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THE INSTITUTE OF PAFER CHEMISTRY
Appleton, Wisconsin

SELECTIVE DELIGNIFICATION OF WOOD AND OTHER FIBROUS MATERIALS:
CHEMICAL RECOVERY

SUMMARY

The work of the past year has confirmed the validity of retention éoncepts.
A fecovery process based on evaporation and burning of the spent liqﬁor to produce
sodium chloride 'and sodium carbonate, causticization of the carbonate, electrolytic
proceésing of the chloride, and Cl0z generation by the Chemech method appears
workable. Tﬁé process should be essentially closed with no major air pollution

problems and minimum effluent problems. A

. Studies of evaporation showed that the chlorine compounds were nonvolatile.

There 1s no discernible odor. There is a pfohlem with BCD in the condensate.

‘Combustion of spent liquor does produce sodium chloride and sodium
carbonate; | Small amounts of HC1l and NaCl vapér are glven off during coﬁbustion.
These may be scrubbed from the flue gas with liquor. Heating values of the spent
liguor aré adequate to support combustion. Feasibility studiés of fiuidized bed

combustion are incomplete,

It has been shown that separation of NaCl and NayCOa can be achieved.

. The presence of large amounts of chloride do not affect the causticization reaction.

The- step of using HC1 to convert Nao(0g to NaCl for electrolysis may be eliminated.

There appegr to be no major technical problems in Cl0s production.
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INTRODUCTION

Chemical recovery in hblopulping was first discussed in Appendix II of
Progress Report Five in June, 1968. The major elements of a recovery system were
outlined. The proposed system consisted of evaporation.and.copbustion of the
spent liquor to obtain a mixture of sodium chloride and sodium carbonate, with
regeneration of thelcooking chemicals through electrolytic chlor-alkali production
and chlorine dioxidg generation. Experimenfél evidence was presented which |

indicated that sodium chloride and sodium carbonate were the combustion products

from holopulp spent liquors, but the work was not conclusive: It was shown that a

self -contained recovery process required a method of chlorine dioxide generation
which did not use sulfuric acid. It appeared that some version of the Day-Kesting
process was most sditaﬁle for chlorine dioxide préductiqn. Electrolytic chlor-
glkal] production would serve both to generate caustic acid and to prﬁvide hydro- .
chloric acid for the Day-Kesting reactor. ‘The importance of the sodium and’
chloring balsnce in closing the recovery cycle was prought out. The'pésaibility
of separation of NapCOs from NaCl for sepsrate causticization was mentioned as was
the use of HCl to convert NaaCO3 to NaCl for electrolytic caustic‘production. The
basic concept of the holopulp recovery system has remained essentiélly the same

slnce that time.

The recovery system was analyzed in much more detail in Progress Report
Eleven of July, 1970. Each major area of the process was evaluated and the areas
of greatest uncertainty identified. Tt was concluded that the biggest unknowns
ley with the evaporation and combustion of the spent liquor since minimal laboratory
work had been done and it was not possible to borrow directly from existing tech-

nology since those liquors had not previously existed. Another major problem area
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concerned water usage in the pulping step and the resultant dilution of the spent

liquor. A third problem was considered to be uncertainties regarding chlorine

dioxide generatlion technology.

In the area of evaporation, it appeared that the greatest need was to
determine if there were potential pollution problems assoclated with evaporation
of the holopulp spent liquor. In particular, data on chlorine emissions as non-

condensable gases and with condensate were needed. It was also felt that informa-

tion on tendencles for solids precipitation, foaming, and scaling was needed along

‘with data on the rheological properties of the liquor.

Several critical problems were assoclated with the combustion step. One
vas a need to conclusively establish sodium chloride and sodium carbonate as the
combustion producfs. A second was to determine if there is & significant emiésion
problem from-chlorine-containing gases. A third problem lay with the need to
‘determine the proper temperature range for carrying out the combustion and the fype
of furnace to be ugsed. It was polnted out that process advantages could accrue if
it could be established that the combustion could be carried out at temperatures

below the melting point of the recovered meterial,

The water balance problems were related to the need for minimum uge of
water in pulping and washing. One approach would be to establish that liquors
could be recycled in the pulping steps without adversely affecting performence. A
gecond approach would. involve demonstrating that the oxidation could be carried out
at. high consistencies using gaseous Cl0z. A determination of minimum interstage

washing needs was alsc considered necessary.

The most suitable method for generating Cl0p appeared to be the Chemech

process.  Some uncertainty existed as to 1ts feasibllity due to & lack of knowledge
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of process detalls. The uncertainties were resolved in a subsequent meeting with

Chemech, which will be discussed later in this report.

The main role of the process evaluation of Progress Report Eleven was to
identify the major problem areés as a focus for further development work. A clearer
definition of the ¥esearch objectives for the past year was made at the‘meeting held
in Chicago in June, 1970. The outline of proposed work presented at that meeting

ie given helow.
OUTLINE OF PROPOSED WORK

I. Combustion of Spent Liguor

3 It is essentlial to demonstrate quantitatively that sodium and chlorine can
be recovered as a mixture of sodium chloride and .sodium carbonate. The poten-

tial for emission of gaseous chloro-compounds must be studied. Means for

carrying out the combustion operation must be examined.

A. Thermodynamic Studies

R s,

Theoretical determinations of the distribution of combustion products
based on thermodynamic equilibrium relationships would be used to obtain
insights into combustion behavior and to aid in interpreting experimental

results.

P00 T i i g

B. Experimental Combustion Studies
’ A flow reactor would be used to carry out combustion of liquors to
[ provide for quantitative determination of combustion products. .Two types

il of liquors would be used.

1. Synthetic liquors would be used to permit combustion studies to proceed

R

apart from pulping work and to permit direct control of compositional

variables.

S T
.
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2. Actual composite pulping liquors will be used to verify combustion

behavior.

C. Heat of Combustion Measurements
Heats of cdmbustion of spent liquors will be determined by bomb

calorimetry.

D. Fluidized Bed Studies }

If low-temperature combustion is found to be feasible, preliminary

studies on the possibility of fluid bed combustion would be initieted.

E. Evaluation of Resuits
Upon completion-of'thisAwork, a detailed evaluation of the combustion
step would be made. This would permit a decision on how spent liquor

combustion would be carried out on a pilot or commercial scale.

IT. Evaporation of Spent Liquor

It 1s necessary to determine if the presence of compounds in condensate
and noncondensable gases would interfere with their &isposal or reuse. Data

related to evaporator design and operation mist be obtalned.

A. Analysis of Condensate and Noncondensable Gases
This would involve identification and quantification of organlc and

chloro-compounds in thé condensate and noncondensable gases.

B. Study of Evaporation Parameters
Data would be obtained on liquor viscositles, boiling-point rise,

foaming tendency, scallng tendency, and corrosiveness of the llquors.
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ITI. Water Balance over Pulping Process

A. Effect of Liqﬁor Recycle |

C.

Pulping studies would determine. if liquor recycle increases chemical

consumption or otherwise interferes with pulping reactlions.

Determination of Dewatering Limitations

The ability to dewater the material at each step in the sequence and

the effect of mechanical dewatering action on pulp properties would be

determined.

Evaluation of Washing Needs

The effects of omitting washing between various pulpling steps would

be determined.

Evaluation of Water Balance

At the conclusion of this work, an assessment of the water balance
would be made. This would make possible a definition of system con-

figuration and equipment for carrying out pulping end washing.

IV. Other Aspects of Pulping Process

A.

High-Consistency Operation

1. Batch experiments would be carried out using chlorine dioxide-chlorine
gas mixtures containing at least one-half mole of chlorine per mole of

chlorine dioxide at very high consistency.
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2, TFollowing oxidation, other process steps would be carried out ﬁith the

oblects of minimizing water addition and determining pulp properties.

it
et et

h

5. Date from the above would be used as input in water balance evaluations.

B. Extension of process knowledge

T & Tt 8 A Rpemanmsbibim g -

1. Completion of fiberization work

2. Species sensitivify
V. Surveys
A. Chlorine Dioxide Generation

1. Discussions planncd with Chemech

2. Monitoring of new chlorine dioxide developments will be continued. ﬂ
[\

. B. Equlpment

1. A survey of avallable techniques for carrying out washing at high

overall consistencies would he made. %
. "4

2., A survey of avallable approaches to car;ying out very high-consistency

oxidations would be initiated.

To & large extent, the work of the past year has followed the above outline. ;
This report is concerned strictly with work on recovery. Work on pﬁlping and the
water balance was carried out in another phase of this prdject and will not be dis-
cussed here. The major part of the work was directed toward evaporation ard com-

bustion. Some work to demonstrate the feasibility of alternative regeneration

schemes has also been carried out. In additlon, a review of the status of chiorine

dioxide generation technology based on discussions with Chemech is included. 5

" =
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SFENT LIQUORS

PREPARATION .

Two batches of spent liquor were prepared in the ;aboratory'by pulﬁiﬁg
fiberized red maple at different conditions. Details of the pulping conditions are
1isted in Table I where the two liquofs are designated as Liquor A and Liquor B.
These liquors, prepared under controlled conditions, were used for-the studies on
evaporation and the emall-scale combustion work. Additional liquor was collected
and combined with the remainder of Liquors A and B for the bench-scale fluidized bed

work.

TABLE I
FULPING CONDITIONS FOR SPENT LIQUORS

Red Maple
Liquor A Liquor B

Fiberized wood, 0.d., g. 803.3 1036
Chlorine dioxide, g. ‘ 7.9 79.7
Chlorine, g. 0.0 78.8
Oxidation temperature; ©C. 4o-52 31.5<37
Oxidation time, hr. L 4-5/6.
NaOH, .g. 72.3 93.2 .
Extraction temp., ©°C. 80 83
Extraction time, hr. ‘ 1 ' 1
Hilex (containing 0,0525 g.

of NaOCl/ml.), ml. 536 691
NaOH, g. b.02 5.20
Bleaching temp., °C. 39 43
Bleaching time, hr. 2 2
Yield, % 64 .6 65.0
Spent liquor

From oxidation, g. 16,156 24,330

From extraction, g. 18,077 13,900
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TABLE I (CONTD.)

PULPING CONDITIONS FOR SPENT LIQUORS

Red Maple

Liquor A Ligquor B
From bleaching, g. 16,959 11,260
Total, g. 51,192 149,490
Total volume, kg. 51.2 49.5
Solids, % , 0.80% 1.07
pH of combined liquor 5.0 1.8
Nat/cl” ratio . - ©1.hh . 0.787

CHARACTERIZATION

A summary of the major characteristics of the spent liquors is presented

in Table IT. The moét important data are concerned with the total solids contént
and the totel chlorine and total sodium content since these define the basis fo?
material balances during evaporation and combustion experiments. It is obvious
that there is an anomaly in the composition of spent Liquor B determined from the
pulping stoichiometry and that measured experimentally. The cause of this discrep-
ancy is unknown. It is believed that 1t is most likely due to the loss of some of
the oxidation liquor during the preparation step. The true composition is that

found experimentally..

Neutralization curves for these spent liquors are presented in Fig. 1.
These were obtailned by titrating 50-ml. samples of the liquors with O.1N caustic.
In order to illustrate the amount of caustic which would be required to affect the
pH on a commercial scale, the stoichiometric conditions may be used to express the

milliequivalents of NaOH in terms of percent NaOH on the original wood. These data

are presented in Table IIT.
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TABLE II

SEIEE

CHARACTERIZATION OF SFPENT LIQUORS

Actual Data Liquor A Liquor B

Total solids, % 0.803 1.07
4 Total chlorine, % 0.122 0.232 ,

|

3 Totel sodium, % 0.116 0.168 |
F; DH 5.0 1.8 |
] Moles Cl/mole Ne 0.68 0.89
- Calculated fram Pulping

: f . Stoichiometry Liquor A Liguor B

{ Total solids, % 0.812 1,22

Total chlorine, % 0.127 0.315
Total sodium, % ' 0.120 0.166

Moles Cl/mole Na 0.69 1.23

TABLE III
CAUSTIC REQUIRED TO NEUTRALIZE LIQUORS
Spent Liquor A-

pH 5.0 6.0 7.0 8.0 9.0 10.0 11.0

NaOH added (% of .
original wood) 0. 1.1 2.5 1.75 1.9 2.36 3,06

Spent Liquor B
pH ' 1.8 3.0 5.0 7.0 9.0 11.0

NaOKE added (% of .
original wood) 0. 2.3 5.95 7.5 8.2 9.,k5
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Neutralization Curves for Liquors A and B

Figure 1.
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A noticeable feature of these spent liquors is their extreme dilution.

It must be pointed out that these dilutions were a consequence of a deliberate

" decision to carry out the pulping'in such & manner.as to obtain quentitatively the

liquor from each pulping étage. They should not be considered typlcal of actuaml

holopulp spent liquor concentrations. It was felt that these would be perfectly

adequate for the purposes of this work and would, in fact, .constitute a sort of

worst case. Thus it should be emphasized that the results of the work to be

reported on evaporation and combustion are valid and are applicable to the real

case,
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EVAPORATION OF SPENT LIQUORS

OBJECTIVES

The basic objective in all of the work on evaporation was to determine the
extent to which pollution problems might exist iﬁ holopulp liguor evaporation and to
gsee if there were any characteristics of holopulp liquors which would causé diffi-
culties in evaporation. No attempt was made to gather design data such as liquor

viscosity data or boiling-point-rise data.

The experiments coﬁsisted, in general, in carrying out the evaporation and
in collegting and analyzing the condensate. Noncondensable gases were also collected
and tested for odor. Major emphasis was placed on anélysis for chlorine in the
condenséte~since it was felt that.chlorine emissions would constitute the most
troublesome problems. The pH at which the evapqration was carried out was a major

variéble in the prog}am.
APPARATUS AND PROCEDURES

Portioﬁs of the spent liguors were adjusted to different pH values by the
addition of NaOH solution. The original and adjusted samples are identified as
AC5, AC6H, ACT, AC8, AC9.1, AClO, BC1.8, BC3, BCh.1l, BCS, BCH, BCT, BC8, and BC9.35,
where "A" or "B" represents the batch number, "C" indicates a combined spent liquor
from all stages, and the numeral shows the various pH values after adjustment with

NaOH, if any. ACS and BCl.8 are the identifications of the original liquors.

Two pieces of equipment were used in the evaporation studies. Initial
studies'were done in a rotary vacuum evaporator (a Blichi Rotavapor evaporator ).
This was opérated at a vacuum of 30 inches of mercury with the water bath tempera-
ture ranging from 30 to 45°C. This apparatus was suitablé for collecting condensate

and concentrated liquor, but because of the need for contimnous evacuation,

g
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noncondensable gases could not be collected. ' Because of the high véquums employed,
evaporation took place at quite low temperatures. Studies carried out on this
apparatus are referred to as "low-temperature-evaporat;on“ fLTE) studiesa“ In order
to carry out evapo?htion studies at higher températures, én all-glass steam~-heated
side~arm evaﬁorator of a type commopiy used 1n the 1aborhtory was employed. By
carefully adjusting the applied vacuum, evaporations could be carried out at differ-
ent boiling temperatures. Such experiments were referred to as "high-temperature

evaporation” (HTE) runs.

The condensates were analyzed for total chlorine content as well as the

conventional BOD and COD tests. Total chlorine was determined by a chromic acid

digestion method, which 1s described in detail in Appendix I. Condensates were

also analyzed for chloride content by the Volhard method. The total sodium content

\

of condensates, concentrates, and original liquors was determined with a flame

} electrophotometer.

A special method was uséd to collect noncondensable gases. A flask was

filled with spent liquor and heated with all gases passing through a tube into

inverted flasks immersed in a water bath. The procedure was similar to methods

used for obtaining oxygen, hydrogen, etc. in elementary chemistry laboratories.

RESULTS

Low-Temperature Evaporation

Low-temperature evaporations were carried out at pH 5, 6, 7, 8, 9.1, and
10 for Liquor A and at pH 1.8, 3, k.1, 5, 6, 7, 8, 9.35, and 10 for Liquor B. A
sumnary of the regults of thls work is givéﬁ in Tables IV and V tor Ligquors A &nd B

respectively.




. T ot ST ) T -n,-:p'.h-' P N Ry
---w:-‘-ql. o ,..4:" ", .':rfc.'\_-:,;-.lr{w;'p-s.v..— S L LM x '-."" TRRer R R e

Project 2500 : ’ - Pag:: 15
Report Fifteen

TABLE 1V

LOW-TEMPERATURE EVAPORATION DATA ON LIQUOR A

Sample AC5 AC6 . ACT  ACB  AC9.1  AC1O
Original pH 5.0 6.0 7.0 8.0 9.1 10.0
Concentrate pH 5.2 5.9 6.7 7.1 7.4 8.0
Condensate pH 3.6 h.L 7.1 T.2 6.7 9.0
Concentrate solids, % 27 b 20.3 25,0 27.1 26.8 25.8
Original total sodium, % 0.116 0.127 0.130 0.133 0.135 0.139
Concentrate total sodium, % 3,28 2,85 3.34  3.6% 3.60  3.57
Condensate total sodium, % : C o 0 0 trace ftrace
Original total chlorine, % 0.121 - ‘- - -- --
Concentrate total chlorine, % . 3,90 - -- 3.75 -- --
Condensate total chlorine, % 0.0005 0 0.0003 0,0002- 0.0001 0.0003
Condensate chloride ————Trace in some, but unmeasurable

Condensate BOD, mg./liter 346 227 256 256 278 272
Condensate BOD, 1b./ton pulp 68.1 W4.7 50.k 504 54,7  53.6
Condensate COD, mg./liter 487 307 346 360 351 378
Condensate COD, 1b./ton pulp 95.9 60,5 68.1 70,9 69.1  Th.h
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The dominant feature of these data is that the chlorine stays in the spent
I

S frmas M EL e S

liquor during evappration and is not volatilized. Concentrations of total chlorine
in the condensate are never more than a few p.p.m. This is true regardless of pH

and Cl/Na ratio in the range covered. Thus, these data establish tha£ the chlorine
compounds which exist in holopulp spent liquors aré not volatile. Only about 0.1%

of the chlorine which was present in the liquor was found in the condensate.

Material balances were carried out for the experiments on AC5 and ACB as

shown below.

LTE of ACS

Materials in:

(1) AC5 spent liquor (sp. gr. = 1.00195 at 70°F.), g. = 1473
(2) Chlorine, g. = 1473(1.22)/(1.00195)(1000) = ‘ 1.79
(3) Sodium, g. = 1473(0.00116) = 1.71
Materials out: ‘
(1) Condensate (sp. gr. = 0.996L4), g. = C 1363
(2) Concentrate, g. {sp. gr. = 1,1169) = 52,1
(3)' Chlorine, g. = 1363(0.00000499) + 52.1(38.8)/
(1.1169)(1000) = 1.80
(4) Sodium, g. = 52.1(0.0%328) = 1.71
Balances: o
(1) Total materials loss, g. = 1473 - (1363 + 52.1) = 57.9
- or 3.9%%
(2) Chlorine loss, g. = 1.79 - 1.80 = -0.01
or : -0.6%
(This galn of chlorine must be duc to analytical error.)
(3) Sodium loss, g. = 1;71 -~ 1.71 = 0.00

or O%-
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_LTE of ACS
Materials in:

(1) 1500 ml. of AC5 liguor (sp. gr. = 1.00195),
0.314 g. of NaOH pellets, and 31.28 ml. of

These balances show good Internal agreement in fhe data and also indicate that the

loss of chlorine compounds with noncondensable gases is negligible.

The condensates obtained from these experiments were clear and colorless,
and did not have any appreciable odor. Lack of a significant odor is also charac-
terigtic of the spent liquor. That the condensates do contain orgenic material is
obvious from the relatively high values of BOD and COD. The condensate from

ExPerimeht ACS5 was given to the Analytical Chemistry Group for analysis by gas

chromatography. About 1 to 1.5 g./liter'of methanol was found. Ko other com-
ponents were found in amounts sufficlent for identification. There were no ether-

© 80luble materials,

|

0.1044N NaOH solution (estimated~sp. gr. =
1.0) ~
1500(1.00195) + 31.28(1.0) + 0.314, g. = : 1534
(2) Chlorire in, g. = 1500(1.22}/(1.00195){1000) = 1.0
(3) Sodium in, g. = 1500(1.00195)(0.00116) + O. 31u(25/uo) |
+ 31.28(0.1044)(0.04) = 2.¢|
'\
Materials out: :
(1) Ccondensate (sp. gr. = 0.9997), g. = ' 1464 \
(2) Concentrate (sp. gr. = 1.1137), &. = 55.¢"
(3) Chlorine, g. = 1464(0.00000181) +
‘ 55.9(37.2)/(1.1137)(1000) = 1.8
(%) Sodium, g. = 55.9(0.036h) = o _ 2.0
Balqnces} -
(1) Total material loss, g. = 1534 - (1464 + 55.9) = ~1h.1'
: . or ' 0.9%
(2) Sodium, g. = 2.05 - 2.04 = 0.0
or 0.5%.
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High-Temperature Evaporation

The.data from the low-temperature'evaporﬁtion showed that chlorine compounds
were not volatile under the evapération conditions used. gowever, it was felt that
the results would be on a firmer basié if it coul@ be established that evapcration
temperature did not have an effect. Thus, a series of experiments at different
boiling temperatures were carried out. Evaporation of AC liquors was carried out
at teﬁperatures of 48, 58.5, 68.5, 78, 87, and 99°C. Condensates were collected
and analyzed for total chlorine and chloride. The results are given in Table VI.
Tt can be seen that there is measurable chloride in the condensate and that the
total chlorine in the condensate 1is higher £han in the low-temperature evaporation
runs. There is no obvious corrélation between increased totsl chlorine and
increasing temperature. It is quite possible that the higher total chlorine values
reflect increased éntrainment with this method of evaporation. The liquor is
heated in a side-arm‘and tends to geyser. ~This mgthod.of evaporation would tend to
give  more  entraimment than the thin film evapération iﬁ the rotary device. In any
event, the amounts of total chlorine are quite low and tﬁe basic conclusion that the

chlorine compounds are nonvolatile holds itrue for thé temperature range covered.
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TABLE VI

CHLORIDE AND TOTAL CHLORINE IN CONDENSATES OF HTE OF AC SFPENT LIQUORS

; Evaporation Chloride Total Chlorine
i Run Temp., °C. pH k] p.p.m. k3 D.p.m.
| HTE-1 L8 3.90  0.0000922 i 0.000922 9
HTE-2 58.5 3.8% 0.,000118 1 0.00118 12
HTE-3 68.5 3.80 0.0000693% 1 0.00146 15
HTE -4 8 3.65 of 0 0.000451 6
HTE-5 87 3.76 0.000239 2 0.002%39 24
HTE-6 99 3.70 0,0000855 1.

0.00140 24

& Negative calculated value.

Noncondensable Gases

Several flasks of noncondensable gases were collected. The gases were
odorless and colorless. There did not appear to be anyAsignificant amounts of
\
chlorine compounds in them. This corroborates the evidence of negligible loss of

chlorine as noncondenssble gases shown by meterial balance on the low-temperature

evaporation work.

General Observations

All indications are that there should be no difficulties in evaporating
holopulp spent liquors. No serious foaming problems were encountered and there was
no observable tendency toward solids precipitation. Evaporation was very easily

carried out at all conditions examined.

Summary

It is believed that the experimental evidence strongly indlcates that

there are no major difficulties 1n evaporating holopulp. spent liguors. Chloripe
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H

compbunds weré definitely shown to be nonvolatile -over the range of conditions
tested. Noncondensable gases were odorless and contained negligible amounts of

chlorine compounds. There 1s no apparent reason to fear chlorine emissions in

either condensate or nonéOndensable gases. On a commercial scale, the major source
of chloripe compounds in condensate would be through entrairment. This can be
minimized by proper design of the evaporators. The lack of foaming tendency should
gid in minimizing entrainment. - Thus, it may be concluded that phere should be no
serious emission problems with cﬁlorine compounds in the evaporation of holopulp

spent liquors.

The BOD and COD losdings in the condensate are real and significant and
could well constitute an effluent treatment problem. The BOD content can be re-
duced somewhat by evaporating under more alkaline conditions, but not to the extent
that the problem is eliminated. The amount of BOD appears to be intermediate
between that from sulfite pulﬁing and kraft pulping of hardwoods. ' It appears that
a significant portion of the crganic content of the condensate ig methanol. The
BOD problem requires fﬁrthe? study as to means of control. It is, at least, a

problem with which the industry is familiar and is not unique to holopulp.
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COMBUSTION OF SFENT LIQUOR

1

Combustion of holopulp spent liquor has occupied the major attention of
this program. This work has been directed toward three major obJectives:‘ defini-
tion of combustion products, determination of potential air emission problems; and
specificati&n of & method which could be employed in commercial-scele combustion.

In order to reach conclusions, many different facets of the problem were investigate

Thermé&ynamic equilibrium calculations.were carried out on %he sodium-
chlorine-carbon-hydrogen-ox&gen system to establish expected combustion prcducts anc
potential emission species. Small batch and semicontinuous combustion experiments
were carried out under both oxidizing and reducing conditions to confirm the equi-
librium prédictiona and determine the effects o} nonequilibriﬁm'pyrolysis and therma
decomposition, In addition, heating values for the spent liguors were determined,.
and the melting points of varioué mixtures of sodium chloride and sodium carbonate
were messured, Finally, a series of runs were made on a bench-scale fluidized bed

combustion unit to evaluate fluldized bed burning as a possible method for holopulp

spent liquors.

Y

THERMODYNAMIC EQUILIBRIUM CALCULATIORS

The purpose of the thermodynamic equilibrium caleculations is to establish
a8 base line forunderstanding the combustion of holopulp spent liquors; Bouilibrium
calculations determine the reiﬁtive proportions of various species wnich would be
present 1f equilibrium exiasted. They serve, to establish expected combustion
products and indicate which compounds may bé gismissed Prom consideration. Such
calculations have been a great aid in understanding the combustion behsvior of
conventionel pulping liquors and are the logical starting point for studying the

combustion of holopulp spent liquor.
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Thermodynamic Data

Combustion of helopulp liquors involves fhe elements sédium,lchlorine,
carbon, hydrogen, and oxygen.  The source of the thermodynemic date used in these
calculations ig the JANAF Tables. Ali relevant chlorine and sodium compounds for
which JANAF dét& existed were included in the calculations. This included all
major compounds and many minor ones. A listing of the species considered in these

calculations is shown in Table VII. All specles are gases unless otherwilse noted.

TABLE VII
SPECIES CONSIDERED IN THERMODYNAMIC CALCULATIONS
Carbon compounds: C(s)} CO, C0z, NasC0s(e/1), COClsz, ClCN, CCl, CClp, CCls, CCly,
CHClgz, CHaCla, CHsCl.
Hydrogen compounds: Hs, Ha0, HCl, HOCLl, CHCls, CHzClp, CHsCl, NaH, NaOH(s/l)m

Chlorine compounds: HCl, Cls, Cl, €10, Cls0, HOCl, COCls, C1CN, CCl, CCls, CCla,
CCl,, CHCls, CH=Cls, CHsCl, NaCl(s/f), NaCl, NaoCls.

Sodium compounds: NaCl(s;l), NaCl, NéoClp, NaH, Na, Nap, NasCOs(s/1), Naz0(s/1),
NaOH(s/1).

Oxygen compounds: Oz, CO, C0z, H20, C10, Clz0, HOCLl, COClp, Nagcos(é/l), Nao0(s/1),
NaOH(s/1).

The data which are needed to carry out the calculations are the standard
free energy of formation of all of the species involved,. These data were taken
from the JANAF Tables and are shown in Teble VIII., It must be borne in mind that

" these data on standard free energles of formation cannot be used as such in deter-
mining what compounds will be present in significant gquantities. Simply because a
compound has a negative free energy of formation does not mean it will be present
when all competing reactions are accounted for. It becomes necessary to examine

the equilibrium congtants for reactions involving these species. .
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Ha0
HC1

Clo

c1

HoC1

Clo

€150
COC1a.
CleN
CcClL

CClp

CClg

CCl4
CHCL,
CHoClp
CHaCl
KaCl(s/1)
NaoC04(s/1)
Ne-0(s/1)
NaOH(s/1}
NeH

Ve

Nap

NaC1
NazCls

00

- L. - -
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TABLE VI'II-
BTANDARD FREE ENERGIES OF FORMATION

. AGO, kcal,/mole
980°p, i}ho%. 1700°F, 20609,
0 0 B D
43,612 -417.859 52,049 -56.189
-9 .556 -o4.628 .ok 681 -9 . 716
0 o 0 0
~48.646 46,000 43,371 -40.663
23.T -2h.03 2h390 -2h.675
0 0 0 .0
18.347 15,547 12,713 9.853
~13,358 -11,00% B8.623 -6.226
21.758 21,123 20.482 19.835
29,488 32,332 35.165 37.986
436350 41437 39,052 37,074
27.519 26,268 25.018 23,771
111.136 105.890 100,680 95.506
67.695 65.875 64.085 62,326
43 204 45,147 Yr.072 48,987
0.585 . 6.899 13.135 19.307
-3.721 1.653% 7.002 12,324
-k.326 0.577 5.505 10,43k
-3.966 0.857 5.749 10,669
-80,516 -T6.200 -72,385 -65.731
216,445  _203,905 -191,547  -173.627
“T.2T7T  -66.780  -59.704 -47.579
-T3.662 ~67,7h5 -61.587 -52.138
17.612- 15.125 13,165 . 726
7593 3.529 0 0
11.545 7.285 b,119 8.030
-54 627 -56.,906 -58.632 -56.819
-132.713  -131.248 -228.748  -119.219
o} 0 0 0

Note: ALl species are ﬁaaeous unless otherwise indicated,
1

Na2004(s/1), and Na0(s
1000%, end for the liquid

the data are for the 1iguid phase at all temperatures.

. s, R
- [ -
- L e

phase at the higher temperatures.

"Project 2500

2&20%‘.
0

. 60,284

~34. 739
0
-37.R7
-2k .950
Y]
6.975
-3,818
19.186
40,801

3897

22,529
90,366
60.593
50.891
25.h3k
17.613
15.350
i5.5%
-39.271
-156.248
-35.816
-42.886
16.279
0
11.955
-54.995
=109, 714
0
For Naci{s/1},

) the data are for the solid phase at BOOPK and

For NaOH{s/1)
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Examination of Table VIII shows that 30 species are included. Thus &
minimun of 25 reactions along with the elemental balances on Na; ¢l, €, H, and O are
needéd to specify the system. The minor complication due to nitrogen in C1CN can
be ignored since adding nitrogen as a species would simply require adding a nitrogen
balance. If the minimum number of reactions is used, each must be independent of
the others (no reaction can be obtained as & linear combination of the other reac-
tions). Such an independent set of 25 reactions, along with the 5 elemental
balances, uniquely determines the composition of the system. The reactions them-

selves are not unique, but the solution given by sn independent set is unique.

Equilibrium constants for the reaction are determined by

LAGPreaction = -2.30332 logioK - Calculated values of the equilibrium constants

for an independent set of -reactions is shown in Table IX.. The standard free energy
-change of the reactions is found from the standard frée energy of formation data-in
Table VIII. The fourth reaction is written in two forms: ha and Lb, The latter
is more convenient to use when there is no solid or 1ligquid NaCl present. The

number of independent reactions is'still 25 since Lb is a linear combination of La

and 24. The equilibrium constants so calculated are for gas partial preegsures in

atmospheres. .

Procedure

The solution to the problem at any given temperature is found by obtaining
the set of partial pressures of the species which fit both the equilibrium rélations
and the material balances. This is not necessarily straightforward since the equi-~
librium relations invelve powers and the material balances are additive felations.

Some simplification.is used to keep the effort within reascnable bounds. This is

achieved by using the equilibrium constants to indicate which compounds may be

AT
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EQUILIBRIUM CONSTANTS FOR AN INDEPENDENT SET OF REA!',;'I'IONB A8 A FUNCTIOR OF TEMPERATURE

Reactions

€0 + Y307 - €Oz
Ha + ¥30z — Hz0
€ + Y502 = CO

. 2NaCl(s/1) + HoO + COz = NaxC0s(s/1) + 2HCL
. NaCL + YoHa0 + Y3002 = ¥pHaaC0s(s/1) + HCL

2HC1 + ¥,02 = Hz0 + Cla
Faz0(s/1) + €Oz ~ BazC05(s/1)
Na2C0a(s/1) + Hz0 = CO2 + 2NaOH{s/1)
HC1 + Y302 ~ HOCL

00 + Clp = COCla

Cla - 2C1

¥aCly + Y300 = €10

Cla + Y502 —~ €120

€02 + YpCla = CCL + Op

€0z + ¥aCla + YoMz ~ CICN + 02
€02 + Cla = CCla + Oz

002 + Yallo —~ CClg + Oz

02 + 2C1p = CCly + 02

CO + 3HC1 = CHCla + Hz0

CO2 + 2RCL - CHpClz + Oz

€O + HC1 + 2Hg - CHaCl + Hx0
Na + Y;H, = NaH

NaCl = Na + Cl

Naz — 2Na

FaCl{a/1) = NaCl

2NaCY - NapClz

logoK = -(E8G° . 4

980°F.

13.916
13.288
11.913

10,952

1.576
0.300
13.279
-6.340
-2.8u5
0.005
-10.023
-5.943
-8.055
-56.187
-33.347
“hh 321
-37.631
-25.989
-30.379
~37.636
-17.32%
-2.737
-22.008
-0,995
-7.072
6.408

1340°F,

10.220
10.061

10.459 -

8.950
-0.259
-0.h69
9.291
-4.337
2.860
-1.40%
-6.795
-L.616
-7.065
-43.819
-26.419
<35.07h
~30.545
-22.187
~26.615
=31.335
-15.911
-2.534
~16.605
0.050
-4.216
3.810

- mg-oreact)le'jgﬂ

L7009F, 2060°F, 24200°F.

T.764 6.01h 4,706

7.898 6.347 5.180

9.478 8.7 8.234
-7.739 -6.848 ~6.154
-1.365 -2.032 =2.hg3
-0.985 -1.356 -1,635

6.767 4,891 3.509
-3.107  -2.388 -1.866
-2.871 -2.880 -2.886
-2.330 -2.904 -3.L67
-h.630 -3.076 -1,906
~3.730 -3,006 -2.620
-5.h08 -5,929 -5.573
-35.576 -29.692 - -25.282
-21,798  -18.h9s  -16.017
-28.912 -24,513 -21.215
-25.814 22,431 -19.890
-19.634  -17.798  -16.413
24,078 -22,249 -20,862
-27.128  -24.116 -21.851
-14,967 -1%.288 -13.771
v2,397  -2.299  -2.223
-12.9%¢ .-10.ko7 -8.L64

0.750 1.253 1.633
-2,505 -1.3% -0.58L

2.091 0.871 -0.038
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neglected in the material balance. This assumption is then checked before consider-

o

ing the solution complete.

Simple considérations serve to eliminate Nao0(s/1) and NaOH(s/1).
Reaction (6) indicates that Nas0 can exist only if the partial pressure of COz 18
less than 10'15'279 at 800°K and 10'3'509 at 160005. At the lower temperatures,

PCOg never gets that small, and at the higher temperatures Na-COs breaks down first.

Similarly, Reaction (7) shows that log ECO log P = -6.340 to -1.866 over the

=Hz0 ~
temperature range. Thus, the dissociatlion pressure of NaOH is glven by

108 Py o

prevailing vapor pressure of water, and hence NaOH will not exist.

= log ECOE + 6.340 to 1.866 over the range. This is higher than the

The assumption is made that the concentration of HOC1, COCl, CLCN, Cl0,
C120, CCl, CCle, CCla, CCi4, CHClsz, CHaCla, and CHsCl are negligible. This greatly
reduées the-number of specles which must be considered in the material balance.
The_assumption is easily checked at the end. With this assumption, the speciles

considered are:

Carbon: c(s), CO, COz, NazCOs(s/1)

Hydrogen: Hz0, Hp, HC1l, NaH

Oxygen:  Op, CO, COs2, HaO, NanCOs(s/1)

Sodium:  NaCl(s/1), NasCOs{s/1), NaCl, NepCls, Na, Nao, NaH

Chlorine: HCl, Cls, Cl, NaCl(s/1), NaCl), NasCls.

In order to set up a material Balance, it is necessary to define the
composition of the spent iiquor. The exact composition used does not critically
influence the results except that defining sodium in excess of chlorine {or vice
versa) is critical. . The composition chosen for these calculations was a dry liquor

with the following elemental analysis:

ot iy e -
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Cl: 17.3 weight % = 5.0 mole
Na: 15.7 weight % = 7.0 mole
C:  35.1 weight % = 30.0 mole

H: 3.9 weight . = 40.0 mole

WO W W

18.0 mole

1

0: 28.0 weight %

These elemental compositions mey then be used to quantify the material balance.
Bauer and Dorland, in an early paper applying thermodynamic concepts to combustion ‘

of kraft black liquor, made the assumption that

PCO + Pcoe = 0,15 ' and . ?HgO + PHe = 0,10 .

This same condition cean be applied to the present case with the specified elemental

analysls to yield the following equations:

Carbon: PCO + PCOE + Pc(s) + PNa2003(s/l) = 0,15
Hydrogen:;'2PH20 + 2Ph2 + Pﬁcl + PNaH = 0.20
Chlorine: Pysy +2Fm, * Po1 * Praca(s/1) * Pract * PNascl, = 0°025
Sodivm: Proci(s/1) * ®Prancos(s/1) * Frac ¥ EPNagel;g * Pra
' . 2Py * Pygy = 0.035

Oxygen: 2P, + P + 2P + P 0.09 + added

02 ¥ Foo * %Foos * oo * PPNencos (s/1)

where the P's constitute the partial pressure of each specles in atmospheres. ™o
points should be made clear about. this expression of the material balsnce: First,
partial pressures are used to describe the solid orlliquid phase present even
though they are not in the gas phase. This 1s merely a convenience 1n handling the

material balence and implies nothing about these materials actually being gases.




project 2500 i ' ' . Page 29
Report Fifteen

It represents what the partial pressure of that material would be if all vaporized

and thus relates quantitatively to the amount of sélidror 1iquid phase present.

The second point is that the‘material balances agsume no sccunalations of solids or

liquids within the system. For each element entering the system, another leaves.

The only exception 18 oxygen, where oxygen for combustion is added.

In carrying out the equil;brium calculations, it was assumed that the
activities of all solid and liquid phases were unity. Tﬁen the amounts of solids
or liquids present do not enter into the equilibrium relations (only phe material
balance) and reactions involving solld or 1liguid phases depermine only gas composi--
tions or whether or not the condensed phase exists. The oxygen partial pressure
was used as an independeﬁt varieble in the calculations, with the amount of oxygen

added determined by an oxygen balance. This greatly simplifies the calculations:

A short description of the calculation procedure follows for a given

temperature :

l. Select Pba .

2. Calculate P assuming all chlorine as NaCl{s/1} and excess sodium as

NaC04 (s8/1)
NaoC0s(s/1).

, -
5. Use carbon balance and Reactions (1) armd {3) to determine_PCOE, P and Pc(s)'

4. Use hydrogen balance and Reaction (2) to get P, &nd PH20. Make initial
2

asgumption that PHCl and PNaH ere negligible.

5. Use Reactions (ka), (5), and (10) to get Py PClg’ and P, .

6. Use Reactions (24) and (25) to get Pyacy 8nd P

C NaxCls :

T. Use chlorine material balance to calculate PNaCl(s/l)'

om s L -
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I Paci(s/1) 18 Positive, go to step 10.

ficke oy oo
R

9. If PNa

Cl(s/1) 18 negative, set it equal to zero and use Reactions (4v), (5),

(20), (25), end the chlorine material balance to get P

NaCl’ P

NaoCla’ THO1’
Pcla, and Pcl-

SR A il Sl e

w
fo
H

10. Use Reactions (21), (22), and (23) to get Pran’ Pyer 804 Phaa.

¢
SE' 11. Use sodium balance to get Naaboa(s/l)' If positive, go to 15. If negative.

PR 2R . . .
i TR .

N et P = .
§ ] 8 Naacoa(s/l) 0 and go to 12
'%:: :!; R
5B 12, 1rp ; .
i 9 NaxCOs(s/1) is zero but PNaCl(s/l) is not, use the following procedure
} I’
%} ; Use Reactions (24) and (25) to get Pracy &nd PNaECla" Combine the sodium and
gl |
§§~b chlorine material balances to get
| ot e
§%? sodium - chlorine = PN& + 2P'Naa + PﬁaH - Ph01 - PClg - PCl'
i
#’ﬁ i y
dras |

.?\\5

+ e
T

Use R 1€ d
5€¢ Reactions (5) and (10) to express Pyop and PClg in terms of P_.. an

Cl
Reactions (21} and (23) to express Py .. and Phae in terms of Pla: Use

R .
eaction (22) ?9 relate P, to P, and solve

1 L) U h . e
3 se ¢ l?rine balance to determine PNaCl(s/l) If 1t is positive, go to 15

If negative, get 1t equal to zero.

4. This procedure is uged if neither Naécos(s/l) or NaCl(s/1) is present. The

approach is similar to step 12 except that PNacl and PN32C12 are not fixed if

there 1s no NaC1(s/1). This makes it necessary to use the chlorine balance

to determine PﬁﬁCl' The three resulting equations are solved by trial and

error,
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15. The carbon and hydrogen balances are checked and the procedure is iterated from

step 3 if necessary.

16. The concentrations of the minor constituents are calculated from the appropriate

equilibrium relations.

17. The oxygen balance is used to calculate the amount added. If it is positive,
Poa_is incremented and the procedure repeated from the beginning. If oxygen
added is negative, the caleculation is terminated.

The above procedure was programmed for an IBM 360 computer and calculations
carried out at the five temperature levels shown in Tables VIITI and IX. The results

of these calculations are presented below,
Results

The results of thermodynamic equilibrium calculations are shown in.Tables
X-XIV. At each temperature, partial pressures (in atm.) of each gaseous species
are given for an oxidizing condition, a mild reducing condition, and & strong
reducing condition. For solid or liquid phases, the data are presented as pércents
of the stoichibmetric amounts. * Stoichiometric amounts are defined on the basis
that all chloride is present as NaCl(s/1), the remaining sodium as Nagcoa(s/l), and
all carbon not used for NasCOs (s/1) available for combustion. The amount of oxygen
added iS'éléo expressed as a percent of the stoichiometric amount. Stoichiometric
oxygen is based on COz, Hz0, NaCl(s/1), and Na,C0Os(s/1) as the only combustion

products.
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NoE ikt o

B ~ n
.‘.;.:,‘g,“:;' S,

EQUILTBRIUM PARTTAL PRESSURES (atm.) AT 800% (98001?'.)

Speciés

0> added
CO2

co

c(s)

Ha0

Ha

HC1

Cla

Cl
NaCl(g)
NapxClo
Nacl(s/1)
Ra2C03 (5,/1)
Na

Naz

NaH

HOC1
COC1
clo

C120

CC1

CCla

CCl,

CCl,
CI1CN
CHCl1a
CHaCla
CHaC1

Oxidizing

163.5%
0.145

5.6 x 10718
0.100

1.6 x 10714
3.8 x 1077
9.3 x 1022
9.4 'x 10712
8.5 x 10°®
1.8 x 10°®
100%

1004

9 x 10°1e
8 X 10-as
2 x 1038
2 x 1010
5 x 10737
3 x 10710
3 x 102
9 x 10-83
6 x 10787
3 X 10-56
1 x 10°60
5 x 1040
1l x 1083
5 x 10781
3 x 10784

95.9%
0.140
5.36 x 1078

-

8.60 x 103

1.40 x 102
3.5 X 2007

" 9.0 x 10724

9.2 x 10718
8.5 x 108

lb8 x 10‘8 -

100%
12008

9 x 10°1a
8 x 10724
2 x lo71e
2 x 10722
5 x 107287
3 x 103}
3 x 10748
9 x 10-48
6 x 10748
3 x 10780
1 x 1g80
J X 1082
1 x 1051
L x 10727
2 x 1029

39.3%
6.75 x 10°®
2,59 x 10®
35.7%
3.80 x 1073

- 6.20 x 102

1.6 x 1077
4.3 x 1072
2.0 x 1018

8.5 x 10°°

1.8 x 10

100%
100%

b x 10722

2 x 1022

2 x 1016

7 x 10r34

1 x 10737

7 x 1033

1 x 1047

9 x 10rés

1x 10744

1 x 1042

1x 1081

'5 X 10781

1x 1082

4 x 102

2 x 10

Call. ot
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EQUILIBRIUM PARTTAIL, PRESSURES (atm.) AT 10009 (1340°F.)

Species

0o added
CO2

Co

t(s)

H20

Ho

HC1

Clz

Cl
NaCl(g)
Na-Cla
Nacl(s/1)
NepCOs (s/1)
Na

Nax

NaH

HOC1
COCln
Cclo

C120

CCl

CClp
CC13
CCl,
C1CN
CHCla
CHpClp
CHaCl

Oxidizing

163 .5%
0.145

2.8 x 10711
0.100

2.8 x 1012
4.0 x 1078
1.8 x 10711
1.7 x 10°®
6.1 x 1078
2.h x 108
99.6%

100%

9 x 10712
7 x 10736
1 x 1020
2 x 109

2 x 1023
3 x 10711
5 x 10°1e
9 x 10760
2 x 10748
3 x 10047
3 x 10744
2 x 1082
b x 10°823
1 X 10—42
1 x 10782

Mild Reducing

85.8%
0.122

2.32 x 10°®
7.84 x 1072
2.16 x
3.3 x 1078
1.5 x 10720
h.9 x 10713
6.1 x 1078
2.k x 108
99.6%

100%

3.1 x 1079
9 x 10718
1011

=

10733
10738
10727
10738
10787
10-42
10744
10720
10744
10738
1028

(oA TR oL WY Y | I A& e YA T\ T RV Y SR
X OoX X o x OX O OX X X X X X X X

1018

Strong Reducing

102

9.2%
L.78 x 1072
9.10 x 1072
34
3,51 x 1073

9.65 x 10°®

1.h x 107
5.8 x 10-24
9.6 x 10718

6.1 x 1078
2.4 x 10°86

99.7%

100%

1.6 x 1078
2 x 10712
1 x 108
1023
1026
10-88
10-42
107236
10—38
10—46
10—48
1cr18
10—48
lCFaB
10-84
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TABLE XII
EQUILIBRIUM PARTIAL PRESSURES (atm.) AT 1200% {1700°F, )

e

Species Oxidizing Mild Reducing 8trong Reducing
0z added 163 .5% . 7% 1.4%
COz 0.145 9.39 x 10°2 1.75 x 104
co 7.9 x 1079 5.11 x 1078 . 9.51 x 1078
c(s) - - 37.8%
Ho0 0.100 . 7.14 x 1073 2.k9 x 1004
Ha L.0x 10° 2,86 x 10-® 9.97 x 10°°
BC1 1.6 x 10°® 1.1 x 1078 5.8 x 109
Clz 8.7 x 10011 6 x 10-18 b x 20-92
c1 h.5 x 107® 1 x 1011 3 x 1014
NaCl(g) 3.13 x 108 3,13 x 1072 3.13 x 102
NasCla 1.21 x 103 1.21 x 108 1.21 x 10°2
Nacl(s/1) 77.6% 77.8% 77.8%
* NaC03 (8/1) 100.2% 99.8% -
Na T1x10° 2.8 x 108 9.95 x 102
Nao 9 x 10718 1.4k x 10710 1.76 x 10°8
NaH 1.8 x 1018 1.9 x 10°® 1.26 x 1078
HOC1 7 x 10°° 5 x 10718 2 x 10721
COCl, 3 x 10721 1 x 10031 2 x 1038
C10 5 X 1010 1x 1020 L x 103
C150 1x 1077 7 x 1083 6 x 1040
ccl b x 1041 6 x 1031 3 x 10790
CCls 2 X 10729 6 x 1032 9 x 1038
CCly 2 x 1041 2 x 1028 8 x 10743
! CCl, 3 x 10%0 T x 10041 8 x 10748
. cLeN .2 x 107 3 x 10737 2 x 1018
CHCl, 3 x 10948 8 x 1040 6 x 10744
CHaC1, 3 x 10797 9 x 10°R4 b x 10728
CHaCl 2 x 10ra4 7 x 1024 2 x 10-23
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FQUILIERIUM PARTIAL PRESSURES (atm.) AT 1400% (2060°F. )

Species

02 added

COz
co

. e(s)

Hz0
Ha
HCl
Clo
cl

NaCl(g)
NasClo
NaCl(s/1}
NapCOs(s/1)

Na
NB.2

NaH

HOC1
COClo

Cl0

€120
ccl
CClg
CCLy
cicn
CHC15
CH2Clz2
CHaC1

Oxidizing
163 .5%

- 0.1ks5

h.h x 1077
0.100

1.4 x 1077
2.2 x 1078
6.6 x 10711
2.4 x 1077
1.9%. x 102
2.79 x 108
100.2%

3.2 x 10°%
6 x 10712
6 x 10712
9 x 10°°

3 X.lo—zo
2.5 x 10°®
2 x 1077

3 x 10728
3 x 10738
1 x 10°3°
3 x 1072%

3 x 10742
5 x 1034

1 x 10798

Mild Reducing

8h.8%
0.111

3.40 x 1072
8.75 x 1072
1.25 x 102
1.8 x 10°°
5 x 10718
6.5 x 10°%°
1.94 x 1072
2.79 x 1073
88.5%
1.17 x 103
7.6 x 107
6.6 x 1077
7 x 10714

2 x 10720
7 x 1017

2 x 10727
2 x 10790

5 x 10°2¢€

4 x 10728
7 x 1077

1 x 1027
'3 x 10734
6 x 1024

Strong Reducing

19.1%

4h.,90 x 1078

0.145

7.0 x 10°8

0.100

5.9 x 1078

7 x 10718
8 x 10011

1.94 x 1072

2.80 x 10°®
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TABLE XIV
FQUILIERIUM PARTIAL FRESSURES (atm.) AT 16009% (24200F, )
Species Oxidation Mild Reducing Btrong Reducing
‘0o added 163.5% T . 5% ‘ 19.1%
COz 0.145 9.23 x 10°® 2.1 x 108
co - 9,0 x-10°8 5.7k x 1072 0.150
c(s) - - -
Hz0 0.100 8.27 x 10°® h.78 x 108
Hs 2,1 x 1078 1.7 x 1008 " . 9,99 x 102
HC1 9.3 x 1078 2.i8 x 10°8 5.9 x 1078
Cls 6.3 x 10712 5 X 10°18 5 x 1018
c1 2.8 x 1007 8.2 x 10r® 8.2x 1o®
Nacl(g) 2.39 x 1079 2.39 x 10°® 2,39 x 1072
NasCla 5.25 x 1074 5.25 x 1074 5.23 x 104
NaCl(s/1) - - -
Na2C03(s/1) 97.1% . -
Na 2.9k x 1004 1,00 x 108 11.00 x 102
Nes 2.0x 10° 2,33 x 1078 2,34 x 10@
NaH 2.6 x 10°® 7.88 x 1078 1,90 x 106
HoCL 3.8 x 10°° 1x 1012 2 y 1018
CoCLo 2% 1020 1x 101 3 x 10710
C10 1.9 x 10°® 6 x 10718 6 x 1012
€10 5 x 1018 5 x 10738 5 x 1020
ccl 2 x 1022 b x 10-98 9 x 103t
CCla 6 x 10732 3 x lo=e 8 x 1024
CClq 3 x 1097 5 x 10734 1 x 10789
CCly 2x 10°3® 1 x 10797 3 x 10739
C1CN 3 x 1022 5 x 1018 1x 1012
CHClg 1 x 1greo ‘1 x 10738 9 x 1081
CHaCl, 2 x 10793 8 x 1034 1 x 1018
CHaCl 6 x 10735 9 X 10?3 3 X 10717
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The equilibrium calculations show that under oxidizing conditions the
combustion products are mainly COs, Ho0, NaCl, and NaoCOa at all temperatures.
Under reducing conditions, C0, Ha, and possibly elemental carbon are present and
there is some tendency for NazC0s to decompose, particularly at the higher
temperatures. If equilibrium conditions are appfoached, there should not be too
great & difficulty with chlorine-containing gases. If an arbitrary limit of
108 atm. is used to indicate insignificant species, Clpz, HOCl, COCl, ClO, Cla0,
cCl, CCla, CCla, CCly, CLCN, CHCla, CH2Clp, and CH3Cl can all be dismissed from
consideration. Using this eriterion, the‘only chlorine compounds of significance

are HCl, Cl, NaCl(g), NasClp, end NaCl(s/1).

By far the bulk of the chlorine is present as sodium chloride in some form
or other. Atllower temperatures, 1t exists mainly as the solid or liquid phase.
At the higher temperatures, sodium chloride vapor and its dimer predominate. Othe}
than the vériqus forms of sodium chloride, the major chlorine compound is HCL.
 Monatomic chlorine, Cl, is present ogiy as high as 0.3 p.p.m. and then only at the

highest temperature levels.

Equilibrium levels of HC] appear to ﬁe high enough to constitute a
potential emission problem. Concentrations range from about 0.4 p.p.m. at BOOCK
to 22 p.p.m. at 1400°K. The general trend is for the HC1l concentration to increase
with temperature and to decrease with reducing conditions, although the data at
1600°K go in the opposite direction. Oxidizing or reducing conditions have only a
slight effect until very strong reduqing conditions such as in a pyrolysis or

destructive distillation are reached..

Considering all of the data as a whole, it appears that there are no
significant advantages to operation under reducing conditions. Thus, it is expected

that oxidizing conditions would be used for holopulp spent liquor combustion. From
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- the standpoint of temperature,. the most favorable distribution of combustion product
is obtained at the lowest temperature, and gradually deteriorates as the temperature
is raised. Thus, thermodynamics suggests that the combustion be carried out undér
oxidizing conditions and at the lowest temperature at which combustion is feasible.
The combustion products will be COp, Hp0, NapCOz, and NaCl. At higher temperature
levels, a significant amount of the NaCl would be in volatile forms. If equilibriu

exists, the only potential air emission problem is with HCL. » Concentrations would

be expected to range from sbout 0.5 p.p.m. to about 25 p.p.m. over the temperaﬁure
range covered. The level would increase with temperature up to 1400°K (2060°F.).
From & thermodynamic standpoint, the recovery process appears soundly based and the

emission levels controllable.

SMALT, BATCH COMBUSTION

.Although the equilibrium analysis indicated that sodium chloride ané
sodium carbonate would be the combustion products, end a preliminary experiment some
years back aleo indicated this, it was thought advigable to obtain e#perimgntal
confirmation. This was. done by carrying out duplicate batch combustions in a

muffle furnace for two different liquors.

Concentrated spent liquor samples of AC5 and ACB were weighed in tared
crucibles. These cruclbles containing the samples were put into a muffle furnace
equipped with automatic temperature controi. The temperature was brought up slowly
so that spattering of samples was avoided. The' temperature was maintained at LO000°F.

for 10 hours. The crucibles were cooled and welghed and the residues dissolved in

distilled water. The liquid samples vere gnalyzed for scdium with s spectrophotome-
ter, for chloride by the Volhard volumetric method, and for scdium carbonate by

titration with hydrochloric acid. During the titration, the pH at each addition of
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0.20 ml. of hydrochloric acid was measured with a pH meter, The titration data are

shown in Table XV and presented graphically in Fig. 2 and 3,

The titration curves are exactly the type of curve one would obtain in
titrating sodium carbonate solutions with hydrochloric acid. The pH of sodium
bicarbonate, the half-neutralized stage of NayCOa, is 8.3. The amount of hydro-
chloric acid theoretically required to arrive at this half stage 1s exactly one half

of the total quantity required, as can be geen from these equations:

NapCOsz + HCL = NaCl + NaHCQOs

NaHCOs + HCl1 — NaCl + COp + Hg0 .

In this study, for the AC5 runs the two inflection points can easily be read .at

pH values of 8.3 and 4.2, respectively.

The amounts of O.1N HCl consumed are.2.60 and 5.20 ml., respectively.
These agree perfectly with what theoretically should happen when NayCOs is titrated.
. For the AC8 runs, the amounts of HCl used corresponding to the two inflection points

are 3.62 and 7.23 ml.

In addition to this reasoning, the analyses of total sodium and total
chlorine indicated also that the combustion products were primarily NaCl and NaosCOs.
For Run 1 of ACS5 concentrated liquor, the .sodium and chlorine balances are as
foliows:

Concentrated ACS liquor (4.9486 g.) containing 3.28% Ne
and 38. 8 g /liter chlorine were combusted. Therefore,

Chlorine in = (4.9586/1.1169)(38.8/1000) = C0.1726 g.
Sodium in = 4.9586(%.280/100) = 0.1626 g.
So0lid combustion product = ' 0411k g.

Total chloride found = - 0.1765 g.
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NEUTRALIZATION DATA OF ACS AND ACS COMBUSTION RESIDUES

PH
ACS ACS
Titration T Tltratlon > Ttration I T tration ™
10.99 11.01 11.05 11.05
10.88 10.91 10.97 10.97
10.78 10.80 10.89 10.89
10.69 10.71 10.82 - 10.82
10.58 10.61 10.75 10.75
10.48 10.49 10.66 10.67
10.35 10.35 10.58 10.59
10.22 10.2h 10.51 10.51
10.10 10,11 10.41 10,42
9.96 9.97 10.31 10.32
9.79 9.79 10.24 10.25
9.56 9.55 10.1h4 10.13
9.16 9.2k 10.04 10,04
8.32 8.27 9.9% 9.93
7.55 7.55 9.79 9.79
7.19 7.21 9.63 9.63
6.98 7.00 9.42 9.40
6.77 6.79 9.13 9.05
6.59 6.57 8.42 8.29
‘6.45 6.40 7.6% 7.69
6.30 6.25 7.36 7.35
6.12 6.09 7.14 7.13
5.95 5.92 7.0 6.98
5.75 - 5.72 6.85 6.82
5.52 5.49 6.72 6.69
5.14 5.10 . . 6.59 6.57
k.15 L.og - 6.48 6.46
3,52 3.51 6.38 6.35
3.27 3.23 6.26 6.25
3.05 3.05 6.15 6.15
2.9 2.95 6.04 6.0%
2.83 2.65 - 5.93 5.90
2.75 2.77 5.79 5.77
2.69 2.70 5.6% 5.61
2,62 2.63 5.43 5.39
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TABLE XV (CONTD.)

NEUTRALIZATION DATA OF AC5 AND Ac8 COMBUSTION RESIDUES

HC1 pH
Added, ACS ACH

ml. Titration 1  Titration 2 . Titration 1 Titration 2

7.0 2.58 2,58 5.13 5.09

7.2 2.52 2.52 b7 4.39

7.4 2.hg 2.50 3.72 3.77

7.6 2.5 - 3,40 342

7.8 - -- 3.21 . 3.2

8.0 -- -- 3,05 3.09

8.2 - - 2.97 3.00

8.4 -— -- 2.87 2.90

8.6 - -~ 2.81 2.83

8.8 -- -- 2.72 2,76

9.0 -- -- 2.69 2.72

9.2 - -- 2.64 2,66

9.4 -- -- 2.59 2.62 £
9.6 -- - -- 2.58 ¢
9.8 -- -- - 2.5k £

Y

e, 2
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Figure 2. Titration of Combustion Products of AC5 Concentrated Liquors
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0.1N HCl, ml.

Figure 3. Titration of Combustion Products of ACB Concentrated Liquors
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Total sodium found = 0.15Tk ¢
Total NapCOs found = 5.20(0.1)(53)(100)/(25)(1000) = 0.1102 ¢
Total NaCl found = 0.1765(58.46)/35.46 = . 0.2901 g
NaCl + NapCl0Oz = : 0.4003 g
Predicted NaCl = 0.2846 g
Predicted NeoCOa = 0.1167 g

The results for duplicate runs on the AC5 and ACS liquors are shown in
Table XVI. The top grouping gives the inputs baged on analysis of the spent liquc
The asmounts found in the combustion products are shown in the middle grouping. Tk

bottom group is the amounts of NepCOs and NaCl predicted from the elemental inputs.

TABLE XVI

RESULTS OF OPEN COMBUSTION ON AC5 AND AC8 CONCENTRATED LIQUORS

ACS ‘ Ac8
T 2 1 2

Concentrated liquor, g. 4.9586 5.0000 5.0035 5,0010

Total sodium, % 3.28 32,8 3.64 364
Total chlorine, % - 3.48 3.48 3.34 3.3%
Initial sodium, g. 0.1626 0.1640 0.1821 0.1820
Initial chlorine, g. ~  0.1726 0.1737 0.1671 0.1670

Solid combustion prod., g. 0.4114  0.4156 0.439%%  0,4390
Total sodium found, g. 0.1574 0.1606 0.1716 0.1688
Total chloride found, g. 0.1765 0.1778 0.1674 0.1674

Total NasCOq found, g. 0.1102 00,1102 0.1526 0.1526
Total NaCl found, g. 0.2901L 0.2931 0.2760 0.2760
NaCcl + NasCOs, - 0.4005 0.h033 0.4286 0,L4286
Predicted NaCl, g. 0.2846 ©.2864 0.2755 0.2753

Predicted NasCOa, €. 0.1167 0.,118% 0.1699 0.1698
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The numbers in Table XVI were obtained in the‘following'manner. The amount
of spent liquor used was determined by weighing. Percentages of sodium andichlorine
ip the concentrated liduor were determined by analysis. Inputs of sodium and
chlorine were calculated by multiplying the amount of spent liquor by the weight
fractions of sodium and chlorine. After combustion, the crucibles were weighed to
determine the total amount of ash remaining. The ash was then dissolved in & known
amount of vater. Sodium by flame photometry, chloride by Volhard analysis, and
sodium carbonate by titration were run on these solutions. The total sodium end
chloride found is based on these measurements. Total NapCOs found 1s based on the
titration. Total NaCl found is caleulated from the chloride content by multiplying
by the molecular weight ratio.” The predicted values are calculated from the ele~
mental input by assuming all chloride converted to NaCl and the excess sodium con-

verted to NazCOs.

The date- in Table XVI conclusively demonstrate that NﬁCl and NaoCOs are
the combustion products when holopulp spent liquors afe burﬁed. The greatest
'uncertainty in these data lles in the determinations.of the sodium and chlorine
content in the starting spent liquor. The material balances close within the
accuracy of the input data. These results are in complete agreement with the
equilibrium predictions at this temperature level and thus support the use of
equilibrium calculations to predict performance. 0f particular importaence is the

fact that the data indicate quantitative recovery of chlorine as sodium chloride.

SMALL SEMICONTINUQUS .COMBUSTION

The data from the batch combustion experiments established NaCl and Na,COs
as the primary combustion products. However, 1t was not possible to conclude from
these data that there would not be air emission problems due to small amounts of

chlorine compounds. The accuracy of the data was insufficient to permit precise
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determination: of losses by material balance. The basic difficulty in determining
emissions in the batch experiments was that the combqstion was carried out in open
crucibles and the gaseous products could not be collected for direct analysis. In
order to overcome this difficulty, semicontinuous combustion experiments were carriec
out in a closed vessel with controlled air supply and eollection of the combustion

gases.,

Runs Under dxidizing Condltions

Spent liquors were dried in a vacuum oven at 60°¢., The dried éamples
were then pulverized in & mortar. Samples were weigheﬁ out of this stock and
sealed in pyrex glass vials, each of which was provided with a gas inlet and a gas
outlet. The vials were heated slowly to 1100°F. and mainteined at this temperature
for a selected time. During the entife heating process, air was passed through the.
vial to ald the combustion and qarry away the gaseous combustion products. The
geseg were scrubbed with an agueous sodium hydroxide-hydrogen peroxidelsolution.

The- gerubbed gas was then led through & potassium lodide solution gcrubber so that
the presence of any unabsorbed chlorine gas could be detected. It was found that a
slow heating at a temperature from 250 to 500°F. was highly desirable; otherwise,

smoky gaseous combustion products would evolve and cause & yellowish color in the

-serubbers. Even though this yellowish color did not represent the presence of

iodine in the KI scrubber, it definitely indicated a heating process which was
increased too rapidly. For the 0.3-g. sample, 12 minutes were allowed between 25C

and 500°F.

Preliminary runs were made with Liquors ACS5 and BC1.8 to establish thie

analyticel procedure. The control samples were analyzed for chlorine according to

* the chromic acid digestion method, The results are tabulated in Table XVII.
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TABLE XVII

PRELIMINARY RESULTS ON LOW-TEMPERATURE COMBUSTION

BC1.8 ACS
1 2] 1 2
Sample weight, g. 0.4623 0.4714 0.3982 0.2729
Chlorine found bg chromic
acid digestion 0.1073 0.1092 0.0613  0.0435
Combustion time, hr. 4 i L . I
Chlorine found in NaOH- ’ b b
Ho0o scrubber, g. 0.0058 0.0007 0 0
. Chlorine found in KI
scrubber, g. 0.0000 0.000h  0.0000 0.0000
Chlorine in ash, g. 0.1062  0.1088 0.0586 0.0422
Total chlorine found, g. 0.112¢  0.,1099 0,0586 0.0k22
Total recovery, % . 104.3 100.6 95.6  97.0
Volatile chlorine loss, % 5.4 1.0 0. 0.

& For BC1.8 samples, this is based on the 0.232% total chlorine
found in the original weak spent liquor.

For AC5 samples, it 1s based on an average of 14.69% total
chlorine determined on two samples taken from the same batch
of dried, ground AC5 liquor solids.

b Actual calculated value 1s negative.

Some comments on these results and the procedure appear to be in order.
The NaOH-Ho0» scrubber was designed to retain all NaCl, HC1, and Clz coming over &s
a chloride solution. An& chlorine present should react with peroxide to yield
chloride. The analysis of this scrubber so}ution was for chloride ion by the
Volhard method. The second scrubber, which contained KI, was intended as a trap

for any chlorine which passed through the first scrubber. It would detect any
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compounds which libersate ig from KI. Thus, the measurement on the NaOH-H-0o

scrubber is specific to chlorine compounds, while that on the KI scrubber 1is not.

" This should be borne in mind in interpreting the results.

The ordeé of the scrubbing solutions for the data in ?able XVIT was &g
follows: The NaOH-HaO» scrubber vas first in line for BCl.8-1 and AC5-2. The
order was reversed for BCl.8-2 and AC5-1. A relatively large volatile loss was
found in BC;.B-I,‘all in the NaOH-Hz0o scrubber. Reversing the scrubbers gave a
small amount of chlorine in each scrubber. This would indicate that the great bulk
of the loss occurred as NaCl and HCl. These would be absorbed in the KI solution
without liberating I, and woul@ be undetected in Run 2. Very iittlé of the chlorine.
loss is seen as occurring as Clz gas.  The indication of no chlorine loss for the

AC5 runs is somewhet suspect.

A run in triplicate ﬁas made on the dried solids‘frcm ACS5 spent liquor,.’
with very slow heating befween 300 and 500°F., The solutions in the NaOH-H202
scrubber remained nearly colorless, indicating a minimum of smoky products were
evolved. The order of the scrubbing solutions was first NaOH-Hz0> and then the KI.
This order was used in the remainder of the work. The results of thias experiment
are shown in Table XVIII. Two additionsl series of runs were made with AC5 liquor
solids. The purpose of the first series was to determine 1f combustion tiﬁe had
eny effect on volapile losses. The second series examined the' effect of sample

slze. The results of these runs are presented - in Table XIX.



* e - - B A . - S
R = pp— PSRN
w‘ - I rE o T, g
) ‘ .

- S e e N

project 2500 Page 49
Report Fifteen

TABLE XVIII
LOW-TEMPERATURE COMBUSTION RESULTS ON ACS 2
ACS
Sample . i o) )
Wei}ght, g. 0.2988 0.2842 0,309 ;
chloride (NaOH-Hz0p scrubber), g. 0.00063T79 0,0006425 0.0006034 Zt
Chlorine 1n terms of chloride : ;‘t ‘I
(KI scrubber), g. 0 o 0 Y
Total chloride 1in ash, g. 0.04511 0.04250 0.04675
Total chloride found, g. J ‘ 0,0457k _ ,0,04310 0.04735
Total chloride in control sample '
(chromic acid digestion), . 0.04618. . 0.04393 0.04788
Combustion time, hr. by : L L
Total recovery, hr. 99.1 8.2 98.9
Volatile chlorine loss, % 1.36 1.46 . Ll.26
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TABLE XIX

LOW-TEMPERATURE COMBUSTION OF SPENT LIQUOR IN AIR

Sample

Combustion time, hr.
Welght of sample, g.
Chlorine in NeOH-Ho02, g.
Chlorine in KI, g.
Chlorine in ash, g.

Total chlorine found, g,

Total chlorine by chromic acid
digestion for seme amount of
sample, g.

Total recovery, % -

" Volatile chlorine loss, %

A. Time'Effegt

1 2 3

1 2 3

0.3029  0.2997  0.31%
0.000660  0.000638  0.,000705
0 0 0
0.04877  0,04685 - 0.04781
0,04943 0. 04749 0.04851
0.04830 0.04780 0.04998
102.4 99.4 97.1
1.35 1.33 1.4

B. Sample Size Effect
Semple 5 6 T
Combustion time, hr. L i L
Sample weight, g. 0.5983 1.2031 2.408
Chlorine in NaOH-Hao0z, g. 0.000839 0.000631, 0.001055
Chlorine in K, g. 0.001715 0.001225 0.001225 .
Chlorine in ash, g. 0.09506 0.1884 03733
Total chlorine found, g. 0.09761 0.1903 0.3756
Total chlorine by chromic acid
digestion for seme amount of
sample, g. 0.09448 0.1859 0.3717
Total recovery, % 103,3% 108k 101.0
Volatile chlorine loss, scrubber 1, ¥ 0.89 0,34 0,28
Volatile chlorine loss, scrubber 2, 4 1.82 0.66 0.33
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The results of the run in triplicate indicate a fairly consistent loss of

chlorine as volatiles of about 1.35%. The series of runs in which time was a8

variable did not show any appreciable trends in chlorine loss with time, althcough
the five-hour run gave a lower loss. The runs with larger sample sizes do show a
trend of decreasing volatile loss with increasing sample size. They are also the
only runs in which a significant amount of iodine was liberated in the KI scrubber.
It should be noted that smoké was produced in the run of Sample $ at about hOOOF.{
probably because the heating period at 250-500°F. was not extended enough for the

nearly double-size sample. As a gonseduence, the low-temperature period for

samples 6‘and 7 was lengthened in proportion to the semple size; however, smoke was
never completely eliminated. It is quite'poséible that the liberation of Io in
the KI scrubber was due to organic compounds other than chlorine compounds. One
indication of this is the fact that total chlorine recovery eXceeded 100% for
Samples 5, 6, and 7, while for the smaller sample runs, 6 out of 7 gave total
chlorine recoveries of leés than 100%. The fact that sample size influenced the
volatile chlorine loss is a little puzzling. If the chlorine loss is based on the
amount of chloride found in the NaOH-H202 scrubber, the percentage volatile
chlorine losgs drops from 1.35 to 0.89 to 0.34 to0.0.28 on successive doublings of

the sample size. A possible interpretation of this is that a significant portion

of the loss occurs as carryover as. the liguor begins to decompose and is affected
mainly by exposed surface rather than total amount of sample. The formetion of

"smoke" also appears to play a role.

Runs Under Reducing Conditions

In addition to the runs carried out in the presence of air, a series of
runs were made in an inert atmosphere to study the decomposition behavior in a

reducing atmosphere. The procedure was similar to the previous runs except that
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nitrogen from 8 commercial gas cylinder was used instead of air. In these experi-
ments 50 minutes were allowed to heat the sample from 250 to SOOYF. - The smoking
problem was completely eliminated. The elimination of smoke was definitely asso-
¢clated with the long heating period and not the inertiatmosphere. A single run
with a 30-minute heating period did give off some smoke, The results of these
experiments are.presented in Table X{. The amounts of volatile chlorine driven
off are of the same order of magnitude as for the case when oxidizing conditions
were used. The high value f;r Sample 4 18 believed due to a smoky condition.

The apparent decreasing trend with 1ncreasinglcaﬁbuation time 1is inexplicable.
Summary

In general, the results of all of the experiments showed a volatlle
chlorine loss of about 1% during cambustion. Almost 511 of this loss occurred as
HC1 and NaCl. ‘The loss of chlorine in volatlles was unaffected by the use of
elther oxidizing or reducing conditions. These findings would seem to correlate
quite well with the equilibrium calcul;tions. There was ‘evidence of & smoke-
forming condition in the temperature raﬁge 250-5006F9 The amount of smoke formed
appeared to relate to the rate of heating in this temperature range. There are
indications that & significant portion of the chlorine loss is associated with this
smoky stage. It may be necessary to take this feature into account in designing a

commercial-sized furnace.
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TABLE XX

LOW-TEMPERATURE PYROLYSIS OF SPENT LIQUORS.IN Np ATMOSPHERE

Time Effect

Sample ' ' 1 : 2 3
Weight of sample, g. 0.3034 0.3646 0.37hk é
Time, hr. 1.5 2.5 5 T
Chlorine in NaOH-Hz0z, &. 0.000462  '0.00020k 0.,000109 ?ﬁﬁj
Chlorine in KI, g. 0 0 0 é{;'
Chlorine in ash, g. 0.0%3351, 0.03985 0.03906 Efﬂ_
Total chlorine found, g. 0.03397 0.04005 0.03917 ko
Totel chlorine by chromic acid 9
digestion for same amount of . o
sample {dry proportion), g. 0.03218 | 0.03867 0.03971 gw
Total recovery, % N 105.5 10%.6 98.6 ; |

Volatile chlorine loss, % 1.43 0.5% 0.27

Sample Size Effect

Sample 4 5 6

Weight of sample, g. ' 0.3068 04767 0.5559
Time, hr. . 2 2 2
Chlorine in NaOH-Hz0z, &. 0.000987  0.0000629 0.000177
Chlorine in KI, g. 0] 0 0
Chlorine in ash, g. 0.03318 0.05098 0.06073
Total chlorine found, g. 0.03417 0.05104 0.06091

Total chlorine by chromic acid
digestion for same amount of
sample (dry proportion), g. 0.03254 0.05056 0.06%21

Total recovery, % 105.1 101.0 96.4
Volatile chlorine loss, % 3.0 0.12 0.28
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HEATING VALUES OF LIQUORS

Heating values on the original A and B liquors (ACS and BCl.8) were deter-
mined with a Parr oxygen bomb calorimeter. 'Tripiicate determinations were carried
out on each liquor at sbout 50% solids. A single run on an ovendry sample of each

liquor was also carried out. The resulte are shown in Table XXI.

TABLE XXI

HEAT OF COMBUSTION OF SPENT LIQUORS

Spent Liquor  B.t.u./lb. o.d. solids

ACs 5830
6010

5530
51842

BC1.8 k810
4620

4490
45817

8 Ovendry samples.

The average value for the triplicate determinations on the ACS liqﬁor is
5790 B.t.u./lb. dry solids, and for the BC1l.8 liquor, 4630 B.t.u./lb. dry solids.
The direct measurement on dry solids checked quite well for Liquor B but was aboﬁt
600 B.t.u./1b. low for Liquor A. This could be due to incomplete combustion if the
powder blew out of the pan during ignition. The heatiné values of the holopulp
liquors are lower than heating values of kraft liquor. This is not unexpected for
a high-yleld pulping process emplo&ing'oxidation. The lowgr value for Liguor B is
probably due to three causes. The relatively large amount of chlorine used in the

oxidation step could have led to greater oxidation of the soluble material. The

I
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second cause was the loss of some of the oxidation-stagg liquor in the collection

process. The third reason is a higher inorganic content In the liquor. It appears

that heating values of holopulp liquors will be similar to those of NSSC liquors.
MELTING POINTS OF NasCO3-NaCl MIXTURES

One of the critical elements in the selection of a method of combustion of
holopulp liquor is the melting point of the Nap(0s3-NaCl mixture produced. Melting
points of such mixtures were determined according to ASTM Method D 271-48. A
_ mixture of C.P. grade anhydrous sodium carbonete powder and C.P. grade chloride
crystals was melted in a small stainless steel crucible in an electric muffle
furnace. After cooling, the fused mixture was pulverized into powder form in a
porcelain mortar. 'The powdery mixture was moistened with a solution of dextrin
(EE‘ 10%) and worked into a plastic mass witﬁ a spatula. The plastic material was
then molded into triangular cones 3/h in. in height with a quarter-inch equilateral
base. One side of the cone was perpepdicular to the base,. The cones were then
dried in a vacuum oven at 60°C., The dry cones were mounted in a base composed of
equal parts by weight of kaclin and alumina. The base was sbout 1/8 in. thick.

The cones, which were mounted on the base, were put into the electric muffle furnace
and the temperature was slowly raised to 400°F. and maintained there for 20 minutes.
Then heating was resumed with a rate of temperature rise of 5-10°C, per minute.

When the cone had melted and spread out, the temperature was‘recorded as the melting
point of the mixture. The melting points of WasCOs-NaCl mixtures in various weight
proportions were determined. The results are shown in Table XXII and graphically

Presented in Fig. k.
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MELTING POINTS OF NasCOs-NaCl MIXTURES

NazC03-NaCl
Weight Ratio

100-0
90-10
85-15
80-20 -
75-25
70-30
65-35

60-40

555
50-50

45.55

k0-60

20-80

0-100

{

1520

1500, 1500, 1500

1470, 1460, 1480

1460-1500, 1450, 1440

1400,
1310,
1190,

1180,
1210,

1200,
1280,
1440,

1420,
1470,

1450,

1460

1410,

1280,

1190, .

1190,
1200,

1190,

1250,
1440,

1410,
1400,

1460,
ko

1400
1310

1190

1180, 1180,

1180, 1190
1200
1280
1440

1430, 1470,
1450

1460, 1460,

Number of
Determinations
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Figure 4. Melting Pmnts of NazCOg-NaCl Mixtures
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It is evident that there is a region of intermediste composition in which
the melting point is significantly lower than the melting point of either pure
compound. Between 35 and 45% NaCl, the melting point is below 1200°F. This could
have a significant effect on the type of combustion system employed, particularly
the possible use of fluidized bed combustion. In fluidized bed cambustion of NSSC

liquor, the minimum combustion temperature is around 1300-1320°F, The melting

point would have to be some distance sbove this. If an arbitrary melting point of

1LOOOF. is taken to set the limit to fluidized bed combustion, it would be limited

T T S . .
TSR L SHITRRL e g o e Sk

to NaCl contents below 25% or above 55%, For the éybes of pulping conditions

W aa

currently used, the composition of recovered inorganic 1is about TO% RaCl. Thus,

fluidized bed combustion may be a feasible technique.

BENCH-SCALE FLUIDIZED BED STUDIES

. On the basis of equilibrium calculations and preliminary lsboratory
experiments, it became apparent that the most advantageous method of combustion from
the standpoint of emissions and product recovery was at low temperatures. Particu-
lar advantages were attainable if the combustion could be carried out at temperaturgv

’below the melting point of the recovered sodium chloride/sodium car%onate mixture. -
Fluidized bed combustion appeared to be the most pramising approach to low-temperatw
combustion because of the long holding times of material within the reactor and the
large amount of gas-so0lid contact which could be attained. It was recognized that
the main limitation to low-temperature combustion was the combustion rate and the
carbon removal efficiencies which c¢ould be obtalned. It was declded that the

potential advantage justified the risks and so & program to study low-temperature

~aaw

fluidized bed combustion of holopulp spent liquor was initiated.
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Apparatus

A bench-scale fluidized bed combustion unit was used to study the feasi-
bility of this method of combustion. The unit consists of five major pieces: a
preheat bu;ner and firebox, the fluidized bed, a direct-contact scrubber for cooling
hot gases, a vacuum pump, and a liquor supply system. A schematic diagram of the
system 1s shown in Fig. 5. The particular expérimental system used had & pronounced
effect on the course of the work and 1t is worth considering the varlous parts in

some detail. ) 4

The heart of the unit is the fluidized Bed itself. This is basically a
mild steel pipe, 5 feet long and 6 inches i.d. with provisions made for thermocouples,
pressure taps, and ligquor feed, The bedt itself under most conditions was sand.
An orifice plat; 15 used at the bottom of the pipe to contain the bed. No expanded
freeboard section was provided. Initially, the orifice plate was sgimply a drilled
plate covered with a screen, With this configuration, the sgystem was subject to
pronounceé flow oscillatrons which could not be controlled by measures downstream of
the bed. It was necessary to restrict the flow of gases entering the bed to main-
tain stability. A modified orifice plate was designed to achieve this restriction.
A detairl of this orifice plate is shown in Fig. 6. Since the number and size of the
holes in this arrangement was fixed, the pressure drop over the orifice plate was &
‘functlon of the flow rate and temperature of the gases, and not separately control-
lable, The bed was designed for semicontinuous operation only. No provisions
were made for removal of bed material during operation. The bed éréa was insﬁlated

t0 minimize heat losses.
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Figure 6. Schematic of Orifice Plate
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A ngtural gas ﬁurner and a refraétory-lined firebox were used to preheat
the’air entering the fluidized bed. Direct firing of natural gas was chosen as the
method of heating for reasons of simplicity. It.was also declded that the preheatef
should be designed for atmospheric preaaufe operation in order to use a gimple burner
and avoid higﬂ-pressure gas. This meant that tﬁe remainder of the system operated
under a vacuum, The firebox 1s a cylindrical vessel 39 inches high and 30 inches
in diemeter with a refractory lining 5 inches thick on top, bottom, and sides. A

h-inch pipe to house the burner and a 3-inch pipe for air intake are located 90°

apart on the sides of the firebox. A 6-inch pipe comes out of the top of the fire-
box. The fluid bed unit sits directly on this pipe. The burner ie equipped with
3 different sized nozzles and 1g also partly throttleable. The heat input fram the

burner can be controlled from about 50,000 B.t.u./hr. to 200,000 B.t.u./hr.

At the top of the fluidized bed is & 6-inch elbow connected to a 6-inch
diameter flue which conduc£s the hot gases to the scrubber-cooler. The scrubber-
cooler consists of a gpray chamber anﬁ a packed sectidn. Tﬁe packed section is
about 5 ft. high and is packed wifh l-inch Raschig rings. Cooling water passes
downward in concurrent flow through the tower. The water is removed by a barometric
.1eg and the gas is passed through an orifice aﬁd flow coﬁtrol.valve‘to‘a Rash vacuum
pump. The helght of the barometric leg is about 5 feet and this sets the meximum
pressure drop obtainable across the inlet restriction; the bed itself, and the

packed tower.

The liquor supply system conslsted of a tank contalning a steam coll,; &
pump, control valves and a rotameter, a feed line and a liquor injection probe.
The steam coll was used to preheat the liquor and control its temperature. In the

initial design, the liquor was fed in at the top of the elbow above the fluidized

bed, This proved unsatisfactory as the liquor tended to dry out and char on the

walls above the bed. The next step was to modify one of the pressure taps along
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the side of the bed to permit inéertion of the feediine and inject the liquor
directly into the bed. This worked much better, but there was still a tendency for
the liquor to char up in the vicinity of the feed probe. Another problem with

| injecting liquor directly into the bed was & tendency for the liquor to char up
inside the feedline and plug it because of overheating. - In order to prevent feed-
line plugging, it was’necessary to feed liquor at & higher rate than desi?ed. This
aggravated bed plugging problems as char formed faster than it was burned off. The'
next step was to introduce the liquor into a mixing tee and then force the liquor
into the bed as a spray in a small air stream. This gave good distribution.in the
bed, but was still subject to plugging within the feedline at 1low liquor rates.. In
the current. design of the feed probe, the feedline is surfoﬁnded by a cooling water
Jacket except at the point where 1t injects into the bed. A piston pump is used to
pump the liquof into a mixing tee and it is blown into the bed with air. A sche-

matic. diagram of this system is shown in Fig. 7.
Procedures

The sys?em is made ready for operation by putting in the bed material and
bolting the unit together. For most runs, the bed was silica sand of about 20 mesh.
Normally, the static bed height was about 12 to 14 inches. Flow of air through the
unit is obtained by starting the vacuum pump and adjusting the flow control valves.
After the desired flow rate has been established, the natural gas burner is turned
on to bring the system up to the desired opersting temperature. Normally, gbout & -
two-hour warm-up period is needed to achieve steady‘state. Immediately after the
burner is turned on, the pressure drop over the orifice plate restriction rises
repidly as the gas temperature increases. If the rise becomes excessive, total
flow must be reduced to permit the cooling water to flow out of the barometric leg
8t the base of the cooling tower. Once the system steadies out at the desired

Operating temperature, liquor injection into the bed can begin. The natural gas.
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burner can be adjusted to-maintain the desired temperature. Runs with ligquor were

continued until either a sufficiently long steady-state operating period was
obtained or until operating problems forced a shutdown. The latter case was the
more frequent. Once the system was shut down, it was allowed to cool and then

opened up for inspection.

Measurements which were taken during a run included the following. Gas
temperatures were monitored continuously at five points: leaving the firebox just
ahead of the orifice plate, one foot above the bottom of the bed, halfway up the
5-foot section, one foot below the top of the 5~foot section, and at the top of the
6-inch elbow. The pressure distribution over the 5-foot section was monitored with
a bank of six manometers-with'the taps evenly spaced along the length. Pressure
was élso measﬁred in the gas line just downstream of the cooling tower and ahead of
the flow orifice. This measurement was needed to apply a pressure correction to
the orifice reading. Flow rate of flue gas was measured with an orifice just down-
stream of the cooling tower. It was also measured with a velometer at the discharge
of the wvacuum pump. The flow rate of the naturél gas was measured with an inte-

grating dry gas meter. The liquor flow was determined by a rotameter. The rota-

meter was calibrated with the liquor heing fired immediately before and after a run.
The amount of liquor fired could also be determined by the level change in the tank.
Liquor temperature was continuously monitored. The temperature of the water
leaving the cooling tower was also measured. Samples could be taken for analysis

as needed. Provisions were made for teking gas samples at two locations. '"Hot"

samples were taken at the top of the elbow above the bed. The samples were pulled
through a coil immersed in water in order to cool the gas. Cold samples were taken
at a tap between the cooling tower and the flow orifice. Orsat analyses and tests

for chloride content were run on these samples.
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The data taken were sufficient to allow material and energy balances to be
carried out for the runs. Three different approaéhes to determining carbon removal
efficiencies can be used. One method is to use material balances in conjunction
with the Orsat_analysgs and the carbon-hydrogen.content of the liquor. A second is
through 2 heat palance using the heating value of the liquor. The third is to
determine the residual carbon content of the bed. ~ Each of these methoﬁslhae ite
difficulties and all three methods were used t6 some. extent in evaluating complete-

negs of combustion.

+

Experimental Program

Because of the limited amount of holopulp spent liquor availeble and
because of the expected difficulties in dbtaihing good data} it was decided that
shakedown runs and preliminary experiments should be performed with synthetlcally

prepared liquors rather than actual spent-liquor. The initial plan involved the

‘use of sand as bed material for the following series of runs.

1. Sucrose solutions: These runs would be used to check out the liquor feed system,
assess the ability to mske the necegsary materiasl and energy balances, and

determine the capacity of the system.

2. Sucrose solutions containing NaOH, NasCOs, and sodium acetate: These runs would
be used to determine the effect of the presence of a residual inorganic ash,
verify the formation of sodlum carbonate, apd determine the extent to which

inorganics suppressed the combustion behavior.

5. Sucrose solutions containing sodium and chloride: This would involve the liguor
frcmlstep 2 plus the addition of NaCl .and organic chlorine compounds. Itjwould‘
permit an evaluation of the effect of NaCl/Na2C0s mixtures on combustion perform-
ance, check out procedures for measuring chlorine emissions, and assess the

chlorine emission problem.
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4, Actual holopulp spent liquor: This would determine if the liquor could be burned

at low temperature and what emission problems occurred.

=

As the work proceeded and problems developed, this program had to be
abandoned. Major difficulties arose from liquor feeding problems and the fact that
sodium carbongte reacted w1£h the sand at the combustion temperature to form clinkeres.
The program thqn shifted to using sucrose-sodium chloride mixtures to solve system
problems and the use of rock salt beds instead of sand. This work progressed far
enough to define the conditions needed to burn the spent liquor. A new feed system
was put in to permit burning'spent liduor, but the first two attempts have been

unsuccessful.
Results

" The bﬁlk of the Qork-hés inveolved solviné experimental difficulties, and
the results to date are inconclusive ﬁith respect to the objectives of the program.
Most of the problems with the loop have been solved. The femaining difficulﬁy
rests with the ability to feed liquor continuously at the low flow rates compatible
with the capacity of the system at the low temperatures used. It was hoped that
the water-cooled feed probe would overcome this problem, but two attempts to use it
to burn holopulp spent liguor were unsuccessful as the line plugged within five
minutes., Work is continuing, and a separate report covering the bench-scale

combustion work in detail will be written shortiy.

COMBUSTION SUMMARY

The thermodynamics of the combustion of holoﬁulp spent liguor are favor-
dble. They indicate a nearly quantitative conversion of sodium and chloride in the
fpent liquor to sodium chloride and sodium carbonate. The only significant volatile

. b

chlorine compounds are HCl and NaCl vapor. These' should not cause any major prob-

lems in commercial-scale combustion as both could be scrubbed from the flue gas by
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spent liquor, Laboratory combustion experiments. confirmed the thermpdynamic pre-
dictions. Sodium chloride and sodium carbonate are the combustion products. The
volatile chlorine loss in laboratory experiments ran ebout 1%. This coneisted
meinly of HC1l or NaCl. Heating value determinations indicated that heating values
are 15 to 25% below kraft velues and are in the range of NSSC liquors. The heating
value is high enough to support cambustion without auxiliary fuel if the furnace is
so designed. Melting ﬁoints of NaCl-NepCO3 mixtures range frém 1500 to 1200°F."
Low melting ﬁoinfs may eliminate fluidized bed combustion in the range between 20%
NaCl and 60% NaCl. Bench-secale fluidized bed combustion studies. have bogged down

in system problems. Conclusive results have not yet been obtained.
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OTHER WORK ON RECOVERY

Two other aspects of the recovery problem were investigated. One wny Vit
possiblility of separating sodium carbonate from sodium chloride by crystallizat,,,,
techn1qués. If a separation could be achieved, the carbonate could be caustic) .,
with lime while the sodium chloride would be electrolyzed. The second aspect wn,
the influence of sodium chloride on causticization. If 1t can be established 1,
a reasonable separation of NaCl and NaoCOs can be achieved and that the presenin .
some NaCl does not unduly influence causticization, an optién is previded 1o tha .
of HCl to convert all Nap(0O3 to NaCl for electrolytic regeneration. In this “Bne

the most economic solution to a given situation could be employed.

SEPARATION OF NaCl AND, Na-COs

The separation of NaCl and NapCOs depends primarily on the equilibrix
the system sodium chloride-sodium carbonate-water. Table XXIITI shows such dsvsg

given by Freeth (1).

These data indicete that there are resl possibilities for achieving »
separation of sodium chloride from sodium carbonate. Under the pulping cond: .,
currently employed, the ratio of NaCl to NazC0s is sbout 3 to 1. Looking at -/,
solubility data, at 30°C. the composition of a saturated solution with both s-. -
phases present is 17.7 g./100 g, NapCOs and 15.0 g./100 g. NaCcl. Thus, the s -
of NaCl to NapCOs 1n solution is 0.85. Thus, the way is open to remove the *.., ..

the NaCl from the mixture. If the amount of water added 1s just encugh to s~ .

bilize the NaoCOs or leave a small amount behind, 71% of the NaCl would remai:

the s0lid phase and could be separated out. This could be done in principle |
leaching the solid recovered material or by concentrating a solution of' the re-- ..
material, The supernatant liquor would contain nearly all of the carbonate ; |

salt at an 0.85-to-1 retio. Carbonate could be removed from the liquor by ¢
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TABLE XXIII

NasC0s
N&gCOa
Na=C0a
NaxC0s
NaxC0a
N32003
NaCl

NaoC0a
NaoC0s
NaxC0a
N&gCOg
NaCl
NaCl

N&gCOs
NaoC0a
NasC0s
NasC0a

NEECOS °

NaCl
NaCl
NaCl
NaCL

NaxCOs
NaoC0s

NazCOa °

N32003
NBECO3
NaxCOog
NaCl
NaCl

NﬂgCOs
N82003
N32003
Na-C03
N82003
Na,C0s

NasCOs -

NeoCOa
Na-C0s3
N&2003
Na-C0s
NaCl
NaCl
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EQUILIBRIA IN THE SYSTEM SODIUM CARBONATE -SCDIUM CHLORIDE-WATER

'Solid Phase

10H0
10Hz0
10Hz0
10H20
10H-0
10Hz0

10H-0
10H-0
10HZ0
10H0 + NaCl

10H0
10H20
10Hz0
10H-0
10H-0 + NaCl

10820

10Hz0

10H-0

10Ho0 + NagCOs ° TH=0
TH=0

* THoO + NaCl

10H0
10H-0

« 10H0 + NapCQla THoG
© TH20

TH20

TH20

THz0 + NapC0s ¢ H=20
HzC ‘
Hs0

THz0 + NaCl

Hz0 + NaCl

e sa
T -
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TAELE XXIIT (COND.)

FQUILIBRIA IN THE SYSTEM SODIUM CARBONATE-SODIUM CHLORIDE-WATER

gatd. Soln.,

Temp., g./100 g. g

Oc. NazC0z NaCl Solid Phase .

35 32.9 0.0 NazCO3 * TH20

35 31.5 2.0 Nao-COs * TH20

35 31.0 2.5 NapCOa * TH20 + NapCOz ° Hz0

35 30.2 2.9 NaoC0s *+ Hz0

35 25.5 7.1 NasC0s + Hz0

35 16.8 16.1 NaoC0s « Hg0 + NaCl

35 b 21.7 NaCl o ' :
35 hoo 2k.0 NaCl B
ity 32,2 0.0 NaoCOsz + TH=20

40 28.2 3.9 Na-C0z *+ TH20

40 2h b T.3 Nap(0s *+ TH20 + NaosC0a + HoO

40 20.7 11.1 Na-COs - Hz0

40 17.6 14.6 Na,C0s * Hz0

L0 15.0 17.4h NanC0s *+ Hz0 + NaCl

Lo 10.3 20.2 NaCl

4O 3.6 24,2 NaCl

60 31.8 0.0 NasC0s + Hx0

60 24,0 7.2 NasCOz *+ Hz0

60 20.2 10.9 NasCOa - Hz0 '
60 16.6 4.5 Na-COs * H20

60 13.9 17.8 NapCOs + Ho0 + NaCl

At 0°C., the carbonate solubility would only be about 2.8 or 2.9 g./100 g.  Thus,
about 85% of the Nax(0s could be removed for separate treatment. The salt solution
containing the small amount of carbonate could be combined with the separated salt
and sent to the electrolytic cells. If greater degrees of separation or higher

purity is desired, multistage operation could be used.
CAUSTICIZATION OF NaCl AND NapCOs MIXTURES

It has been demonstrated,that the combustion of the spent liguor yields a
tixture of sodium carbonate and sodium chloride. It has also been demonstrated

that the separation of NaCl and NasCOz may leave a solution containing & mixture of
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NezCOs and NaCl. Informetion on the causticization of sodium carbonate in the
presence of sodium chloride is therefore very useful. Without the presence of
sodium chloride, the reaction between sodium carbonste and calcium hydroxide depends

on the low-solubility product of ca™ and €02~ ions, forming calcium carbonate.
NapC03 + Ca(OH)z = 2NaOH + 4CaCO3 .

As the gbove reaction proceeds, the concentration of NaOH increases; thus the
concentration of Ca(OH)2 1s no more soluble than the CaCOs in the solution and an

i

equilibrium is reached. ‘Thus, the conversion of NasCOs to NaOH cammot proceed to
completion, and in the solution both CaCOs end Ca(OH)z exist in small amounts. The
percentage of conversion, which is defined as the percentage of hydroxides of the
total alkalinit&, in practice is usually slightly higher than 90%. A'series of

runs were made with fixed quantities of NapCOs solution and Ca(OH)z solution. ‘NaCl
was added before causticization and the amounts added in the runs were 0, 20, 4O,

50, 60, aﬁd 80% by weight of the total amouﬁés of NasC03 and NaCl, respectively.

The mixture of NepCOs-NaCl solution and the Ca(OH)z solution was heated to 185-195°F,,
maintained at this temperature for one-half hour with constant stirring, and allowed
to settle. The supernatant solution together with the washings of the precipltates
was titrated with O0.1N sulfuric acid, followiﬁg the "two-indicator" method for

determination of NasCOs and total alkali. The results are shown in Table XXIV.

From these results it can be concluded that the presence of NaCl in
various portions from zero to 80% bears no appreciable effect on the conversion of

NaCOs to NaOH by Ca({OH)» causticization.

After the causticization, the dilute caustic solution can be concent?ate&
to 46-49OBé, corresponding to a specific gravity of 1.47-1.51 for the removal of
NezC0a and NaCl (g). The solubilities of NaCl end Neo(COs in aqueous sodium

hydroxide solution are shown in Teble XXV (1).
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EQUILIBRIA IN THE SYSTEM SODIUM CARBONATE-SODIUM HYDROXIDE-SODIUM CHLORIDE-WATER‘
AT VARTIQUS TEMPERATURES

-

TABLE XXIV

CAUSTICIZATTON DATA

NapC0q Found, g&.
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Percent Conversion

Semple 1  Sample 2 Sample 1  Sample 2
3.66 -~ 93 .7 --
h.o7 4.60 93.2 92.3
4,08 L.38 95.8 9.5
h.17 3.95 9.5 95.9
%.61 3,91 g1 93.6
.57 4,96 "93.3 R.7

TABLE XXV

Saturated Solution,

Temp., g./100 g.
©c. NazCOs NaOH  NaCl
0 2.4 8.k 17.3
0 2.l .3 12,7
0 2.8 6.0 1.2
0 2.9 20.5 4,2
0 2.9 19.9 8.5
0 3.4 22.1 4.2
0 2.2 25.1 6.9
0 1.9 23.0 6.5
0 1.2 25,8 5.6
0 0.6 29.2 k.3
15 9.2 1.5 19.4
15 8.4 5.8 16.2
15 8.7 7.2 1k.9
15 7.9 10.4  10.5
15 8.7 15.6 2.
15 7.5 10.6 12.7
15 ‘7.2 12,5  11.7
15 8.2 1%.6 9.6
15 TS 7.7 3.1
15 1.9 23.1 T
15 0.2 k6.2 0.9
20 12.8 1.7 16.9
20 11.6 9.5 6.9
20 12,0 3.6 15.9
20 9.6 8.5 13.4
20 9.6 9.7 12.4

NazCOs
NapzC0q

‘N32003 .

NaoCOs
NazC0s
NasCOn

NaoCQs -

NasCOq
Na-C0g
Na=C0a

NazC0g
NaxCls

NasC0s -

NasCos
Na-C0s
KaCl +
NaCl +

KasC0s -

NaoC0s
NaCl +
NaCl +

Nan(0s *
Nas(0g

NaCl +
NaCl +
NaCl +

Solid Phase

* lOHEO
+ 10Hx0
10H,0
+ 10H50
+ Ha0 +
. Heo
Ha0
.« Hz0
+ Ho0
. HEO

. 10H50
+ 10Hn0
10H=0
. 10Hs0
« 10H0
NaxC04

NasCls

+ + + + +

NasC0s

10HL0
10H:0
NasC0a
NasC04

NapCO0s -

THz0 + NasCOn - HEO
+ TH20 + Nap(Os - Hz0
N32003 *

H=0
+ Ha0

+ NesC0q » THeO + NaCl
+ NaoCOg - TH20 + NaCl
+ TH20

+ NaCl

+ NaCl

+ NaCl + NaoCOz -+ TH=0
+ NazC0g ¢« THoO

NaoC0s + TH20 + NacCl
NasC0s + TH20 + NaCl
NaCl

NaCl

NaCl

NaCl ,

+ NaCl

+ NaCl

+ NaCl + NapCDs *+ THeO
+ NasC0s « TH20

+ WasC0q - TH20

+ TH20

« THeO + NagCOs - HpO

+ TH20
THa0 + NasCOs - THa20
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TABLE XXV (CONTD.)

FQUILIBRIA IN THE SYSTEM SODIUM CARBONATE-SODIUM HYDROXIDE-SCDIUM CHLORIDE-WATER
AT VARIOQUS TEMPERATURES

Saturated Solution,

b Temp., g./100 g.
S¢. NazCO3  NaOH  NaCl Solid Fhase
10 20 10.1 12.h 7.5 NaaCOs * Hz0 + NasCOa ¢ THR0
i 20 10.6 15.5 1.9 NaoCOa * HoO + NasCOs * THzO
1. 20 7.0 123 11.9 TaxsC03 « Ho0 + NaCl
H « 20 1.2  25.1 6.6 NazCOs * Hp0 + NaCl
20 1.7 46.7 0.9 NapCOs * HoO + NaCl
1 25 18.1 1.7 8.6 NazC0Os * 10Hz0 + NaoCO3 - THa0
1 25 18.3 6.3 3.3 Nas(0a « 10Hz0 + NagCOs - TH20
25 15.9 1.7 15.0 NaCl -+ Naacoa .« TH20
25 1.9 8.6 6.4 NasCOa « HzO + NagCOs - TH20
25 15.2 11.0 3.2 NazCOz . Ho0 + NasCOs - THs0
; 25 13.5 L.  1h.1 NaoCOz + HaO + NapCOa - THo0 + NaCl
i 25 9.1 8.9 13.5 NapoC0s - Hs0 + NaCl
25 3.1 i8.5 9.9 NapC03 -« Ho0 + NaCl
25 0.3 41.5 1.5 NepC0a - Ho0 + NaCl -
25 0.3 4,0 1.3 NapCOz - Ho0 + NaCl
25 0.5 L5,7 1.1 NazCOz - Hs0 + NaCl + NasCOs
25 6.2 . 49.9 1.0 NaCl + Nas(COs
30 26.7 2.2 1.2 NasCOs - 1ng0 + NasC0s + TH20 )
30 23,1 1.5 7.6 NazC0z + Ho0  + NasCOa « THzC
30 . 22.h 5.2 2.9 NeoC0a - HoO + NasCOz - TH0
30 6.0 12.h 12,5 NaoCOsz - Ha0 + NaCl
! 30 0.2  34.6 3.0 NazCOs - Ha0 + Nacl
) 30 0.2 k1.8 1.5 NapCOa -+ Ha0 + NaCl + NazCOs
‘ 30 0.2  51.3 1.0 NeoCOs + NaCl
35 11.0 5.5  15.3 NapC03 » Hz0 + Nacl
35 4,6 nh.7 11.8 NagC0s - Hz0 + NaCl
35 1.4 2h,9 7.0 NapC0s - HpO + NaCl
35 0.3 h0.8 1.8 NapC0s - Ho0 + NaCl + NasCOs
35 1.0 49.0 1.2 NasC0s + NaCl
45 9.2 6.1 16.7 NapCOs + Hs0 + NaCl
b5 2.9 8.1 10.8 NapC0s3 -+ Ho0 + NaCl
b5 0.4 33.4 3.8 NapC0s - Hz0 + NaCl
. ;‘ ks 0.3 37.2 2.7 NasCOz - Hz0 + NaCl + NaosCOs
g 45 0.3 38.8 2.4 NaosC0sz + NaCl
4 45 0.2 hod 2. NazC03 + NaCl
? L5 0.5 54.1 1.3 NepoCOs + Nacl
X 60 5.8 9.4 15.8 NaoC0s + Ha0 + NaCl
60 2,6 18.1 11.3 NapC0s - Ha0 + NaCl
60 1.7 22.3% 8.4 NazC0s + HaO + NaCl
{ 60 0.5 33,2 4.3 NazCO3 - Hp0 + NaCl + NazCOg
60 0.2 52.6 1.7 NasCOs + Nacl ‘
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SUMMARY

These data show that the possibility of separating NapCOz from the NéCl
for separate causticization is feasible, This is a promising development because
it would eliminate the need to operate electrochemical cells to produce HCl for
converting NasC0s to NaCl. This is bound to have & favorable effect on process

economics.,.

There are several possibilities for achieving the separgtion. Efobably
the simplest approach would involve a. controlled. leaching of the solid recovered
material to solubilize the carbonate and leave fhe bulk of the salt as a solid phase.
The carbonate solution so obtained, containing about 0.85 g. NaCl/g. NasC0s, could:
then be causticized. This salt could be dropped by concentrating the resultant
caustic solution. This is especially attractive since a caustic evaporator is
already a part of the system if diaphragm cells are used. This approach would .be
favored if fluidiéed bed- combustion is used since the NaCl and NasC0Os; would be

recovered in solid form.

A second approach could be used if the NaCl and NapCQOs are recovered as
molten smelt and a dissolving tank is used. The separation of the bulk of the NaCl
could then be achieved by concentrating the solution and cooling to 30°C. The
solution remaining could then be separatelf causticized. In either of these two
approaches, the bulk of the carbonate can be rémoved-by cooling to around 0°C, for

causticizing in a nearly salt-free condition.

A more elegant (and complex) system involving several stages and recircu-
lation of liquors could be used to achieve a nearly complete separation of NaCl and

NapCOs; if desired.  At. present, this does not appear necessary.
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STATUS OF Cl0z TECHNOLOGY

At the time that Progress Report Eleven was written, there were some
doubts about the technical femsibility of the Chemech process for Cl0s; generation.
These doubts were due in the main to a lack of informaetion about details of the

Chemech process. A meeting was held with Chemech in June, 1970, to resolve the

uncertainties.

A major concern was the type of diluent gas used In the (10, generator.
Chemech's patent (Can. pat. 782,574) implied that hydrogen gas was used as the

diluent. We were concerned about the safety aspects of a hydrogen-chlorine dioxide

mixture. In discussions with Chemech, it was confirmed that they do not use

(alealts ittt A B T - e e

hydrogen as the diluent gas (although they say they ran somé tests using. hydrogen

without explosions).. 'They can use either water vapor or air as the diluent for

[ .
[ v bt o

Ci0». Water wvapor is préferred. Thus, there do not appear to be any inherent

safety problems in the Chemech process.

A sgcond guestion concerned the physical form of the feéd to the CiOg
generator, specifically, whether gaseous HCl or aqueocus hydrochloric scid is used.
4 . Chemech indicated that the generator could be operated with either gaseous HC1l or
aqueous hydrochloric acid. They prefer hydrochloric scid because of increased
operating flexibility, but can go either way. Use of hydrochloric acid enteils e

greater steam consumption for the generator. With %3% hydrochloric acid, 3.7 lb.

of steam per 1b. of Cl05.are needed. The ability of the system to operate sither
way is important from the standpoint.of integration of the Cl0o generation step into
4 the rest of the regeneration system. Aqueous hydrochloric acid provides a wmeans of
L ; storage and can serve to decouple the ClOp generator from the rest of the recovery
systent. On the other hand, the system can be set up to use gaseous HC1 directly,

! thus saving some steam costs. This flexibility eliminates the need for a chlorine

/ liquefication system.
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The temperature in the generator can range up to 110°C., which is the

boiling point of the generator solution. The temperature of the gés stream leaving
the generator would be governed b& the generator temperature and might be expected
to range up to 200°F. With water vapor as the diluent gas, the concentration of
Cl0» in the generator gas is about 6-7% Cl0» by volume. Control of the efficiency
of the generator is dependent on the ratio of reactants, temperature, and pH. They
are willing to flatly guarantee an efficiency of 90% and are quite confident 6f the
ability to achieve 95% efficiency. There are two aspects to the problem of gen-
erator efficiency. Since the efficiency is baséd‘on the percentage of chlorate
converted to Cl0p, the lower the efficiency, the more'chlorate is needed per lb. of
Cl0z and the power usage is increased. Lowering the generator efficlency also
causes a significant increase in the amount of chlorine préduced in the génerator.
The relevgnt reéctiohs are:

NaCcl0z + 2 HCI = ClOz + ¥YaClp + NaCl + Hg0 , "and

NaCl0a + B6HCY = 3Clp + NaCl + 3Hz0 .
At 100% generator efficiency, there is 0.5 Ir;ole of Cl, per mole of Cl0a. At 95%
efficiency, this becomes 0.66 mole of-012/mole of Cl0p, and at 90% efficiency,
0.83 mole of Clp/mole of Cl0s. Since the chlorine may be separated from chlorine
dioxide by virtue of its limited solubility and recycled, this latter problem may
not be serious. Control of generator efficiency would become critical if the gas
from the generator were used directly on the wood in the oxidation step. The

feasibility of pulping by this method has yet to be demonstrated.

The technology of chlorate. production was also discussed with Chemech.
The most significant advance has been the deveiopment of metal electrodes. These
electrodes are a titanium substrate with a noble metal (e.g., platinﬁmwiridium)
Su?face. The metal. electrodes are much thinner than graphite electrodes and permit

8 constant electrode gap. They also require less power at a given current density.
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Normal design 1s at a higher current density than with graphite electrodes in order

to provide a more compact cell and to minimize capital costa. Metal electrodes

provide much greater design flexibility.

The remaining uncertainty regarding the Chemech process rests with the
fact that it has not ﬁeen'put into commergial éractice. The process has been
plloted, and to our knowledge there are no technical limitations. However,
commercial use of the process would certaihlyrincrease the confidence in 1it. There
appear to be tﬁo major reagons why the procesé has not been put to' commercial use!
Firet, Chemech hae concentrated its effért on chlorate tecnnology and the develop-
ment of metal électrodes. Secondly, the dominant use of ClO= toda& ig in bleaching
kraft pulp where sulfur-contalning generator by-products are not as serious a

problem. At the present time, we are confident that the Chemech process could be

used in holopulp recovery.

Holopulp recovery 1s not necessarily tied to the Chemech process for<C}Og'
generation. It does require a ClOz generation process not based on sulfuric acid.
Of the exiqting processes, the Day-Kesting process 1s the only one meeting thét
¢riterion, and the Chemech verslon appears to be the most édvanced. Events of the

past year have not significantly changed this plcture.




Lol W SR VRN ebn-‘:“'-“:‘ﬁ‘f.a AR

Vo el T S

Projecﬁ 2500 Page T9
Report Fifteen

CONCLUSIONS

The work of the past year has confirmed-the validity of recovery concepts
/hich had been presented earlier. A recovery process based on evaporation and
wrning of the liquor to produce sodium chloride and sodium carbonate, caﬁsticization
f the carbonate, electrolytic processing of the chloride, and Day-Kesting ClOz
woduction appears workable. The process should be essentially closed with a
iinimum of pollution problems. -There'sho;ld~be no significant odor problems. ' It

s believed that the basis‘for a recovery system has been firmly established. What

emains to be done is to solve the detailed engineering problems needed to bring the

ystem inte commercial reality.

VAPORATION

The work on evaporation has established that thé chlorine compounds are
.ot volatile under evaporating conditions. Negligible amounfs of chlorine were
>und in the condensates. This finding held true over the pH range from 1.8 to 11.
oncondensable gases are odorless and contain negligible amounts of chlorine com-
unds. There should be nopollution problem associated with the presence of
alorine in the evaporation step., The evaporation of holopulp‘spent liguor is not
1tirely pollution free. There is a significant BOD load in the condensate: This
in be only partly reduced by evaporating under alkaline conditions. This could
fect the abllity to recycle condensates and could require treatment facilities.
¢ liguor behaves reasonably well during evaporation. There is no strong foaming
ndency, nor is there evidence of precipitation. These.findings are restricted to

qQuors produced from hardwoods under pulping_conditioné which give an excess of

dium over chlorine.
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COMBUSTION

Thermodynemic calculations showed that sodium chloride and sodium carbon-
ate are the combustion products from holopulp speﬁt liguor. They indicated that
the only significant volatile forms of chlorine under combustion conditions are
hydrogen chloride and sodium chloride vapor. These predictions were confirmed by
laboratory combustion experiments. Calorimetric déterminations gave heating values
in the range of NSSC liquors. The heating value of holopulp spent liquérs should
be adequate to support combustion without the need for an auwxiliary fuel. Bench-
scale experiments to determine the feagibility of fluidized bed combustion have been

inconclusive. They are continuing.

The amounts of HC1 and NaCi vapor produced during combustion are probably
too great to permit their direct discherge to the atmosphere. This should cause no
great difficulty since they are both readily soluble in water and could be scrubbéd
from the flue gas. The spent liquor itself could be used for this purpose. A
direct-contact evaporator scrubber is very attractive for combustion of holopulp
liquor. Such a direct-contact evaporator would not act as an'emission source for
this system because volatile gases are not released during acidification (at least
down to pH 1.8). The device would, instead, minimize emissions by scrubbing HC1

and NaCl from the flue gas.

There are valld reasons for using direct-contact evaporation as the sole
heat recovery process in holopulp liquor combustion. - In the first place,; the
heating values of holopulp liquors are significantly lower than kraft so that there
is less heat avallable to be recovered, A second problem lies with the corrosive
nature of the flue gases and the volatility of NaCl. It could be very difficult to
maintain clean heating surfaces and heat recovery equipment could be very expensive

to install. A third factor is associated with the desirability of iow combustion

[
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semperatures to minimize volatile-cﬁlorine compounds. This would also reduce the
yotential for recovering heat as steam. A finﬁl consideration is that the holopulp
)rocesgs as avwhole requires much more steam than could be obtained from the heating .
alue of the spent liquor. Auxiliary power boilers would be needed in any event.
‘hus, the thrust of the design of the liquor furnace hight vell be toward simplicity,
ow capitel cost, reliable operation, and low emissions. .Use of the liquor heating

alue for direct-contact evaporation also reduces the investment in multieffect

vaporators.,

At the present time, there are two concepts of holopulp liquor combustion
hich appear most attractive. Fach of these uses & direct-contact evaporator-
crubber as the sole heat recovery device. One is based on recovering the ﬁaCl and

1C03 1n solid form, while the other recovers the material as a molten smelt. Each

¢ these is discussed below.

Fluldized bed combustion appears to be the most attractive method for
irrying out the combustion below the melting point of the recovered NaCl-NasCOa
ixture. Such devices are currently operating successfully in the industry on
iSC spent liquors. The mejor question mark about fluldized bed combustion is
iether or not the meiting point 1e high enougﬁ to permit combustion at efficiencies
sproaching lOO%. Melting points of NaCl-NasCOs mixtures have been determined in
e laboratory. There is a definite region between about 25% NaCl and 60% NaCl
ere the melting point would be too low for fluidized bed combustion. However,

NaCl content above 70% (which is the range expected under current pulping con-
tions), the ﬁelting point approaches that of pure NaCl.  Thus, fluigized bed
nbustion could well be feasible. Attempts to demonstrate this with a bench-scale
stem have not yet been successful. The system has been in operation for about

ree months and 1s still in the shakedown stage. Work 1is continuing.
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The second concept would involve carrying out the cambustion at tempera- -
tures sufficiently higher than the melting point so that smelt flows freely frcm the
system. This would likely be at about 1600-1700°F. The furnace itself would be
completely refractory 11ﬁed to minimize heat losses and maintsin steble combustion.
There would be no need to maintain reducing conditions in the furnace, and the air
supply could be adjusted accordingly. It may be cnticipated that & char bed would
exist in the furnace and that a substantial portion of the combustion would vake
place there. Smelt could be removed in éhe conventional manner. Flue gases would
be conducted directl&'to the contact evaporatcr-scrgbber. Such a syctem would seem

to have a minimum of problemg due to corrosion and salt deposits.

SEPARATION OF NaCl AND Na>COs

Solubility data on the NaCl-NazCOs system indicate that a separation of

salt and carbonate can be achieved with a relatively simple system. Experiments

cizing reaction. The net result is that it appears feasible tc causticize the
recovered carbeonate directly and eiiﬁinate the step of using nydrochloric acid to
convert NaaCOs to NaCl for electrolysis. The simplest approach would involve
leaching the carbonate from the recovered material, causticizing the solution sc
obtained, and sending the chloride-rich caustic solution to the caustic evaporator

in the chlor-alkali loop. . -

Cl0p TECHNOLOGY

There appear to be no technical problems to Cl0- generation. The Chemech
process remains the most applicable process for holopuly reccvery. There are noc
reservations regarding its feasibility other than the fact that it has not bheen put

into commercial operation.
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APPENDIX I

DETERMINATION OF TOTAL CHLORINE

The procedure adopted in this study for the ghlorine determination ie
based primarily on the Thompson and Oakdale (%, 5) method. The apparatus is shown
in Fig. 8. The samples, either liquid or finely pulverized, were put into the
reaction flask and potassium dichromate crystals were added. Concentrated sulfuric
acid was than added, drop by drop, through the funnei. The mixture was heated to
boiling and the chlorine in the- sample was expelled as chlorine gas, which was re-
duced to the chloride form and absorbed by'the NaOH-Haba mixture in the absorption
column. The NaOﬁ-Hgoé solution was analyzed for Cl~ by the Volhard method. hFor
a 250-m1, sample of coﬁcentrated spent liquor, 13 g. of potassium dichromate, 30 ml.
of concentrated sulfuric acid, 60 ml. of 0.25N sodium hydroxide solution, and 30 ml.
of 30% hydrogen peroxide were used. The addition of a couple of pleces of pumice

stone in,the flash was found helpful.

Samples of sodium chloride solution of different chlorine concentrations
were digested, and the total amounts of chlorine in the NaQH-Hn0p were determined.

These runs were used to test the method. The results are shown in Table XXVI.

The arithmetic average of the percentage of detection for all the runms is
96.9%. The resulting points are random and indicate no significent pattern or

trend between the percentage of detection and the chlorine concentration of the

sample,; which fanges from a few parts per million to ca. 15 grams per liter.
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