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Abstract:
An automatic quantitative and continuous sulfur analyzer has been developed and tested for a
six-month period in the laboratory and one-month period in the recovery furnace and the lime kiln area
of a Kraft paper mill. This low cost but reliable instrument is very stable and accurate. An automatic
sampling system is incorporated with the sulfur analyzer. The instrument can automatically obtain gas
samples from a stack, separate and analyze the mixture of sulfur-containing gases in ten minutes.

A unique sulfur-containing gases detector and a novel approach towards separation of sulfur-containing
gases have been developed. These improvements make the sulfur analyzer so sensitive that even a
gaseous effluent with 0.01 ppm total sulfur compounds can be analyzed.

Selective membrane filters and solid phase chemical scrubbers have been developed. These membrane
filters and chemical scrubbers are used to retain undesirable sulfur gases from the sampling gas.

A stepwise multiple linear regression program was used to relate the operating conditions of a recovery
furnace unit and a lime kiln unit to their sulfur emissions. The correlations obtained by mathematical
conclusions were explained in terms of the actual process variables. With few exceptions, the
mathematical conclusions can be explained logically in terms of what is actually happening in the
processes. 
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ABSTRACT

An automatic quantitative and continuous sulfur analyz
er has been developed and tested for a six-month period in 
the laboratory and one-month period in the recovery furnace 
and the lime kiln area of a Kraft paper mill. This low cost 
but reliable instrument is very stable and accurate. An 
automatic sampling system is incorporated with the sulfur 
analyzer. The instrument can automatically obtain gas sam
ples from a stack, separate and analyze the mixture of sul
fur-containing gases in ten minutes.

A unique sulfur-containing gases detector and a novel 
approach towards separation of sulfur-containing gases have 
been developed. These improvements make the sulfur analyzer 
so sensitive that even a gaseous effluent with 0.01 ppm to
tal sulfur compounds can be analyzed.

Selective membrane filters and solid .phase chemical 
scrubbers have been developed. These membrane filters and 
chemical scrubbers are used to retain undesirable sulfur 
gases from the sampling gas.

A stepwise multiple linear regression program was used 
to relate the operating conditions of a recovery furnace 
unit and a lime kiln unit to their sulfur emissions. The 
correlations obtained by mathematical conclusions were ex
plained in terms of the actual process variables. With few 
exceptions, the mathematical conclusions can be explained 
logically in terms of what is actually happening in the 
processes =



INTRODUCTION

The total production of pulp in the United States a- 
mounts to 30 million tons annually with over 60 percent made 
by the sulfate or kraft process.

The name "Kraft" from the Swedish,■ meaning strength, is 
a term often applied to sulfate mills. The name "sulfate" 
derives from one of the principal raw materials-sodium sul- 
fate-usually called salt cake.

The sulfate process employs caustic soda (NaOH) as the 
active chemical to dissolve or separate the fiber by steam 
cooking. Upon completion of cooking or digestion, the en
tire contents are quickly discharged into blow tanks. In 
this stage, water is used to wash the fiber free of spent 
cooking liquors and dissolved residue. This washing process 
produces clean pulp. The spent cooking liquor (black liq
uor) which contains about 15 percent chemicals, must be re-. 
covered to make the process economical.

To accomplish this recovery, several steps are re
quired. Briefly, the recovery system includes removal of 
water by evaporation, separation of organic and inorganic 
chemicals by burning off organic material, addition in the 
furnaces of salt cake make up, causticization of soda with 
lime, and recovery of lime by heating in lime kilns to drive
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off CC>2. The main section of Kraft pulping and recovery- 
process is summarized-in Figure I.

Although the kraft pulping process makes the process 
profitable for converting wood into pulp, it has the serious 
disadvantage that various malodorous compounds are produced. 
These include hydrogen sulfide, methyl mercaptan, dimethyl 
sulfide., dimethy disulfide, sulfur dioxide, and other higher 
molecular weight organic compounds. Some sulfur emissions ' 
are produced in the evaporators and digestor; however, the 
major source of sulfur emissions is from the recovery fur
nace. Figure 2 presents the sources of - sulfur emissions 
from the kraft process.

Several pollution abatement techniques have been report
ed to solve this complex air pollution problem. (1,2) Before 
the effectiveness of these methods can be known and before 
their effectiveness can be optimized, a method of measuringi
the sulfur emission from the recovery furnace stack must be 
developed.

A. Analysis of Kraft Sulfur Emissions
There are many different methods mentioned in the lit-

\erature. This includes conductivity (3), coulometry (4), 
light-absorption (5), colorimetry (6), flame photometric 
detector (7,8) and the emission spectrometric detector (9).
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Figure 2 Simplified Kraft Mill Flow Diagram.
I, digester; 2, blow tank; 3, blow 
heat recovery; 4, washer; 5, screens; 
6, dryers; 7 > oxidation; 8, foam tank;
9, multiple effect evaporator;
10, direct evaporator; 11, recovery 
furnace; 12, electrostatic precipi
tator; 13, dissolver; 14, caustlclzer; 
15, mud filter; 16, lime kiln;
17, slaker; 18, sewer.
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But, some of these methods are sensitive to only one or pos
sibly two of the sulfur emissions. For example, colorimet- 
tic and light-absorption instruments are usually designed 
for single compounds; conductivity detectors are not specif
ic to sulfur compounds, because the measured electrical con
ductance of the absorbing solution is the summation of the 
effects of all the ions collected from the sampled air. FPD 
and ESD are comparatively expensive and have sensitivity 
limitations.

It is felt that a coulometric titration cell can be a 
much more effective monitor. Two of the commercially avail
able coulometric detectors, Titrilog and Barton Cell, have 
been used for several years (10,11). It has been found that 
coulometry provides the best known sensitivity for measure
ment of total sulfur with minimum interference from other 
stack contaminants.

An iodine microcoulometric cell has been used for the 
gas chromatographic detection of sulfur-containing gases. 
Adams (12) improved the sensitivity of the coulometric mi
crotitration by developing a bromine coulometric titration 
cell which is compatible with the Dohrmann C-200 Micro- 
coulometer.

I
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Although the microtitration cells were developed for 

use as gas chromatographic detectors, this cell is in real
ity a total sulfur analyzer. Therefore, if a given gas sam
ple that contains more than one component is to be analyzed, 
the gas sample must be passed through a separation column, 
prefilters (12) or selective scrubbers.

Very briefly, a separation column is a column packed 
with a stationary phase which separates a mixture into its 
components due to the solubility differences of the sample 
vapor in a stationary phase used for separation of sulfur 
compounds. Table I summarizes some stationary phases used 
for separation of sulfur compounds (14). The most serious 
problem is that most packing materials absorb some of the 
sulfur gases, especially SC>2 (13). Several packing materi
als have been tested and it was found that, Porapak Q-S was 
the best packing material available (13). Even with Pora- 
pak Q-S, considerable amounts of sulfur-containing gases, 
especially SC>2, are absorbed. This has seriously affected 
gas chromatography of sulfur compounds in the sub ppm range.

Shikiya (15) reported that a packing column can separ
ate SC>2 , HgS, and CHgSH in the sub ppm range. The column is 
a 361 X 1/8", packed with a 5% solution of poly m-phenyl 
ether (5-ring) and 0.05% HgPOg on a powdered per-fIuor

r
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TABLE I. Stationary Phases Used' for Separation of Sulfur
Compounds

Phase Reference
Apiezon M F .S .King, J. Food Sci., 29, 149 

(1964)
5,6 benzoquinoline J.Petranek, J . Chromatog., 5, 

254 (1961.)
Di-n-butyl phthalate V.J.Farraugia, Anal. Chem., 34 

271 (1962)
Tetraisobutylene H.D.LaRosen, Anal. Chem., 33, 

973 (1961) '
Carbowax 20 R.Bassette, Anal. Chem., 34, 

1540 (1962)
V.E.Catso, Anal. Chem., 35, 658

(1963)
T.J.Wallace, Nature, 201, 817

(1964)
Carbowax 1500 V.E.Catso, Anal. Chem., 35, 658 

(1963)
Carbowax 1540 F .S.Hing, J. Food Sci., 29, 149 

(1964)
Di-iso-decylphthalate W.T.McKean, Jr.., Tappi, 48, 699 

(1965)
Di-n-decylphthalate F .Baumann, J. Chromatog., 9, 

431 (1962)
V.T.Brand, Anal. Chem., 37, 

1424 (1965)
Dimethyl formamide G.G.Filippov, Tr. Mosk. Khim.- 

Tekhnol. Inst., (35) 147 
(1961)

Polyethylene glycol J.F.Carson, Abstract D 115, ACS
Polyethylene glycol

Symposium (Sept. 1957)
R.Staszewski, Chem. Anal. 

(Warsaw) 8 (6) 897 (1963)
Polystyrene glycol M.B.Jacobs, Am. Perfumer Aromat, 

70, (5) 53 (1957)
Reoplex 400 (Polyoxy- 

alkylene adipate) H.Hrivnae, Chem. prumysl., 10, 
399 (1960)

F.S.Hing, J. Food Sci., 29, 149 
(1964)

Silica Gel B.V.Aivazov, Trudy Vsesoyuz So- 
veshchaniya, Moscow, 1958, 
p. 438 (1960)

C \
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Reference
Table I (continued) 

Phase
(

Silicone Oil 200 
Teflon powder

Trieresyl phosphate 
Trieresyl phosphate

Triton X-305

I.Okuno, Anal. Chem., 34, 1427 
(1962)

C. T-.Hodges, Anal. Chem., 37, 
1065 (1965)

H.D.LaRosen, Anal. Chem., 33 
973 (1961)

R. Villalabos, Proc. ISA Summer 
Instrum. Autom. Conf., May 
1960, San Francisco

S . A .Ryee, Anal. Chem., 29, 925 
(1957)

V .J .Farraugia, Anal. Chem., 34, 
271 (1962)

G.C.B.Cave, Tappi 46, 11 (1963)
B.C.Rankine, J. Sci. Food Agr., 

14, 79 (1963)
E.M.Fredricks, Anal. Chem., 36, 

263 (1964)
D . F .Adams, Tappi, 42, 601 

(1959)
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ethylene support. It was tested with a little success and 
was found that it is too difficult to pack a 361 X 1/8" col
umn properly (13).

A solid phase chemical scrubber has been developed for 
removing E^S and CHgSH from natural gas streams which are 
then analyzed for SO2 content. These scrubbers consist of 
Chromosorb, a firebrick material, which has been treated 
with 6% by weight mercuric chloride (relative to Chromosorb) 
dissolved in a convenient amount of diethyl ether or methan
ol. These scrubbers suffer from the fact that they absorb 
SOg in the gas sample so that there is a substantial delay 
time between introduction of SOg in the gas stream into the 
scrubber and the response of the SOg analyzer. Moreover, 
after a period of time, the SOg absorbed in the Chromosorb 
support material desorbs producing an elution peak on the 
output recorder.

Another technique of separation of sulfur-containing 
gases was developed by Adams (16). This method is suggested 
for sequentially separating HgS, SOg, CHgSH, CH3SCH3, and 
CHgSSCHg in ambient air by using a series of chemically im
pregnated membrane filters. However, it takes time to 
change sequentially a chemically impregnated membrane filter 
to separate sulfur-containing gases of ambient air. In



-10-
addition, the concentration of sulfur-containing gases meas
ured by this technique could not really express the concen
tration of the gas mixture of the stack at a certain time. 
Therefore, this technique has not been employed for measur
ing the sulfur emissions from stationary sources.

A commercially available cell which is still employed 
by a majority of paper industry is called Barton Titration 
cell. This cell uses the same basic principle but a slight
ly different cell design. Sample gases are divided into two 
equal streams before entering the Barton Instrument. Two 
cells set up are used in this system; one is used to measure 
the total sulfur of the sample gases, the other is used to 
measure the. total reduced sulfur at which sample gases are 
passed through scrubber solutions to remove the SO2 in the 
sample gas before entering the detector. SO2 concentrations 
are calculated by difference from the total sulfur concen
tration and total reduced sulfur concentration.

It was reported that the Barton cell has the sensitiv
ities of 0.08 p.p.m. for H2S and CHgSH (11). This cell is 
a total sulfur analyzer. Those selective scrubbing solu
tions were employed to pass the desirable compounds and to 
retain the other compounds if the sample gases contain more 
than one component to be analyzed. Scrubbing solutions are
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inherently cumbersome and numerous disadvantages of the liq
uid collection media have been reported (5). Furthermore, 
the most serious objection to the analyzer now available is 
its high cost. It is, therefore, necessary to develop a 
cheaper but equally reliable system

B . Minimization of Kraft Sulfur Emissions by Mathematical 
Technique
In order to reduce the sulfur emissions from the Kraft 

recovery furnace and lime kiln, it is necessary to know the 
effects that some process variables exert oh emissions.
Since there are about 30 process variables in the recovery 
furnace and about 8 process variables in the lime kiln, it 
is impossible to grasp or to describe the functional rela
tionship in a single process variable. A multiple linear 
regression technique is used to correlate the quantitative

i

information on the process variables.
Robertus (13) employed the aforementioned technique to 

relate sulfur emissions to process variables. He has used 
this mathematical technique to investigate which process 
variables affect sulfur emissions both before the black liq
uor venturi and after the black liquor cyclone. This study 
resulted in reasonable conclusions.
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RESEARCH OBJECTIVES

As seen in the previous discussion, the primary objec
tive of the research project was to develop a sulfur analy
zer with the following characteristics:

1. Perform automatic and continuous analysis in- less 
than 10 minutes.

2. Sensitive to sulfur compounds and'unsensitive to 
the other gases.

3. Easy operation and require minimum maintenance.
4. Extremely economical system operation.
5. Portable and withstand plant conditions, lower cost 

but equally.reliable.
6. Be stable and reproducible for long-term operation.
7. Sampling system included.
The secondary objective of this research project was to 

apply statistical methods of data interpretation to relate 
operating conditions of both the Kraft recovery furnace and 
the lime kiln to sulfur emissions, and then to determine the 
operation variables which have the most significant influ
ence. In other words, our objective was to determine which 
process variables can affect sulfur emissions and how sig
nificant they are.
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The regression result will be used as a guideline, so 

that process operating variables can be adjusted to optimal 
operating conditions in which to give the minimum sulfur 
emissions from both the Kraft recovery furnace unit and the 
lime kiln unit.



EXPERIMENTAL

It was concluded that the bromine microtitration cell 
had the greatest potential for sulfur-specific analysis be
cause it had high sensitivity and selectivity for sulfur 
compounds.

The bromine microtitration cell, which was developed by
Applebury (18) and subsequently improved by Robertus (13),

I
suffered from sensitivity limitations. In order to improve 
the detection limits, some other cell designs were incorpo
rated.

A. Detection Cell Design 

I. Cell Theory
The cell theory is explained in the Dohrmann operation

al manual (19). Very briefly, this theory can be described 
as follows: The separated sulfur-containing gases enter the
titration cell and dissolve in the electrolyte. The sulfur 
ions react with Br2 in the electrolyte and lower the bromine 
concentration. The bromine concentration change causes a 
potential difference between sensor and reference pair of 
electrodes. The potential difference becomes an input to 
the amplifier of microcoulometer. The amplifier immediate
ly supplies a balancing voltage to the generator/counter
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to its original concentration. The balancing voltage sup
plied by the amplifier appears as a current-time peak on a 
recorder chart. The area beneath the peak is relative to 
the concentration of sulfur compound which dissolved in the 
cell. Figure 3 shows the coulometric titration of bromine.

2. Cell Development ,
Basically, a,good detection cell should have the fol

lowing characteristics:
a. low noise
b. high sensitivity
c. stable and reproducible
d. long-term reliability
Theoretically, the only thing that can cause noise is 

change of Br2/Br concentration. Thus, a better mixing pat 
tern within the cell should decrease the B ^ / B r  concentra
tion gradients of the cell and reduce the noise. Further
more, a better gas-liquid contact model would lead to more 
of the sulfur gases dissolving into the titrant solutions, 
and, therefore, greater sensitivity. Different sizes of ti 
trant volumes have been investigated and it was determined 
that the smaller titrant volume would give greater sensitiv 
ity.
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Based on these principles, two different models of cell 

designs were developed. Type W-I, W-II have been tested and 
are discussed in the following section, 
a. Type W-I (Figure 4)

The thoughts which led to this design were that a 
smaller titrant volume would give higher sensitivity. The 
total titrant volume in reaction chamber is the liquid film 
that surrounds the surface of the 1/4" porous ceramic rod. 
The sensor/generator electrodes.were wrapped around the cer
amic rod. The ceramic rod was drilled with a hole of 3/8" 
in diameter and 2" in depth. The cathode, (platinum elec
trode) which was sealed in soft glass tube, was put into the 
hole.

A calomel reference electrode was inserted into the 
other chamber and it was connected to the reaction chamber 
by a piece of tygon tube. The inlet gas passed through a 
capillary tube in the bottom of the reaction chamber and en
tered into the reaction chamber in a tangential direction. 
The titrant solution diffused through the porous ceramic 
wall and formed a liquid film on the surface of the porous 
ceramic rod. The inlet gas then spirally passed through the 
clearance between the ceramic rod and the reaction chamber 
wall.

(
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This is a two compartment cell; sensor/generator in one 

compartment, couhter/reference in the other compartment.
The two compartments are separated by the porous cylindrical 
ceramic wall.

The cell was very sensitive since the titrant volume
was very small. However, it was not reproducible since the

\

liquid film thickness on the ceramic wall varied from time 
to time and the flux of the titrant solutions diffusing 
through the porous wall was not uniform because of the por
osity and the pressure of the cylindrical porous wall were 
different everywhere.

In the light of these facts, another cell design was 
developed with the following improvements:

1) . Changing liquid and gas contact pattern— increas
ing the gas-liquid contact area and gas-liquid contact time, 
so that more sulfur-containing gases could be dissolved in 
titrant solutions.

2) . Fixing the titrant volume to be a constant so that 
the cell could be stable and reproducible.

3) . Achieving a better mixing by dispersion of gases 
in the titrant solutions. This eliminates the Br2/Br con
centration gradients in the reaction portion of the cell.
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In order to overcome the disadvantages of Type W-I, a 
completely re-designed model was developed. Several new 
changes were introduced and a continuous titrant feed system 
incorporated into the design.

Some essential parts were as follows:
1) . Bubble cap —  The bubble cap was employed to force 

all gases to flash over the wet porous glass disk. This 
setup not only creates more dispersion of gases in the elec
trolyte, but also increases the contact area and contact 
time. In other words, the bubble cap not only eliminates 
the noise, but also increases the sensitivity of the detec
tion cell.

2) . Gas dispersion material —  A 1/4" in diameter and 
1/4" long porous (10 u) polyvinyl chloride rod served as gas 
dispersion material to distribute inlet gases to the elec
trolyte.

3) . Reaction chamber —  This is a I 1/8" in diameter 
and 3/8" height electrolyte chamber which was concentric 
with a larger compartment used as the gas outlet portion of 
the cell. Electrolyte were diffused from the reference 
chamber through the porous glass disk to the reaction cham
ber because of their liquid levels difference. Any excess

b. Type W-II (MSU- Cell) (Fig. 5)

f
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1. Sensor
2. Generator
3. Counter

4. Exhausted
5. Buble Cap
6. Glass Disk 

(15 Al)

Connected

reference

7. Gas Dispersing Material 9* Titrant Inlet
8. Gas Inlet 10. Plaxiglas
Figure 5 MSU Bromine Microtitration Cell.
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electrolyte would overflow and be carried out by carrier gas 
stream. Therefore, the reaction chamber also has given a 
constant volume electrolyte chamber when the carrier gas 
flow rate is kept constant.

4). Electrodes— A commercial calomel reference elec
trode was sealed in the plexiglas housing which was in turn 
sealed in the reference chamber. The three other platinum 
electrodes were sealed by silicon rubber (Fig. 6a) . They 
are all 0.015" in diameter but different in length. The 
length and placement of these three electrodes were all 
shown in Fig. 6b. More details of these essential parts are 
discussed in the next chapter.

B. Separation of Sulfur Gases
. It has been noted that packings and stationary phases

almost completely absorbed all sulfur-containing gases at
sub ppm range. This significant column loss makes it impos-

/
sible to analyze a small volume of low concentration sulfur 
gases.

I. New Separation Technique 
A new separation technique has been developed. The 

principle of this technique is described as follows: Sample
gases were separated into two (or several) equal streams by 
a splitter. Various selective prefilters (16) were
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Pig

Fig. 
(6b)

Fig. (6)
a. Gas dispersion material
b. Bubble cap c.Gas inlet d.Liquid inlet

Fig- (6b)
a. Sensor (on the disk) c.generator (on the disk
b. Counter (under the disk) d.Glass disk(15-20/u)

Fig. (6a) n
a. Platium wire (0.015 )
b. Silicon rubber
c. 0.027" alphlex PVC-105 plastic tube 

Figure 6 Reaction Chamber.

Figure 6a The Construction Diagram of Platium 
Electrodes Sealed by Silicon Rubber.

figure oh The Placement of Electrodes.

i
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connected to each stream to pass the desirable compounds and 
to retain the other compounds. Therefore, each stream con
tains only the desirable compound (or compounds). The hold
up of each stream from the splitter to the detection cell 
was different. Hence, the separated sample gas in each 
stream would enter the detector at a different time. Thus, 
the sulfur compounds were separated and analyzed one by one.

For example, if the effluent of sampling gases contain 
three sulfur-containing gases, H2S, SC^r and CHgSH, the 
technique is to use a three-way splitter to separate the 
sample gases into three equal streams; say, stream I, stream 
2, and stream 3. HgCl2 (or PbC^) impregnated membrane fil
ters were connected in stream I to pass SO2 and to retain 
H2S and CHgSH. Likewise, ZnCl2 + H3BO3 impregnated membrane 
filters were connected in stream 2 to pass SO2 and CHgSH and 
to retain H^S. No membrane filters were used in stream 3 so 
that stream 3 will contain H2S , SO2 , and CHgSH. Different 
holdups are designed in each stream (stream I has the small
est holdup and stream 3 has the largest one) so that the 
separated sample gas (or gases) in each stream would enter 
the detector at a different time. According to this setup, 
gas SC>2 in stream I will enter the detector first, and the

J
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total sulfur in stream 3 will be the last one to enter the 
detector. Figure 7 illustrates the principle of this sepa
ration technique.

If the sample gases contain only two sulfur compounds, 
a simplified two-way separation unit can be used.

2. Separation Unit (Figure 8)
The effluent of sampling gases was separated into two 

equal volume streams. Stream B has a volume of 320 ml lar
ger than stream A, so that the sample gases in stream B are 
retained two minutes longer than the gases in stream A.

In our case, the concentration of SO2 was more impor
tant than the concentration of total reduced sulfur. There
fore, selective membrane filters which were supported by a 
polyethylene filter holder were connected in stream A to 
pass SC>2 and retain other sulfur-containing gases. Stream A 
which contained only SO2 and stream B which contained total 
-sulfur were then entered into detection cell one by one.
The first response on the recorder quantitatively expressed 
the concentration of SO2 while the second one quantitatively 
expressed the concentration of total sulfur.

3. Selective Membrane Filters
Various scrubbing solutions have been proposed for
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filters

Gas
mixture
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3-channel
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To ctetector
Gas A Gas A & C

Figure 7 The Principle Of Separation Technique.
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prefiltration of complex sulfur gas mixtures prior to the 
detector (16). It was reported that a dry filtration system 
has numerous advantages over a liquid collection system (20) . 
The study of using chemically-impregnated membrane filters 
to remove one or more sulfur compounds from sampled air has 
been investigated by several works (21-23).

Several chemically-impregnated membrane filters have 
been developed for separation of sulfur-containing gases in 
the ambient air (16). It was, therefore, felt that selec
tive prefilters could be used for prefiltration of complex 
gas mixture prior to analysis by the microcoulometric titra
tion cell. .

a. Preparation of membrane filters
Membrane filters were prepared simply by soaking the 

Millipore filters in various chemical solution for 20 to 30 
minutes. The filters' were then removed from the solution and 
dried on glass plates at room temperature. The dry filters 
were stored in plastic boxes until used.

b . Preparation of impregnated chemical solutions 
Solutions were prepared by dissolving the particular

chemicals in distilled water. Several formulations were
tried at various pH values, and the retention efficiency 
measured.
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Various chemicals have been investigated for their a- 

bility to retain SO2, H2S , and CH3SH. The results will be 
discussed in detail in the RESULT section.

c. Solid phase chemical scrubber (Figure 9)
Selective membrane filters performed very well when the 

concentration of the total sulfur gases was under 300 parts 
per million by volume. But the efficiency was reduced when 
the concentration of total sulfur was above 300 ppm.

It was felt that a solid phase chemical scrubber could 
minimize this disadvantage. In addition, a solid phase 
scrubber also has the advantage that it is most practical 
for minimum maintenance and ease of handling in an analyti
cal instrument.

It was mentioned before that a scrubber packed with 
HgCl2 coated Chromosorb had the disadvantage that it absorb
ed SO2 in the gas stream. In light of this fact, a modified 
solid phase chemical scrubber has been investigated. It was 
found that a scrubber packed with HgCl2 or PbCI2 coated Tef
lon T6C powder could remove H2S and CH3SH, but not absorb 
any of SO2 in the gas stream. This packing material was 
produced by dissolving 6 to 10% by weight of HgCl2 or PbCl2 
(relative to Teflon T6C powder) in a good solvent and mixing 
this solution with the Teflon powder. A suitable solvent is
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a. Inlet port of scrubber
b. HgCl2 or PbCl2 coated Teflon T6C powder
c. Glass Container or 1/4" Teflon tube
d. Heater (optional)
e. Outlet port of scrubber

Figure 9 Solid Phase Scrubber.
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methanol or ether. The Teflon powder solvent mixture was 
then heated in an oven to evaporate the solvent, and thus 
left dry granules of HgCI2 or PbCl2 covered Teflon.

C. Sampling System
At the very beginning of each analytical process, sam

pling gas was pumped from the stack through a sampling probe, 
an air cooling condenser, a microfilter, and to the sample 
loop of a six-way linear sample valve for four minutes. The 
vacuum pump was then switched off and the six-way valve 
closed. The carrier gas then carried the sample gas into 
a separation unit. Simultaneously, a compressed air sole
noid valve was opened, and compressed air was forced through 
the sample line and probe for six minutes to clean solid 
particles or water drops that may have condensed in the line. 
All operation sequences in the 10 minute cycle were con
trolled by a continuous multicam timer. Figure 10 shows the 
flow diagram of the sampling system. A very hjrie'f introduc
tion to the essential parts of the sampling system are pre
sented as follows:

I. Stack sampling probe
It served as a filter media to filter out the partic

ulate larger than 100 micron in the gas streams of the-
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Figure 10 Flow Diagram Of Sampling System.
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recovery furnace stack or the lime kiln gas after the ventu
ri scrubber. It is a 1/4" porous (100 micron) stainless 
steel tube which was enclosed by a 3/4" thin-walled stain
less steel tube. A 1/4" hole was drilled near the end of 
the outside tube. Figure 11 illustrates the construction 
and the dimensional details of the stack sampling probe.

2. Air cooling condenser
Stack gases were almost always saturated with water va

por at the higher temperature of the stack gases. Water va
por would condense and collect on the pipeline to the in
strument when a sample was being drawn if it did not pass 
the condenser. The water drops condensed in the pipeline 
absorbed part of the sulfur- gases and gave a significant 
loss of sulfur-containing gases, especially for the SC^. If 
the concentration of sulfur-containing gases were low, the 
moist sampling line would .almost completely absorb the sul
fur ̂ containing gases.

As we mentioned before, a blowback compressed air was 
incorporated in this system. Normally, the compressed air 
could dry all the water moisture in the sampling tube. Oc
casionally, it was not sufficient to keep water from col
lecting in the sampling line, especially for the lime kiln 
gas after the venturi.
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a. Stack gas inlet
b. 1/4" union
c. 1/4" porous stainless 

tubing (100 u)
d. 3/4" stainless steel tube

f. Steel Bushing
g. 1/4" stainless steel tube
h. Reducing union

Figure 11 The Construction of Stack Gas Sampling Tube.
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A check valve was attached to the bottom of the con

denser, as shown in Figure 10. During the blowback cycle, 
compressed air forced any condensate through the check valve 
out of the condenser. On the other hand, when a sample was 
being drawn, the check valve was closed so that no air would 
leak into the lines.

3. Microfilter
A glass fiber filter, supported by a polythylene filter 

holder, was placed between the air condenser and the six-way 
sample valve. It would filter out 99.7% of the particles 
which were larger than 0.3 micron. This setup kept parti
cles from collecting in the tube of the instrument. Fur
thermore, it prevented any particles from entering the de
tector cell.

4. Six-way linear sample valve
A Varian-Aerograph Misc-type six-way linear sample 

valve was employed to load and inject the sample. Typical 
loading and injecting valve operation is illustrated in Fig
ure 23 and 24. The valve is operated with an electrical 
solenoid activated by a timer.
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D. Calibration of Gas Samples 

I. Calibration device
There are several devices commercially available for 

preparing standard gas samples. These include Mylar-bags 
(24), Chemton gas/liquid sample bags (25), spinning syringes 
and permeation tubes (26).

Mylar-bags are made from Mylar-Dacron laminate heat 
sealed with a thermo sensitive Mylar film. Mylar-bags were 
not recommended to reuse, since it is difficult to outgas 
sulfur concentrations below 20 ppm.

Chemton sample bags were made from Teflon FEP. Stan
dard gas concentrations prepared by Chemton sample bags have 
a deviation range from 2-5%.

The permeation tube was developed by A. E . O 1Keefee 
(26). A piece of Teflon tube which contains a liquified gas 
was sealed at both ends. The gas permeated through the wall 
of the tube at a very constant rate and was affected only by 
temperature and by the tubing material. The rate is deter
mined gravimetrically from repeated weighings of the tube to 
provide the primary standard. The rate tube is placed in a 
dilute gas stream and by varying the dilute gas flow rate, a 
standard gas concentration can be prepared. A diagram of 
of the calibration system is shown in Figure 12. Permeation
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4 sample loop 
5-detector 
6.vacuum pump

I clean air supply 
2.permeation tube 
5.ambient air sampling

Figure 12 Calibration System for Permeation Tube.
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tubes are a very accurate method for preparing a low (less ■ 
than 100 ppm) concentration sample, but it is very hard to 
prepare the sample in high concentrations above 100 ppm on a 
continuous basis. In addition, this technique requires spe
cial equipment and continuous maintenance.

Another convenient and accurate calibration method is 
called the .spinning-syringe calibrator. This is the method 
used to calibrate all sample gases during this study.

The method of using the spinning syringe technique was 
summarized in the Spinning-Syringe Calibrator Operation Man
ual (27) .

The concentration of the desired gas can be accurately 
controlled in the range of p.p.b. percentage and the cali
brating gas may be prepared on site, either in the labora
tory or in the field calibration. A flow diagram of the 
calibration system including the sampling system is shown in 
Figure 14.

2. Preparation of calibration curves for SO0-H9S gas 
mixture

It was mentioned before that CHgSH appeared even less 
than 5% of the total sample time in the recovery furnace, 
and the concentration of CHgSH was very small when compared 
with HgS or SOg• Consequently, the sulfur-containing gases 
were primarily H2S and SO2.
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It has been stated that the concentration of sulfur . 

compounds are quantitatively proportional to the area of the 
peak on the recorder. Since the peaks for both H2S and SO2 
are so sharp, peak height, instead of peak areas, were cali
brated to concentrations directly.

Recalling the setup of the separation unit shown in 
Figure 7, the first peak height on the recorder indicated 
the concentration of SO2 while the second peak height indi
cated the concentration of total sulfur, i .e., H2S and SO2.

The calibration curves for pure H2S and pure SO2 are 
shown in Figure 15. From these curves, it is very easy to 
determine the concentration of SO2 in the sulfur-containing 
gases. If an unknown concentration of H2S and SO2 gas mix
ture was analyzed in this sulfur analyzer on which both the 
first and the second peak heights were shown on the recorder, 
one can then relate the first peak height to the concentra
tion of SO2 from Figure 15. However, one can not relate the 
two peak height difference to the concentration of H2S be
cause the response of both H2S and SO2 are not linear over 
the entire range.

Due to the interaction effect, a new representation of 
calibration curves for SO2 and total sulfur was studied. 
These curves were obtained based on constant SO2

0
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concentrations with various H2S concentrations. Several of 
these calibration curves are shown in Figure 16.

Thus, if a sulfur-containing gas (assume it contains 
H2S and SC>2 only) was analyzed and the first peak height was 
.12 and the second peak height was 62, from Figure 16 it is 
found that the concentration of SO2 was 70 ppm. Then, fol
lowing the constant SO2 concentration curve, i .e., curve 70, 
to the point where the peak height is equal to 62, one finds 
that the concentration of H2S is 50 ppm.

E. Electronics and Control System
In the early work of this project, a commercially a- 

vailable Dohrmann Model C-200-A Microcoulometer was used. 
Since the instrument is large and heavy, it was not consid
ered to be feasible for a portable instrument. Instead, a 
circuit was assembled in the laboratory to perform the same 
function by Robertus (13). The function of this electronics 
is" described in Dohrmann1 s Manual (28).

It has been stated that the sulfur analyzer operates 
continuously and has a cycle time of .10 minutes. The func
tion of the control system is to operate the sequence of op
erations which take place. A multicam timer is the heart of 
the control system. The cams are adjustable and can be set 
to any desired percentage from I to 99. The cycle time is
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also changeable. A control circuit diagram is included in 
Figure 13.

F . Statistical Analysis of Kraft Sulfur Emissions

1. Data Collection
The sulfur analyzer was employed to measure sulfur emis

sions in a Kraft mill. Two different locations were tested. 
One was from the stack of a recovery furnace, and the other 
from the stack of the lime kiln.

Samples were taken at a rate of every ten minutes on a 
continuous basis. Process operating conditions were record
ed on an hourly basis for both recovery furnace and lime 
kiln. These data were copied from the record paper main
tained in the mill. All the data was obtained at the plant 
over a week. Emission data and plant data were analyzed by 
a stepwise regression analysis technique (30).

2. Regression analysis
The purpose of the statistical investigation was to un

derstand which operating variables have an effect on the 
sulfur emissions. In addition, it is desirable to obtain a 
mathematical function which tells how the variables are
interrelated.
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In a word, regression methods are those used to deter

mine the "best" functional relation among the variables.
The explanation of multiple linear regression are covered in 
detail in many statistics textbooks (31).

There is no unique statistical procedure for selecting 
the best regression equation. Personal judgment is a neces
sary part of any of the statistical methods discussed.
There are several procedures which have been proposed and 
used currently. They do not all necessarily lead to the 
same solution when applied to the same problem.

The reason for using a stepwise procedure is that stat
isticians believe that it is the best of the variable selec
tion procedures (30). A detailed discussion of the method 
is given (32).

A brief introduction of this procedure is summarized as 
follows:

a. At every stage of regression it re-examines the 
variables incorporated into the model in previous stages. A 
variable which may have been the best single variable to en
ter an early stage may, at a later stage, be superfluous be
cause of the relationships between it and other variables 
now in the regression.

b. The partial F criterion for each variable in the 
regression at any stage of calculation is evaluated and
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RESULT AND DISCUSSION

The object of this research program is to develop a con
tinuous sulfur analyzer and to investigate the relationship 
between sulfur emissions and process operating conditions of 
a Kraft Mill.

/

The sulfur analyzer was developed and tested for a six- 
month period in the laboratory and one-month period in a 
Kraft Paper Mill with almost no problem.

Sulfur emission data which was taken from both the re
covery furnace stack and the lime kiln stack, and together 
with plant operation information analyzed by a stepwise mul
tiple linear regression analysis, program. This investiga
tion has led to reasonable conclusions on which plant vari
ables affect sulfur emissions.

The following pages will present the result and the 
discussion of the essential portions' investigated in this
research project.

,

A. Detection Cell $
A modified bromine microtitration cell was developed 

which eliminated the weakness of Robertas' Mark VI cell (13) 
and increased sulfur sensitivity.
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compared with a preselcted percentage point of the appro
priate F distribution. This provides a judgment on the con
tribution made by each variable.

c. Any variable which provides a nonsignificant con
tribution is removed from the model.

d. The process is continued until no more variables 
will be admitted to the equation and no more are rejected.

A stepwise regression computer program is available to 
all users of Montana State University's Sigma 7 system and 
information about it can be obtained from the University 
Computing Center.
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The minimum detection limits of the bromine microtitra

tion cell without separation unit or packing column are 
shown in Table la.

If a separation unit is used, the detection limit be
comes higher, and the detection range is shown in Table Ib.

The electrolyte contains 6.0 ml of concentrated sulfur
ic acid and 0.72 gr of potassium bromine per liter of dis
tilled water.

The reaction chamber of the detection cell normally 
contains about 1.2 ml of titrant solutions. The consumption 
of titrant solution is about 2 ml per hour if the carrier 
gas flow rate is 160 ml per minute and the level difference 
between reaction chamber and reference chamber is kept at 
one inch. The reference chamber (Figure 17) also serves as 
a titrant level controller.

Titrant flow rate is controlled by an adjustable ti-
t

trant solenoid valve which is initiated by a timer to open 
for 2 seconds in every 10 minute cycle.

The size and placement of electrodes are another impor
tant factor to be of concern in design. It has been shown 
that shortening the counter electrode eliminates undesirable 
noise and lengthening the generator gives a faster response 
which results in a sharp peak.
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TABLE la. Detection Limits of MSU Bromine Microtitration 
Cell Without Separation Unit

H2S 0.01
SO2 0.10
CH3SH 0.05

p.p.m. (by volume) 
p.p.m. (by volume) 
p.p.m. (by volume)

Sample size: 20 ml
Recorder range: 01
Microcoulometer range: .02
Carrier gas flow rate: O

 
CO 
I—I ml/min.

Bias set: 690 mv

TABLE Ib. Detection Range of MSU Bromine Microtitration 
Cell With Separation Unit

H2S '
SO2
CH3SH

0.1 to 500 p.p.m. (by volume) 
1.0 to 1000 p.p.m. (by volume) 
0.5 to 500 p.p.m. (by volume)

b: Total sample size:
Recorder range: 
Microcoulometer range: 
Carrier gas flow rate:

20 ml 
01 
05

200 ml/min.
Bias set: 690 mv
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The counter electrode was shortened and set under the 
glass disk of the reaction chamber in order to eliminate any 
reaction products from entering the reaction chamber. This 
would change the B ^ / B r  concentrations of the titrant solu
tion and produce undesirable noise.

In order to prevent the contaminations that come from 
the copper leads connected to the platinum electrodes, all 
platinum electrodes are heat-sealed in 0.029" alphlex PVC- 
105 plastic tube to keep the solution from contacting the 
platinum-copper connector. The aforementioned electrodes 
are then sealed by silicon rubber as shown in Figure 6b.

The carrier gas flow rate has to be large enough to get 
good mixing in the reaction chamber. The suggested flow 
"rate is 180 to 200 ml per minute. Too large of carrier gas 
flow rate results in significant noise and overshoot. On 
the other hand, too small a carrier gas flow rate will pro
duce a flat peak. Furthermore, letting the carrier gas 
sweep over the sensor gives a fast and stable response.

Three different porosities of Kim-flow glass disk were 
tested. It was found that medium size had the best charac
teristics. The fine size had such a high resistance that
the electrolyte did not diffuse through at a sufficient 
rate and coarse size led to a high rate of consumption of 
electrolyte and affected the stability of the detection cell.
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The optimal performance conditions of the MSU bromine 

microtitration cell are summarized in Table III.

B. Separation Unit
The improvement of a separation column which does not 

■absorb SC^ is another important achievement of this research 
program. A novel approach towards separation of sulfur 
gases has been developed. The principle of this unit has 
been briefly introduced. The essential parts of the separa
tion unit are discussed in detail in this section. A com
parison of the result of the separation unit with gas chro
matograph column will also be presented.

I. Chemically impregnated membrane filter
Several chemical impregnants have been studied for sep

aration of H2S , SO2/ and CH3SH.

a. Retention of H2S
Hydrogen sulfide was retained (or separated) from the 

other two sulfur -containing gases with membrane filters which 
were impregnated with a solution of ZnCl2 and boric acid. 
Several formulations of ZnCl2 and boric acid solution were 
tried. Table IV shows the result of this study.

The capacity of membrane filter has not yet been deter
mined, but it has been shown that three pieces of ZnCl2



TABLE III. The Optimal Performance Conditions of MSU Bromine Microtitration Cell

1. Reaction Chamber: diameter I 1/8" position of bubble cap: tight
contacted with glass disk

deep 0.25" gas disperser: 1/4" in diameter
X 1/4" 5 % porous polypropylenetitrant solution 1.2 ml

2. Electrodes: all 0.0125" Pt wire
a. size:

sensor: 6/32" generator: 15/32"
counter: 3/32"

b. placement: Be sure carrier gas would sweep over the sensor electrode.
(as shown in Figure 6a) J1

3. Glass Disk Size: 30 cm in diameter and 15-20 y in porosity
4. Electrolyte: a. ' compositions: 6.0 ml H2S04, 0.72 gr KBr per liter

b. flow rate: 2 ml/hr
5. Carrier Gas: Nitrogen or dry clean compressed air at 180 to 200 ml/min.



TABLE IV. A Study of HgS Retention Efficiency of Impregnated Membrane Filter at Several 
Various Formulations.

Batch Number
I. Compositions 

(per 50 ml)
a. Salt (gr)
b. Weak acid
c. pH Value 

adjusted

9.88 
ZnCl2 
H3BO3 
5.6 4.7

3.25 
ZnCl2 
HoBO , 

5.6 4.8

1.5
ZnCl2
H3BO3
6.0 4.

2. Soaking Time 
(minute)

30 60 25

*3. Maximum Retention 
of H2S (ppm)

2000 275 70

*4. Maximum Retention 
of SO2

500 0 0

*5. Maximum Retention 
of CH3SH

200 0 0

"3.8 
ZnCl2 
HoBO3 
6.0 4.7

3.5
ZnCl2
H3BO3
6.0

3.7 
ZnCl2 
(COOH)2 
5.6 1.0

0.5
Hg (NO3)2 
(COOH)2 
2.5 1.0

2.0 1 
ZnCl2 
H3BO3 
6.0 4.4

20 200 30 250 250

385 . 225 10 0 250

0 70 0 0 0

0. 50 0 0 0

Approximate value
3 pieces of membrane filter together 
gas flow rate 200 ml/min.
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(Batch B2 or SS4) membrane filter can last for three weeks 
of continuous testing at which the concentration of total 
sulfur is about 30 ppm.

A lead acetate impregnated membrane filter has been 
tested and it is as effective as the ZnCl2 filter (Batch B2) . 
It was suggested by Adams (29) that the lead acetate filter 
was more efficient for a longer exposure.time. AgNOg and 
Hg (NOg)2 membrane filters were poor in the removal of H2S 
from the sulfur-containing gases.

b. Retention of CHgSH and H 2S
H2S and CHgSH were separated from SO2 with membrane fil

ters impregnated with 6% of HgCl2 (or PbCl2) solution. The 
filters were tested for their efficiency in the retention of 
H2S and SO2. It was found that the filters retained 100% of 
H2S and CHgSH and passed more than 98% of SO2 if the total
sulfur concentration of a sample gas is below 500 ppm. This

s
is the membrane filter that was used in plant site testing.

c. Retention of SO2
A membrane filter impregnated with 5% sodium bicarbo

nate and sodium carbonate solutions effectively removed SO2 
and passed more than 95% of CHgSH and H2S . Na2COg was added 
in NaHCOg solutions to adjust the pH of the bicarbonate
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filter . It was found that the best pH range to retain SO2 
and to pass H2S and CHgSH was 8.5 to 9.5.

Various chemical impregnants have different effects on 
the three sulfur-containing gases. Even with the same chem
ical impregnants, different formulations gave various reten
tion efficiencies. Table.V summarizes the best selective 
membrane filters for the three sulfur"containing gases.

TABLE V. The Best Selective Membrane Filter for the Three 
Sulfur-Containing Gases

Sulfur-Containing 
Gas to be separated

Membrane Filter The Optimal pH value 
formulations ofimpregnant solution

a. H2S I. 5% ZnCl2 4.8
solution +
H3BO3

2. 5% PbAC2 Not determined
b. SO2 5% NaHCO3 +

Na2CO3 8.5 - 9.5
c. HgS and SO2 6% HgCl2 or 

6% PbCl2
Not determined

Untreated membrane filters were tested for the retention of 
sulfur-containing gases. Two types of membrane filters from 
each of the two manufacturers were tested. It was found 
that the Millipore membrane filter, type RA, 1.2 u pore dia
meter, showed the least retention of sulfur gases. A quali
tative result is shown in Table VI.
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TABLE VI. Retention of Sulfur-Containing Gases by Untreated Filters

Membrane Filter 
Manufacturer

Type of Filter Retention of Sulfur- 
Containing Gas

Gelman GA 3 No retention of H2S 
but high retention, 
to SC>2

GA 4 Very high retention 
of SO2

Millipore RA No retention of SO2 
and little retention 
of H2S

AA - High retention ofSO2 ,

The retention of SO2 in untreated membrane filters was 
due to a slight alkalinity of the filters. . Membrane filters 
soaked in a tartaric acid solution (pH=2.5) for two minutes 
retained neither H2S nor SO2 .

A comparison of response of Porapak Q-S packed column, 
.2/4" X 6', 120 mesh, with this separation unit for both H2S 
and SO2 are shown in Figure 18 and Figure 19.

From the calibration curve in Figure 18, it will be. 
noted that the response of H^S with a separation unit was 
five times larger than the response with a Porapak Q-S col
umn when the concentration of H2S is below 25 ppm. This im
provement gives the modified sulfur analyzer more than 5
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times the sensitivity than the previous one for the detec
tion of H2S.

Similar calibration results are shown in Figure 19 for 
SO2 . With the packing column, concentrations below 10 ppm 
were difficult to detect when the instrument was operating 
at the conditions listed in Figure 19. From 10 ppm to 25 
ppm, the curve was highly nonlinear. This means that in 
this range, absorptions by packing column is very signifi
cant. It should be noted that the response with separation 
unit is almost linear from 2.5 ppm to 175 ppm (refer to 
Figure 16 or 15). By increasing the sample size of a six
way linear sample valve to 50 ml, one could detect I ppm of 
SC>2 with the modified sulfur analyzer.

As mentioned before, one of the two streams in separa
tion unit was a 1/4" X 251 Teflon tube. It is believed that 
the Teflon tube will not absorb I^S, but could absorb some 
SO2 when the SO2 concentration in the tube is below 10 ppm.

To our knowledge, SO2 will not absorb on Teflon or 
stainless steel tubing. Unfortunately, one is too hard, and 
the other is too soft to be used as a sampling tubing.
Since nylon tubing certainly absorbs more than polypropylene 
tubing (26), all the instrument tubing used in this research 
project is polyethylene tubing.
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Figures 20 and 21 compare the sensitivity of the sulfur 

analyzer with and without the separation unit for H2S and 
SO2 sample gases.

2. Solid phase chemical scrubber
It has been found that the HgCl2 coated Teflon T6C pow

der does not absorb SO2 in the gas stream. It is suggested 
if the gas stream contains a lot of moisture, a heater 
should be installed to ensure that the scrubber temperature 
is around 45°C. The installation of a heater would prevent 
water from condensing on the scrubber material.

Granules of mercuric chloride or lead chloride have 
been used as a scrubbing material. There is no significant 
difference from the HgCl2 coated Teflon T6C powder. The ad
vantage of using a support material is to increase the sur
face contact area of the gas stream with scrubbing material. 
Therefore, any support material that is unreactive and non
absorbing to gases, such as small glass beads, may be used 
as a supporting material.

The chemical reactions occurring in the scrubbers are 
as follows: The H2S in the gas stream reacts with HgCl2 to
form HgS while mercaptans react with HgCl2 to form mercuric 
mercaptides. Both H2S and mercaptans are removed permanent

ly-
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The efficiency and capacity of the scrubber are defined 

as follows:
Efficiency =

ppm of H2S or CHgSH at outlet of scrubber 
^ ppm of H2S or CHgSH at inlet of scrubber ^ 100° 

Capacity =
Trr - A. • (length of time that a scrubber may be used)

X (ppm of H2S or CH3SH)
where Ci = ppm of H2S or CHgSH at time ti
Ati = the interval time in which concentration is Ci
The H2S and CHgSH have been tested up to 500 ppm. It 

was found that such scrubber has 100% efficiency for removal 
of H2S or CHgSH. Concentrations of H2S or CHgSH greater 
than 500 ppm have not been tested.

The capacity of a scrubber provides a measure of the 
length of time that a scrubber may be employed at known con
centration of H2S or CH2SH in a gas stream. A scrubber con
taining 8.5 gr of HgCl2 coated Teflon T6C powder was tested 
on a continuous basis at 150 ml/min of 50 ppm H2S . Four 
hours later, the scrubber was still effective. Therefore, 
the scrubber had a capacity of more than 200 ppm-hours for 
50 ppm H2S . The capacity of CHgSH was not tested. One way 
to increase efficiency or capacity is to lengthen the scrub
ber or decrease the gas flow rate.
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C. Plant Site Testing
The continuous sulfur analyzer was tested in a Kraft 

Mill for four weeks with little maintenance. The perform
ance of the sulfur analyzer was good and satisfied all of 
the research objectives. Some 1200 emission data points 
were obtained from the recovery furnace and 300 emission 
data points from the lime kiln.

On plant site testing, compressed air was used as the 
carrier gas. The compressed air available in the Kraft Mill 
was dirty, high in moisture, and contained sulfur-containing 
gases. The setup shown in Figure 22 was employed to treat 
the compressed air.

Over the four week operation at the plant site, the 
only maintenance required was the adjustment of the range 
switch in order to account for large changes in sulfur con
centrations. Failures due to some mechanical parts happened 
at the very beginning of the plant site testing, such as 
leakage in the air cooling condenser and in the O-rings of 
the six-way linear sample valve.

The flow diagrams which illustrate the operation se
quence of the sulfur analyzer with an automatic sampling 
system are shown in Figures 23 and 24.
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Figure 24 shows the loading operation while Figure 23 

shows the ..injection operation of the continuous automatic 
sulfur analyzer.

Emission data analyzed by the sulfur analyzer are com
pared with the emission data obtained from the Barton titra
tion cell. Plots of SO2 and H2S data which were analyzed by 
the MSU bromine microtitration cell and by the. Barton titra
tion cell, taken from the recovery furnace stack, are shown 
in Figures 25 through 36 for the entire test period. The 
break in the data was caused by the failure of the detection 
cell or the overrange of the recorder. Also plots of H^S 
data taken from the lime kiln for the entire test period are 
presented in Figures 37 through 39.

r

From those figures (Figures 25 through 36), a conclu
sion can be made as follows:

a. SO2 emission data analyzed by the MSU sulfur ana
lyzer are greater in value than those obtained from the 
Barton Method during most of the test period. This could be 
caused by the incomplete absorption of SO2 in the scrubber 
solutions or some of SO2 absorbed by the long wet sampling 
line in the Barton Instrument.

b. On the other hand, H2S emission data analyzed by 
the MSU sulfur analyzer always have a lower value than by
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the Barton Method. It is possible that the scrubber solu
tions did not completely remove the SC>2 in the sample gases 
in the Barton Instrument.

c. The MSU sulfur analyzer employs a specially design 
ed sampling probe and microfilter to filter out the dust 
particles (or chemical fume), and also uses an air cooling 
condenser and blowback compressed air to remove water drops 
condensed on the sampling line from the sampling gases. In 
* addition, the MSU titration cell employs a porous (10 y) 
polyethylene as 1 a gas dispersion material which serves as a 
final filter to remove any of the fine particles not pre
viously removed. (The gas dispersion material can be re
placed easily.) Therefore, sample gases always clean and 
dry before entering the MSU cell. This could lead to a 
better performance than Barton titration and keep the cell 
with the desirable characteristics.
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Figure 25 A Comparison of SO2 Emission Data Analyzed By MSU Bromine 
Microtitration Cell And By Barton Titration Cell.
Sampling position: Recovery furnace stack 
Sampling date: From 8 p-m. , 2/2/72 to 7 p.m., 2/3/72
Barton cell:-*— *- 
MSU cell:

8 (pm) 10 12(MN) 2(am) 4 12(N) 2(pm)
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Mlcrotitration Cell And By Barton Titration Cell.

Sampling position: Recovery furnace stack
Sampling date: From 8 p.m., 2/3/72 to rJ p.m. 2/4/72
Barton cell: -©---o-
MSU cell: —o-- a—

12(MN) 2(am) 2(pm) 4



Figure 27 A Comparison of SOg Emission Data Analyzed 
By MSU Bromine Microtitration Cell ^ 
And By Barton Titration Cell. \

Sampling position: Recovery furnace stack 
Sampling data: From 8 p.m., 2/4/72 

to 7 p.m., 2/5/72
Barton cell: -0---- 0--
MSU cell: -a--- a—

12(MN) 2(am)



Figure 28 A Comparison of SOp Emission Data Analyzed By MSU Bromine 
Microtitration Cell And By Barton Titration Cell.

Sampling position: Recovery furnace stack
Sampling date: From 8 p.m., 2/5/72 to rJ p.m., 2/6/72
Barton cell: _o---- o-
MSU cell: — o----eĥ

12(MN) 2(am)8 (pm) 10



Figure 29 A Comparison of SO2 Emission Data Analyzed By MSU Bromine 
Microtitration Cell And By Barton Titration Cell.

Sampling position: Recovery furnace stack
Sampling date: From 8 p.m. , 2/6/72 to rJ p.m., 2/7/72
Barton cell: —o----o-
MSU cell: — o----a---
*: Six-way sample valve out of order

8 (pm) 10 12(MN) 2 (am) 2 (pm) 4



Figure 30 A Comparison of SOg Emission Data Analyzed By MSU Bromine 
Microtitration Cell And ByBarton Titration Cell.

Sampling position: Recovery furnace stack
Sampling date: From 3 p.m., 2/8/72 to 2 p.m., 2/9/72
Barton cell: —o----©--
MSU cell: -a---o—

11 12(MN) 2(am) 4



Figure 31 A Comparison of HpS Emission Data Analyzed By MSU Bromine 
Microtitration Cell And By Barton Titration Cell.

Sampling position: Recovery furnace stack
Sampling date: From 8 p.m., 2/2/72 to rJ  p.m., 2/3/72
Barton Cell: -o---- o--
MSU Cell: - a ----□—

8 (pm) 10 12(MN) 2(am)



Figure 32 A Comparison of HgS Emission Data Analyzed By MSU Bromine 
Microtitration Cell And By Barton Titration Cell.

Sampling position: Recovery furnace stack
Sampling date: From 8 p.m., 2/3/72 to 7 P -m., 2/4/72
Barton cell: —o----o—
MSU cell: — □--- n—

12(MN) 2(am)8 ( p m )  1 0



Figure 33 A Comparison of H2S Emission Data Analyzed By MSU Bromine 
Microtitration Cell And By Barton Titration Cell.

Sampling position: Recovery furnace stack
Sampling date: From 8 p.m., 2/4/72 to 7 p.m., 2/5/72
Barton cell: -o--- 0-
MSU cell: __n_____n_

12(MN) 2(am)8 ( p m )  1 0



Figure 34 A Comparison of HgS Emission Data Analyzed By MSU Bromine 
Mlcrotitratlon Cell And By Barton Titration Cell.

Sampling position: Recovery furnace stack
Sampling date: From 8 p.m., 2/5/72 to rJ p.m., 2/6/72
Barton cell: - -o--- o--
MSU cell: —a---- n-

2(pm) 48 (pm) 10 12(MN) 2(am)



Figure 35 A Comparison of H2S Emission Data Analyzed By MSU Bromine 
Mlcrotitratlon Cell And By Barton Titration Cell.

Sampling position: Recovery furnace stack
Sampling date: From 8 p.m. , 2/6/72 to rJ p.m., 2/7/72
Barton cell: _o----o-
MSU cell: — a----a—
*: Six-way sample valve out of order

M -

12(MN) 2(am)
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Sampling date: From 4 p.m., 2/11/72 
to 4a.m., 2/12/72

12(MN)

Figure 37 HgS Emission Data From Lime Kiln Analyzed By MSU 
Bromine Microtitration Cell.
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Sampling date: From 4 a.m., 2/12/72 to 4 p.m., 2/12/72

Figure 38 HpS Emission Data From Lime Kiln Analyzed By
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Sampling date: From 4 p.m., 2/12/72 
to 4 a .m., 2/13/72

12(MN) 2 (am)
Sampling date: From 4 a .m., 2/13/72 

to 4 p.m., 2/13/72

Sampling date: From 4 p.m., 2/13/72 
to 4 a.m., 2/14/72

4 (pm)
Figure 39 HgS Emission Data From Lime Kiln Analyzed By
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Do Data interpretation

Before starting to discuss the correlation of sulfur 
emissions with operating conditions, a brief introduction to 
the recovery furnace and lime kiln processes could give the 
reader an idea as to what changes one can expect in the 
units. A black liquor recovery unit is shown in Appendix 
(A).

Several important changes to the black liquor take 
place in the recovery unit. The first function of the unit 
is to vaporize the water not taken out in the multiple ef^ 
feet evaporator. The second function of the recovery unit 
is to fuse the inorganics and thus form the smelt. As this 
chemical ash is melted, the sodium sulphate, in the presence 
of carbon and a reducing atmosphere, is reduced to sodium 
sulphide. The third function of the recovery unit is to 
burn out the carbonaceous matter in the dry solids. In sum
mary, the smelter furnace has three zones: the reducing
zone; the feeding and drying zone; and the combustion zone.

The recovery furnace smelt, consisting of sodium car
bonate and sodium sulfide, is dissolved in water to produce 
"green" liquor. The green liquor is then causticized with 
calcium hydroxide to yield white liquor (a solution of sod
ium hydroxide and sodium sulfide). The solid calcium
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carbonate is removed by clarification and filtration. The 
sludge at constant moisture content is fed into the kiln at 
one end at a constant rate, while hot air enters at the 
other end of the kiln at a controlled rate. Water is first 
evaporated from the sludge, and then as the temperature is 
increased, the carbonate is decomposed into carbon dioxide 
and calcium oxide. There are three distinct zones in the 
kiln: (I) the feed and drying zone, (2) the central or pre
heating zone, and (3) the calcining zone.

' I. Process variables
The process variables considered in regression analysis 

are only those variables that were shown on log sheets at 
the mill. There are some process variables, such as theI
sulfidity of black liquor, percentage of excess air, pH of 
the black liquor, etc., that are not listed on the log sheet.

Table VII and VIII show the process variables for the 
recovery furnace and the lime kiln.

2. Stepwise regression program description
The detailed explanation of the program will not be 

given here, since the program is a standard regression pro
gram.
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table VII. Process Variables Considered for Regression Analysis in the 
Recovery Furnace Unit

Variable Location Units
I-Steam drum pressure Convection section

of furnace- psi
2-Steam temperature Same °F
3-Steam flow Same 1000# A r
4-Water pressure Same psi
5-Water flow Same 1000# A r
6-Primary air flow Bottom of char bed in

lower furnace area ' 1000#A r
7-Secondary air flow Top of char bed 1000# A r
8-Tertiary air flow Upper furnace section 1000# A r
9-Total air flow To enter furnace 1000#A r

10-Air temperature Before entering furn. Op
II-Liquor solids content Before the nozzle Wt %
12-Liquor temp at nozzle Same Op
13-Liquor flow Through the nozzle 1000# A r
14-Nozzle size At nozzle no units
15-Nozzle pressure Same psi
16-Salt cake (Na^SO^) To salt cake mix tank #/min
17-Green liquor alkalinity Dissolving tank exit #Na20/ft3
18-Boiler exit gas temp Out furn convec sec Op
19-Cyclone exit gas temp Out black liquor eye °F
20-Econ. exit gas temp Just before black

liquor venturi Op
21-Primary air draft Primary air duct in. H2O
22-Secondary air draft(+A P) Secondary air duct in. H2O
23-Tertiary air draft(+AP) Tertiary air duct in. H2O
24-Furnace draft (-AP) Across entire furnace in. H2O
25-Screen and super Boiler section of

heater draft furnace in. H2O
26-First pass difference Across first pass in

furn convec sec in. H2O
27-Second pass difference Across Econ. in furn

convec sec in. H2O
28-1. D. fan draft Between inlet S outlet in. H2O
29-1. D. fan (RPM) Speed of shaft RPM
30-Green liquor sulfidity Dissolving tank exit Na2SZ(Na2StNaoH)
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TABLE VIII. Process Variables Considered for Regression 
Analysis in the Lime Kiln Unit

Variable Location Unit
!-Natural gas pressure
2- Natural gas flow rate
3- Front end kiln

temperature
4- Back end kiln

temperature
5- Kiln speed
6- Kiln draft
7- Filtrate flow rate
8- Venturi Difference
9- Kiln induced draft fan

10- Scrubber water
11- Mud specific density

At outlet of kiln
Same
Same
At inlet of kiln
Shaft of kiln 
Across entire furn 
Lime mud filter 
Across venturi 

scrubber 
Fan
Venturi scrubber 
Lime mud filter

psi
lOOOcuft/hr
°F
°F
RPM
in. of water 
gal. per min
in. of water 
amps
gal. per min

The program completes a multiple linear regression anal
ysis for observations comprised of from 2 to 80 variables. 
Every specified variable used in this regression program 
represents either a. sulfur emission data point or a plant 
log sheet data point. Tables IX and X list all the speci
fied variables used in this program for analysis of recov
ery furnace and lime kiln respectively.

3. The result of regression analysis 
By applying statistical methods of data interpretation, 

some of the operating variables have been found to affect 
sulfur emissions in the recovery furnace and lime kiln. 
Fifteen subproblems were run in this investigation. Sulfur
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TABLE IX. Specified Variables Used in the Stepwise Regres
sion Program for the Analysis of the Recovery Furnace

Variable Number Process Variables (or Emission Data)

X7
x13
%14Xi5
x16
x17XlS
x19
x20
X21
x22
x23
X24
x25
x26
x27
x28
x29
x30
X31
x32
x33
x34
x35
x36
x37
x38
x39
x40
X41
x42
x43
x44
x45

to Xfi
to X12

Six SO2 data points 
Six H2S data points
Steam drum pressure (process variable I)
Steam temperature
Steam flow
Water pressure
Water flow
Primary air flow
Secondary air flow
Tertiary air flow
Total air flow
Air temperature
Liquor solids content
Liquor temp at nozzle
Liquor flow
Nozzle pressure
Nozzle size
Salt cake (Na2SC>4)
Green liquor alkalinity 
Boiler exit gas temp 
Cyclone exit gas temp 
Econ. exit gas temp 
Primary air draft 
Secondary air draft (+AP)
Tertiary air draft (+AP)
Furnace draft (-AP)
Screen and super-heated draft
First pass difference
Second pass difference
I. D. fan draft
I. D. fan RPM
Green liquor sulfidity
Mean of 6 SO2 emission data
Mean of 6 H2S emission data
Sum of Two means, i.e., (X43 + X44)
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TABLE X. Specified Variables Used .in the Stepwise Regres
sion Program for the Analysis of the Lime Kiln

Variable Number Process variable(or Sulfur emission data)
Xi to X6 6 HgS emission data
X7 Natural gas pressure
X8 Natural gas flow rate
X9 Front end kiln temperature
XlO Back end kiln temperature
X u Kiln speed
X12 Kiln draft
Xl3 Filtrate flow rate
Xl4 Venturi difference
Xl5 Kiln induced draft fan
x16 Venturi scrubber water
Xi7 Mud density

emission data were obtained on a 10 minute basis. In the 
first subproblem, the mean of six SO2 emission data points 
(taken from the 30th minute of one hour to the 20th minute 
of the next hour) were used as the dependent variable. Sim
ilarly, the mean of six HgS emission data were used as the 
dependent variable in the second subproblem. In the fif
teenth subproblem, total sulfur, i.e., sum of the mean of 
SOg ,and the mean of HgS, was used as the dependent variable. 
From subproblem three to fourteen, every individual emission 
data point of SOg and HgS were used as dependent variable. 
The mean of six emission data points as ’the dependent vari
able gave the best correlations. This is probably due to



-93-
the fact that the log sheet data was not consistent with .the 
individual emission data point at the 10 minute intervals.

Tables XI, XII, and XIII summarize the regression re
sults for the recovery furnace with 30 process variables and 
198 observations. Table XI is the result for SO2 . Table XII
is the result for H2S . Table XIII is the result for total \ , 
sulfur. The results of other 12 subproblems are almost the
same and are not given here. A sample of the formal output
generated by the regression program is presented in Appendix
B. Table XIV presents the regression results for lime kiln
with .11 process variables and 4.4 observations.

TABLE XI. Regression Results for the Recovery Furnace with
30 Process Variables and 198 Observations (for Gas SO2)

Variable Number Process Variable Estimated F - value
in Equation Coefficient

14 Steam temperature 0.754 2.54
17 Water.flow -2.55 22.53
18 Primary air flow 6.88 13.93
19 Secondary air flow 2.70 4.65
20 Tertiary air flow 22.37 11.39
23 Liquor solid content -27.09 3.68
26 Nozzle pressure ' -36.67 5.12
27 Nozzle size. -32.03 31.50
28 Salt cake flow -15.79 24.88
29 Green liquor alkalin. 24.06 3.96
30 Boiler exit gas temp. -1.22 8.08
31 . Cyclone exit gas temp. 2.82 8.87
34 Secondary air draft -86.38 43.80
35 Tertiary air draft -35.84 2.71
36 Furnace draft 727.51 29.81
42 Green liquor sulfid. 11.40 9.52
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TABLE XII. Regression'Results for the Recovery Furnace With 
30 Process Variables and 198 Observations (for Gas H^S)
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Variable Number 
in Equation

Process Variable Estimated
Coefficient

F - value

13 Steam drum pressure 0.25 3.46
14 Steam temperature 0.24 9.59
16 Water pressure -0.084 4.01
17 Water flow 0.15 3.14
19 Secondary air flow 0.65 10.28
21 Total air flow 0.38 5.18
22 Air temperature -0.30 6.69

- 26 Nozzle size — 6.81 11.11
30 Boiler exit gas temp. -0.14 5.37
34 Secondary air draft -6.72 14.62
35 Tertiary air draft -7.42 7.49
37 Screen and superheated 

draft
4.71 3.14

42 Green liquor sulfidity 1.39 6.37
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TABLE XIII. Regression Results for the Recovery Furnace 
With 30 Process Variables and 198 Observations (for Gases 
HgS and SOg)

Variable Number 
in Equation

Process Variable Estimated F 
Coefficient

- value

14 Steam temperature 1.05 4.24
17 Water flow -2.20 14.44
18 Primary air flow 7.46 14.21
19 Secondary air flow 3.78 7.34
20 Tertiary air flow 22.59 10.0723 Liquor solids content '-28.81 3.6026 Nozzle pressure -37.97 4.7027 Nozzle size -33.87 30.5328 Salt cake flow -17.16 24.72
29 Green liquor alkalinity 21.95 2.84
30 Boiler exit gas temp. -1.34 8.4031 Cyclone exit gas temp. 3.02 8.83
33 Primary air draft 21.84 2.06
34 Secondary air draft -97.64 47.50
35 Tertiary air draft -45.73 3.80
36 Furnace draft 706.43 23.27
42 Green liquor Sulfidity 12.78 10.36

TABLE XIV. Regression Results for the 
Process Variables and 44 Observations

Lime Kiln With 11 
(for Gas HgS)

Variable Number 
in Equation 1

Process Variable Estimated F - value 
Coefficient

7 Natural gas pressure 820.57 82.71
8 Natural gas flow rate 0.45 10.21

15 Kiln induced draft fan 9.09 6.54
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4. Discussion of the regression result
A basic assumption is that all the independent vari

ables are known and that the sulfur emission is a linear 
function of the known process variables. In fact, as men
tioned before, some operating variables could have a signif
icant effect on sulfur emissions but the data was not avail
able from the mill. In addition, several of the flow meas
urements are not too accurate but it was assumed that the 
value of every process variable was correct. Furthermore, 
some of the data were not recorded on an hourly basis. As 
for example, mud density, black liquor percent solid, and 
green liquor alkalinity were usually recorded on a 6 or 8 
hour basis.

In general, the multiple R that are shown in Appendix 
B and C measure the proportion of total variation about the 
mean explained by regression while the standard error of 
estimation tells how well the correlations are related? the 
smaller the standard error of estimation, the better the 
correlation are related.

From the F - Distribution Table, for a 95% of confi
dence in case of 16 degree of freedom and 198 observations, 
the F value is 1.67. Therefore, it is safe to say that any 
estimated regression coefficient shown in Tables XI through
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Table XIV with an associated F value whose magnitude is 
greater than 2 designates that the corresponding variables 
will have an effect on sulfur emissions of at least 95% of 
significance. The negative value of estimated regression 
coefficient means that increasing the value of that variable 
will decrease the sulfur emissions. The larger the esti
mated regression coefficient, the greater the effect of that 
variable.

A combination of two or more process variables to form 
a new variable has been tried. Fifteen new variables were 
generated and transformed as shown in Table XV. The regres
sion results do not show better correlations than those 
without combination of process variables. One of these cor
relations is summarized in Appendix C.

5. Physical meaning of the regression result 
It is desirable to know if the mathematical conclusion 

can be explained logically in terms of the actual process. 
The rest of this section will attempt to explain the conclu
sions that have been reached by the regression analysis for

\  .

both recovery furnace unit and lime kiln.

a. Recovery furnace unit (Appendix A)1 i ' "
From the air pollution standpoint, hydrogen sulfide and
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sulfur dioxide are the two most important gaseous compounds 
liberated from the recovery furnace.

Hydrogen sulfide is a weakly acidic, foul-smelling gas 
which results from the two-stage hydrolysis of sodium sul
fide :

Na2S + H2O^NaHS + NaOH
NaHS + H2OJNaOH + H2S (g)

It is liberated at any point where the liquor is evapo
rated. In direct-contact evaporators it is also released as 
a result of reaction with the more strongly acidic carbon 
dioxide which is a constituent of the flue gas:

Na2S + H2O + CO2 -> Na2CO3 + H2S (g)

Sulfur dioxide is an acidic gas having the characteris
tic odor obtained when sulfur is burned. It is formed in 
the furnace by oxidation of the hydrogen sulfide liberated 
during the final evaporation of the liquor:

2H2S + 3O2 -> 2H20 + 2S02

It also results from oxidation in the furnace of other 
sulfur-containing compounds. It is a relatively strong acid 
and is not liberated by hydrolysis of sodium sulfide.

■ From the above principles, to eliminate either H2S or 
SO2 , one has to eliminate the Na2S first. One of the



-99-
TABLE XV. Specified Variables Used in BMD Stepwise Regres
sion Program for Analysis of the Recovery Furnace.

Variable Number 
X46 
X47 
X48 
X49 

X50
X51

x52
x53
X54

X55
%56
x57
x58
x59

X21

Process Variable
(Nozzle size) (Nozzle pressure)
(Liquor flow)/ (liquor temp at nozzle)
(Liquor flow)/ (nozzle size ) (nozzle pressure
(Liquor flow) (liquor solid content)
(Primary air) (green liquor alkalinity)
(Primary air) (green liquor alkalinity)
(Salt cake flow)
(Liquor flow) (nozzle pressure)/ (nozzle siz^
(Boiler exit gas temp.)(water feed flow rate)
(Tertiary air)/ (Boiler exit gas temp)

(water flow)
(Green liquor alkalinity) (salt cake flow)
(Green liquor alkalinity)/ (salt cake flow)
(Salt cake flow) (liquor solid content)
(Primary air) (Secondary air) (Tertiary air)
(Salt cake flow) (nozzle pressure)

(nozzle size)
(Primary air)+ (Secondary air)+ (Tertiary air)
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techniques is to oxidize the black liquor (Na2S is converted 
to Na2S2O2 and Na2SO^).

In the following pages, each variable shown to have.an 
effect on sulfur emissions is listed and an explanation of 
why it could affect emissions from the furnace is given.

Primary Air Flow (variable number 18)
Air is admitted to the furnace through three sets of 

air ports, designated from the hearth or bottom of the fur
nace upward as primary, secondary, and tertiary air. The 
primary air ports are located a few feet above the hearth 
and extend around the four walls of the furnace to provide 
as low a velocity as practical, while supplying about 45% 
of the air requirements. Incomplete combustion of the char 
in the porous bed at the bottom of the furnace'supplies car
bon monoxide and carbon, which act as reducing agents to 
convert the sodium sulfate to sodium sulfide. Suitable 
amounts of primary air are supplied so that part combustion 
and part reduction take place at the bottom of the furnace. 
The heat is sufficient to melt the sodium salt. If too much 
primary air is injected, more combustion and less reduction 
occurs,. and the temperature at the bottom of the furnace in
creases. This leads to the fouling of the heat-exchange 
surface and the loss of Na2S to. the flue gas by evaporation



as a fume. Thus, H2S gas is liberated by hydrolysis of sod
ium sulfide z and the H2S is finally oxidized to sulfur di
oxide in the tertiary air zone.

Secondary Air Flow (variable number .19)
The secondary air ports are just over the char bed.

This high-pressure air from the secondary ports allows com
plete penetration across the furnace to assure mixing with 
the combustible gases rising.from the char bed. The combus
tion at the secondary level creates a high-temperature zone 
below the black liquor spray that aids in drying the liquor 
in flight from the spray nozzle to the furnace walls. The 
secondary air also effectively limits the depth of the char 
bed by providing heat and turbulence across the top of the 
bed. If the H2S gas is formed by hydrolysis of the sodium 
sulfide, it will be partly burned in the secondary air zone 
and converted as SO2 . Thus, if too much secondary air is 
supplied, this could increase both H2S and SO2 emissions.

Tertiary Air Flow (variable number 20)
The tertiary air ports are in opposite walls just above 

the upper limit of the black liquor spray zone. The terti
ary assures complete mixing arid combustion of any unburned 
gases rising from the secondary air zone or any volatiles
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driven from the black liquor as it evaporates. Some hydro
gen sulfide could be liberated during the final evaporation 
of the liquor. An increase in tertiary air flow, thus, 
would effectively increase SO2 emission and H2S emission 
too.

Total Air Flow (variable number 21)
The reason is the same as above.

Air Temperature (variable number 22)
This temperature is measured just before the air enters 

the recovery furnace. Combustion air is preheated to about 
210°F to assure easy combustion. An increase in the air 
temperature could strip more of H2S out of the black liquor 
in the secondary air zone. However, it assures complete 
combustion of any combustible gas rising from the secondary 
air zone. Therefore, an increase in air temperature prob-. 
ably will decrease the H2S emission from the recovery fur
nace.

Liquor Solids Content and Salt Cake Flow (variable numbers
23 and 28)

The solids in black liquor are sodium sulfate, sodium 
sulfide, polysulfide (Na2Sx), NaOH, sodium thiosulfate and 
ligrin.
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The black liquor washed from the pulp contains about 

15% of solids. The black liquor, then, is pumped into mul
tiple-effect evaporators and direct-contact evaporators to 
reduce the water content. The concentrated black liquor 
(about 65% of solids) is then mixed with salt cake (Na2S0 )̂ 
and heated before being sprayed onto the furnace walls. Th,e 
higher the liquor solids content, the less stripped out
from the black liquor, and the better the combustion. 
Therefore, an increase in black liquor solids content or 
salt cake flow would decrease the sulfur emission.

Nozzle Size and Nozzle Pressure (variables number 26 and 27) 
It was reported by Thoen (34) that the coarseness of 

the black liquor spray had a surprising effect. It was 
found that coarse spray was found to decrease the concentra
tion of sulfur compounds at the furnace outlet. The increase 
in sulfur emissions in the flue gas when finer Spray is used 
Is probably due to entrainment of a small portion of black 
liquor in the up draft where burning is slower and incom
plete. Likewise, if the black liquor flow rate is fixed at 
the designed capacity, an increase in nozzle pressure could 
lead to a .better distribution in concentration and quantity 
of black liquor to furnace wall surface. The actual rela
tions between these two process variables and sulfur
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emissions could be more complicated than those explained 
above. However, these could explain why increasing nozzle 
size and nozzle pressure will decrease the sulfur emissions.

Green Liquor Alkalinity (variable number 29)
According to TAPPA nomenclature, total alkalinity is 

defined as follows:/ ' >

Alkalinity = NaOH + NagS + NagCOg + 1/2 Na2S0g 
(all expressed as NagO, lb/ft3)

This is a measure of sulfide and carbonate content of 
the liquor leaving the smelt tank after the recovery fur
nace. This does not include the inert material and NagSOiJ. 
Therefore, an increase in green liquor alkalinity means more 
of NagSO^ is reduced to Na^S in the furnace. Consequently, 
more NagS is formed.

Green Liquor Sulfidity (variable number 42)
Sulfidity is defined as NagS/(NagS + NaOH), where NagS 

is expressed as NagO. This is a measure of the sulfide of 
the liquor from the smelt tank. There are two ways to in
crease sulfidity. One is the black liquor has high sulfid- 
ity, and the' other is that more of the reduction reaction 
takes place in the furnace hearth. Both of these two cases 
would increase sulfur emissions.
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Steam Drum Pressure and Steam Temperature (variable number

13 and 14)
As drum pressure and steam temperature increase, the 

furnace is being overloaded, hency the sulfur emissions in
crease.

Secondary Air and Tertiary Air Windbox Pressure (variables
number 34 and.35)

As secondary air and tertiary air pressure increase, it 
effectively increases the turbulences across the top of the 
furnace bed and the tertiary air combustion zone. It as
sures complete mixing and combustion at the secondary air 
and tertiary air zone. Therefore, a decrease in sulfur 
emissions is expected. '

Furnace Draft (variable number 36)
Furnace draft is a negative value (-AP). An. increase 

in furnace draft means an increase in turbulence in the fur-* 
nace. Hence, sulfur emissions are.effectively decreased.

Cyclone Exit Gas Temperature (variable number 31)
In an attempt to reclaim further heat, a low tempera

ture heat-reclaiming cyclone is employed to absorb energy - 
from the recovery boiler exhaust gases before discharging 
to the atmosphere. The principal of this cyclone is to 
spray the gases with a large quantity of water to reduce
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the gas temperature. Sulfur emissions from the recovery 
furnace are dissolved in this step, especially the SO2 . The 
lower the cyclone exit gas temperature, the more SO2 gas ab
sorbed.

Boiler Exit Gas Temperature (variable number 30)
An increase in the boiler exit gas temperature can be 

attributed to the complete burning in the up-draft section. 
Hence, sulfur emissions decrease.

Water Flow Rate, Water Flow Pressure, Screen and Superheated 
Draft (variables number 17, 16, and 37)

It seems unlikely that these variables would bear any 
strong relationship to sulfur emissions. No practical ex
planation can be offered. These correlations could be 
caused by questionable data or abnormal furnace operation.

b. Lime kiln
Lime mud fed to the lime kiln contains traces of sodium 

sulfide from causticizing operation. If the mud is properly 
washed, the amount of H2S generated by the source of sodium 
sulfide will be quite small.

On three days tested, it appeared that the HgS emissions 
from the kiln are the most variable. No SOg emissions were 
detected in the lime kiln during these three days. It
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appears that the kiln emissions are primarily related to 
operation. Taylor (35) has pointed out that under poor 
washing conditions and with high sulfidity liquor, up to 
5 lbs of sodium .sulfide may be fed into the kiln per 100 
tons of pulp production.

The total reduced sulfur emission of lime kiln comes 
from three sources:

1. A portion of the sodium sulfide in the lime kiln 
is stripped out as E^S. This is the primary sulfur emission 
from the lime kiln.

2. Non-condensable streams are usually collected and 
piped to the lime kiln for incineration. The total reduced 
sulfur content of the non-condensable gases from the digest
ers and multiple-effect evaporators can be quite high. This 
will contribute to total reduced sulfur concentration.

3. Another sulfur source is from the fuels used in 
lime sludge.

The lime kiln operating variables which are available 
from the mill do not include data which can be used for 
verifying the above hypotheses except for the flow rate of 
natural gas used in lime sludge.

From the mathematical conclusions, three process vari
ables were related to affect HgS emission:
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a. Natural gas flow rate
b. Natural gas pressure
c. Induced-draft fan
An increase in gas flow rate or gas pressure means an 

increase of sulfur source from the natural gas. Thus, an 
increased I^S emission is expected.

An increase in induced-draft fan means that the lime 
kiln is being overloaded; both air flow rate and fuel flow 
rate are increased. Therefore, E^S emission should be in
creased.

The conclusions reached by the regression analysis are 
logical. It is suggested that one should consider other 
process variables, such as the amount of sodium sulfide in 
the lime mud, degree of washing, dryness of mud, the amount 
of sulfur coming from non-condensable gases, and the sulfid- 
ity of the black liquor.

• A question may be raised concerning the conversion of 
the reduced sulfur compounds to SOg. It was reported (35) 
that the sulfur dioxide, if any, reacts with lime as it 
moves through the kiln or is removed by the alkaline wet 
scrubber used for dust recovery.

With few exceptions, the.conclusions obtained by multi
ple linear regression analysis lead to reasonable results.

it
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The conclusion can logically be explained in terms of what 
is actually,happening in the furnace and kiln.



SUMMARY

The sulfur analyzer which has the desirable character
istics as described in research objectives has been develop
ed. It has been operated continuously in a Kraft mill for 
a month plant site test with almost no attendance. The only 
maintenance required was in the adjustment of the range of 
the microcoulometer, replacing recorder chart paper, and 
filling up the ink from time to time.

Both chemical scrubber and selective membrane filters 
have been used and operated at the plant site test.

A compressed air blowback procedure not only cleans 
solid particles clinging to the sampling probe, but also 
cleans the water drops condensed in the line to the stack.

The MSU bromine microtitration has been operated in a 
plant site for five weeks without any trouble.

A multiple linear regression analysis has related proc
ess variables to sulfur emissions. This investigation has 
shown that the mathematical techniques have led to logical 
conclusions as to which plant variables affect sulfur 
emissions.

The lime kiln process variables that are considered in 
the regression study are too few to reach a meaningful con
clusion.



RECOMMEND FOR FUTURE STUDY

A log scale output recorder should be incorporated in
to the MSU sulfur analyzer, so that the range of the record
er will not have to be adjusted from time to time.

It is suggested that log sheet data be recorded contin
uously every 20 or 30 minutes. Thus, more process variable 
data, will be available to match sulfur emission data and 
better correlations of sulfur emissions to process variables 
could be expected.

If further regression studies are made, a few variables 
such as % of excess air, sulfidity of the black liquor, pH 
of the black liquor, turbulence of combustion zone, and ef
ficiency of black liquor oxidation should be considered in 
the recovery furnace unit. Similarly, mud density, mud 
composition, the sulfur content of the fuel used, and the 
amount and the composition of noncondensable gas introduced 
in the lime kiln must be accounted for.
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Appendix A: Black liquor Recovery Unit
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Appendix B A Sample of Formal Output Generated by Regression Program

dependent variable 43MAXIMUM NUMBER tiE STEPS 90 ■F-LEVEL FRR INCLUSION 2-000000F-LEVEL FQR DELETION I..900000TOLERANCE LEVEE «001000 '

MULTIdLE R 7544STD. ERROR OF EST- 60»7439
DF SUM RF SQUARESREGRESSION 16 882213,000RESIDUAL 181 667859,000 . ,

■ MEAN SQUARE F RAT IR55138-312 . 14-9433689,829
VARIABLES IN EQUATION

VARIABLE . COEFFICIENT STD. ERROR F T9 REM9VE

(CONSTANT 2357-88647 ) 14 »75410 »47271 2-544917 ■ -2,54759 »53681 22-5279
18 6-87663 1-84248 13.926719 2«70427 1*25453 4-6467
20 22-36931 6,62753 11.392023 -27-08553 14.11194 3.6838
26 -36-67078 16.20987 5-117827 -32-03290 5.70660 31.509228 -15-79413 3,16658 24-877729 24-06145 12.09487 3.9577
30 -1-22357 .43031 • 8*085231 2-81525 .94532 8»869Q34 -86-37563 13.05098 43.802235 -35-84258 21.77547 2-7093
36 727-50562 133.25420 29-806542 11-39781 3-69501 . 9.5151
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Annpndix B fOnntirned)
variables not in equation

VARIABLE PARTIAL C9RR. TOLERANCE F TO ENTER

I ,77481 »5058 270»3718
2 ,86306 o 4944 525,5454
3 ,88003 ,4811 618,0723
4 ,89195 »4837 700,5044
5 ,89655 «5278 737,4590
6 ,79674 ,5355 312»8718
7 ,23733 «7045 10«7442
8 ,23702 »826-9 10,71429 »27264 «7830 L 14,4541
10 »39159 «6389 32»5998
11 »40399 «7244 35*1063
12 »25453 «8280 12,4693
13 ,01477 ,4374 »0393
15 « 06095 «2076 »6713
16 »,02072 »7735 «0773
21 ,02107 «5192 »080022 ,03575 ,7459 «2303
24 »00978 «5576 »0172
25 »01167 »2734 «0245
32 , »01088 «7710 »0213
33 . »09979 »7054 ■ 1*8106
37 *»03038 v «6703 , 1663
38 »,03092 «8104 »1723
39 »00000 1,0000 ,0000
40 »03522 «7109 »2236
41 ,04184 »5554 »3157
44 *40113 «6651 34,5162
45 »99005 o 4406 8908,0781



Appendix B (Continued)

. SUMMARY TABLE
STEP VARIABLE MULTIPLENUMBER ENTERED REMQVED R RSQ '

I . 18 • 4215 •17772 26 #4922 • 24233 17 • 5599 • 31354 34 »6054 • 36655 30 • 6440 *41486 36 • 6543 •42807 20 • 6682 • 44648 14 • 6758 *45679 42 •6332 • 4667IO 35 • 6908 • 477311 27 • • 7030 • 494212 28 • 7249 . «525413 •31 • 7350 • 540214 19 • 7430 *552015 35 • 7404 *548316 29 • 7451 • 555217 23 • 7501 • 562718 '35 *7544 • 5691

-9
TT

-



Appendix B (Continued)

INCREASE F VALUE TB NUMBER BF INDEPENDENT
IN RSQ ■ • ENTER BR REMOVE VARIABLES INCLUDED

,1777 42*3546 I,0646 16»6206 2
«0712 20*1121 3
«0530 16,1447 4
«0483 15.8598 5 ■
»0133 4*4276 6,0184 6.3143 7
»0103 3.5802 8»0100 3.5260 \ 9
*0105 3*7654 10«0169 6.2134 11»0313 12.1944 12
*0148 5.9219 13*0118 4.8229 14

w»0038 1.5484 13«0070 2.8746 14
«0075 ' 3.1018 15
»0064 2*7093 16

-117-
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Appendix C One of the Regression Results for the Recovery Furnace with 
45 Variables and 198 Observations (for Gas SO2 and H2S).

d e p e n d e n t  v a r i a b l e  '
M A X I M U M  NUMBER BF STEPS 
-F=UEVEU FBR INCUVSIGN 
F = U E V E U  FBR D E U E T I G N  
T e L E R A N C E  UEVEU

45
118

2 9 000000 
Ie900000
P001000

M U U T I P L E  R *7248
STDe ERRGR GF EST» 66*8 1 1 9

A N A L Y S I S  BF V A R I A N C E
DF

R E G R E S S  IBN 10 
R E S I D U A L  '187

SUM BF SQUARES 
923674 e 062 
8 34735*937

MEAN SQUARE F RATIO
»2367*375 20*692
4 4 6 3 * 8 2 8

V A R I A B L E S IN E Q U A T I O N

V A R I A B L E c o e f f i c i e n t STDe ERROR F TG RE M O V E

(CONSTANT = 1189« 30469 )

14 1*33104 *46875 8*0631
17 3*52 0 4 2 1*62361 4*7014
31 3*39721 *94103 13*0327
34 = 1 0 7 * 1 7 5 3 8 13*06052 67*3 3 9 3
36 7 3 1 , 6 0 3 2 7 1 4 0 *50526 2 7 * 1 1 2 3
53 = * 00722 *00175 17,0321
55 1*28288 *27691 21*4 6 3 5
56 = 7 1 8 * 7 7 6 3 7 378 * 5 1 9 7 8 3* 6 0 5 9
58 e 00048 ,00012 17*4880
59 =*02701 *00320 71*1 9 7 4
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Appendix C (Continued)

V A R I A B L E S  NS? IN EQUAT I O N

VARIABLE PART I A L  CSRRq T O L ERANCE F TS ENTER

I 879166 «5403 3 1 2 , 3 0 0 3
5 »87075 . «5195 5 8 3 « 2 4 5 6
3 o87579 «5102 6 1 2 ,3323
4 «87979 «5250 6 3 7 « 1 194
5 »87659 «5536 6 1 7 . 1 5 8 2
6 »78799 o 5668 3 0 4 . 6 6 7 7
7 «35568 «8049 26.9385
8 »35146 «8723 26,2143
9 «38737 «8251 32.8373

iO «43900 «6927 4 4 o 4024
U «45028 »7949 47.3027
18 «36372 »8967 28.3 5 8 0
13 «04682 »5226 o 4086
15 ««07 3 8 9 . «2134 1*0210
16 Q o02798 »8381 .1457
18 «07965 «5876 !«1876
19 o «05654 »2289 ' «5966
80 ««01228 «7977 «0281
81 «03732 «1007 .2594
22 Q «00562 «8209 »0059
23 ■a o 05880 «7276 o 645 3
24 «00408" ,7307 «0031
85 »01464 «3234 »0399
26 B «04759 «5399 «4222
27 «08319 «0234 1,2961
28 a «03643 «0129 ' »2472
29 »04959 o 0334 «4586
30 «03927 «0014 »2873
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Appendix C (Continued)

V A R I A B L E S  NOT IN E Q U A T I O N

V A R IABLE P A R T I A L  C0RR
3S s #04152
33 #09913
35 =#06442
37 #02251
38 ® # 01862
39 #00000
40 #05589
41 #04734
4g #00000
43 #98970
44 #52678
46 #05437
47 #00644
48 o B00868
49 eg 00738
50 #08973
51 #08065
52 #03106
54 #00475
57 «M) 06479

TOLERANCE F TB ENTER

#8218 #3212
#7700 1,8458
#7972 #7750
#7100 »0943
#8539 #0645

1,0000 #0000
' «7818 #5829
o 6854 #4178

i#oooo ,0000
#4630 889 1 , 3 7 5 0
#7402 71,4384

- #0177 '»5515
#4184 ,0077
#0803 #0140
#3656 »0101.
#0956 1,5097
#0210 1,2178
#0680 #1796
#1444 #0042
#0183 #7842
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Appendix C (Continued)

SUMMARY TABLE
STEP V A R I A B L E M U L TIPLE

N U M B E R ENTE R E D  REMO V E D R RSQ

I 59 «4517 «20402 53 «5330 «28413 34 «6037 o 36454 18 «6352 «40345 26 ,6494 «42176 58 ,6598 ,4353
7 I 14 o 6756 o 45648 36 «6946 o 48249 55 «7094 - «5032IO 31 *7184 «5162U 26 «7164 «513312 17 »7222 «521613 56 «7268 ,528314 18 . «7248 «5253.

INCREASE F-. VALUE TB NUMBER BF I N D E P E N D E N
IN RSQ ENTER BR REMBVE VARIABLES INCLUDED

$2040 50$ 2395 I
oOSOO 2 1 p7963 2
$0804 24@5 5 8 5 3
$0389 l2e 5958 4
«0183 6o 0794 5
«0136 4,5916 6
«0211 7,3821 7
«0260 9,4919 8
c 0208 7 o 856$ 9
«0130 5,0111 10

e«0029 1,1200 9«0083 3,2543 10$0067 2 g6483 11
o e 0030 1,1876 10
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