runs. Each symbol in Figures 3 and 4 represents one run. An estimation of the
accuracy of the results was obtained using Gauss method of error propagation (indicated as

error bars on the figures).™*
Resultsand Discussion

The permesbilities of methanol, nitrogen and water through PEBAX® 2533 into a water
vapor purge stream are shown in Figure 3 at three different feed methanol concentretions. The
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feed reative humidity was held congant a 73%. The lines in Figure 3 and 4 are linear

regressons.

In the range of methanol concentrations evauated, the methanol permeability does not
depend ggnificantly on the feed concentration. A strong dependence of organic vapor
permesabilities on the feed concentration is often found and has been observed for PEBAX®
2533 in single-component experiments™®  Thisis due to the strong dependence of sorption in
the polymer on the feed organic vapor partia pressure. However, due to the presence of
sgnificant amounts of a water in the polymer in our case, no sgnificant change in permesbility
with additiond methanol sorption is noted.

Actua sdectivities, caculaed by dividing the respective permeabilities measured in the
mixture experiments, are shown in Figure 4. As expected, the methanol/water sdlectivity is not
sgnificant, while the methanol/nitrogen selectivity is quite high.

Comparing the permeshiilities in Figure 3 with the permesbilities obtained by sorption and
diffuson measurements® from Table 1, the results are reasonably consistent especialy
consdering the uncertainty due to the unknown swollen membrane thicknessin our experiments.
For methanol and water, the mixture permeabilities are dightly lower than those calculated from
sorption experiments.  Our permesbility vaues would increase towards the published sngle
component permegtion data if the true swollen (increased) membrane thickness would be used.

Modeling and Scaleup Estimate

Background and general assumptions
The modding of membrane gas separation processes with permeate purging has been

treated for example by Pan and Habgood,”” Li and coworkers,® and recently by Coker and
coworkers.® Typicaly, the purge stream was a amall fraction (1-10%) of the residue stream.
The permeate stream was discarded and the residue stream was the stream of vaue. Such
andyses provide a good starting point for modeling our process. However, in our application,
the permeate stream will require further processing and careful consideration must be placed on

the compostion
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In our sudy, Smultaneous trangport of highly permesble methanol present a low
concentration in the feed, and of a low permesbility, but high concentration ar fraction is
condgdered. The feed stream aso has a Sgnificant water concentration (highly permesable). Our
process reduces this three-component problem essentidly to a two component problem
(methanol and ar) by purging the permegte sSde of the membrane with water vapor at a partid
pressure equivaent to that in the feed. This avoids water vapor removd from the feed while
making the best possible use of the smdl available methanal partid pressure driving force. The
methanol is to be recovered in the permeate as a methanol/water vapor mixture with a minimum
of non-condensable gas. The use of a water-vapor purge should also decrease permesate Sde

gas phase mass-transfer resistences.”

The feed pressure is assumed somewhat above atmospheric pressure (5.3 psig) to dlow
for the pressure drop due to flow of the feed (Figure 5). We define as the god of the process to
remove 99% of the methanol from a feed stream of 1000 standard cubic feet per minute (28.3
ntsrpymin, 30°C) containing 0.1034 cmHg methanol partia pressure (1000ppm (vol.)), a
water partid pressure of 2.25 cmHg (~70% relative humidity, atmospheric conditions), and the
baance nitrogen (surrogate for air). We assume congtant vaues for the methanol and nitrogen
permeabilities at 30°C (1780 Barrer and 4.2 Barrer, respectively) as determined in our
experiments for PEBAX® 2533. The permesate purge outlet partial pressure of water is set at
2.25 cmHg. The permeste inlet pressure is adjusted to achieve the necessary outlet conditions.
Under certain circumstances, some permegtion of water from the purge to the feed stream may

OcCcCur.

A sgngle pass through a membrane module (effective membrane thickness 0.5
micrometers, PEBAX® 2533) with no recycle of any permeste to the feed is assumed. No

meass transfer limitations on the feed or permegte side are considered.

Modding
We use an ided gas trangport mode where pressure drop is neglected in the feed and

permeete. A schematic of the system and nomenclature is presented in Figure 5.
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The water partid pressure is initidly assumed to be constant and equal on both sides of
the membrane. Under this assumption, there is no driving force for water transport. If the total

pressure in the feed and retentate are equal, the materia balances follow as

Air: Yaire F=Yairg Rt Yairc C [2]
Methenol: Yur F=Yur R+yyc C [3]

where the y; represents the mole fraction of component i in stream j, and F,R, and C are the

molar flows of the Feed, Retentate and Permeste streams, respectively. In our system, vy i, e,
yme, F, and (y,z R) ae known. This alows determination of the amount of methanol

trangported from the feed side of the membrane to the permeate, Qu:

Qu =YueF- YurR [4]

The rate a which this trangport occurs can be related to the available membrane area, A, and
thickness, ¢, the methanal driving force, Dpw, and the permegbility of the membrane materid,

Py :

AP, Dp,

Qu=K /

[3]

Equation (5) can be rearranged to determine the membrane area required to treat the feed
gpecified in Fgure 5. The rate of transport of air from the feed to the permeate side of the

membrane can be described via an equation ana ogous to equetion (5).

In the analysis of equation (5), dl vaues are known and assumed to be constant with the
exception of the various partid pressure driving forces. Precise determination of these values
can be obtained by numerica integration of the pressure and composition profiles dong the
length of the membrane® To achieve our gods of understanding the influence of membrane
permeshilities on the sysem peformance and the reationship between the purge rate,
membrane area required, and the compostion of the permeate, we will use an gpproximeate
driving force (log-mean) for the caculations. This driving force is gpproximate and neglects the

momentum balance. While pressure drop on the permeste Sde is certainly an important issue,
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the proper desgn of membrane modules will only be consdered for atractive membrane

materias (see below).

The procedure used for solving these Smultaneous equations is as follows:

1. Specify the water purgerate, U.
2. Makeaninitia guessfor theair transported, Q ., -

3. Cdculate the mole fractions of the components in the permeate outlet, C, the partid
pressures of the components in this stream and the average driving forces.

4. Cdculae the arearequired for 99% methanol recovery based on equation (5).

5. For this membrane area, caculate the rate of nitrogen permesating the membrane and
the resultant nitrogen mole fraction in the permesete outlet.

6. Comparethe nitrogen mole fractionsin steps 3 and 5. If the two are not equd, return
to step 3 and continue to iterate until the change in the mole fraction divided by the
actud mole fractionis< 10°.

For each purge rate, the minimum membrane area that is required to achieve the specified
separation is caculated. The composition of the permeate that results from this combination of

membrane area and purge flow rate is then determined.

Modding for PEBAX® 2533
Plots of the predicted performance of a PEBAX® 2533 membrane to trest the gas stream

specified in Figure 5 are presented in Figures 6 and 7. Figure 6 presents the relationship
between the purge rate of water employed and the membrane area required to achieve the
gpecified separation. At high purge rates, the permesating methanol is highly diluted creating the
highest available driving force. This results in a minimum membrane area. Asthe purge rate is
decreased, the driving force decreases (and required membrane area increases) until the
methanol partid pressuresin the feed and permeate are equa. At this point, no further increase
in membrane area will cause additional transport. For the present system, at 99% methanol

recovery, purge rates of less than about 27 mole/min will be insufficient to achieve the desired
separation. Examination of Figure 6 aso indicates that for a fixed membrane area, as the purge
rate isincreased, the methanol recovery isincreased.
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Each combination of membrane area and purge rate shown in Figure 6 will result in a
membrane system capable of achieving the specified methanol recovery. However, because of
the great variation in purge rate, the permeste composition for each system will be different.
Figure 7(a) shows the mole fractions of water, air, and methanol in the permegte as a function of
the water vapor purge rate for the PEBAX® 2533 membrane. The figure indicates that as the
purge rate isincreased, the methanol concentration in the permesate outlet first increases, reaches
amaximum (a about 1.7 mol%) and then decreases until it gpproaches zero in the limit of high
purge rates. Figure 7(b) examines the composition of the permeste streams as a function of the

membrane area employed. Similar behavior is observed.

One may like to have the posshility of condensing the permeate stream (Figure 1).
Another option is to condense partidly or not at dl and use the permeste stream in an existing
steam stripper.’ Any of these options will be greatly hindered by the presence of air in the
permeate. Unfortunady, for dl membrane area/purge rate conditions examined, the air mole

fraction in the permegte is high.

Modding for an optimized polymer membrane
To reduce ar permestion, a high methanol/nitrogen sdectivity is most important. Since

our experiments showed that single component permestion tests predict the mixture permegtion
properties with water vapor purge quite well, we mode the performance of another membrane
materid. The low reported nitrogen permesbility (0.42 Barrer, we will use 0.5 Barrer to alow
for presence of oxygen in air) and high vapor permesbilities (methanol 24,600 Barrer, water
1,750 Barrer) of butadiene-acrylonitrile rubber (poly(butadiene-acrylonitrile), 35%, BAR)
would likely diminate the problem of inert gasintrusion to the permeste dmost completely. ™

The smulation results for tregting the gas stream as outlined in Figure 5 with a BAR
membrane are presented in Figures 8 and 9. Because of the sgnificantly higher methanol
permesbility of this materia as compared to PEBAX® 2533, the membrane area required is
reduced by nearly an order of magnitude. Air intruson into the permeste is strongly reduced.
Asthe membrane area is increased, the methanol concentration in the permeete isincreased and

reaches a maximum, steedy value of gpproximately 4.0 mole%o. Further increases in membrane
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area reault in a reduction in the water mole fraction of the permeste with a corresponding

increase in the air mole fraction.

If the permeate stream is to be condensed, then a trade-off between increasing methanol
content and increasing ar content exids. Operation with a BAR membrane area of
approximately 80 nt and a purge flow of 47 mole/min would result in a permesate with 2.5 mole
percent methanol and less than 0.5 mole percent air. Ninety-nine percent recovery of the
methanol occurs. This condition may be near the optimum. However, the precise optimum
could only be predicted with the aid of cost functions. Assumptions would then also have to be
made if the permeate would be condensed or sent to another treatment option such as the
condensate stripper in the evaporator systems of pulp mills™

We have neglected the trangport of water from the permesate to the feed and have
assumed that the water vapor flow rate at the permegte outlet is gpproximately equivaent to that
at the purge inlet. For cdculations based on BAR, these assumptions seem judtified. In the
case of the minimum purge rate a 99% methanol recovery, the tota pressure at the permeate
outlet is less than 15% higher than that of water. As the purge rateisincreased to 1.5 times the
minimum, this difference in pressure is rapidly reduced to less than 4%. Neglecting water
trangport in the case of the PEBAX® 2533 membranes is more problematic. In the limit of
minimum purge rate and 99% methanol removad, the total pressure a the outlet is nearly 21
cmHg (over eight times that of the water). Clearly, this would require a Sgnificant increase in
the water purge rate and pressure, resulting in a measurable transport of water from purge to
feed. This rate could be caculated, but we have not done this because of the inferior
performance of the PEBAX® 2533 membrane as compared to the predicted performance of
BAR.

Comparison to atotal pressure driven process (no purge)
If a BAR membrane were employed with a technical vacuum on the permesate sde (2.25

cmHg), the tota membrane area for 99% methanol recovery would be dightly more than 200
. This calculation is a best case for the pressure driven process Since it assumes that there are

negligible mass transfer resistances in the gas phases on the feed and permeate Sdes. The
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methanol and ar mole fractions in this case would be approximately 0.036 and 0.017,
repectively. Nearly identical compositions would result from operation of a purged membrane
with 200 nf area and 30 mol/min purge. If the purge rate were increased, the membrane area
and the compostion of ar in the permeate could be reduced, abeit a the expense of a
reduction in the methanol mole fraction (see Figures 8 & 9). The purge could be used to
overcome gas phase ressgances and to reduce the membrane area for a given methanol

recovery without significantly diluting the permeste.

Module engineering considerations
The main pressure difference for the permesate flow (the vapor pressure of water) is not

high and care must be taken to minimize pressure drop.  This could be envisoned by usng a
hollow fiber membrane module (feed on the bore side), or a specidly designed spird wound
module (thick and/or asymmetric permeate spacers).

Conclusons
Methanol remova from humid ar sreams by membrane vapor permestion was

investigated. The permesation process was driven by awater vapor purge on the permesate side

of the membrane.

Permeation experiments were performed with a water vapor purge on the permesate side
of the membrane to supply the driving force for methanol permestion. Under these conditions,
the sngle component methanol, water, and air transport properties from diffuson and sorption
measurements predicted the mixture transport properties well for the PEBAX® 2533 polymer.
Further, for a nitrogen stream with 73 relative humidity and methanol concentrations ranging
from 0.1 to 0.8 volume percent, the permestion properties were not a function of the methanol
concentration. When pure methanol was evaluated, increases in partia pressure resulted in a
marked increase in permesbility. The rdatively congtant methanol permesbility occurs in the
current Stuation because the polymer is uniformly swollen with high levels of water and the
additionad sorption of methanol (over the range evduated) does not significantly dter the
polymer mohility.
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In the design of a membrane system to recover methanol from humid air streams, nitrogen
permestion is a serious issue for process scaleup since thisiis detrimental to condensing or other
processing of the permeate.  Our modding shows that membranes with high methanol/air
seectivity and high methanol permesbility appear most advantageous for the process. When a
water vapor purge is employed, the methanol/water sdectivity is much less important. Findly,
the use of awater vapor purge has been shown to reduce the air mole fraction in the permesete

relaive to the non-purged case.
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A membrane area, Nt

F,.R,C,U molar flow, mole/min, in feed, retentate, permeate Sde exit (water vapor plus
permeated gases and vapors), and permeate Sde inlet (water vapor)

K conversion factor, 0.268(s mol cm)/(min cn?(srp) M)

P total pressure, cmHg

P permesbility, Barrer, 1 Barrer = 1¥10™ cn’srp) cm/on? cmHg s

Q trans-membrane molar flow rate, mol/min

SC stage cut of a component thet is trangported through a membrane, %

membrane thickness, m

m meass flow, kg/s

p partia pressure, cmHg

Dp partia pressure difference, cmHg

y mole fraction

Subscripts

FRCU feed, retentate, permeate Sde exit, and permeate Sdeinlet (water vapor),
respectively

M methanol

W water

i component i

1 stream from which a component is removed

2 stream that receives a component
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Figurel:  Concept of remova of methanol from ahumid air stream with aweter vapor purge
on the permeate side of the membrane.

Figure 2: Laboratory system for remova of methanol from humid air sreams using a water
vapor purge (V: vave, P. pressure gauge, T: temperature gauge, R: regulator; C: cold trap,
Flow 1: soap film flowmeter). The recirculation compressor was not used in the
experiments (V11 closed).

Figure3:  Permesbilities of PEBAX® 2533 at 30°C and at three different methanol
concentrations. A water vapor purge was used on the permeste side of the membrane.
Feed conditions: 2.18 + 0.1 vol% H,O (~73% rdative humidity), methanol as indicated,
baance nitrogen, 5.3 + 0.2 psig, stage cut < 3% for each component.

Figure4:  Mixture sdlectivities of PEBAX® 2533 at 30°C and at three different methanol
concentrations. A water vapor purge was used on the permeate side of the membrane.
Feed conditions: 2.18 + 0.1 vol% H,O (~73% rdative humidity), methanol as indicated,
balance nitrogen, 5.3 + 0.2 psig, stage cut < 3% for each component.

Figure5: Process conditions and assumptions used for modding.

Figure6:  Reationship between the membrane area, A, required to achieve 99% methanol
removal from the feed (Figure 5), and the permesate purge rate, U, of water (PEBAX®
2533 membrane, 0.5 micronsthickness). X indicates the limit of minimum purge flow
which can ill achieve 99% methanol recovery.

Figure7:  Predicted permeate composition for the system described in Figure 5 (99%
methanol removal) as afunction of purge rate, U (&) and membrane area, A (b) (PEBAX®
2533 membrane, properties asin Figures 3 and 4). The compositions were ca culated
based on the purge rate presented and the corresponding minimum membrane area shown
in Figure 6 for graph (a) and the membrane area and based on the corresponding minimum
purge rate for graph (b). X indicates the limit of minimum purge flow which can gill achieve
99% methanol recovery.

Figure8:  Reationship between the membrane area, A, required to achieve 99% methanol
removal from the feed (Figure 5) and the permesate purge rate, U, of water (butyl-
acrylonitrile rubber membrane, 0.5 microns thickness). X indicates the limit of minimum
purge flow which can sill achieve 99% methanol recovery.

Figure9:  Predicted permeate composition for the system described in Figure 5 (99%
methanol remova) as afunction of purge rate, U (8) and membrane area, A (b) (butyl-
acrylonitrile rubber membrane). The compositions were cdculated based on the purge
rate presented and the corresponding minimum membrane area shown in Figure 8 for
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graph (a) and based on the membrane area and the corresponding minimum purge reate for
graph (b). X indicates the limit of minimum purge flow which can il achieve 99%
methanol recovery.
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Figure 1: Concept of remova of methanol from a humid air stream with awater vapor

purge on the permeste Sde of the membrane,
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Figure 2: Laboratory system for remova of methanol from humid air sreamsusing a
water vapor purge (V: vave, P. pressure gauge, T: temperature gauge, R:
regulator; C: cold trap, FHow 1: sogp film flowmeter). The recirculation
compressor was not used (V11 closed).
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Figure 3: Permesbilities of PEBAX® 2533 at 30°C and at three different methanol
concentrations. A water vapor purge was used on the permeate side of the
membrane. Feed conditions: 2.18 + 0.1 vol% H,O (~73% reative humidity),
methanol asindicated, balance nitrogen, 5.3 £ 0.2 psig, Stage cut < 3% for each
component.
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Fgure 4: Mixture sdectivities of PEBAX® 2533 at 30°C and at three different methanol

concentrations. A water vapor purge was used on the permeate side of the
membrane. Feed conditions: 2.18 + 0.1 vol% H,O (~73% rdative humidity),
methanol asindicated, balance nitrogen, 5.3 £ 0.2 psig, Stage cut < 3% for each
component.
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water vapor+permeated vapors, gases) water vapor
Figure5: Process conditions and assumptions used for modeling.
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Figure 6: Relationship between the membrane area, A, required to achieve 99% methanol
removal from the feed (Figure 5), and the permeate purge rate, U, of water
(PEBAX® 2533 membrane, 0.5 microns thickness). X indicates the limit of
minimum purge flow which can gill achieve 99% methanol recovery.
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Predicted permeate composition for the system described in Figure 5 (99%
methanol remova) as afunction of purgerate, U (a) and membrane areg, A (b)
(PEBAX® 2533 membrane, properties asin Figures 3 and 4). The
compositions were calculated based on the purge rate presented and the
corresponding minimum membrane area shown in Figure 6 for graph (a) and the
membrane area and based on the corresponding minimum purge rate for graph
(b). X indicates the limit of minimum purge flow which can gl achieve 99%

methanol recovery.
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Figure 8: Relationship between the membrane area, A, required to achieve 99% methanol
removal from the feed (Figure 5) and the permeste purge rate, U, of water
(butyl-acrylonitrile rubber membrane, 0.5 microns thickness). X indicates the
limit of minimum purge flow which can dill achieve 99% methanol recovery.
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8/29/01, 11:54 AM

methanol removal) as afunction of purge rate, U (a) and membrane area, A (b)
(butyl-acrylonitrile rubber membrane). The compositions were calculated
based on the purge rate presented and the corresponding minimum membrane
areashown in Figure 8 for graph (a) and based on the membrane area and the
corresponding minimum purge rate for graph (b). X indicates the limit of
minimum purge flow which can Hill achieve 99% methanol recovery.
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Table1: Some properties of PEBAX® 2533. All datafrom manufacturer’ s information
unlessindicated otherwise. All permesbilities a 30°C.

Density 1.01 glen?
Glass trangtion temperature -60 °C
Air permesbility™® 4.4 Barre?®
Methanol permesbility™® ° 8090 Barrer®
Water permesbility™® © 25600 Barrer
Mélting point (ASTM D3481) 1335 °C
Hardness (ASTM D2240) 25 ShoreD

a ar pressure 73 cmHg

b: methanal activity 0.09

C: water activity 0.53

d: 1 Barrer = 1*10™ en?(stp) cmVemHg ent s
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