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Abstract:

An instrument capable of automatic continuous quantitative analysis of sulfur compounds in stack
gases has been developed and tested for a one-month period in a Kraft paper mill. The instrument is
portable and can easily be moved from stack to stack within a plant.

The equipment is designed to extract a gas sample from the stack, separate the sulfur compounds
present, and--using an electrolytic bromine cell as a detector--give a quantitative indication of the
amount of each compound present. The device described can separate and analyze mixtures of H2S,
SO2, and CH3SH in the following ranges: H2S 1 to 1500 parts/million volume/volume SO2 10 to 2000
ppm CH3SH 5 to 1500 ppm The lower end of these concentrations is limited by the separation
technique used. If no separation is made, a gaseous effluent with 0.2 ppm total sulfur compounds can
be easily analyzed. Techniques to extend either the lower or upper limit are described.

An accessory allowing two or three stacks to be sampled in succession was also built and tested at a
Kraft mill.

A purely statistical technique (multiple linear regression) has been used to relate sulfur emissions from
a Kraft paper mill to plant operating variables in the recovery area.

Sulfur emissions were recorded continuously either before the black liquor venturi or after the black
liquor cyclone. Values of process variables were copied from log sheets maintained at the mill.

Of the two locations sampled, gases out of the black liquor cyclone are most indicative of what will be
going out the stack. Temperature of air entering the furnace, liquor flow, primary air flow, venturi
header pressure, and salt cake flow were all shown to have a direct effect on H”S levels out the
cyclone. On the other hand, concentrations were shown to vary inversely with secondary air flow, 1. D.
fan draft, and liquor solids content.

Some unreasonable correlations did occur, but could generally be attributed to questionable data. One
or two unlikely, but possible, correlations were explained assuming unusual furnace conditions existed
for part of the test period. All things considered, the conclusions were felt to be as reliable as the data
that was used.



INSTRUMENTAL AND MATHEMATICAL ANALYSIS
OF KRAFT SULFUR EMISSIONS

by
ROBERT JAMES ROBERTUS

A thesis submitted to the Graduate Faculty in partial
fulfillment of the requirements for the degree

of
DOCTOR OF }.?I—IILOSO‘PHY
in-

Chemical Engineering '

Approved:

&DMM M/

Head, Major Departme

Chairman, Examining Committee

. %M/M

Gra.du?lte Dean

AY

MONTANA STATE UNIVERSITY
Bozeman, Montana

March, 1971



iii
ACKNOWLEDGMENTS

The author wishes to thank the entire staff of thg/Chemical
Engineering Department of Montana State University, and in particular,
Dr. Michael J. Schaer who directed.this research, for their suggestions
which‘ led to the completion of this project.

Thanks, too, are due to Arlan Huso who helped in construction i
and maintenance of equipment uséd in the project.

The author also wishes to acknowledge the Unifed States Public

Health Service for their financial support given this project.



iv
TABLE OF CONTENTS
5
PART I

ABSTRACT . « o v v v v v v e e e e e e e e e e xiii
INTRODUCTION .' e e e e e e e e e e e e e e e 1
RESEARCH OBJECTIVES . . . . . . . . . . . . « . . 5
EQUIPMENT . . . . . « « o« o v v v v v v o v v 6
Design of Instrument . . . . . . . . . . . . . . 6
Operation . . . . .V . . . . o o . 0 000 8
Probe Design . . . . . . . . . . . ... . .. 9
Separation Chamber ., . . . , . . . . . . . . . . 12
Detection Cell ., . . . . . . . . . . . . . . . . 15
Theory of Operiation S )

Cell Development , ., , ., . . . . . . . . . . 17
Electronics ., . . . . . . . . . . . . . .. . . . 35
Microcoulometer . ., , ., ., ., . . . . . . . . 35

"Control Circuit . . . . . . . . . . . . ... 39

Recorder . . . . . + v v v v e e ... 42
Calibratic;n Device . . ., ., . . . . . .,. e e 42
Mulit-Stack Sampling Accessory , ., ., . . . . . . 46
Miscellaneous ., . . .. . . . . . . . . . . . . 48

1

RESULTS . . v v v v v v e e o e oo e e e e e 50



v
TABLE OF CONT ENTS (continued)

DISCUSSION OF RESULTS I .‘ e e e e e e e 52
Column Packing . . . ., . . . . . . . . . . . . 52
Interpretation of Data . . . . . e e e e 59
Multi-Stack Sampling . . . . . . . . . . . . . 60
SUMMARY . . . . ¢ v v v e e e e e e e e 63
RECOMMENDATIONS FOR FUTURE STUDY . . . . . . 64 |
APPENDIX . . . . « . « v v v v v v v v v v v v v . 65
Related Information . . . . . . . . . . . . . . 67

Continuous Chromatographic Analyzer-
Operations Manual . . . . . . . . . . . . . 68

LITERATURECITED . . . . « +« v v & & « « o « . o 07



vi
PART' II
ABSTRACT
INTRODUCTION
EXPERIMENTAL PROCEDURE
Data Collection
Data Analysis
RESEARCH OBJECTIVES
RESULTS
DISCUSSION OF RESULTS
Mathematical Technique Used

f

Cautions

Variables Consider\ed
Comments About Data .
Computer Output
Explanation of Res'ults

Final Comments .

CONCI.USIONS

RECOMMENDATIONS FOR FUTURE STUDY .

111

112

120

120

121

122

123

125

125

127

129

130

. . 133

134

142

144

145



vii
PART II (continued)
APPENDIX
Program Description.
Program Listing .
Program Output

LITERATURE CITED

146

147

149

175

190



10.
11.
. 12.
13.
14.
15.
16.
17.
18.

19.

viii
LIST OF FIGURES
PART I

Six Way Linear Sampling Valve
Stack-Sampling Probe
Separation Chamber
Mazrk O
Mark I
Mark II
Mark III
Mark IV
Mark V
Mark VI . . . . . 'Z
Microcoulometer Schematic
Control-Circuit Diagram -

Spinning Syringe Calibrator

" Automatic Sampler Wiring Diagram
Automatic Sampling System Tubing Connections .
H,S Calibration Data--With Packed Column .

Calibration Data For HZS w/o Packed Column .

Sample of Plant Data Taken

Final Instrument .

10
10
13
21
21

24

. 24

. 28

. 28

33

38

40

45

47

47

53

55

61

66



ix

PART II

'

20. Process Flow Diagram of a Typical Pulp
and Paper Mill, . ., . . ., . ... ... . 113

21, Black Liquor Piping System Direct Contact
'Evaporatorto Furnace | , ., . . . . . . . . . 116



X
LIST OF TABLES
PART I
I. Detector Sensitivities .

II. Design Specifications for the Various Detectors

s,

18



xi
PART 1I
III. Process Variables R
IV. Computer Program Listing

V. Results Before Black Liquor Venturi
for Gas SOZ .

Va. For all 39 Variables.
Vb. For 22 Selected Variables .
Vec. For 17 Selected Variables .

VI. Results Before Black Liquor Venturi
for Gas HZS

Vla. For all 39 Variables.
VIb., Fozr 22 Selected Varia‘bl‘es .

Vic. For 17 Selected Variables .

VII. Results After Black Liquor Cyclone for Gas H,S.

Vila. For all 39 Variables .

VIIb. For 22 Scslected Variables .

Vilc. For 17 Selected Variables .

131

149

175

.. 176

178

179

180

. 181

183

184

. 185

186
188

189



xii

PART I

Development of Continuous
Chromatographic Sulfur
Analyzer



xiii
: ABSTRACT
PART 1

An instrument capable of automatic continuous quantitative
analysis of sulfur compounds in stack gases has been developed and
tested for a one-month period in a Kraft paper mill. The instrument
is portable and can easily be moved from stack to stack within a plant.
‘ The equipment is designed to extract a gas sample from the
stack, separate the sulfur compounds present, and--using an electro-
Iytic bromine cell as a detector--give a quantitative indication of the
amount of each compound present. The device described can separate
and analyze mixtures of H,S, S0O,, and CH3SH in the following ranges:

HZS 1to 1500 parts/million volume/volume

SO2 10 to 2000 ppm

CH3SI—I 5 to 1500 ppm

The lower end of these concentrations is limited by the separation
technique used. If no separation is made, a gaseous effluent with 0. 2
ppm total sulfur compounds can be easily analyzed. Techniques to
extend either the lower or upper limit are described.

An accessory allowing two or three stacks to be sampled in
succession was also built and tested at a Kraft mill.,

1



INTRODUCTION

Today more than ha;lf of al-l the wood pulp manufactured in the
United States is made by the Kraft (sulfate} process. When the first
Kraft mill was built in .1891, the operators were well aware of the
air pollution problem involved (10). The first papers concerning
Kraft mill odors appeared in the literature around- 1900. Today, de-
spite progress in‘ recent years, fnost Kraft pulp mills are still living
with this problem. Recent legislation, howevel;, makes it mandatory
that efforts be directed towé.rd reducing pollution.

In the Kraft process a solution of sodium sulfide and sodium
hydroxide in water is used to dissolve lignin from wood by steam cook-
ing. Whén cdoking is complete, chemicals iﬁ the spent cooking liquor
(black liquor) must be recovered to make the overall process econ-
-omical. This recovery operation--which involves first concentrating,
then burning the black liquor--is a major source of sulfur emissions
in Kraft pulp mills. Sulfur dioxide is the major pollutant out of the
actual recovery furnace where the black liquor is burned, whereas
HZS is the primary sulfur compound released during the black liquor
concentration steps. Sbme H,S, CH3SH, and CH3SCH can also be

3

found in the recovery furnace effluent.
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Several articles have been published (7, 18) proposing means
of reducing sulfur emissions from the recovery operation. These
range from black liquor oxidation (converts Na,S to the more stable
NaZSO4) prior to direct contact evaporation to the use of nitrobenzene-
alkali systems (19]) in the cooking process.

Regardless of thc method used to reduce pollutant levels, the
stack gases must be a;nalyzed to determine the effectiveness of th;a
measures taken. There are ma.ny different ways of analyzing stack
gases (5, 11). Until the last decade or so, methods used to determine
concentrations of sulfur compounds in pulp mill effluents were almost
exclusively those that required passing the raw sample through gen-
"eral or specific scrubberé or traps followed by manual colorimetric
or microvolumetric é,nalysis of the contents of the various scrubbers
and traps. Today the methods used seem to fall into four categories:
1) colorimetry, 2} coulometry, 3} direct spectrophotometry, and 4)
gas ehromatography. Use of colorimetric analyzers for analyzing is
compa.rativeiy expensive, curhbersome, time-consuming, and demand-
ing of maintenance. .Direct spectrophotometry is a new field just be-
ing exp’lored/(ZZ), but appears to have some sensitivity 1imita:tions..

' Gas chromatography has suffered from two main drawbacks--

1} analysis of sulfur compounds in the sub parts-per-million range
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has not been too successful because of losses on the packing material
in the separation column (4). 2) Existing thermal conductivity and
flame vionization detectors are not specific to sulfur compounds so
peaks for COZ, I—IZO, and other. inert gases are also recorded. An-
other criticism is ;chat chromatographs become ""batch' analyzers--
allowing only one sample every 10 to 15 minutes and could not be used
in a control network. Nevertheless, process gas chromatographs
have been shown to be useful in stack gas monitoi‘ing (24).

Presently the trend in sulfur analyéers is toward coulometric
titration cells. This technique uses electrolytically generated bromine
to react with and give a measure of the sulfur compounds in gaseous
effluents. The coulometric detectors offer specificity, sensitivity,
and capaBility for 1o;r1g—term continuous read out,

In order to get meaningful information from the gas analyses,
it is imperative that the analyses be carried out on a continuous basis.
Several continuous SOZ analyzers have been developed and tested for
ambient air analyses (15,17, 20). Many of these instruments are, how-
ever, not sensitive to HZS or mercaptans and thus would not be useful
in a Kraft mill.

" Instruments employing Promine titratvion_ .c,ells have been in use

for several years. One of the first commercially available ones was
¢
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known as the Titrilog analyzer (14). By varying the gas flow rate
through this detector, sensitivitiés as low as 0. 05 ppm HZS were ob~
tained. A maj-ority of the present day sulfur analyzers still use the
same basic principle (2,9, 16) but a slightly different cell design. The
commezrcially available Barton cell repo;cts sensitiyities of 0.08 ppm
for HZS and mercaptans, while Adams and Jensen reported sensi-
tivities in the ppb rénge (2}). The cell is in reality a "total" sulfur
analyzer. Thus, if more than one component is to be analyzed in a
given gas stream, the gas sarﬁple must be passed through selective
scrubbers or prefilters (1), This means that for any given gas the
system has become ""batch'" in nature because the concentration of a
particular gas‘is not recorded continuously.\ Also, no prefilters have
yet been found that will quantitatively absorb 100% of one sulfur com-
pound and 0% of the rest. Scrubbing solutions are inherently cumber-
some.,

Perhaps the only serious objection to the analyzers now avail;

able is their high cost. The goal of this project is development of a

cheaper yet equally reliable system.



RESEARCH OBJECTIVES
The primary objective of the research project was to develop

and construct at a reasonable cost a continuous sulfur analyzer for

use in Kraft paper mills.,
The instrument should have the follov;ring characteristics:
1} Be sensitive to sulfur compounds and insensitive to the other
gases in stack effluents.
2} Be able to ”survivé” at least a one-month continuous test in
a Kraft mill.
3} Require little or no maintenance during the plant test.
4) Be simple to operate.
5} Be easily portable so- it can be moved about by one person within
the plant.
6) If possible, allow for sequentially .sampling more than éne stack.
7} Show no degradation in performance with time.

8) Be easily and reproducibly calibrated.



EQUIPMENT
The basic items neceséary to continuously analyze stack
gases are listed below.
1) A probe suitable for withdrawing a gas sample from the stack
(usually requires a vacuum pump).
2} A means of separating the various sulfur compounds in the gas
sample.
3} A detector for quanﬁtatixfe determination of the sulfur gases.
4) Electronics compatible with the detector used.
5} A suitable recorder or other data acquisition device.
6} An accurate and reliable method of calibrating the instvrument.,
7} An accessory such that more than one location can be sampled -
sequeptially'., (Not really necessary, but desirable at tir_r;els. )

Design of Instrument

The two major ciecisions which must be made in the design of
a sulfur analyzer ar.e‘:‘ ’l) the separation technique to be used, and 2)
the type of detector to be employed. Various possibilities for each
of thesé iter‘ns have been discussed in the Introduction.

Because chromatography columns are simple in design and
relatively maintenance free, a packed column was chosen as'the sep-

aration device. Here there is work to be done to find a single packing

which will separate the sulfur compounds in the concentrations found

’
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in pulp mills and show minimum absorption of S0O,, especially at low
concentrations. The column should also perform the separation in a
10 to 15 minute interval so the stack can be sampled at least once
every 10 to 15 minutes without fear of peaks overlapping from sample
to sample. 5till, no two sample peaks should be so close together
that the recorder pen does not return to the baseline between them.
Satisfying all of thése requirements simultanéously is quite a strin-
gent requirement. It should be pointed out that any instrument using
chromatographic separations would not be entirely §atisfactory in an
automatic control loop because of the time lag. However, it is felt
that the system's other advantages outweigh this disadx;antage because
very few milis are considering an\y t%fpe of closed loop control based
on sulfur analyses.

' Nearlly all recent literature articles indicate that the bromi!ae
titration cell is the Best known detector for sulfur compounds. Data )
presented in articles by Applebury (6) and Adams.(,Z) give the follow-
ing sensitivities for H,S and CH,SH. ‘(See Table 1.)

Beca..use of its superior sensitivity, the bromine cell was
- chosen as the detector t.o be used. The cell described by Adams was

made of glass and was felt to be too fragile for a portable instrument.

The Barton cell (16) also had a drawback--its high cost. The goal here



-8-
was to develop an inexpensive, durable, reliable titration cell.
Once the separation technique and detector have been chosen,

an overall operation procedure must be specified.

TABLE I. DETECTOR SENSITIVITIES

- H,S CH,SH
(ppm, ;rol) (ppm, vol)
Flame Ionization HLes 1
Electron Capture 80 2
Thermal Conciuctivity 500 500
The‘rmionic Emission 25 10
Bromine Cell 5 ppb -———

O_‘peration

The sequence of- events taking place during the analytical pro-
cess is controlled by a continuous multicam timer set for a c.ycle
time of 10 minﬁtes.

First the vacuum pump is switched on and draws a gas sample
from the stack into a sample loop attached to a six-way linear sam-
pling valve (Figure 1). Simultaneously carrier gas.is passing through

a chromatograph column into the detector. Both the sample loop and

the column are in a constant temperature oven,
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Six minutes later the vacuum pump is switched off, the six-
way valve closes, and the carrie'r gas’sweeps the gas sample into the
packed column. The column separates the various sulfur compounds
and admits them one by one into the detector. The detector (plus
associated electronics) will give a peak on a strip-chart recorder for
each sulfur compound passing through it. The area underneath a .
given peak is airectiy related to the concentration of that compound.

While a sample is being a;nalyzed, two ports on the six-way
valve are closed to any gas flow. This permits a blow back phase
where compressed air is forced through the probe to 1} clean off solid
particles clinging to it, and 2} blow out any water that may have con-
densed in the' tubing between the pro‘be and instrument. This blow
back lasts about four minutes during each cycle.

In acidition, at the beginning of each cycle a solenoid valve
opens and allows a small amount of electrolyte to flow into the de-
téctor. This insures that a fresh’electrolyte is always present.

Probe Design (Figure 2)

Many of the gas streams to be analyzed in a Kraft mill have a
high solid content. This. is particularly true of gases just out of the
recovery furnace before they are scrubbed. Any solid material enter-

ing either the chromatograph column or the detector would cause un-

1S
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Carrler Gas . To Packed Column
From Stack To Vacuum Pump
-LOADING~-

_——Closed

Six-Way LINEAR [
SAMPLING VALVE él -INJECTING-

FIGURE | ~>~Sample Loop
1/8" Solid Tube To Sample Loop
E )

4 N_ Reducing
Unlon o Union
Stack Gas Inlet Union
3/4" Thin-Walled Tube
148" Porous Tube ushing

(Steel)

(Screws into Stack)
All Materials are 3-16 Stainless

except Steel Bushing Tubing Fittings
are Swagelok Bran

STACK-SAMPLING PROBE FIGURE 2
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p'redictable, but always unc'%es'irable results. Thus, the probe must
allow no solids to enter the tubing to the instrument. (A separate
glass fiber filter is incorporated in the instrument itself as a safety
feature. }

A des(ign which has worked quite well is a 1/4~inch porous
(100 micron) stainless (3-16) steel tube as the filter media. Lengths
will yary depending on the nature of the sampling port. This porous
rod is encased in a thin-walled 3/4-inch outside dia!rneter stainless
steel tube with a 1/2-inch hole drilled near the end. The hole is
pointed to the downstream side of the stack so that solid particles are
not forced against the pbrous tube merely by gas flowing in the stack.
Connections to the instrumgnt are mé.de with 1/8-inch polypropylene
or teflon tubing and nylon Swagelok tubing fittings. Samples are
drawn from the stack at a rate of about 250 cc/m’im_lte.

For stack gases which were nea.rl:y saturated with water, the
biowback procedure described earlier was not always sufficient to
keep water from collecting in the lines to the instrument. In these
instances a water trap was placed in the line near the probe. The
trap was basically a plexiglas U-tube with a.long leg (2-3 feet) at the
bottom of the U. A check valve was attached to the bottom of the leg

so that no air would leak into the lines when a sample was being drawn.
% g



-12-
f
Then during the blowback cylce the check valve opéned and compressed
air forced any liquid collected in. the tube onto the ground.

The reason water must not be allowed to collect in the lines
is thaf it will absorb part of the sulfur .gases in any sample being

3
drawn.

The probe itself also meets other more basic requirements
of any probe used. 1) It does not readily corrode in the steam-sulfur
atmosphere found in many Kraft mill stacks. 2) Stainless steel does
not adsorb or react with SO, (25) or other sulfur gases. Adsorp-
tion of SOZ in particular is a problem com.rrllon to many tubing

materials, particularly some plastics and most rubbers.

Séparation Chamber (Figure 3)

The separation chamber was really a gas chromatograph oven.
Very briefly, gas chromatography can be explained as follows (23):
Itis a process for separation and analysis of £he components of a
mixture. Separation of a mixture into its components depends on the

solubility differences of the sample vapor in a liquid (stationary

phase}. The stationary phase is coated in a thin layer on solid par- -
ticles (solid support) of large surface area and then packed uniformly
into a column. A constant flow of inert carrier gas passes through

the column and transports solute molecules in the gas phase. The
“ ‘
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column is enclosed in an insulated oven for‘precise control. .

A sample of the misture to be analyzed is (at pre-set intervals})
carried into the column by the carrier gas. As the carrier gas
pusheé the :'sample into the column, the sample gases partition them-
selves between the gas and liquid phases according to their solubili-
ties in the liquid’at the column operating temperature. This equili-
brium continues as the sample is moved through the column by the
carrier gas. The rate at which the sample travels through the column
is determined by the sample solubility in the stationary phase and
carrier—gg.s flow rate. KEach component travels at a characteristic
rate, and '1% the column rate has sufficient length, the sample will be
co'mpletely separated by the time it reaches the end.

Each component is identified by the length of time it remains
in the column ("'retention time''}. ';'he retention time of a gas depends
on temperature, column iength, type of stationary phasel, and carrier
gas velocity. If these variables are kept constant, the retention time
of a component will remain constant.

Retention time is usually measured with an electrical strip-
chart recorder, where the sample components are represented as

peaks on a paper chart. The detector (in this case a bromine titra-

tion cell) produces an electrical output which is proportional to the
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sample component concentration and this output defiects the pen of
the recorder. The area under a peak represents the quantity of the
component present. This provides the b.asis for quantitative analysis
of the components identified iﬁ the separation.

The column used for plant tests of this instrument was a 1/4-
inch teflon tuBe_ packed with Porapak’Q-\S 100-120 mesh. The sample
loop--a 1/4-inch teflon tube of about 10 cc volume--and packed
column are both enclosed in an insulated chamber which is main-
tained at a constant temperature (+ 2°CY of 90°C. The chamber is
heated by two 150-'Watt strip heaters wired in series. The desired
temperature is maintained by an on-off controller. Keeping the
sample loop in the insulated chamber ensures that a reproducible
amount c;f gas is always being analyzed.

/
Detection Cell

Because of its high sensitivity and selectivity for sulfur com-
pounds, the bromine titration cell was chosen as the detector for the
instrument being developed.

Theory of Operation

Sulfur gases separated by the packed column enter the de-
tection cell through a porous (glass or polyvinyl chloride} tube. The

primary electrochemical reactions which take place for H,S are (25):
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4H,0 + H,5—> 304_ + 10 HT + 8e~ oxidation
\

4Br2 + 8¢~ —= 8 Br~ reduction

4H,0 + 4BY, + H,S— 8Br + 50, + 10 HY overall

Similar reactions occur for 5O, and CH3SH. Thus the change in .
bromine concentration gives a quantitative measure of the amount of
sulfur compound entering the cell. As soon as the bromine ion con-
centration changes, the change is sensed by the sensor/reference
pair of electrodes. The change is really a potential difference which
becomes an input to an amplifier of the mocrocoulometer. The am-
plifier instantaneously supplies a voltage to the g'enerat‘or/counter
electrode pair’.. This balancing voltage generates titrant to restore
the electrolyte to its original concentration. The balancing voltage
N

supplied by the amplifier appears as a current-time peak on a re-
corder chart, The area beneath this peak is directly related to the
concentration of sulfur compound which entered the cell.

The great advantage of using the bromine cell over other
types of gas chromatograph detectors is its selectivity ‘for sulfur

compounds. Other gases such as CQO, COZ’ and HZO do not react

with the bromine; therefore, no extraneous peaks on the chart paper,

Y4
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Cell Development

Mark 0 (Figure 4}

The first detection cell wa..s built b}.r Applebury (6) and im-
proved by Wan (25). It was a 3-compartment configuration made of
.Pyrex glass. The three compartments were separated by glass frits
so as to partially "isolate'' the counter and reference electrodes.
Further construction details for this cell as well as others discussed
later are shown in Table II.

General information gained from this cell is as follows.

When the volume of titrant exceeded 40 ml, the sensitivity¥® of the

cell tended to decrease. The optimum rate of titrant regeneration
was about 3 ml/cycle where the cycle time Was’ set at 10 minutes on a
continuous multi-cam timer. Faster rates gave ove:?shoot on peaks,
while a slower rate gave lengthy tails. A carrier gas flow rate of
200 cc/minute into the cell gave the best response; a higher rate gave

#

long tails and lots of noise™, whereas a lower rate produced over-

*Unless otherwise stated, gas samples used were 10 cc volume
and injected with a hypodermic gas-tight syringe. The term '"sensi-
tivity" then should be taken in a more qualitative than quantitative
sense to mean giving a tall sharp peak for a sample concentration of
50 ppm.

Noise is meant to be an unsteady (constantly oscillating)
baseline on the recorder chart.



MARK O
ELECTRODES
REFERENCE: Calomel (G)#
CENERATOR:  lcm? plate Pt
SENSOR: lcmz plate Pt
- COUNTER? «015" diam x
11/2" Pt wire
ELECTROLYTE .
Vol in Cell: 40 mls
KB, Cone:. 8.64 g/1 Hyp
#2504 Cone: 7.2 ml/l B0
Regeneration X
Rate:’ 3 cc/eyele
cycle = 10 min
PHYSICAL
STRUCTURE?
Mat'l of
Constr'ng Glass (Pyrex)
fCompartments 3
Diam Electrode
Chams 1
Ht. Electrode
Chanber: [
Approx Over-
all Size: -  .6"x1"x8"

MARK I

Calomel (G)
.010 x 2 1/2
Pt wire
.010 x 2 Pt
wire
«010 x 2 1/2
Pt wire

15 nls
276 g/1
6 mla/l

Hone

Plexiglas
1°

/2%
4
4x2 1/2xS

*(G) Refers to Commercial Glass Electrode

°

See Discussion Section

TABLE. IT
DESIGN SPECIFICATIONS FOR THE VARIOUS DETECTORS

MARK 11

Calomel (G)

.025 x 1" Pt
wire

.025 x 1/4 Pt

wire:
.028 x 1/4 Pt

wire

20 mls
7.2 g/1
6 m/1

Nona

" Polypropylena
1

11/2"
3

MARK IIT

Calomel (G)
.025 % 1 Pt
wira .
.023 x 1/4 Pt
wire
«025 x 1/4 Pt
wira

io mla
0.72 g/1
6 wi/)

Yone or ~ 3 ¢
periodically
Plaxiglas

1

1 1/4%
1"

4"diam by 1/1/2 4%2 1/2x3

(P) Plexiglas type . N

MARK IV

Calomal (G)
.010 x 5/8 Pt
wire
.010 x 1/4 Pt
wi,

ra
.010 x 1/8 Pt
vire

15 mls

0.216 g/1
1.8 ©l/)

Rone

Plexiglas
1

VCIE
an- '
xix6

MARK ¥

Caiomel {P)

.020 x 1/2 ¢
wvire

.020 x 1/4 Pt

. wira
.020 x-1/8 Pt
wire
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;hoot. It was noticed several times during these laboratory experi-
ments that even stainless steel would react enough with the electro-
lyte to produce undesirable results. Therefore, no metal fittings
could be used to connect the cell to the electrolyte reservoir.

Another frequent source of contamination was from the cop-
per leads connected to the platinum electrodes. Although the plati-
num electrod:e was sealed in a soft glass tube (Pyrex would not seal)
to keep solution from contacting the copper, small cracks developed
guite easily and would allow the electrolyte to leak inside the tube. |
This problem was one objection to Mark 0.

Another major bbjection was the glass frits separating the
three major compartments. They a;re quite difficult to clean; thus,
once the cell becomes contaminated, it is a major chore to remove
all of the impurities .

Furthermore, the noise level in this cell seemed unduly high.
The thought here was that a better mixing pattern would give less
noise because there would be fewer concent;cation gradients to cause
a change in the Br,/Br  equilibrium. It is this change in equilibrium
when no sample is passing through the cell that causes noise.

The first modifications on Mark 0 were a new gas inlet tube

and new electrode configurations. The gas inlet was made from a
4
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1/4-inch porous ceramic rod, and the sensor/generator electrodes
were changed from the plate coﬁfiguration to Pt wires wrapped
aroqnd the ceramic rod. This gave noticeably less noise than the
original Mark 0, but there were still voids in the bottom of the
chamber where mixing was not complete. Some noise still per-
sisted.
" Before a new cell was constructed, tests were made with the
counter electrode in the same compartment as the generator/sensor
pair. The cellls pe:c;formance was affected very little by this change.
This indicated that at least one cell ar.1d one glass frit could be
eliminated.

Any new cells would be designed to alleviate two other minoxr
drawbacks c;f Mark 0. These were its rather lérge size physically
speaking, and its fragi'lity because of its construction from glass.

Mark I (Figure 5)

The thoughts which led to this design were that a smaller
volume reaction chamber would give higher sensitivity and the thor-
ough mixing occurljing because of the small volume would reduce
noise levels.

. It might be well to add at this point that better mixing could

be achieved using a mechanical stirrer with a magnetic spin bar.

Yy
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This, however, would increase the cost of the instrument. Because
high costs were inconsisteqt with one of the research objectives,
efforts were directed toward making a cell which developed its own
~good mixing pattern merely By. the action of the carrier gas passing
through it. Besides adding to the cost of the instrument, an external
stirrer also adds to its bullk——another undesirable feature.

In Mark I, electrodes were s-ealed in soft glass--again Pyrex
was unsatisfactory. No glass or porolls materials were used be-
tween chambers.

Problems with this cell were numerous. The most serious
one involved the liquid return ;ine from the expansion chamber. The
solution entering the bottom of the electrode chamber was not the
same composition as that in the chamber itself, Since the liquid
volume in the electrode chamber was so small, even a little liquid
from the return would ai)preciably change concentrations. Thus, in
spite of good mixing in the electrode chamber itself, overall mixing
was poor and ‘a high noise level resulted.

Still it was felt that a small volume of electrolyte would \give
greater sensitivity and less noise. Thought was also given to chang-

ing-electrode lengths; in particular, shortening the counter electrode

so that "large' amounts of bromine would not cling to it. If bromine
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did cling to the electrode, it would eventually be broken loose by. the.
bubbling of gas ,thr‘ough the cell. | This would give a slight excess of
bromine to the solution, thereby changing the equilibrium conditions

{

and producing undesirable nbise ""peaks''.
/

Mark II (]é“igure 6)

This cevll was also small volume, but, unlike Mark I, it had
a sha110\;v electrode chamber. Furthermore, all electrodes were in
the same chamber and three were made of short lengths of platinum
wire. (See Table'II.) The gas inlet tube was a short piece of glass
capillary tubing. The cell was made rather hastiiy and in a crude
manner. There was no real outlet for the gas--it just leakéd out
around the reference electrode. Neither was there any provision for
adding new electrolyte. The electrodes were merely ''sealed" into
the walls of the cell with soft rubber septums. Still, the design
showed remarkable stabili;cy and good sensitivity. i

Mark III (Figure 7)

This model was simply a more sophisticated version of Mark
II. It was made of plexiglas with individual gas outlet and titrant in-
let ports. Although the design was very similar to that of Mark II,

performance was quite inferior.  Noise levels were unusually high

even when no new titrant was added over a one-hour period. (Recall
"t
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that some noise is to be expected when fresh titrant is added be-
cause the titrant does not have the same Br,/Br  concentration as
the solution in the cell.) Adding fresh electrolyte only made things
worse. One cure for the high noise was physically shaking the cell.
Conclusion: Mixing was incomplete. Changing the gas inlet from a
capillary tube to a "multi-hole" plastic tube coiled around the bottom
of the cell reduced the noise somewhat but not sﬁfficiently.

Another factorl which affected the noise level was the sealing

\

of the reference electrode in the'lid of the cell. When the reference
was properly sealed, noise lgxfels were 1~:olera.b1e. But when a leak '
developed, noise levels immediately increased.

Some work was done with this cell studying the effects of
electrode lengths and placement. In general, a 'shorter counter
electrode (1/4-inch to 1/8-inch) reduced noise; a longer generator
(1-1/2-inch to 2-inch) gave faster response; and letting the gas
stream sweep ti’le sensor gave a more sta‘ble resiaonse, i.e., smooth
rather thap jagged peaks.

Mark IV (Figure 8)

To achieve better mixing, designs again returned to the tall

thin electrode chamber. As before, all electrodes were in the same

chamber. No provision was made in this model for the periodic
"t
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addition of electrolyte. It was built primarily to either verify or
refute the proposed "émall volurr'le - low noise'' theory. This .time a
porous polyvinyl chloride (PVC) rod was used for the gas inlet tube
and yds sealed in the bottom of the cell. It was felt that using a por-
ous material for the ‘ga.s inlet would create more dispersion of gases
in the electrolyte and hence result in better mixing.

As predicted, noise levels were unbelievably low. However,
to get a good response using this cell, gas flow rates had to be raised
to 400 cc/minute compared with the 200 to 250 cc/minute rate used in
other cells. In all previous cells the carrier gas had been nitrogen
so at first it was also used in Mark IV. This high flow rate of nitro-
gén prompted thoughts of using compressed air--properly dried and
filtered--as the carrier gas. Switching from nitrogen to compreésed
air showed absolutely no deterioration in the cell's performance either
from a noise or a sensitivity standpoint. Avoiding the use of nitrogen
as a carrier was indeed a plus for the completed analyzer because now
no bottl-ed gas would have to be moved around with the instrument.

Using this particular cell design, some work was done to deter-
mine the best diameter for the electrode chamber. For the 400 cc/
minute gas flow rate the best chamber diameter appeared to be 3/4-

inch. (Lengths remained constant at 4 inches.) Larger diameters

3
]
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increased noise because of incomplete mixing and smaller diameters
caused 1iquia droplets to hang up between the cell wall and r.eference
electrode. When these droplets fell back into solution, a tall but
very narrow peak appeared on .the recorder because of the concen-
tration difference be‘tween droplet and solution.

Mark IV was the first of thé'plastié cells to be used with a
gas chromatograph. This gave another design criteria for the over-
all instrument. The carrier gas flow rate had to be fast enough to
give good chromatographic separations, yet it also had to be slow
'enough to give good detector response. Recall that it had been de-
cided that a sample should be extracted from the stack and analyzed
once every 10 Iminutes. This meant that retention times fory a gas
sample in the colt;.mn should be less than 10 n&inutes to avoid possible
overlapping of peaks between samples. In reality, this becomes more -
of a column design probiem than a cell design limitation although
there is some interaction.

Early lab work was done using a commercial Aerograph Model
200 chromatograph. Results obtained using differént~column packing
materials are discussed in a later section. Using a six foot long, 1/4-

inch teflon column packed with Porapak Q-S and a compromise flow
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rate of 3vOQ cé/minute with Mark IV gave acceptable separations and
a pretty good cell response. |

Mark V (Figure 9}

Mark V was an atte’mpf to overcome the two faults of Mark
IV. The commercial reference was replaced by one made from
plexiglas. The rllew reference was still the calomel electrode (re-
cipes for making them can be found in any text on electro-analytical
chemistry) and was attached permanently to the side of the. electrode
compartment. Since the reference was now contacting the solution
through the side of the chamber, it was occupying almost no volume
within the reaction portion of the cell. Therefore, it was feit that a
smaller diameter--less than 3/4-inch--chamber could be used. Then
a lower gas flow rate would still give good mixing and possibly better
chromatographic separations. Most bromine cells either c;n the mar-
ket or described in the literature show the best cell response‘when
the flow rate through them is 200 to 250 cc/minute. Even though cell
configurations for the Mark series are quite different from the com-
mercial ones, designs were made to give optimum performance at
this flow rate.

As a starting point, a chamber diameter of 5/8-inch was used.

Initial results looked very promising, but after five to six hours" use,

.,
(1
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noise increased markedly and sensitivity declined rapidly. The’
seemingly obvious answer was tﬂe '"homemade'' reference electrode
had ceased to function properly. Th¢ ingredients for it were pre-
pared several times but the same phenomenon occurred each time--
good initial performancé but serious degradation with time. Even-
tually modifications were made on the cell so the commercial refer-
ence could be used (in a chamber physically separa;ted but tube-
connected to Mark V). Quite surprisingly the same thing happened
again. After many frustrating hours of studying the cell, an explan-
ation was found.

When the cell is started up, the inside walls are clean. After .
it has been operating for a time, water droplets begin to collect on
the walls above the electrolyte. When sufficient time has passed the
bubbles become large enough to b1.‘eak away from the walls and fall
back into solution. This upsets the equilibrium and causes noise,
The effect could be magnified by passing a concentrated sulfur sample
--say 800 ppm H,S--through the cell. Not all the sample gets ab-
sorbed in the liquid. Some passes up the cell and 1s absorbed by
liquid dropiets on the wall. When these droplets fall back into solu-
tion there iys a huge increase in noise for almost 30 minutes after th‘e

sample was injected.
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This deterioration with time was but o'ne. serious fault of
Mark V. Another was the reference electrode. Once the electro-
lyte had been drained out of the cell, it was difficult to keep air bub-
bles from forming in the arm connecting the reference to the elec-
trode chamber; these air bu{obles prevented electrical contact with
the reference when the cell was started up again. Consistency in.
making up the cells was another problem. The reason why was never
determined, but some were very sensitive to sudden vibrations, while
others were not noticeably affected at alf:L. ‘

Just a point of interest--when electrolyte was added to the
cell (at 10-minute intervals) a peak much like that of an H,S peak
would appear on the recorder. The ‘pen returned to its normal base-
line about 30 seconds after the electrolyte addition was stopped.

In spite of its above mentioned faults, Mark V was used for
about six hours worth of actual plant data in a Kraft mill. This was
done to determine what problems might.develop at a plant site that
would not occur in any laboratory test. In such a short time interval
no unexpected problems did arise, so the cell was brought back to the

lab for fuither studies and modifications.

'
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Mark VI (Figure 10)

models.

1)

2}

3)

Mark VI introduced several new changes over previous

The electrolyte chafnber was concentric with a
larger compartment used as the gas outlet portion
of the cell. This essentially made the electrolyte
chamber with no walls for liquid dropléts to cling
to. It also gave a constant volume electrolyte
chamber since any excess would merely overflow.
The calomel electrode was again made of plexi-
glas but in a style very much like the commgrcial
glass one used earlier. Threading the body of
the electrode provided an easy method of sealing
it into the cell block.

The three platinum electrodes were sealed in a

-removable block in the bottom of the cell. This

electrode arrangement greétiy simplified clean-
ing and/or removal of the electrodes if they be-
came contaminated. Too, th;age electrodes were
much easier t<.> keéep sealed than those entering

the siaé of the v_vall.
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The entire bottom of this cell was also removable so elec-
trode chamBers of different heigilts and inside diameters could
easily be inserted in the cell.' By trial and érror it was found that
an electrode chamber 11/16-inch in diameter by one inch high was
best to accommodate the desired gas flow rate of 200 to 250 cc/
minute. Larger volumes tended to give slightly more noise and
long tails on peaks. Smaller volumes resulted in enough of the
electrolyte being blown out that electrical contact with the reference
was lost. |

The performance of this cell was quite superior to any pre- .
vious models. A continuous laboratory test of 48 hours showed no
degradation in its performance. Because it was purposely designed

’

so that parts could be easily interchanged, the cell was considered
too bulky for a portable instrument. After the '"best' electrode de-
sign and spacing as well as the ""best" electrode chamber size had
been determined, a smaller model called the "Mini-Mark VI" was
built to be the compact unit used in plant tests. The only major de-
sign change was the discarding of the plexiglas reference. Though
many different things were tried, leakage of fluid out of the salt

bridge compartment of the reference could not be stopped. After a

48 to 60 hour period the compartment had to be filled in order to -

1
Y
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make it operable. Replacement of the porous PVC rod in the bot-
tom of the reference with either ‘an asbestos thread or a nylon -
thread did not significantly decrease the leakage rate.

The commercial reference was again used in "Mini-Mark VI"
but was covered by a specially built plexiglas housing to make it
less susceptible to breakage. The reference was sealed in the hou-
sing and the housing in turn sealed in the cell block. Perfofmance
of the "Mini-Mark VI'" was in every way comparable to that of the
original Mark VI. Consequently, it was c.hosen to be the detector
for the portable sulfur analyzer being developed.

Elect-ronics |

Microcoulometer

4

Early work in this project was done by using the commerci-
ally 'available Dohrmann Model C-200-A Microcoulometer. The
function of this electronics is described in Dohrmann's Manual (8)
and summarized below.

Any change in the titrant ion concentration within the cell is
detected by the reference/sensor electrodes as a potential differ-
ence. The difference bétween the voltage output of th-e reference/
sensor electrode pair and the opposing voltage from the BIAS SET

(a control knob on the front of the instrument) is the input to the
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coulometer amplifier. Changing either titrant ion concentration
or BIAS SET voltage will cause a-. potential to be seen by the am-
plifier. When these two voltages a.re\ e(iual, the amplifier receives
a zerc; signal. Any shift in the réferenche/sensor voltage is sensed
by the amplifier which produces a current flow betweell'l the gen-
erator anode and cathode (counter) in the titration cell. This
current generates or removes titrant ions through an oxidation/
reduction at the anode.

When sufficient titrant has been produced by the generator
pair to re-establish the\ original titrant concentration, the voltage
to the amplifier will be zero and the system will again be at equil-
ibrium. During the course of the reg'(eneration, the current passes
through a series of resistors and capacitors. A strip chart re-
corder measures the voltage drop across one of the capacitors.
This recorded voltage (shown as an almost triangular peak) can be
related to the original concentration of sulfur compound which
caused the change in titrant ion. concentration. )

For all the titration cells just described except Mark VI
and "Mini-Mark VI'" this Dohrmann coulometer was used. Bécause
the Model C-200-A is rather large and would be impractical in a

portable instrument, a circuit was assembled in the lab to perform

1,
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the same function. The circuit diagram for it is shown in Figure
11. When this unit was assembl-ed it occupied less than one tenth
of the space of the commercial model and it fit quite niceiy into the

case for the port?,ble analyzer.

The only external adjustment (thinking now in terms of the
final instrument) on the circuit‘ is the RANGE switch. ' This is an
11-position single pole switch which changes the resistance in the
path to ground. As the resistance is‘ increased, more of the cur~-
rent is forced through the capacitor acAros.s which the recorder is
connected. Now, consider several sam-pllas of identical concen-
tration passing into the cell at presef intervals. These will each
give the sarr@ voltage input to the amplifier and also the same vol- -
tage output. But if the RANGE setting is changed be.tween samples,
different volté,ges will appear on the reco;‘def. Thus, the RANGE

switch is merely a means of changing the sensitivity of the instru-

ment.

During the development of the circuit a compromise had to
be made between sensitivity and. stability. ~The rather arbitrary
criteria for a good circuit was chosen to be one which gave a full
scale’. deflection for a 1 ppm H,S sample (70 ml but not passing

through a packed column) at an intermediate seﬁsitivity range set-
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ting of 100. At the same time, noise 1e§el$ should be very low.
Using the resistor and capacitor values shown in Figure 11, this
goal was achieved.

The most critical component from a stébility standpoint was
the capacitor in the feedback path on the amplifier. Lowering the
value to 10 picofarads increased stability greatly and simultane-
ously reduced sensitivity but to a lesser degree. Better sensi-
tivities could be achieved by decreasing either the resistance or
the value of capacitance in the path to ground where the recorder
was connected. Here the noise levels did increase in direct pro-
portion to the gain in sensitivity.

Control Circuit (Figure 12)

The function of the control circuit is to determine the se-
quence of events taking place when the instrument is operating con-
tin1.10usly. The events have already been described in the Operation
portion of this section and will not be repeated here. Note from the
circuit diagram that whenever the main power switch is on, power
is delivered to the coulometer, tirx;ler, and external power plug.
Current flows throggh the oven heaters until the temperature con-

troller breaks the circuit.
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The heart of the control circuit is the continuous multi-
cam timer. Cycle time can be altered by a simple gear change
between the drive motor and cam shaft. The cams are adjustable
and can be set to any desired "percentage of cycle time' (between
1% and 99%) that a given microswitch is to be open or closed. The
microswitches are the single-pole-double~throw type which means
that they can close one circuit and simultaneously open another one.
In the instrl\lment, timing of three items is quite important. When
the vacuum pump is on, the sample valve must open so that a sam-
ple can be drawn into the sampl_e loop. More important is the fact
that the solenoid valve controilling the compressed air used for
blowback be closed then and not opened until the six-way valve
closes. The easiest way to ensure that this happened is illustrated
in Figure 12. All three items are controlled by a single switch.
The vacuum pump and éix—way valve are essentially wired in series
so that both are on and off together. The compressed air valve is
-wired to the other pole of the switch so that it is off when the pump
is on and vice versa.

One microswitch is used to’control a solution solenoid valve
which admits electrolyte to the cell for about 30 seconds of ea'.ch

cycle. Exactly when the addition occurs is not critical.
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The remaining microswitch activatés a solenoid op‘erate'd
stepping switch in the multi—stac':k sampling accessory. This unit
is described later. Here the stepping switch should be activated
as close as possible to the same time that\ the vacuum pump is
turned on. The switch, however, is not energized when the pump
shuts off but gets activated again only at the beginning of the next
cycle.

Recorder

Inexpensive, non-continuous, low impedance recorders were
tried but proved unsatisfactory because tl"ley overloaded the ];IliCl‘O-
coulometer circuit. Also, the non-continuous trace made data
interpretation quite difficult. A better unit is the Varian G-11A

potentiometric recorder with five-inch chart paper.

Calibration Device

Several devices exist’ for preparing accurate gas samples.
These include Mylar bags, spinning syringes, screw-driven
syringes, and perme;tion tubes.

Samples in Mylar bags are prepared by injecting--usually.
with a gas-tight syringe--a known volume of the pure gas into the
bag.. Then a measured amount of diluent gas is pumped in. Fur-

ther dilutions are made by adding more diluent gas. Reproduci-

o,
L
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bility using this method was given a 1;ange .of + 12 - 16% by
Adams (5).

Permeation tubes are a very accurate way of preparigg gas
samples provided that a constant temperature can be maintained.
This limitation alone dictates that they be us ed ouly in a laboi‘a-
tory where ambient temperatures do not vary much and a constant
;:emperature bath will indeed stay at a constant temperature. An-
other serious limitation is the relatively slow rates of permeation
generally encountered. Producing sample concentrations in the
100 ppm range on a continuous basis would be nearly impossible
with any reasonable lengths of permeation tubes.

Screw-driven syringes have been us\éd for quite some time
(12) but some commercial units do not give a truly constant de-
livery rate of gas because the syringe plunger is not securely fas-
tened to the screw-driven shaft. This permifs the plunger }:o stick
in the barrel and results in non-uniform delivery rates. When a
modification is made and the plunger securely fastened to the shaft,
this meth_od is considered a fairly reliable method of preparing gas

samples. It is about as accurate as the method used to measure the

flow rate of diluent gas past the delivery tip of the syringe.
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A more recent developfr;ent in preparation of gas s‘am'ples
is the spinning syringe (Figure 13}, The system is baéed on the
frictionless bearing formed by carefully polished surfaces of a
glass barrel and a rotating plunger. The air bearing allows a
constant load to be placed on the air column. Regardless of leak-
age past the bearing--generally insignificant--the delivery rate of
the gas mixture is said to be constant as long as the piston is spin-
ning. Conversation with several different individuals in the air
pollution field revealed varying degreeé éf satisfaction with this
device. In reality, the falling rate of the syringe is dependent to
a certain degree on how fast it spins. Thus, to ensure truly re-
producible delivery rates, the spinning rate- of the _syrin‘ge should
be the same each time the unit is used. Among users of spinning
syringes it is generally agreed that the setups using a small fan as
the air source to spin the syringe are reliable enough to be used as
calibration standards. .Again, the ag:cu?acy of the sample concen-
tration is about that of the method used to measu;e the diluent gas

flow. This was the calibration method used during construction

and test.ing of the continuous analyzer.

:
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Multi-Stack Sampling Accessory

A unit which electrically plugs into the main analyzing in-
strument has been built to allow' sampling of three different loca-
tions in succession. A slight modification, taking less than five
minutes to complete, must be made to the master unit. It involves
disconnecting a tube at a tee, attaching the tube to a bulkhead
union, and plugging the open branch of the tee. If all sample lines
have been strung and end in the vicinity of the analyzer, the total
time\ required to change from single stack to three stack sampling
or back again is less than 10 minutes.

A wiring diagram for the sampler is shown in Figure 14,
The figure does not represent the actual wi:éing layout in the acces-
sory, but rather shows the circuit after the unit is plugged in1;o the
main analyzer. The cam timer in the main unit activates the ro-
tating switch once during each cycle. This switch then opens one
and only one (of the three) midget solenoid valves in the accessory.
It remains open for one complete cycle; i. e., for both the sample
drawing and the blowback phases. At the beginning of the next

cycle the switch advances and a different solenoid valve opens--

the previous one closes.
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The tubing diagram (Figure 15) é.gain does not show physi-
cal layout but was done to illust'rate more clearly the relationships
to items in the main analyzer. Neither the compressed air valve
nor the six-way sample valve are in the accessory unit. The op-
eration of these two valves is idgntical to single stack operation.
Note: when sampling from three differeﬁt locations, a sample will
be extracted from é given stack only once every 30 minutes, assum-
ing the timer is still set for a 10-minute cycle time.

Miscellaneous

Besides the major ii;ems discussed above, smaller items
which eithe_,r improved performance or simplified its operation
are mentioned now.
When the instrument was first built there was no control
device to re.gulate'the‘carrier gés flow. It was controllea only by
.the pressure regulator at the source of the air supply. Later, a
stainless steel micrometering valve and check valve were installed
in the gas line leading to the detection cell. The check valve was
inserted to ensure that no electrolyte from the cell would be drawn
into the metering valve when the instrument was shut down.
+  An indicating dial thermometer was stuck into the oven so

that actual oven temperature could be seen and appropriate action

5
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taken if the set point on the terﬁ_perature controller is accident-
ally moved.

Thought was given to i.nstalling a rotameter, but bearing in
mind that one.of the objectives of the project was to keep costs
down, it was decided to use the detecti:)n cell itself as the rota-
meter. In other words, by observing the bubbling action in the cell
one could readily judge whether the gas flow rate was too high or
too low. This was actually a much more sensitive ''meter" than
the reader might think. Changes of as little as 20 cc/minute in
the flow rate cause noticeably different bubb_ling patterns in the
cell. The cell could easily be seen when a plexiglas window was

2

installed in the front face of the instrument.

Control of the ;arrier gas flow rate became imyportant when
it was decided to use peak heights as an indication of concentra-
tions. When gas flow 1;ates change (+ 20%} the peak éreas remain

constant but peak heights will change. To get meaningful results

using peak heights, flow rates must remain constant.




RESULTS

All of the résearch objectives as stated have been satis-
fied. A continuous sulfur analy'zer has been built which is sensi-
tive "1/:0 only sulfur compounds.. It will easily separate and analyze
for HZ‘S and SO2 in concentrations found in the Kraft mill. CH3SH,
however, is only detected at very irregular intervals because of
its relatively low (compared to H,S and S_OZ) cqncentrations at
the mill.

At 1:1"1e time of this writing it had been operating continuous-
ly in a Kraft mill for five. weeks with alrﬁost no attendance. The
only malfunction to date was a faulty récorder component, The
only '"maintenance' required has beén periodic removal o.f the
chart paper and filling the recorder pen with ink. Every four to
five days the probe (if in a high solids content area) has been
scraped off even though it is felt that it could be left unattended for
as long as ten days. -

After the first three weeks of use, the electrolyte reservoir
was refilled. Consumption is about 1.5 liter/week of continuous
operation. Although the unit weighs only 50 pounds and can be read-
ily moved from place to place, .this has not been necessary because
sample lines to all the stacks of interest are very close to the

location of the analyzer.
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A The multi-stack sampler was operated successfully for
about 18 hours. Despite the shortness of this test it did demon-
strate that the idea was sound and operable.
The instrument was calibrated twice at the plant site.
This was done to check for any degradatioﬁ in performance with
time. None was noticeable after three weeks of continuous

operation.



DISCUSSION OF RESULTS
Albeit thé overall performance of the chromatographic
sulfur analyzer was quite successful, there were problems which
cropped up. Some were easily solved; others still have no satis-
factory solutio.ﬂs.

Column Packing

Since most of the cell design problems é.nd solutions have
been discussed in the EQUIPMENT section, this discussion will
concern other portiqns of the final ch_ror.natographic analyzer unit.

Perhaps the major fault with th-is:instrument lies in the
packed column used for ‘sep‘arating‘ the gas mixtures. From the
calibration curves™ in Figure 16 it Wi'll be noted that sampies of
H,S below 5 ppm even on the more éensitive ranges were difficult
to detect. Also, at the lower concentrations there was no linear
relationship between peak areas and concentrations; e. g., a sam-
ple of 20 ppm mi,gl;.t give an area of 100 arbitrary units but a same
sized sample of 10 ppm would give an area of 10 of these arbitrary
units. This phenomenon was believed to be caused by adsorption

of some of the sulfur gases on the packing material. If the gases

*Made using a 10-ml sample and a six foot long by 1/4-
inch column packed with Porapak Q-S in laboratory tests.
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did desorb at all it was at such a slow rate that no peaks appea-r—
ed. At highef concentrations (e;.bove 50 ppm I—IZS) this adsorption
is only a small percentage of the total sulfur corﬂpound and is not
readily noticeable. Therefore, at intermediate concentrations
(between 50 and 300 ppm HZS), there is a very nearly linear re-

lationship between peak area and concentration of H S;i.e., if a

2
100 ppm sample gave a peak area of 20 arbitrary units, the same
size sample of 200 ppm HZS would give a peak area of 40 of these
units,

At concentrations much above 3.00 ppm, not all of the H,S
will get absorbed in the j:itratibn cell and again non-linearities |
were observed but in the opposite direction. That is, if a 300 ppm
sample gave an area of 50 units, a 600 ppm sal;nple might give an
area of only 75 unifs. This phenomenon made results quite diffi-
cult to interpret, at least by eye, at the very high concentrations.

In order to detect sulfur concentrations below 5 ppm H,S,
the separation column had to be removed ‘and. replaced with a short
length of clean teflon tubing. Sample size was increased to 70 ml.
Then concentrations of HZS below 0.2 ppm could be detected on the

more sensitive RANGE settings. '(See Figure 17.) Again, at con-

centrations below 1 ppm non-linearities began to appear. This was
A
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blamed on adsorption on the tubing in the instrument. This con-
clusion was reached after three things were tried, First, the tub-
ing was changed from polypropylene to nylon. Nylon was expected

to adsorb more of the H,S and SOZ’ and did exactly that. Second,

2
the possibility of a leak causing the non-linearities was ruled out
when a small hole was punched in the tubing to allow a leak. Re-
sults here were much different from previously observed data.
Primarily there was no reproducibility even though the leak should
have been fairly constant. Thirdly was thel possibility that the de-
tector should have the referer_lce_a and counté;‘ electrodes in separate
compartments. Such a cell was built and tested in the lab but the
same non—lil;léarities existed at the low concentrations.

' Similar calibration results were observed for SOZ' The dif-
ference was the concentrations at which they occurred. Condensing
the discussion given above for H,S and talking now about SO,, the
following things were observed. With the packed column installed,
concentrations .below 40 ppm were difficult to dé’cect. Intermediate
linear range was 150 - 450 ppm. High non-linear end started about
500 ppm.  Without the packed column, concentrations of SOZ below

2 ppm were difficult to detect. Non-linearities were significant from

10 ppm downward. ‘ :
L
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Since SOZ’ generally spea_king, adsorbs more readily than
H,S, these results were not too alarming but certainly did show
avenues for improvement. Thi_s observed adsorption of SO2 con-
tradicts an earlier finding by Wohlers (26) that SO, did not adsorb
on polypropylene tubing. No attempt was made here to get quanti-
tative measures of the amount, but it was found to be significant
when SOZ co'ncentll'a;:ions in the tube d‘ropped below 10 ppm.

Changing the instrument tubing to teflon tubing was one pos-
sible solution to the problem. This was not done because teflon
tubing is quite "'soft" by comparison and it wé,s feared that leaks
might develop at the fittings in the instrument.

Using stainless steel tubing is anothel: answer, but it is rather
difficult to bend and will corrode after extended periods of use in a
sulfurous - HZO atmosphere.

The adsorptién problem with the pécked column itself can
only be solx\zed when a new packing material is found. Several things .
were tried in the lab but Porapak Q~S still seemed to be the best
material available. A six foot length of teflon packed with Triton:
X=-305 on Chromosorb T gave pooref separation and very broad S‘Oz

_peaks’at the desired and necessary flow rate of 200 - 250 cc/minute.
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Increasing the leng’;:h of the tube would give better separation but
the SO, peak would still not be shé.rp enough.

A literature article found rec'ently (20) reports a column
packing good for separation of SO,, HZS’ and CH3SH in the sub
part/million range. | It is prepared using a 5% solution of poly
m-phenyl ether (5-ring} and 0.05% H3PO4 on a powdered perfluor-
ethylene sdpport. Only one attempt 'Was made here to make the col-
umn but met with little success. Even with a 1‘6 foot by 1/4-inch
column, separations were not adequaté, Ti’le article recommends
a 36 foot by 1/8-inch column but this is exceedingly difficult to pack
properly. |

._A frequently encountered problem at the plant resulted from
this adsorption problen;l. Because "of SOZ"s being more strongly
adsorbed than H,5, the instrument gave much larger peaks for HZS
than for SOZ when concentrations of Fhe two gases were the same.
Consequently, in areas of high -HZS concentra‘tion, the RANGE on the
instrument had to be set low enough to keep the st peaks ‘on scale,
Then no SO2 would be detected.

In stacks with high SO, concentration the RANGE was set so
that most of the peaks fell about midscale dr élightly higher. Then

an HZS peak of only about 1/5 the concentration of SOZ would be off

3
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scale. This was the only real complaint about the ins.ltrument's
performance duriné the plant tests. Repeating--this problem should
be solved when a packing material is found which does not adsorb
SO2 and still gives good separation.

A final note on column packings-—performancé of different
Porapak Q-S columns prepared in the lab was significantly different
from column to column in terms of retention times and amount of
gases adsorbed. This indicated inconsistept column packing pro-
cedures.. The above discussion and Figu;cg 16 appliéd to the column
used in the plant tests. The sample size was 10 ml. Increasing the
sample size will give larger peaks for the same concentration of sul-
fur compound. This, in essence, is a method of increasing the sen-

sitivity of the instrument.

Interpretation of Data

It has already beén stated that concentrations of sulfur com-
pounds is proportional to the area of the.peak on the recorder. With
the Porapak Q-S column, peaks for both HZS and SOZ‘are nearly tri-
angular in shape except for very short peaks. Therefore, accurate
calibrations can.be made in terms of peak heights. This becomes a
real time-saving feature when iarge amounts of data are to be analyz-

ced.’



~60-

After some experienc’e is acquired with the instrument, con-
centrations can usua.lly be ,guesse-d within + 10-15% by visual in- .
spection of the peak sizes. Comparison of the peak he\ights with a
calibration curve will, of course, give the exact concentrations.,

A sample of\ some typical plant data for a 24-hour period is
shown in Fiéure 18. Because of a secrecy agreement with the mill,
actual concentrations are not shown but the extreme variation is
illustrated. This variation was bothersome until it was discovered
that an upset had occurred in the recovery area shortly before the

¢

sulfur emissions began to climb.

Multi-Stack Sampling Accessory

When t};is unit was first put on line, leaks through the sole-
noid valves were detected almost immediately. Replacing 1_:he ‘exist-
ing hard rubber seats with a soft silicone rubber solved this problem.

Although the unit was running for four days, only about 18
hours worth of meaningful data were obtained because of recorder
problems. Still, this was sufficient time .to demo-nstrate the opera-
bility of the system. Using such a device with the chromatographi‘c
analyzer (a semi-continuous instrument) presents no problems.v With -
continuous analyzers like the Barton, problemé could be encountered

when switching from stack to stack.
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Merits _Q_f_Blowback Feature

For about four minutes of each 10-minute cycle, compres-
sed air is forced through the sample lines and prqbe. This pro-
cedure not only helps to clean solid particles clinging to the probe,
but it also cleans the line of any water th;,t may have condensed in.
the lines to the stack.

When samples are drawn continuously (as in the Barton)
water begins to collect in the lines. Water will absorb significant
amounts of both HZS and SOZ'. Then, as ‘1:hle ambient temperature
changes, the partial pressure of these gases in I—IZO will change and
sulfur gases can be released into the lines. When concentrations

are low this can cause serious errors in the analysis of stack gases.



SUMMARY

The continuous chromatographic sulfur analyzer developed
has survived a five-week plant‘ site test and has given some quite
meaningful data. It easily detects and separate§ the H,S and SO,
concentrati:ons found in the stack. Periodically some CI—I3SH peaks
have also appeared on the recorder, The only maiﬁtenance re-
quired is replenishing the recorder chart paper and ink from time
to time. Also, the probe is cleaned once every four to five days if.

1

in a stack with high solids content. .If a two-gallon electrolyte res-
ervoir is used, it will have to be filled every three to four weeks.

The main improvement needed is a different separation
column which does not adsorb SOZ." Then H,S and SOZ. samples of
the same concentration will give more nea'rly equal peak areas.

A digital integrator would be helpful if a large amount of

emission data was to be used for correlation purposes..



RECOMMENDATIONS FOR FUTURE STUDY

Of immediate importance is the development of a column
which will not acisorb SOZ or HZS' Hopefully, one can be made
which will allow separations of concentrations well below 1 ppm.

Further studies should be ma(‘i‘e‘ to determine why deteqtion
limits even with the chromatograph column out of tfle unit were so
much higher than those reported by Adams and Applebury. Evi-
dence points toward'gdsorption on the tubing in the instrument but
there exists a possibility that the fault lies in the detector itself.
Other cell designs should be tried in order to improve detection
limits.

If the emission data is to be used late;' for correlation pur-
poses, data acquisition devices other than the strip-c'hart .recordér
should be employed at least on a trial basis. Even a digital inte-
grator would be helpful. No doubt cost will be the deciding factor

in the selection of an alternate to the recorder.
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APPENDIX



B

FIGURE 19: FINAL INSTRUMENT.
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Related Information

The following supplement is an operations manual for the
instrument whose development was described in the body of this .
report. It is presented here primarily as an aid to anyone using

the instrument who is not already familiar with its operation.























































































































































































































































































































































































