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ABSTRACT

A scrubber was required to abate a waste stream containingnehi@as created
in the electrolytic dissolution step of the aqueous polishing proteks dMixed Oxides
Fuel Fabrication Facility at Savannah River Site, South Carolifa method of
absorption that utilized caustic sodium sulfite as the scrubbingt ages studied for
implementation in the process. This method was found to be higldieetfwith respect
to process requirements, and it was also found to provide enhancadnpede over the
more conventional method of chlorine scrubbing which uses only aqueous sodium
hydroxide as a reagent. Sulfite provides an additional advamaifat it scavenges
other potential pollutants such as hypochlorite and prevents theiptiesdrack into the
gas stream. Absorption was found to be rate-limited by liquidepmass transfer at low
to medium sulfite concentrations. The process is believed to bimétsl by gas phase
mass transfer at higher sulfite concentrations, although spegifititions for gas phase
control could not be determined. A significant amount of the sulfas feund to be
consumed by an undesirable oxidation side reaction. The procefswvdgo be mildly

exothermic, but heat effects were not detrimental to system performance.
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ORIGIN AND SCOPE

The Mixed Oxide (MOX) Fuel Fabrication Facility is a procksesg constructed
at Savannah River Site of the Department of Energy (DOE). Tip@geiof the facility is
to process decomposed weapons grade plutonium into fuel grade plutonitwe. T
agueous polishing process includes a dechlorination and dissolution préegssl t® as
the KDD. In the KDD unit, Pu@is dissolved into a nitric acid solution by application of
a direct current. Insoluble chlorides and other impurities preserthd Pu@ are
transformed into gases during the electrolytic dissolution of,Pu® waste stream is
created consisting mainly of air and chlorine. Other impuritie isc HNQ, HNO;,
NO, NG,, N2Og4, Hy, HO, N, and Q are present as well, but only in trace amounts. A
scrubber is needed to abate 99.5 % to 99.995 % of these pollutants. Tdysihepli
experimental work, only Glwill be considered for the purposes of this study.
Objectives
The purpose of this work was to design, build, and test a chlorine scrabber
operate at the conditions to be used in the MOX Fuel Fabricatioititfra Special
attention was paid to aspects of design and operation that allosafforand effective
running of the equipment.
Some of the basic operating conditions specified by DOE for test purposes were:
e Gas flow rate should be constant at approximately 25 L/min at STP
e The maximum load of Glgas to be processed is approximately 0.72 kg/hr.
e The pH of the scrubbing liquor should remain constant at 12 in orddovo far

high scrubbing capacity and to limit corrosion.



The scrubbing solution must utilize )05 as the scrubbing agent and NaOH to
maintain the desired pH.
The packing should be 750 Mellapak-Y by Sulzer.

Experiments were intended to yield insight on the effects of d¢flewing

variables on scrubber performance:

1.

2.

3.

Sulfite concentration

Inlet CkL, concentration

Inlet air flowrate

Recirculation rate

Packing height

Capacity of the scrubbing liquor for absorption of chlorine

Beyond designing a process that was capable of accomplishing th@maetical

objectives, an additional goal of this project was to understanteksas possible the

fundamental molecular processes taking place. Of specific interedtevasderstanding

of the absorption process within the context of mass transfer and chemistry.



LITERATURE REVIEW

A fundamental understanding of this chlorine scrubbing process requsighti
into the mass transfer, chemical reaction kinetics, and thermmiymaf the system.
Determination of which of these factors limits the rate obiché absorption is crucial to
understanding the key design parameters. Transport,ofaSlinto aqueous solution
occurs by mass transfer with simultaneous chemical reactitheitiquid phase. The
first task is to catalogue and characterize the chemicatioms taking place in the
system.

Reactions involving Chlorine and Agqueous Sodium Hydroxide

Chlorine reacts in alkaline sulfite solutions in numerous ways, creating@eo
network of reactions. The first task is to understand hovib€Haves in a simple aqueous
solution at different pH values. Water dissociates into hydroxide and hydramsm
this reaction can be represented by Eq. (1).

H,0 < H" + OH (1)

As Cl is dissolved into aqueous solution, it undergoes hydrolysis by two

reactions, as represented in Eqg. (2) and (3).

Cl, + H,0 < HOCI + CI + H' 2)

Cl, + OH <« HOCI +CI (3)
Which reaction is favored is dependent on pH. Spalding (1962) showed thatpkbove
12.6 reaction (3) is favored and rate controlling, while below pH f€aBtion (2) is
favored. Kinetic data for glhydrolysis involving the forward and reverse reactions of

Eq. 2 are presented in table 2.1 (Wang and Margerum, 1994).



Table 2.1: Rate Data for £Hydrolysis

T (°C) k, (s k,x 10° M?s™
0 1.9 +/- 0.1 7.1+/-0.3
5 1.9 +/- 0.1 9.7 +/- 0.5
10 5.7 +/- 0.2 12.0 +/- .4
15 9.1 +/-0.3 15.2 +/- 0.6
20 15.0 +/- 0.4 18.2 +/- 0.7
25 22.3 +/- 0.6 21.4 +/- 0.8
30 30.5 +/- 0.9 26.2 +/- 0.9

The equilibrium constant data for Glydrolysis (Eq. 2) have been studied by a number
of sources. The work of Connick and Chia (1958) is tabulated in table Be2dafa in
this table are given as apparent equilibrium constants which asdaeaiesolution and

include the reference fugacities of the true equilibrium constant.

k, _[HT]ICI"][HOCI]

K. =
2 K, [Cl,]

(4)

Table 2.2: Apparent Equilibrium Constant data forl@idrolysis at different

tem peratu res
T (°C) K, x 10* (M?)
0 1.46
15 2.81
25 3.94
35 5.1
45 6.05

Gershenzon (2002) reports a rate of reaction for Eq. 3. He also shatvs
reaction rates for Eq. 2 and 3 are equal at pH (6.6). He reports that reactitmmBnant
above pH 6.6, which is a lower value than that reported by Spalding (196&2)kinetic
data compiled by Gershenzon are displayed in table 2.3. No @atvatable for the

reverse reaction.



Table 2.3: Rate constants for forward reaction efivith hydroxide
(Gershenzon, 2002)

T (°C) ks x 10°8M's™

2 1.3+/-0.5
20 6 +/-2
30 8+/-3

The dimensionless true equilibrium constant for reaction 3 is given by Hildata e

(1973) at 38C in Eq. 5:

« . LHochiery _
* [CLIIOH]

3.1x10% (5)

The high value of the equilibrium constant means that the amour} oédcted
and thus the amount of HOCI present depends strongly on the pH of ukiersai the
basic range. Whether reaction (2) or (3) is the rate contraliegin a given system is
dependent upon pH. Spalding (1962) studied the kinetics,dfiy@rolysis at different
values of pH. Rate of ghbsorption is shown as the enhancement fadtowyhich is

defined as the rate of absorption with chemical reaction dividedeosate of absorption

with no chemical reaction. Figure 2.1 shows the behavidr@ier a wide range of pH.

1 T T T T T 1 ]
zone A || zoneE B | tzone ¢ | zone o
19091 €1, +1y0 == T Tl #Hp—= C‘a*"z°“‘§¢‘2‘°“—_"'
Hocn-ﬂ‘-!cr i HOCY + H™ =+ 1™ m»u’acz‘i HOCT + i
|
| I " d
.- H iCiz = on™]
o “ | yrocrec |
! I
! |
¥ ! i
_ } !
e ! !
] <
14 1 _fte
i - / i
i /i
oal—, g
]
- i i ]
] | {
; | i 1 I
o1 . 1 i 1
o ] - [ 8 ) 12 3

INITIAL pH OF ABSCRBENT

Figure 2.1: Enhancement factor minus one as a function of pH, Spalding (1962).
Reprinted with permission from Wiley and Sons



As can be seen from Figure 2.1, EqQ. 2 is the dominant reaction below pth 2, w
the absorption rate increasing as pH increases. This trenceivetbdecause at low pH
there is a high concentration of kbns, which causes the reverse reaction to be more
significant. Above pH 3, the concentration of lns becomes insignificant and the
forward reaction is dominant. Between pH 3 and pH 10.5, Eq. 2 is hsillrdte
controlling reaction, but the rate of absorption is approximately aunster this range
as the reverse reaction is insignificant. Between pH 10.5 and pHaltPafisition region
is observed wher@ begins to increase nonlinearly. This takes place due to the combined
effects of the forward reaction of Eq. (2) and Eq. (3), whialoig significant due to the
increasing pH, and thus increasing concentration of iOhks. As pH passes 12.5 the
concentration of OHions is now high enough to cause Eq. (3) to be rate controlling.

Consequentlyp increases linearly with pH (Spalding, 1962).

After hypochlorous acid is produced via Eq. (2) or Eq. (3), it cam teact with
hydroxide to form hypochlorite according to Eq. (6) or Eq. (7).kiteliet al. (1973)

believed this reaction also affects absorption rate.

HOCI + OH < OCI + H,O (6)
HOCIl < OCI + H' (7)
Table 2.4 presents kinetic data for the forwarg) énd reverse (K reactions of Eq. 6 at

25°C.



Table 2.4: Rate constants for dissociation of hypochloric acid°@t 25
(Fogelman et al., 1989)

Ke 3.0x10°M7's™
Ke 1.8x10°M*s™

The value of the apparent equilibrium constant of reaction 6°a 80shown in
equation 8 (Hikita et al., 1973). This value is consistent witld#te from Fogelman et

al. (1989) in Table 2.4.

__[oCh] ks _o5i0om st (8)
®* [HOCI[OH™] k,

« _[H"IoCI] _ k.
" [HOC Kk,

(9)

Eq. (9) defines the equilibrium constant for reaction (7), and equilibcmstant data
are shown in Table 2.5. These values are dimensionless and thiuseagquilibrium

constant values. Fig. 2.2 shows dissociation of hypochlorous acifliastian of pH as
presented by White (1972). Note that at the high pH relevant tettllg, the dominant
species is OCI

Table 2.5: Equilibrium constant data for dissociation of hypochlorous acid aediffer
temperatures (White, 1972)

T (°C) K, x 10®
0 2
5 2.3
10 2.6
15 3
20 3.3
25 3.7
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Figure 2.2: Dissociation of hypochlorous acid as a function of pH and T. Figure
adapted from data by White (1972), used with permission from Wiley and Sons.

Reactions involving Sulfite and Chlorine

Dissolved Cf reacts directly with sulfite to produce chloride and sulfate.

Cl+H0O+SQ* - 2CI+SQ>+2H

(10)

There are alternative mechanisms to explain how this reacticursoc The study by

Fogelman et al. (1989) indicates that there are two pathways fifgt involves

hydrolysis of the Glfollowed by the reaction of hypochlorite or hypochlorous acid with

sulfite and the creation of a chlorosulfite intermediate. Tls f@action pathway sees

the sulfite ion oxidized by the hypochlorite ion as shown in Eq. 11s rBaiction is not

hydroxide inhibited.

OCI + S — CI +SO2

(11)



The second reaction pathway takes place by either a singiéiorear a
combination of three. The first reaction in this pathway may acdourihe observed
reaction rate by itself, and is believed to be hydroxide inhibited, is shown in equation 12.

HOCI + SQ* — OH + CISQy (12)
The second (Eg. 13) and third (Eq. 14) reactions may take place in ctorbindh Eq.
12 in order to produce the chlorosulfite intermediate (G)SO

SO + H,0 > SOH + OH (13)

SO;H + OCI — OH + CISG (14)

The empirical rate equation provided by Fogelman et al. (198918 do model
these reaction pathways accounts for hydroxide ion inhibition; howeaation rate is

mostly independent of hydroxide concentration above 0.05 M.

(15)

ki1 represents oxidation of sulfite by hypochlorite, apdika first order rate constant
representing the combined rate for either reaction 12,eactions 12 through 14.
Fogelman fitted kinetic data for equation 15, and the valu#isegbarameters are shown
in Table 2.6.

Table 2.6: Rate constants for the empirical rate law showq.id%&
(Fogelman et al., 1989)

Name Value
< (2.3 +/-2) x 16 M1s?t
K 450 +/-30 &




If it is assumed that the only reaction that is hydroxide inhibgedaction (12),
then it is possible to substitute the rate law for reaction (12)Hqt¢l5). The result of

this is shown in Eqg. (16).

k .k
k=|ky, 612 _____[OCI'][SC"
( " ke[OH ]+k12[SCf ]J[ ][ 032 ] (16)

ki1 is the rate constant for reaction 13%,dnd ks represent the rate constants for the
forward and reverse of reaction 6, and ik rate constant for reaction 12. Fogelman’s
values for each rate constant in Eq. 16 are shown ile Pab.

Table 2.7: Values of rate constants used in Eq. 16°at &ad ionic strength of zero
(Fogelman et al., 1988)

Reaction Rate Constant
11 (2.3 +/-0.2) x 10* M?'s™
-6 1.8x10°s™
6 3.0x10°M's™
12 (7.6 +/- 0.4) x 10° M's™

As a result of reactions (11) through (14), chlorine sge@act with sulfite at a
faster rate when the pH is below 12.6 because sulfite regittsHOCI at a rate four
orders of magnitude greater than the reaction between sanfit@©Cl. Fogelman et al.
(1989) state that the reaction between HOCI and sulfite BdsInegligible above pH
12.6, as OClis the only species present and available to react withuthie s

The chlorosulfite intermediate created by Eq. (12) and(E4). goes on to react
with water as shown in Eq. (17).

CISOy + H,O — CI- + SQ* + 2H' (17)

10



Yiin and Margerum (1988) studied this reaction in detail althcagpecific mechanism
has not been proven. The rate constants for thestoreaare shown in Table 2.8 as
reported by Fogelman et al. (1989).

Table 2.8: Rate constants for formation of chlorosulfite ingeliate and
hydrolysis at 25C and ionic strength of zero (Fogelman et al., 1989)

Reaction Rate Constant
12 (7.6 +/- 0.4) x 10° M's™
17 (2.7 +/-0.2) x 10* s™

Another way of understanding the reaction of chlorine witfitsyEq. 10) was
proposed by Roy and Rochelle (2004) who conductedriexgets on chlorine absorption
with sulfite solutions between pH 4.7 and 5.7. Their erpents showed that £tould
react directly with sulfite without it being necessary to forlrl@Cl or OCI as an
intermediate. The rate constants Roy and Rochelle foundeéztion of sulfite and
bisulfite with the different chlorine species are shown in Tal8e

Table 2.9: Rate constants for selected species reactitmsulfite at 25C
(Roy and Rochelle, 2004)

Chlorine Species | Rate Constant for reaction with sulfite
Cl, (Eq. 10) 1.1 x 10° L/mols
HOCI (Eq. 12) 7.6 x 10° L/mols
OCI (Eq. 11) 2.3x 10" L/mol's

Roy and Rochelle point out that O@ the dominant species at high pH and that
decreasing pH to a point where HOCI is the dominant speoiesnates can cause an
increased reaction rate. This is because Eq. (12) haseaconstant four orders of
magnitude higher than that of Eqg. (11). At still lower @H},is the favored species, and
the favored reaction rate (for Eq. 10) is slightly highidc However, taking into account
uncertainties in the values, the rate constant for Eq. (1@)tismecessarily higher than

that of Eg. (10). Roy and Rochelle also mentioned thattion rates for chlorosulfite

11



intermediate formation (Eq. 12, 13, and 14) are muderfadlsan the rate of formation of
HOCI by chlorine hydrolysis.

Agueous Chemistry of Sulfite

The total concentration of aqueous sulfite molecules is sometapessented as
S(1V), or the sum of S§ (sulfite) and HS@ (bisulfite). Neta and Huie (1985) report
the pk; values for S(IV) species. For the transition from agedd$0; to HSQ' the
pKa value is equal to 1.86. For the transition from HI®SQ? the pKa value is equal
to 7.20. The pKdata show that at the high pH with which this study is prigaril
concerned, S(IV) will be in the $Oform. At neutral and lower pH values, S(IV) is also
present as HSO

One patrticularly notable characteristic of the chemistrygoieaus sulfite is that
sulfite can be oxidized into sulfate by chlorine and also hygen. Roy and Rochelle
(2004) report that when chlorine and oxygen are beisgrabd simultaneously, S(1V)
oxidation depends on the concentrations of the respectsesgas well as on the
concentration of sulfite in solution. With {fled at 275 ppm andQed at 14.5 mol %
approximately three quarters of $Ooxidation was reported to be due to reaction of
chlorine with S@ and the balance due to oxidation with oxygen. When onlya3 fed
at a concentration of 20.5 mol %, S(IV) oxidation took pkica rate of 0.068 mol/mhr
(mol of SQ” formed per mof interfacial area pér). Roy and Rochelle also report that
it is possible that Glcatalyzes oxidation of SQalthough the observed behavior may

only be due to S@desorption.

12



From an operational standpoint $@xidation is important because fresh sulfite
must be added as an experimental run is made. Additionhfiymatographic analysis
of the scrubber solution samples must be analyzed relasively after they are taken to
ensure an accurate measure of the sulfite concentratisamples sit for hours before
their analysis it could compromise experimental results.

Summary of Reaction Pathways Relevant to This Process

The following reactions are significant to the study of aesyscomposed of aqueous
sodium sulfite and sodium hydroxide. There are basicaliyréaction pathways by
which Cb is consumed by sulfite in this system.
Pathway 1:

Cl, + OH < CI' + HOCI (3)

ks = (8 +/- 3) x 18 L/mol s at T = 38C and K =3.1 x 18°

HOCI + OH «> OCI + H,0 (6)

ks =3.0x 18 L/mol s and k= 1.8 x 1§ s' at T = 28C and kK = 2.2 x 16 L/mol

at T=30C

OCI + SQ* — CI + SQ* (11)

ki1 = (2.3 +/- 2) x 16M st

HOCI + SQ* — OH + CISQy (12)

kio = (7.6 +/- 0.4) x 1M st

CISOs + H,O — CI + SQ° + 2H' (17)

ki7 = (2.7 +/- 0.2) x 10s*
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All reactions in pathway 1 are second order overall, bsit dirder with respect to free
chlorine (C}h, HOCI, and OC) and the liquid phase reactants (Q@iHSQ?).
Pathway 2:

Cl, + H,O + SQ* — 2 CI + SQ° + 2H' (10)

kio= (1.1 +/- 0.3) x 1®L/mol s at T = 28C
In this pathway Gl directly reacts with S§J. The values of the rate constants for
reactions (3) and (10) are essentially equal after accguittiruncertainty values. The
rate constant data suggests that the reaction pathways will womygeen the
concentrations of hydroxide and sulfite are on the samex ofdnagnitude.

Cl, also can be scrubbed by usi@@iH and water without the use of sulfite. When
there is no sulfite present, reactions (2) and (3) cb@troabsorption with reaction (6)
also playing a role. At a pH of 12 reactions (2) and d@npete as neither is rate
controlling.

Cl, + H,0 — HOCI + CI + H' 2)

ko= (22.3 +/- 0.6) S, ko= 21.4 +/-0.8 x 1®M?s1 and

K»,=3.94x10M*at T = 25C

Cl, + OH < HOCI +CI (3)

ks=8+-3x 10 M7's*, K3=3.1x 16%at T = 36C

HOCI + OH « OCI + H,0O (6)

ks=3.0x 10MIstKg=2.2x 16 Mt at T= 36C
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Mass Transfer

The basic mass transfer flux equations based on the ligdigas phases are

shown in Eq. 19 (Geankopolis, 2003).
Neiz = ki (Y - ¥) = kg (Xi - X) (19)
where k and lg are the liquid and gas phase mass transfer coefficesysctively. y is
the bulk phase gas concentration or fraction amgltihe concentration or fraction at the
gas-liquid interface. ixs the concentration or fraction for the solute at the intedadex
for the bulk. This equation can be expressed fpaf$orption based on the gas phase
partial pressure as in Eq. (20)
NCIZ = kp(PCIZ,b - PCIZ,i) (20)

Where k is the mass transfer coefficient based on the gas ghaseis the partial
pressure of Glin the bulk, and &, is the partial pressure at the gas-liquid interface.
In this system, Gltransport from the bulk gas into the liquid phase takes phaeethree
key domains. First, the £ravels through the gas to reach an interfacial boundagyewh
it can enter the second domain, a liquid boundary layér.mGst then migrate into the
agueous phase where it can undergo the final step indhess, chemical reaction. The
reaction is a crucial step because it ensures that the @le aqueous solution will not
reach equilibrium with the gas phase as long as equilibriumotsachieved. To
understand the overall process, it is necessary to detewhich step in the sequence
supplies the dominant resistance te t@insport under various sets of conditions.

Information on mass transfer relevant to, @bsorption into alkaline sulfite

solutions is somewhat limited, coming mainly from the study loy Bnd Rochelle
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(2004). Complicating matters further is the fact that studiétenature with relevance to
this one were concerned with absorption by randomly phtteers or wetted wall
columns rather than structured packing.

For absorption of Glinto NaOH aqueous solutions it seems generally agreed that
mass transfer through liquid phase domain is the rate limitipgugtéor feeds of Glup
to 64 mol%, a level above which QGolubility limitations come into play (Adams and
Edmonds, 1937; Lahiri, 1983; Kister et al., 2008). Hikita let(#973) studied Gl
absorption into agueous NaOH solutions as well. To dedajldd phase mass transfer
he developed a “two reaction plane model” based on pé&pattheory and on the two-
step reaction shown in Eq. (3) and (6).

Cl, + OH <« HOCI +CI (3)

HOCI + OH < OCI + H,O (6)
The model developed by Hikita et al. states that the ratio aiviivequilibrium constants
for reactions (3) and (6) determines the mechanism famnial absorption and the liquid

film profile for the system.
R=— (21)

In the limiting case of R = 0, the reaction is understood te pddce at a single reaction
plane. In the other limiting case-R «, the reaction is understood to take place at two
reaction planes. In a system whereg i€lbeing absorbed into aqueous NaOH, the value
of R is equal to 1.4xTQwhich is a value high enough to justify the use of the tlane

approach presented by Hikita et al. (1973). Accordinthi®omodel the Glhydrolysis
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reactions are understood to follow the two instantaneous lisiblee reactions (21) and
(22).

Cl, + OCI + H,O — 2HOCI + CI  (22)

HOCI + OH — OCI + H,0O (23)
where reaction (22) takes place at the first plane and reg@8), which is a modified
version of reaction (6), takes place at the second pl@hes two-plane approach means
that the liquid phase concentration profile in the in the scrubllgingr resembles those

presented in Fig. 2.3.

e-region 1+-region 2-==-region 3 ———

~interface

- first reaction - plane

S
L

HOCLI(C)

_-~second reaction-plane

Cy

concentrations

distance

Fig. 2.3: Concentration profiles of species in an agu&adssystem absorbing £l
(Hikita, 1973) used with permission from Elsevier.
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One possibility raised by the two-plane reaction model is thengial for desorption of
HOCI from the liquid phase as the concentration is high ajdkdiquid interface. HOCI
is generally regarded as an air pollutant to be avoidedgorp&on can occur in systems
with a high gas phase mass transfer coefficient and lowd ligass transfer coefficient
(Lahiri et al., 1983). If a column can be operatedhst resistance is limited by gas
phase mass transfer, then risk of desorption of HOCI withimémal.

The role of sulfite must also be considered when studyiisysystem. Roy
(2004) studied absorption of Zhto aqueous sulfite solution at pH between 4.7 and 5.7
using a wetted wall column. They concluded that for systdmat had a sulfite
concentration (in mol/L) ten times higher than the partial pressuCh (in atm) mass
transfer in the gas-phase would be the limiting step. Utiiercondition the chlorine
reacts with sulfite as soon as it reaches the interface deweéss sulfite concentration.
The partial pressure of £t the interface approaches zero and Eq. (20) simplifies to

Nciz = K Poiop (23)

Roy and Rochelle indicate that wherp, €bncentration is high relative to sulfite
concentration, mass transfer rate is limited by the flux ofetiegh sulfite to the interface.
In this case, Glflux has a linear relationship with sulfite concentration.

Neiz = ki sos” [SOsTs (24)
where k so3’ is the liquid phase mass transfer coefficient based on thid fidpase bulk
concentration of sulfite, [SO],. In this situation there is little to no sulfite at the
interface, and mass transfer is limited by how quickly sutféte travel from the bulk

liquid into the boundary layer where it undergoes fast chémeeation with CJ. Roy
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and Rochelle also indicated that at lower sulfite concentrati@ns th a contribution to
the flux from the buffer used. They found that a sudeinauffer enhanced &I
hydrolysis, and at lower sulfite concentrations &bsorption was limited by the buffer-
enhanced hydrolysis. This suggests that the caustic usedsuwifite would enhance
depletion of CJ since’OH also reacts with @l At low sulfite concentrations such a
system would approach caustie @bsorption similar to what was studied by Hikita et al.
(1973) and Spalding (1962).

Information on correlation equations that can be usedddigh mass transfer
coefficients relevant to this system can be found in articles\dams and Edmonds
(1937), Ramamoorthi and Laddha (1987), and Rocla. €1996). Other information
and correlations for specific column packings are avaifkabte manufacturers.

Heat Effects

Heat effects can be highly significant when designingas @bsorption column
because temperature affects solubility, and changing tewoupes can move the
operating line of the column in way that is unfavorable. tldéfacts can be caused by (1)
the heats of reaction and mixing in the solution, (2) heaapbrization or condensation
from the solvent, (3) exchange of heat between therghBcuid, and (4) transfer of heat

to or from the surroundings (Kister et al., 2008).
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EXPERIMENTAL METHODS

General Method

To gain the desired insights, the experiments were focusedriation of the

following parameters.

Cl, concentration and flowrate

Air flowrate

Recirculation rate of scrubbing liquor

Sulfite concentration (including the condition of ‘zero sulfite”)
Scrubbing capacity over time

Packing height

Terminolo

Some terms and definitions were developed in the experiment& plan as

rubrics by which aspects of the process could be evaluated

Chlorine Removal Efficiency This refers to the percentage of chlorine removed tham

air.

For these studies, the overall chlorine removal effigiewas measured and

reported:

Scrubber Solution Capacity The amount of chloride that the sulfite solution was able to

trap and hold before the solution became spent or ineffievas calculated based on

CRE =[1 - (g C in off-gas/batch)/(g Glfed/batch)]*100 (25)

fraction of theoretical capacity:

SSC = (moles Omole SQ?) (26)
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Values for these definitions as determined from the expetaheata are presented in the
Experimental Results section.
Apparatus

A complete experimental procedure and a detailed equipmeatdipresented in
Appendix F. What follows here is an abbreviated descriptidihe safety cabinet
apparatus that housed a cylinder containing puggsCshown in Fig. 3.1. The overall
experimental apparatus is displayed in Fig. 3.2, and tlélser/tank assembly is shown
in Fig. 3.3. In the figures, prefixes are used to detiméefunction of an item: F is a
rotameter or flow meter, R is a pressure regulator, Bigvg, V represents a valve, and
S represents an actuator valve used to open the soleihad irathe chlorine cabinet. A
key factor to note when considering the apparatus is that@dter corrosion due to the
harsh chemicals being used in the process. Parts apfiegatus are exposed to “dry”
and/or “wet” Ch. Although indications from literature claimed that 304 stainitssl
would hold up well when in contact with dry Gjas, there is a large amount of water
throughout the system. The scrubbing liquor, at pH 12aew potentially corrosive
OH and hypochlorite (OQl Thus, to avoid corrosion and degradation of the eqempm
it was important to consider what materials were best to uses inathstruction of the
apparatus. Some materials of construction will be noted. hém account of how

materials and equipment held up will be presented in the regalisn.
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Fig. 3.1: Process flow diagram within,@&abinet 2

The Cb gas cylinder was housed in a Gasguard cabinet, perrsityeafety
regulations. The main function of the cabinet was to sasellate the Gl cylinder.
Process tubing in the cabinet was fabricated from Hast€l@nd monel, which are
corrosion resistant alloys that provide protection from boyhadd wet GI. The C} gas
exited the cylinder in the gas cabinet, traveled througimless steel tubing and was
mixed with house air. Rotameters were used to measdreaautrol the flowrates of air
(F2) and CJ (F1) being fed to the process. The air angl Slleams were mixed with a
static convoluted mixer (0.5” diameter x 16” long) to tholtdydplend the streams before
they traveled toward the overall process shown in Figire Bhe combined @hir gas
feed entered the surge tank (T1), and from there it tdugb through the column and the

packing. After being processed in the scrubber asgefutails of which can be seen in
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Fig. 3.3) the effluent gas was vented in a laboratory hahdat before being vented, a
sample was split off to allow to the effluent to be analyzethb C} detector. Outlet Gl
concentration was measured with an Ultima X/A Gas Monitor rbgddSA (Cranberry
Township, PA) which had a range 0.0 — 20.0 ppm. Aegral diaphragm pump (P2)
supplied by Ultima was used to ensure that a steady floweateléd from the effluent

line through the detector to allow for reliable and consistenpbiag.

. Cl, Cabinet Vent
o Cl V ENT
__,| |Safety . i
Cabine
Details inf Process Gas Stream Tank andg
inset »| Scrubbe
Fig. 3.1 Column
Assembly =l
Details in ' Cl, Detector
R1 Fig.3.3 P2
Process Effluent and
Sampling Streams
N,
V1 House Cylinder
§<' Air

Fig. 3.2: Process Gas flow path through the experimentaratus for this study
The Scrubber and Surge Tank Assembly are showneiaiter detail Figure 3.3.
The cylindrical tank (T1) used to store the scrubbing liguas 304-L Stainless Steel.
The column was constructed out of 304-L stainless gtged. During operation
scrubbing liqguor was pumped out of a port in the bottorth@ftank to pump P1. After
exiting P1 the liquor flow was split into an overpressure ling e feed line for the

column. The flowrate for the liquor fed to the column wadpisted by the rotameter F5.
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The excess flow was returned to T1 through the ovespredine. The overpressure line
was useful as it was also the point of entry to the tankhercaustic solution and

provided extra mixing for the tank. Valve V4 was set o# tverpressure line, and
through it scrubbing liquor samples could be taken. A 3umpp was used for pump P1,

and it was more than adequate to supply the flowrates eglfair the process.

Effluent Process Gas Stream
from column (continues in

Fig. 3.2
Process Gas Stream from, CH———- '9 )
cabinet (see Fig. 3.2) >
£ . -+
/v Scrubbing
" /lcolumn with
M Al packing D F3
T A2 — &
e V5
Caustiq | pH Al i —
Supply controllér /x

Overpressure Line
/ / /// / i / / /
/////1// //////

/ / / //

// ////////,//

(5P1

Fig. 3.3: Tank and Scrubber Assembly illustrating scrubbquor flow path

The packing used was a commercially available structurelimmp Mellapak
750-Y made by Sulzer (Winterthur, Switzerland) (see fig.ahd table 3.1). The material
of construction for the packing was Hastelloy which was @pate for this system as it
is a corrosion-resistant alloy. Each section of packing 8v&. inches in length, and 3
inches in diameter, allowing it to fit snugly inside the coluniiime sections of packing

were “stackable,” which allowed for variation in the heighttieé packing. Most
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experiments were run with only one section of packingpafih runs were also made
with two sections. When more than one section of packirsgusad, the segments were
oriented so that the sheets of metal that make up the pagknegnot aligned, but rather
they were staggered perpendicularly when viewed fromrasscsection. The
manufacturer of the packing claimed that the scrubbing liqumuld be distributed
evenly across the packing very quickly. Despite thisrasse, it was felt that it would
be best to use a spray nozzle to ensure good distributitire diquor. The nozzle was
positioned so that its height relative to the top of the packingdwvcause the spray to
reach the periphery of the packing but not hit the walls efcthlumn and provide an
even distribution of liquor across the top. Figure 3.4nsha photograph of a unit of

Mellapak 750-Y similar to the one used in this study.

Figure 3.4: Photographs of a unit of Mellapak 750-Y thatwessl in this study
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Some notable characteristics of Mellapak 750-Y are showalie 3.1

Table 3.1: Notable characteristics of Mellapak 750-Y (SuKister et al., 2008)

Material of Construction: Hastelloy C-276
Area: 750 m*/m®
% voids: 97
Liguid Loading: 0.2-200 m*/m? hr
HETP: approx. 0.2 m
Height per Element: 8 1/4 in. (208 mm)
Diameter: 3in (80 mm)

Siminiceanu et al. (2001) also studied absorption using Mé&ll&paY. They
found that the ratio of the effective and geometrical gasdiopterfacial areas increased
as Reynolds number of the liquid phase increases. Tieending on process
conditions, the effective gas-liquid interfacial area for thisystimild be higher than the
value shown in Table 3.1.

The exhaust tubing that lead to the vent sloped down slightisdier to allow any
condensation to run out of the tubing. For most of the rempats this tubing was
constructed of PVC, although an early incarnation was mob@84L stainless steel. At
one point in the stainless steel effluent tubing, some condemsatinaged to pool up.
Small holes developed in the tubing, presumably becausmtiteensate absorbed some
Cl, gas, which was converted to aqueous HCI. Although thik pdace within the
relatively safe confines of a gas hood, and the exhgpgtatly contained only low
concentrations of Gl a similar apparatus within a plant setting should be designed to

avoid allowing any stagnant liquid to accumulate anywhere witleisyatem.
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A Thermocouple made by Omega Monogram (Stamford,v@E) used to provide
temperature measurements of the scrubbing liquor insidertke fapressure gauge was
included on the tank, but it never read any discerniblespregdifference compared to
the atmosphere during experimental operation, so it wasvesmolon chromatography
was used to analyze the scrubber liquor samples. Sthasdlations of chloride, sulfite,
and sulfate were prepared prior to each run to allow cosguato experimental samples.

Experimental Procedure

For a more detailed operating procedure, consult AppeRdiXThe scrubbing
solution was prepared and added to the tank by filling thetm@65 liters and adding
the mass of sodium sulfite appropriate to achieve the desimecentration. The pH
control solution was prepared from NaOH and water and adaled through the pH
controller to the scrubbing solution until a pH of 12 was aduev

With the solution prepared and in the tank and the pumphenhouse air was
turned on and adjusted to the normal air flowrate or appairin25 L/min assuming T
= 25°C). A check was done on the tubing leading to the digph@ump to ensure that it
was clear of water. The diaphragm pump was then tupnetb ensure that sufficient
flow is being pushed through the,@etector. The pump remained on for the duration of
the experiment.

A check was conducted to ensure that all portals and seaés alosed and to
ensure that there were no gas leaks in the system. iDwes verified that conditions
would be safe to begin operation, the final part of the stéaolpplace: Gl gas flow was

started by opening the cylinder with a wrench and theniogehe appropriate solenoid
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valves in the safety cabinet. The @bw was adjusted quickly to the desired setting with
F1. The time that Gflow began was recorded.

To maintain the desired pH for the experiment, it was negessanix up fresh
solutions of caustic and replace what had been used. piidésdure was performed in
the same manner as the first caustic addition; 200 g of Na@$ladded to flasks
containing 2L of water, resulting in 2.5 M concentration. €hastic in the flasks was
then fed automatically by the pH. Mixing was achieved bgirgglthe caustic in the
overpressure line where excess liquor flowed back inttatileT1.

Experimental data were recorded by hand into a laborattepaok. Parameters
to be monitored and recorded were outlet €Incentration, inlet air and Cllowrate,
temperature, pH, liquor flowrate, and NaOH consumption.e filme at which each
reading was taken was recorded as well. Samples sttbbbing liquor were taken into
a plastic container from V4 so that they could be analyasiguon chromatography.
The chromatography analysis had to be performed relatbaen after the sample was
taken, preferably within an hour. This was decided &fier sulfite in some liquor
samples was severely decomposed by oxidation after legirayt overnight.

When it was time to shut down, the first thing to be donetwatut off C} flow
by closing the rotameter, shutting the appropriate valves irCtheabinet, and then
closing the G cylinder itself with a wrench. Air flow was allowed to congnas was
recirculation flow of liquor. Meanwhile a thorough purge was performed to clear,Cl
from the tubing in the gas cabinet to prevent corrosidow Bf caustic was turned off,

and the line through the pH controller was rinsed out with watavoid corrosion. The
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diaphragm pump was turned off, and the tank was empfléd: tank was filled again

with tap water and emptied again to rinse it clear of chemioalsuest.
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EXPERIMENTAL RESULTS

Detailed data from the experiments are compiled in AppendiRdsults will be

presented in this section to show the influence of the follopingess variables:

1.

2.

Sulfite concentration

Inlet Cl, concentration

Inlet ambient air flowrate

Recirculation rate

Packing height

Capacity of the scrubbing liquor for absorption after esitenoperation (high
gravity scrubbing liquor)

Analysis of Scrubber Performance

Experimental results were analyzed using mass balanok=. ghs streams were

monitored with rotameters, and the €ylinder was weighed. Composition of scrubbing

liquor was analyzed with ion chromatography (IC) that gamecentrations of chloride,

sulfite, and sulfate. The effluent gas stream was analyzied a detector that allowed

detection of chlorine concentration to the nearest 0.1 ppweba 0.0 and 20.0 ppm. A

Chlorine Removal Efficiency (CRE) of greater than 99.58d kb be achieved for this

system to be considered satisfactory.

Experimental conditions were set primarily around the operatngitions DOE

indicated would be standard for operation at Savannah Biter The main design

stipulation was that the column was required to be able to ggoCe at a rate of

approximately 0.53 kg/hr. Initial experimental runs establishatithe column would be
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able to provide a CRE superior to the 99.5% removal retjforesuccessful operation at
the MOX facility. Table 4.1 shows the results of a rurdenavith a starting N&O;
concentration of 0.1 M, with the ‘targeted’,@lowrate of 0.53 kg/hr.

Table 4.1: Experimental Results of 0.1 M Sulfite Concentratiam R} flow at 0.53
kg/hr, ambient air flow at 6.4 L/min, liquor flow at 1.7 gpm

Cl, outlet
concentration Cl, outlet Fraction of Cl; in
minutes (ppm) flowrate (kg/hr) Effluent CRE (%)

0 ~ ~ ~ ~

6 0.2 5.4E-05 1.0E-04 99.99
9 0.4 1.1E-04 2.0E-04 99.98
10 0.5 1.4E-04 2.6E-04 99.97
13 0.6 1.6E-04 3.1E-04 99.97
18 0.7 1.9E-04 3.6E-04 99.96
26 0.7 1.9E-04 3.6E-04 99.96
32 0.7 1.9E-04 3.6E-04 99.96
37 0.6 1.6E-04 3.1E-04 99.97
42 0.5 1.4E-04 2.6E-04 99.97
44 0.5 1.4E-04 2.6E-04 99.97
49 0.4 1.1E-04 2.0E-04 99.98
62 0.2 5.4E-05 1.0E-04 99.99
64 0.2 5.4E-05 1.0E-04 99.99
68 0.1 2.7E-05 5.1E-05 99.99
71 0.1 2.7E-05 5.1E-05 99.99

Table 4.1 demonstrates that the scrubber satisfies the MCiltyfa CRE
requirements, with all CRE values well above 99.5%.

Analysis of Chemistry

Next it was desirable to gain an understanding of the roléiseofwo scrubbing
agents being utilized, N80O; and NaOH. A run that was particularly enlightening to this
end was made with a starting amount of 835 gS& (or half the amount originally

proposed for use in the MOX process by DOE). Duting experiment the column was
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operated with Ng&5O; and aqueous NaOH both present, and then with only Nzt
the NaSQO; was spent. The starting mass of sulfite of 835 g qooreds to 530 g of the
SO;” ion or a sulfite concentration of 0.025 M. Figure 4hbves IC data for the

consumption of sulfite for this ‘half sulfite’ run.
600
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Mass of Sulfite in Tank (g)
Fig. 4.1: Sulfite in Tank vs Experimental Time Elapsed for®§25 M Sulfite Run

Fig. 4.1 indicates that the sulfite was spent after aboutidbtes of operation at
the standard Glflowrate (0.53 kg/hr). A chromatography sample taketh@teginning
of the run indicated a total sulfite mass of 546 g in the.taD&nsidering this as a spot
check, the chromatography value was about 3% over the ga determined by the mass
inputs. This and other spot checks indicated that the ICpdawade accurate tracking for
sulfite. For more information on how chromatography datrewcalculated and
interpreted, the reader is directed to Appendix C. To abetter understanding of

reagent consumption and to allow comparison betweenefitfeuns it was important to
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normalize reagent concentrations by using chloride contiemsaas the independent
variable. This technique is illustrated in Fig. 4.2, which utilizekride IC data to
compare the moles of sulfite in the tank t@ 6king added to the tank through the

scrubbing process.

f(x) = -1.48x + 6.92
7 R2=0.99

Sulfite in Tank (mol)

0 0.5 1 15 2 25 3 35 4 45 5
Chlorine Scrubbed (mol)

Fig 4.2: Sulfite consumption for half sulfite run as a functd CL absorbed. Results
indicate that 1.5 moles of sulfite were consumed per melec@ibbed.

A regression performed on the IC data indicated that ah8&utnoles of sulfite
were required to scrub a single mole of.CIA linear correlation between chlorine
scrubbed and sulfite was observed in other experimentgeths Fig. 4.3 shows the
consumption of sulfite relative to the,Qleing scrubbed by the column for another run.
This run was designated as ‘high salt’ as it was made plyntar investigate the
performance of the column after extended use, and theciawill be discussed more in

the ‘Extended Use/High Salt Concentration’ section.
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Fig 4.3: Sulfite consumption if'2High Salt Run; results are similar to those in Fig 4.2,
with 1.5 moles sulfite consumed per mole of &lrubbed.
The regression performed on the sulfite consumption daténé ‘high salt run’
(Fig. 4.3) showed good agreement with the data preséotatie half sulfite run (Fig.
4.2). Again, this regression indicated that about 1.5 nmuflé&¥0:* were consumed for
every mole of Gl scrubbed.
According to the stoichiometry presented in the literature rewiesvreaction of
Cl, with SG? (Eq. 10) requires one mole of sulfite to react with eaoke of Ch being
scrubbed. The results presented in Fig. 4.2 and 4\8 #fat sulfite was consumed at a
rate higher than the 1:1 ratio anticipated, with the obssergecefbeing approximately
1.5:1. This higher ratio is due to sulfite being consunmebiteansformed into sulfate via

its reaction with @from the air in the gas feed. Using a wetted wall colunay, &d
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Rochelle (2004) determined that wher, @d Q are being absorbed simultaneously,
approximately one fourth of the consumption of sulfite Was to oxidation of sulfite.
They also report that sulfite oxidation increases as sulfiteectration increases due to
the greater amount of sulfite present at the gas-liquid auerf Roy and Rochelle also
mention that it is possible that Ghay catalyze the oxidation of sulfite at higher sulfite
concentrations (such as those being considered in this) stAdstudy of Mellapak 750Y
by Siminiceanu et al. (2008) also mentions that the kineticulfife oxidation are not
fully understood and studies have been inconsistent witin fimelings. Thus, a
significant amount of sulfite being consumed by this undelsiraxidation reaction is not
unexpected.

Analysis of NaOH consumption data also yields insight intorthes of the
NaOH and Ng50; as scrubbing agents for,Gh this system. Fig. 4.4 displays results
from the half sulfite run for the time period before theigulh the solution was spent (0-
45 minutes according to Fig. 4.1). The data were baséueagquantity of caustic solution

being added by the pH controller.
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Fig. 4.4: NaOH consumed as a function of chlorine scuilidrethe half sulfite run with
sulfite present.

A regression was again performed on the data, whidbatedl that NaOH was
consumed at a rate of about 1.6 mole of NaOH per mdl,0fThe NaOH consumption
results of a run made with a ‘standard’ starting concentratidn05 M are displayed in
Fig. 4.5.
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Fig. 4.5: NaOH consumption in a run where sulfite wasegreat a starting
concentration of 0.05 M
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The regression performed on the data in Fig. 4.5 indita&sbout 1.8 moles of
NaOH were consumed per mole of €trubbed.

NaOH consumption data for the high salt run (earlier exainimd=ig. 4.3) are
shown below in Fig. 4.6; this plot indicates that about 2.2 sndEOH were consumed

per mole of Gi scrubbed. This value is higher than the values from vigthds and 4.6.
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Fig. 4.6: NaOH consumption in High Salt Run 2. Sulfite wasegrefor these results.

So far only results with sulfite present in the scrubbing lighave been
considered. In Fig. 4.1 the IC results for the halfitulfun show that sulfite was
completely consumed after about 45-50 minutes of operabah operation of the
column was continued after this point. This change provadg®od opportunity to
compare how the chemistry of the system changes in thened of sulfite. NaOH

consumption data for the half sulfite run are presentedyid.F.
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Fig. 4.7: Consumption of NaOH consumed after sulfite in thebding liquor was spent
for the half sulfite run

The regression for the data in Fig. 4.7 indicates that @h@uinoles of NaOH
were added per mole of Cbkcrubbed. This is an increase in the rate of NaOH
consumption by about 35% compared to the time when the stditeentration in the
liquor was near 0.025 M, although the higher rate maylue to the pH controller
lagging behind conditions in the surge tank (Fig. 4.4)ta@m a run made with no
sulfite in the scrubbing liquor for the duration of the ekpent displayed similar results

in Fig. 4.8.
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Fig. 4.8: NaOH consumption for a run where no sulfite prasent for the
duration of the experiment.

The regression for the data in Fig. 4.8 show that appaiely 2.0 moles of NaOH were
required to scrub each mole of,CIA summary of the regression values for sulfite and
NaOH consumption is presented in Table 4.2.

Table 4.2: Average moles of reagent consumed per mgkr(Cibbed. Values are

presented for the mixed reagent system and for thensygitere only
NaOH was present as a scrubbing agent

Reagent Sulfite & NaOH system NaOH only system
. 1.5
sulfite (Fig. 4. 2, 4.3)
1.9 2.1
NaOH (Fig. 4. 4, 4.5, 4.6) (Fig. 4.7, 4.8)

The regression values presented in Table 4.2 allow insighthetéundamental
chemistry taking place. Again, the sulfite was consumedld:a Chto SQ? ratio due
to the oxidation of sulfite. The NaOH consumption valuesegmiesl by Table 4.2 also
provide valuable insight into the chemistry of the systemicltometry of the reaction

pathways involving sulfite indicate that two moles of NaOH wdodd consumed in
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processing a single mole of ;Chnd maintain the pH of the solution. The reaction
pathway involving Gl hydrolysis and reaction with caustic also theoretically requzre
moles of NaOH per mole &l

Results of Table 4.2 indicate that the NaOH consumption imdbeous sulfite
system was slightly lower than the expected at an averageoot 1.9:1 mol of NaOH
per mol of C} scrubbed. In runs where no sulfite was present, arage of 2.1 moles of
NaOH were consumed per mole o£.Cln the run where no sulfite at all was used (Fig.
4.8) NaOH consumption was observed to be 2 moles NaQHntole of C} which is
what is expected from the stoichiometry. It is worth notirgrathat these values come
from the NaOH added by the pH controller. It is possibé tfsing controller data to
monitor OH consumption caused some inconsistency in the data ket@usontrol lags
slightly behind real-time scrubbing of ClAverage values from the experimental results
are consistent with the theoretical stoichiometric requirement&rshio the sulfite
pathways as well as the hydrolysis pathway presented ilitéheture review, as both
sulfite and hydrolysis both require that 2 moles of NaOHcaresumed per mole of £l
scrubbed.

Chromatography data for chloride allows an estimate of hawhnof the Gl
scrubbed was converted into"@nd HOCI/OCI once in solution. Chromatography
results for Clwere subtracted from the total amount of &irubbed, and the difference
was used to estimate the approximate amount of @Cthe tank. Figure 4.9 uses

chromatography results from the ‘no sulfite’ run. Theifeggshows that when there is no
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sulfite present (and all absorption is taking place throughytieolysis pathway), OCis

present at levels slightly lower than .Cl
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Figure 4.9: Cland OCl data for the No Sulfite Run

A similar analysis of data from the half sulfite run is pntésé in Figure 4.10. Again,
this run is of particular interest as it had sulfite presenttiie early part of the
experiment, and after that the system was scrubbiago@y through the hydrolysis
pathway. In Figure 4.10 the points where sulfite waseptewere at less than 5 moles
Cl, scrubbed, or the first three points on the plot. The fadt@h concentration rises
steadily in this part of the experiment where sulfite is ptesiile concentration of OCI
stays relatively small indicates that the sulfite pathway is favatesh there is sulfite
present. Concentration of OGlays relatively low because O@ consumed by sulfite
through reaction (11). Figure 4.10 for the data poibtsv@ 5 moles Glscrubbed where

the concentration of OCbegins to rise in a manner similar to that in Figure 4.Bis T
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suggests that the hydrolysis pathway becomes dominant asulfite concentration

approaches zero.
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Figure 4.10: Cland OCl data for the Half Sulfite Run; Concentration of OCI
remains relatively low while sulfite is present in the systemdupmol on the x-axis).

In summary, sulfite was consumed at a ratio over the 1l& aisulfite per mole
of Cl,, and NaOH was added to maintain constant pH at a ratélyoegual to the 2:1
ratio expected. Concentrations of O®kre observed to be relatively low compared to
CI" concentrations. This suggests that the reaction pofviEh sulfite (Eq. (10) in the
literature review) is favored over the hydrolysis pathwayenv sulfite is present in
significant concentrations. As sulfite concentration dropsecto zero, the hydrolysis
pathway involving reactions (2), (3), and (6) in the liteamatteview section becomes

dominant.
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Scrubber Solution Capacity and Operational Effects of S@fitecentration

The point at which the N&G; in the scrubbing liquor becomes spent for this
system was of interest to DOE in this study. The regresisitmpresented in Table 4.2
indicate that about 13.6 mol (1.7 kg) of sodium sulfite ageired to scrub the 10.3 mol
(0.72 kg) of C} in the design-case run at standard conditions. Recall thailigr
Solution Capacity was defined by Equation (26) in the Expariad Method section as

SSC = (moles Omole SQ?) (26)

According to the data presented in Table 4.2 and the definfitesented in
Equation the SSC is equal to 1.3. The point where sulfitespst (shown in Figure
X.1) provides a unique opportunity to consider how sulfifects the ability of the
scrubber to remove g£tompared to a system using NaOH only.

Selected effluent stream LCtoncentrations for the half sulfite run (0.025 M
starting sulfite concentration) are tabulated in Table Affer startup of the experiment,
Cl, concentrations in the effluent stream rose slowly and tegled at values between
0.5 and 0.8 ppm. Concentrations then jumped near theifitemmark settling at 1.7
ppm. From the chromatography results shown in Figit4slknown that the sulfite of
the solution was spent at around the 45-50 minute mark. fakhehat other flowrates
and other operating conditions were held constant for thatidorthe experiment
supports the conclusion that the jump in outlet concentratiorwa$o the exhaustion of

the sulfite.
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Table 4.3: Effluent GIConcentrations for the Half Sulfite Run;;@bncentrations in the
effluent were stable but then doubled near the time the sutigespent.

minutes Cl, outlet concentration (ppm)

0 0

3 0

9 0

13 0.2
15 0.4
20 0.5
24 0.7
26 0.8
33 0.8
35 0.8
46 0.8
47 0.9
53 1.6
57 1.7
64 1.7
67 1.7
70 1.6

A similar phenomenon was observed in another experimdrmasevresults are
tabulated in Table 4.4.

Table 4.4: Effluent Glconcentrations for the ‘double packing height’ experiment:
Cl, concentrations were constant at or near zero until the suége

spent, at which point €increased to a value of 2 ppm.
time min CI2 outlet concentration (ppm)
0-135 0-0.1

139 1

140 13
146 2.4
148 2.3
150 2.1
151 2

153 1.9
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This experimental run was primarily concerned with the packeight (a topic that will
be discussed later), and it used a starting sulfite concentadt@®05 M, which was twice
as high as the half sulfite run examined in Table 4.3. ‘fitlextra section of packing,
the column scrubbed practically all the, @d for the first 135 minutes of operation.
After that, the effluent Glconcentrations increased to a value around 2 ppm. Waile th
rise in Ch concentration was accompanied by a drop in flowrate eftdkal air, the
process conditions were simply being returned to conditimaiswere present about 20
minutes earlier, so it is believed that the increase was assbeigh the sulfite having
been spent.

These experiments indicated that the exhaustion of the scifitees a slight
increase in the @lconcentration in the effluent stream. Sudden 1-2 ppm viese
observed in the effluent, which works out to be about §/B&ur of C}, or a decrease in
CRE of about 0.001 - 0.002%. This change in effluencentration is small from an
operational standpoint considering that the CRE is still well abav®%b % required
for successful operation of the column in the MOX facility.

The fact that CRE values were still nearly as high aftesulig¢e was spent raises
an obvious question: why not just use sodium hydroxide aertbe scrubbing agent if
the benefit provided by sulfite is only 2 ppm lower @ the exhaust? DOE chose to
include sodium sulfite as a scrubbing reagent for this systqrart to prevent unwanted
side reactions. Unwanted products from @Ydrolysis can include sodium chlorate,
sodium chloride, sodium chlorite, and excess hypochloroigs @As mentioned in the

literature review, it is possible for hypochlorous acid andrgtéential pollutants to be
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stripped into the effluent gas stream. Sodium chlorite caongj@ase to sodium chloride
and oxygen, which can cause unwanted heat generatiavelasas foaming of the
scrubbing liquor and inhibit mass transfer within the columhlypochloric acid,
hypochlorite, and sodium chlorite are corrosive and it isiralde to keep their
concentrations to a minimum. Hypochlorite can also causklgms for wastewater
treatment systems. Using sulfite to react with fBrough reaction (10) mitigates the
risks associated with these unwanted side products (LeR008).
Mass Transfer

As discussed in the literature review section, the rate gfaB$orption into
aqueous sulfite can be limited by gas phase or liquid pihass transfer, depending on
operating conditions. Gas phase limited mass transfer wewddesirable characteristic
for this process as mass transfer through the gas j[hagmerally faster than mass
transfer through the liquid phase by two orders of magnii@keankopolis, 2003).
Whether gas phase control could or would apply to thiesysas unclear. The ratio of
sulfite concentration to gpartial pressure was lower for most experimental conditions in
this study, closer to 1:1 (M:atm) compared to the 10:1 critergported by Roy and
Rochelle (2004).

The traditional method of glabsorption by aqueous NaOH is agreed to be
limited by liquid phase mass transfer under a wide varietgaoiditions (Roy and
Rochelle, 2004; Kister, et al., 2008; Hikita, 1962). When tite of mass transfer is

limited by the liquid phase, Roy states that absorption is atidunof sulfite
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concentration (Eq. 24). If the system is rate-limited by ghas@ mass transfer,
absorption is independent of sulfite concentration (Eq. 23).

As demonstrated in Table 4.3 in the previous section, a shglease in Gl
effluent concentration was noted as concentration of sulfitded at 0.025 M and
progressively dropped to zero. The increase of effl@, concentration was small
relative to the inlet feed of glbut the results suggest that at these low to intermediate
sulfite concentrations, mass transfer is limited by the liquid gohabhis relationship
would be consistent with what Roy and Rochelle found: that abkorption was
proportional to sulfite concentration at intermediate concentrationth, hydrolysis
taking over as sulfite was consumed.

At higher sulfite concentrations where mass transfer is kel to be gas-
phase limited, it was not possible to discern any trend inldkee (as seen in Table 4.1,
for example). No trend is apparent because the affl0k concentrations were very low
under most conditions tested, including conditions where thesene sulfite present and
the rate of mass transfer was known to be limited by the ligése (Table 4.5 in the
next section, for example). Therefore, data are incomeluas to establishing the
circumstances under which gas phase-controlled masetrfmiegomes rate limiting for
this process.

Recirculation Rate

Recirculation rate was varied during each experimental rdeteyrmine its effect
on CRE. The run made with no sulfite in the scrubbing liggiar particularly good case

to consider because a changing sulfite concentration couldhaw® obfuscated the
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results. Results with different levels of liquid recirculation @téiquid loading for the
‘no sulfite’ run are tabulated in tables 4.5.1, 4.5.2, a®l3. The corresponding
recirculation rates for these tables are 1.8 gpm (Btnnhr), 1.2 gpm (54 /tm? hr), and
0.6 gpm (27 mim? hr) respectively.

Table 4.5.1: Gloutlet concentration (ppm) at 1.8 gpm (8¥md hr liquid loading).
Average and median concentrations were 1.1 and 1.2@gpectively.

time (min) | Cl, outlet concentration (ppm

7 0.2
8 0.4
9 0.6
11 0.7
115 0.8
12 0.9
14 1
15 11
17 1.3
20 1.2
23 1.3
26 1.4
29 1.4
31 14
33 14
39 14
44 14
51 14

Table 4.5.2: Effluent Glconcentrations for 1.2 gpm liquor flowrate (5¥mf hr liquid
loading). Average and median concentrations were 1.3 &ngbm respectively.

time (min) | Ch outlet concentration (ppm)
53 14
54 15
59 15
64 15
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Table 4.5.3: Effluent Glconcentrations for 0.6 gpm (27tm? hr liquid loading).
Average and median concentrations were 8.2 and 6.G¢gpactively.

time (min) |Cl, outlet concentration (ppm)
65 15
66 1.9
67 3.5
69 6.2
70 9
71 14.6
72 14.9
73 15
74 13
79 9.3
84 7.9
89 5.6
94 5
99 9
104 7.1

Mean and median values for the outlet €Incentrations were calculated as well.
The Cb mean and median values for the 1.8 gpm flowrate Btnnhr liquid loading)
were 1.1 and 1.3 ppm, respectively. For the 1.2 dpmrdte (54 nf¥m® hr) mean and
median values were 1.5 and 1.5 ppm, respectively. Wheeflowrate was 0.6 gpm (27
m*m? hr) mean and median values were 8.9 and 8.5, riasglgc Also of interest is that
the standard deviation for the concentration data points dtL8hgpm flowrate was 0.4
ppm, while the standard deviation for the 0.6 gpm flowrate svpapm. So, considering
these results, it may be concluded that a lower recirculatiercem cause a decrease in
performance. Additionally, noting the higher variance atltheer flowrate it appears

that the CRE is less stable at the lower flowrate. This agmébsthe study by
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Siminiceanu et al. (2001) that found that effective gas-liquetfacial area increases as
Reynolds Number of the scrubbing liquor increases. Heweswen with the poorer
performance at the low flowrate, the column still operated wighin DOE requirements
for operation in the MOX facility. Although Mellapak 750-Yncaccommodate a high
range of liquid loading up to 200%m?hr, loading values above 100/m? hr (2.2 gpm
for this column) did not provide any discernible benefittfas process (Harden, 2007).
Based on the results observed in these experiments, tasmeended that the
liquor flowrate through the packing be set between 50 tonfd®? hr (1.2 to 2.2 gpm
for this system) if the column is being operated with onéiseof packing. Higher
liquid loading values up to 100%m? hr provide higher CRE, while the lower flowrate
still allows for a high and stable CRE value while also allowing pbeential for

monetary savings through the use of a smaller pump ared Eectricity costs.

Inlet Gas Flowrate

Data for comparison of air flowrates were taken from tileemade with no sulfite
so that the results would be independent of sulfite concentra@tected results with
two different air flowrates were examined while inlet €@ncentration and recirculation
liquor rate were held constant at 0.53 kg/hr and 0.6 gpspectively. Data for these
different air flowrates are tabulated in Table 4.6.

Table 4.6: Ambient air flowrates comparison 13 fékd and liquor flowrates held
constant. The lower air flowrate provided superior perforce.

Air Air Cl, outlet Cl, effluent Cl, flowrate Cl, flowrate
Flowrate flowrate conc. in conc. ppm moles/min moles/min
(rotameter) | liters/min | ppm (mean) | (median) (mean) (median)
0.9 12 3.3 2.7 1.6 E-06 1.3 E-06
1.9 24 9.0 8.4 8.9 E-06 8.4 E-06
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The C}, effluent flow was about five times higher for the highabaent air flowrate than
it was for the lower flowrate. Another comparison of inletflawrates was made, this
time including a higher ambient air flowrate along with a f@wrate that was slightly
higher (0.74 kg/hr). Data for this comparison are preskein Table 4.7.

Table 4.7: Ambient air flowrates comparison two; little changruthet concentration is
observable. Gland liquor flows were held constant.

Air Air Cl, outlet Cl, effluent Cl, flowrate | Cl, flowrate
Flowrate flowrate conc. in conc. in ppm | moles/min moles/min
(rotameter) | liters/min | ppm (mean) (median) (mean) (median)
1.9 24 6.6 4.5 6.5 E-06 1.7 E-06
2.9 37 4.5 0.9 4.7 E-06 1.4 E-06

This time the Gl outlet flowrate was slightly higher for the lower flowratthaugh the
difference in scrubber performance was not large. dasethese results, a smaller gas
flowrate through the column such as the one in Tablel26iters per minute) seems to
improve scrubber performance slightly, apparently dubddigher residence time of the
gas stream as well as a greater concentration gradient diowvoey This is because the
higher residence time provided by a lower flowrate allogvsaf greater amount of time
for the C} to be in contact with the scrubbing liquor. For installation in M@X
facility, note that a very low non-chlorine gas flowrate tiglothe system is not desirable
since a higher Glconcentration could lead to greater corrosion and detypadaf the

process equipment and potentially cause safety hazards.

Packing Height

While most experiments were done with one section of 8 ¥ lwgh, 3 inch

diameter packing, the column was tested with an extra sedtmacking to evaluate the
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effect of packing height on scrubber effectiveness. \Whth second section of the
packing, the total packing height was 16 ¥z inches. The maino test the effect of a
second section of packing revealed some interesting findiagpsilated results were
displayed earlier in Table 4.4). The standarg fldwrate corresponding to 0.53 kg/hr
was used for the first 100 minutes of operation, and thedtéctor read 0.0 ppm for the
entire experiment.

In the early part of the double packing height experimgmeraiing conditions
were made to mimic those that had caused thed€ector to go over the maximum
reading of 20 ppm, in previous experiments. Even utitese conditions the detector
still read 0.0 ppm. Even after dropping the liquor flowdd®/n to 0.4 gpm, and then to
0.2 gpm, the Gldetector still measured 0.0 ppmClThe inlet C} flowrate was adjusted
to 0.7 kg/hr, near the maximum allowed by the @tameter, at the 100 min mark of
operation. With the liquor flowrate set at only 0.4 gpm,dékector continued to indicate
no outlet C4 in the effluent stream for the next half hour of operatids.shown in Table
4.4, the G concentration suddenly rose to an average value giphr@after about 135-
140 minutes of operation. Again, this sudden rise is beligveorrespond to the point at
which the sulfite in the scrubbing liguor became spent.

Selected data for the double packing height experimentabtgated in smaller

increments in Table 4.8
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Table 4.8: Selected data for the ‘double packing heighttanresponding to time after
the sulfite solution was spent. Average @lading was 1.9 ppm; standard deviation of
data points was 0.45 ppm.

Experimental Time Elapsed Cly inlet flow Cl, outlet reading

(min) (kg/hr) (ppm)
139 0.70 1
140 0.74 1.3
146 0.74 2.4
148 0.74 23
150 0.74 2.1
151 0.74 2
153 0.74 1.9
156 0.74 1.9
157 0.74 1.8

Table 4.9: Selcted data for the ‘no sulfite run’ that usedgiessection of
packing. Average Gleffluent concentration was 12.7 ppm and
standard deviation was 5.6 ppm.

Experimental Time Elapsed Cl, inlet flow Cl, outlet reading
(min) (kg/hr) (ppm)
134 0.79 5
138 0.79 12.1
142 0.79 17.1
146 0.79 16.7

Table 4.9 shows gleffluent concentrations for the ‘no sulfite run’ when the
column was being run with a similar, Glowrate and a similar liquor flowrate, but with
only one section of packing. In Table 4.9 we see thanthsulfite run’ had an average
Cl, effluent concentration of 12.7 ppm for the data with thelsisgction of packing.
The double packing height data in Table 4.8 show a morelestal effluent
concentration than the data from the single packing unitdespite the single packing
run being at a slightly higher liquor flowrate). The standdeliation of Cj

concentration readings are 0.45 and 5.6 ppm respectively.
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Again comparing the data in Tables 4.8 and 4.9, wethateoutlet concentration
is about six to seven times higher in the experiment with ltloetes packing height.
Even though CRE is somewhat higher with the additionalipgckhe comparable data
from the single packing height run would still be well within egtable operating
conditions for DOE. Based on experimental results, it isnnesended that the single 8
% inch high section of packing would be adequate for thitesy Additional packing
height would be recommended only if an effluent @ncentration of 0.0 ppm were
desired.

Extended Use/High Salt Concentration

DOE specified that it would be desirable to be able to malkesitvubbing runs
before the operators are required to drain the tank ahér@sh scrubbing liquor. It was
desirable to assess whether there would be any changkimrcperformance if a batch
of scrubbing liquor were used repeatedly instead ofgbesplaced after each use. To
simulate the conditions of scrubbing liquor that had not beglenished after several
runs, the column was operated with a high salt concentratdaCl was added to the
scrubbing liquor to simulate having made already made abemtrins at DOE’s
standard operating conditions.” @ncentration was 0.8% by weight and,5@as 2.5%
in this high salt liquor. Sulfite concentration was set at thedatdr0.05 M specified by
DOE, and the experiment was run using the same procedutkose that used fresh

scrubbing liquor. Selected results are shown in Table 4.10
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Table 4.10: Extended Use Analysis: Effluent Concentrationth&High Salt Run 1; €l
flowrate at 0.53 kg/hr, liquor recirculation rate at 1.8 gpma, starting sulfite
concentration of 0.05M. Average and median outlec@hcentration was 0.7 ppm and
standard deviation 0.5 ppm

minutes | Cl, effluent conc. (ppm)

1 0.1
18 0.2
22 0

34 0.1
35 0.7
36 1.1
38 1.8
40 1.3
42 0.7
43 0.9
46 0.6

Tabulated data for a run made under similar operating conslitiat used ‘fresh’
scrubbing liquor is displayed in Table 4.11 below.

Table 4.11: Extended Use Analysis: Effluent Concentratiana &tarting sulfite
concentration 0.05 M. gflowrate at 0.53 kg/hr and liquor recirculation rate ofdpi,
and starting. Average and median outleté@ncentration was 0.4 and 0.5 ppm
respectively and standard deviation was 0.2 ppm

minutes | Cl, outlet conc. (ppm)
11 0.1
12 0.2
15 0.4
32 0.4
41 0.4
44 0.4
47 0.4

Comparing the results from the two runs, the high salhadhan average outlet

concentration of 0.7 ppm while the average concentratioth®orun made with fresh
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scrubbing liquor was 0.4 ppm. After accounting for theds#iad deviations these values
are not significantly different. Data from lower liquor fl@ates, however, did
demonstrate a drop in column performance with high salterdration in the liquor.
Running the column at 0.6 gpm caused theeffluent concentration to exceed 20 ppm
after about one minute of operation. Running the columinOagpm caused the effluent
concentration to rise to around 15 ppm. Under the samditmms with ‘fresh’
scrubbing liquor and 0.05 M starting sulfite concentration tlenen had performed
better.

Therefore it is concluded that there is some drop in pedioce when the
scrubber is run with a high salt concentration, especiallynadr liquor flow rates. Roy
and Rochelle experimented with adding salt to the scrubbingissoland found that
there was no effect on the rate of @bsorption in sulfite solution (Roy and Rochelle,
2004). Therefore it is likely that the slightly diminishedfpenance of the column is
due to the higher density and slightly higher viscosityhef high salt scrubbing liquor,
and the fact that Mellapak 750-Y creates less gas-liquidfactel area at lower
Reynolds numbers (Siminiceanu et al., 2001). If the coluare to be used five times
consecutively as DOE had desired it would be necessangitdain a higher flowrate. A
liquor flowrate of at least 1.8 gpm (or 8G/m?hr) would be recommended in this case.

It is also noteworthy that NaOH, NaCl, O@hd other chemicals present in the
apparatus are corrosive, and it is desirable to keep thegeotrations low to avoid

degradation of the process equipment. Also, the MOX fachiiais a regulatory
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concentration limit of 5 g of chloride per liter for wastewat@&hus the scrubbing liquor
should be changed at regular intervals.
Role of pH

The pH for this study was specified to be 12, and fewtst majority of the time
the system was operated at pH = 12 + 0.1. The pH o$ytkiem was allowed to drift
lower during some experiments, as far down as pH @@, there was no consistent
difference in CRE observed. pH was also as high &sat2imes, and there was also no
discernible difference in performance. The chemistryutfits stays the basically the
same down to the pKvalue (pH 7.2) at which point HSObecomes the dominant
species over S@. Considering that Spalding (1962) reported the rate sbration
through hydrolysis remains roughly the same betweevalties of 4 and 11, it seems
likely that the system could be operated effectively dowakiout a pH of 7.2. It is
unclear how the system would perform below this value astibmistry of the system
changes. Regardless of the pH specified for the prosess method of pH control or
buffer is necessary because reaction gfviith caustic and water causes the pH to drop
rapidly.

Heat Effects

Temperature of the scrubbing liquor in the recirculation taak monitored with
a thermocouple to assess thermal effects associated witbysiésn. Heats of reaction
and mixing were anticipated to be the main sources of H#sitse for this column.
Cooling was not expected to be needed for this colummedbas initial Aspen

simulations, so none was provided. The temperature ofigber in the tank was
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observed to increase by about@ over the course of the longer experiments due to the
net exothermic effects of the reactions taking place in tmebber. However, no
apparent decrease in performance was noted. Unlesydten is altered or scaled up
greatly for use in another facility it will be unnecessargdol the scrubbing liquor.

Equipment Performance/Additional Operational and Safety€os

In the first experiments performed, a substantial amoumntigifaccumulated in
the tank over the course of a run. The scrubbing ligwarid become noticeably brown
in color, and some sediment would be obviously present Wieetank was emptied after
an experiment. After a few experiments had been peddthowever, the amount of rust
that would typically accumulate over the course of a rwaime noticeably smaller. It is
believed that over the course of operation, some of thepnesent on the inside surface
of the tank had been stripped out of the stainless steeindeawvelatively inert surface
layer of nickel and chromium.

The process feed line became significantly corrodedrinnaber of spots in the
effluent line (all between the cabinet and the tank), alwaykebottom part of the tube.
It is believed that this occurred due to a buildup of condemsd&rom water vapor
diffusing back up the process feed line from the tank. Huisumulation of water
absorbed Glwhich in turn, was converted to HCI. A brown sludgy samhse was found
inside the stainless tubing, which was replaced with PVC tubing

The valves and tubing in the gas cabinet also showed digsrosion. This is
somewhat surprising, as dry,G6 not normally corrosive to stainless steel. It seems

likely that humidity and condensation from the liquid in the woiucombined with the

58



chlorine present also contributed to this corrosion during don& If a system such as
this is operated intermittently, it will be advisable to do repenitdgen purges of all
lines and to use isolation valves in each section.

In early runs of the column a demister pad made o8 HKgainless steel was
included in the top of the column, but it quickly degradaérabeing exposed to the
small amount of wet Glin the effluent. Since the presence of a small amouliué
water in the effluent was inconsequential, the remains ofi¢h@ster were removed and

not replaced.
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CONCLUSIONS

This study investigated a scrubber that has the ability tte adbbegas stream
containing 0.53 kg/hr of chlorine using agqueous sodium saififgH 12 with a minimum
Chlorine Removal Efficiency (CRE) of 99.5% or great&éhe scrubber system provided
excellent overall performance with respect to this criteri@iyering CRE of 99.95%
under the vast majority of conditions tested. It is possibleperate the scrubber
effectively using aqueous PBO; and NaOH as scrubbing agents, or just NaOH by itself,
but the inclusion of N&O; provides operational benefits. Aqueous sulfite is thought to
prevent unwanted side reactions and prevent desorptidrypaichlorous acid. The
reaction of sulfite with Glis favored over hydrolysis as a reaction pathway whéiesu
is present in significant concentrations. Liquid phase rirassfer is believed to be the
rate limiting step for this system; conditions for gas-phaseraomrould not be
established conclusively. Scrubber Solution Capacity (mof&gfrocessed per mole of
SO; consumed) was determined to be 1.3. The main operatinditions that were
found to be detrimental to column performance were a lige@rculation rate that was
too low and a total gas flow through the column that wasiglo. A gas flowrate of 10-
12 L/min through the system is recommended for use.edsarg liquor recirculation
rates provided slightly improved CRE up to 2.2 gpm (1G0mamr). Liquid loading
between 50 and 100 m*hr (1.2 - 2.2 gpm for this column) is recommended for
operation. Increasing the packing height improved sewupérformance, but the column

met performance requirements with a single 8% inch sectidetlapak 750-Y. The
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system experienced a slight increase in temperature oveotitree of operation, but

thermal effects were not detrimental to column performance.
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Appendix A

Selected Experimental Data

Table A.1: Selected data from half sulfite run (0.025 Mtisikg sulfite concentration)

Time Liquor Flow AirFI.ow Cl2flowrate Cl2outlet tOta.l moles totallmo.IeS NaOH
(minutes) |(gpm) (L/min) at (&/min) conc. (ppm) Cl-intank | sulfitein | added to
STP (mol) tank tank (mol)
0 1.8 24 530 0 0.26 6.82 5
3 1.8 24 530 0
9 1.8 24| 530 0
13 1.8 24| 530 0.2
15 1.8 24| 530] 04
20 1.8 24| 530 05
24 1.8 24| s30] 0.7
26 1.8 24| 530 08
33 1.8 24| 530] 08 352 | 259 | 10 |
35 1.8 24| 530 08
46 1.8 24| 530] 08
47 1.8 24| 530 0.9 6 | oos | 1215 |
53 1.8 24| s30] 16
57 1.8 24| 530 1.7
64 1.8 24 53] 16
67 1.8 24 530 7.94 ~ 15
70 0.6 24 530
71 0.6 24| 530 2.8
72 1 24| 530] OVER
73 24| 530| 5.8
74 1 24| 530] 5.4
75 1 24| 530 7.3
76 1 24| s30] 75
77 1 24| 530 83
78 1 24 se0] 5.7 17.5
79 1 24 515 3.7
83 1 24 515
87 1 24 515 9.01 ~ | 20 |
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Table A.1: Half Sulfite Run cont.

Time Liquor Flow Air Fl'ow Cl2flowrate Cl2outlet tota'l moles total'mo'les NaOH
(minutes) |(gom) (L/min) at (g/min) conc. (ppm) Cl-intank | sulfitein | added to
STP (mol) tank tank (mol)
90 1 37 515 OVER
94 1.4 24 515
96 1.4 24 515 2
97 1.4 24 515 1.8
98 1.4 37 515 1.7
99 1.4 37 515 1.8
100 1.4 37 515 1.9
101 1.4 37 515 3.9 225
104 1.4 37 515 4.5
106 1.4 37 515 54
108 1.4 12 515 5.5
109 1.4 12 515
110 1.4 12 515 1.9
113 1.4 12 515 1.4 11.65 ~ 25
115 1.4 12 515 1.4
117 1.4 24 760
119 1.4 24 760 2.2
121 1.4 24 760 2.2
122 1.6 24 760 1.9
124 1.6 24 760 1.9
125 1.6 24 760
127 24 24 690 1.6
129 24 24 690 1.7
131 24 24 690 1.7
132 1.8 24 515
133 1.8 24 515 13.72 ~ 30.01
135 1.8 24 515 13
137 1.8 24 515 1.2
139 1.8 24 515 1.1
141 1.8 24 0
147 1.8 24 0 13.72 ~ 32.51
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Table A.2: High Salt Run 2

Air Flow cont @ 24

L/min at STP
Cl, flow const @ 0.53
kg/hr at STP
minutes Liquor Cl, outlet conc (ppm) total moles Cl in tot_al moles NaOH added to
Flow tank sulfite in tank tank (mol)
0 1.8 0.0 0
6 1.8 0.0 55.58 16.85
6 1.8 0.0
9 1.8 0.0
12 1.8 0.0 74.77 21.27
12 1.8 0.0
15 1.8 0.0
17 1.8 0.0 76.39 20.43
17 1.8 0.0
22 1.8 0.0 76.89 19.73
22 1.8 0.0
27 1.8 0.0 78.93 19.51
27 1.8 0.0
29.75 1.8 0.0
34.75 1.8 0.0 79.01 18.53
34.75 1.8 0.0
41.75 1.8 0.0 7.5
42.75 1.8 0.1
44.75 1.8 0.1 81.75 16.62
44.75 1.8 0.1
49.75 1.8 0.1 81.95 16.36
49.75 1.8 0.1
51.75 1.8 0.1 10
52.75 0.6 0.0
53 1.8 OVER
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Table A.A.2: High Salt Run 2 cont.

minutes Liquor Cl, outlet conc total moles Cl' in tot_al moles NaOH added to
Flow (ppm) tank sulfite in tank tank (mol)
62.75 1.8 85.12 14.41
62.75 1.8
64.75 1 12.5
66.75 1 2.2
67.75 1 4.4
68.75 1 5.1
69.75 1 5.5
70.75 1 6.8
71.75 1 7.4
72.75 1 13.1
73.75 1 19.5
74.75 1 3.0 15
75.75 1 0.7
76.75 1.8 0.5
78.75 1.8 0.4
79 1.8
79.75 1.8 0.2
80.75 1.8 0.2 85.81 |  wuer |
82.75 1.8
83.75 1.8 0.1
84.75 1.8 88.72 | 1116 |
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Table A.3:No Sulfite Run

minutes Liquor Air F_Iow Rate | CI2 flowrate | CI2 outlet totgl m_oles 2‘(?(?6'3
Flow (gpm)| (L/min) at STP (g/hr) conc (ppm) | chloride in tank (mol)

7 1.8 24 530 0.2 5

8 1.8 24 530 0.4

9 1.8 24 530 0.6

11 1.8 24 530 0.7
11.5 1.8 24 530 0.8

12 1.8 24 530 0.9

14 1.8 24 530 1

15 1.8 24 530 1.1

17 1.8 24 530 1.3

20 1.8 24 530 1.2

23 1.8 24 530 1.3

26 1.8 24 530 1.4

29 1.8 24 530 14

31 1.8 24 530 1.4

33 1.8 24 530 1.4

39 1.8 24 530 14
44 1.8 24 530 1.4 4.6

51 1.8 24 530 14

53 1.2 24 530 14

54 1.2 24 530 1.5

59 1.2 24 530 1.5

64 1.2 24 530 1.5

65 0.6 24 530 1.5

66 0.6 24 530 1.9

67 0.6 24 530 35

69 0.6 24 530 6.2

70 0.6 24 530 9

71 0.6 24 530 14.6
72 0.6 24 530 14.9
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Table A.3:No Sulfite Run cont.

. Liquor Flow Alr FIOW. Cl, flowrate |Cl, outlet conc total F"O'?S NaOH

minutes (gpm) Rate (L/min) (g/hr) (ppm) chloride in added
at STP tank (mol)

73 0.6 24 530 15

74 0.6 24 530 13

79 0.6 24 530 9.3

84 0.6 24 530 7.9

87 0.6 24 530 8.1

89 0.6 24 530 5.6

94 0.6 24 530 5

99 0.6 24 530 9

104 0.6 24 530 7.1

105 0.6 37 530

106 0.6 24 530 >20

107 0.6 24 530 10.3

108 0.6 24 530 6.7

109 0.6 12 530 6.8

110 0.6 12 530 4.7

112 0.6 12 530 35

114 0.6 12 530 2.9

116 0.6 12 530 2.7

118 0.6 12 530 10.3

119 0.6 12 530 24

120 0.6 12 530 24

121 0.6 12 530 2.3

122 0.6 12 530 2.3

124 0.6 24 530 4.5

129 0.6 24 530 4.7

132 0.6 24 530 4.8

133 0.6 24 530

134 0.6 24 760

138 0.6 24 760 12.1

139 0.6 24 760 12.7

142 0.6 24 760 17.1

146 0.6 24 760 16.7

147 0.6 24 760
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Table A.3:No Sulfite Run cont.

minutes Liquor Flow Air Flovv_ Cl2 flowrate CI2 outlet tgﬁ?(ir?;g?: 2‘3(?6'3
(gpm) Rate (L/min) (g/hr) conc (ppm) tank (mol)
151 0.6 24 760 1.9
155 0.6 24 760 15
159 0.6 24 760 13
161 0.6 24 760
162 0.6 24 760 11
164 0.6 24 760 11
165 0.6 37 530
169 0.6 37 530 1
174 0.6 37 530 0.8
177 0.6 37 760 0.8
180 0.6 37 760 0.9
187 0.6 37 760 11.9 35
189 0.6 37 0 18.1 35
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Table A.4: Double Packing Height Run

Cl, flow @ 530g/hr until
min 99 when set at 700

g/hr
CI2 outlet concentration
minutes Liquor Flow (gpm) | Air Flow (L/min) at STP (ppm)

0 1.8 25 0.1
3 1.8 25 0.1
7 1.8 25 0
15 1.8 25 0
21 1.8 25 0
28 1.8 25 0
31 1.8 25 0
34 1.8 25 0
39 1.8 25 0
48 1.8 25 0
54 1.8 25 0
58 1.8 25 0.1
64 0.6 25 0
67 0.6 25 0
69 0.6 25 0.1
80 0.4 25 0
82 0.4 46
139 0.4 24 1
140 0.4 24 13
146 0.4 24 2.4
148 0.4 24 23
150 0.4 24 2.1
151 0.4 24 2
153 0.4 24 1.9
156 0.4 24 1.9
157 0.4 24 1.8
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Table A.5: 0.1 M SE Concentration Run

Air Flow const @ 24 L/min at
STP

Liquor Flow const @ 1.5 gpm
Cl, flow const @ 500g/hr

Time (min)| Cl, outlet conc (ppm) total mol Cl, scrubbed NaOH consumed (mol)
0 0.0 0 0
11 0.1
12 0.2
15 0.4
32 0.4
41 0.4 6.25
a4 0.4
47 0.4
54 0.2 350
57 0.2
73 0.1 11.25
77 0.1
82 0
96 0 16.25

107 0
112 0 18.75
114 0 740
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Appendix B

Sample Calculations

IC data to molarity for Cl

Sample EQ-21-2 (second sample from ‘half-sulfite runi)ega concentration of 770
mg/L for SQ*

Calculating concentration in terms of molarity:

770 mg/L x (1/1000) x (1/80.605) = 0.03 mol/L

Converting from concentration to total moles;S@ tank:

0.03 mol/L x 269 L = 8.5 mol total

Gas Flowrate Analysis using Ideal gas

These calculations were done for the mean and mediars\atdepresented in table 4.6
The air rotameter reading was converted to L through fusgession from calibration
data:

1.9 (rotameter reading) x 12.8 (from calibration curvéj=/min

This value was converted to moles using ideal gas:

(24 L/min x 101.325 kPa)/(8.314 J/mol K x 298 K ) = G 980l/min

Mean C} concentration reading for the data was 6.6 ppm

Table A.6: Calculating the Gas Flowrate Analysis

Air Air Air Cl, outlet Cl, flowrate
Flowrate Flowrate | flowrate concin ppm moles/min
(rotameter) | liters/min | (mol/min) (avg) (average)
1.9 24 0.99 6.6 6.6 E-06
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Calculating Scrubber Solution Capacity

Taking the average regression value for sulfite from Tél2e
SSC = (moles Omole SQ%) = (1 mole C4/ 1.5 moles S§) x (2 mole Cl/ mole C})

=13
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Appendix C

Interpretation of lon Chromatography Data

lon Chromatography (IC) was used to monitor concentraidrsulfite (SQ?),
sulfate (SQ), and chloride (C). Standard concentrations of solutions containing sulfite,
sulfate, and chloride were made for each run to allow eoisgn of mobilities of these
species in the experimental samples.

Spot checks were made where possible to assess tha@cotithe concentration
readings of the IC data. Sulfite data corresponding togbmbing of experimental runs
generally agreed well with the masses of sodium sulfite echbkren weighed on a scale
and added to the solution by hand prior to starting the Fan.example, as mentioned in
the discussion of Figure 4.1 in the experimental results sectiminitial IC data point
for the ‘half sulfite’ run provided a value 3% higher tltha mass of sulfite as measured
on the laboratory scale.

Chloride IC data was compared to data from ther@bmeter (flowrate) readings
and also by weighing the &tylinder before and after its use in an experimental Tune
raw chloride IC data generally indicated concentrationgtdthan were the masses given
by the rotameter readings and from the mass provideeelghing the Gl cylinder. This
is because the Chloride IC data gave results fomQolution, but not for OGHOCI
which were the other species present in the liquid phaseeoprtitess in significant
concentrations.

Weighing the cylinder directly was considered the most straigtdird and

reliable method of measuring mass of fdwed to the process because both rotameter
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readings and IC data both had to be calculated indirebthss flowrates from rotameter
data were calculated from the volumetric flowrates and idesleguation, and IC data
meanwhile relied on the relative mobilities to allow the calculatiorrasfcentration.
Although flowrates given by the rotameter readings were ynostjood agreement with
the data from weighing the cylinder, a linear correction tadtemeter data was applied
by scaling the data to the values provided by weighing thedey at the beginning and
end of each experiment. This correction was made syna@sg that the data point for
total chlorine flowed through the process associated with tkemeter flowrates
corresponding to the end of the run should be equivalethietalifference between the
masses taken on the scale. As an example, Table @k she masses of the cylinder
taken before and after the run made with a starting comatientrof 0.025 M sulfite ‘half
sulfite’ run.

Table A.7: Determination of total £lised for the no sulfite run
Initial Cylinder Mass (g) Final Cylinder Mass (g) Cl, used (g)

6712 5640 1072

The data from table A.7 were then used to correct thenstta data. The rest of
the rotameter values were adjusted by assuming that the fdkie ast data point and
the value in table A.7. This approach was appropriateusecaf the linear behavior
observed in the calibration curve of the rotameter (FBhis approach is shown in table

A.8
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Table A.8: Linear correction applied for the, @bwrate data based upon the total
mass of Cl flowed as determined in Table A.7

Total Cl, flowed (flowmeter) (g) | Total Cl, flowed (flowmeter) (g) — corrected
0 0
283.2 225.43
561.52 446.97
762.18 606.69
916.95 729.89
1346.97 1072.19

The amount of OClin the tank could then be estimated by taking the difference
of the corrected Glflowed and the number of moles of @ the tank as determined
from the chromatography data. This approach is valid usec®Cl is one of the
dominant forms of chlorine present in the solution along with BOC| was assumed to
be negligible because of the high pH as shown in Figu2e The calculation also
assumes that desorption of HOCI is negligible. Calculation df ®@Ghown in Table
A9.

Table A.9: Estimate of moles of O@h the scrubbing liquor tank; values

obtained by subtracting the moles of {@dm the corrected ¢data
determined in Table A.8.

Total Cl, flowed (rotameter) CI' IC data — total molin | OCI / HOCI total mol in
(mol) — corrected tank tank
0 0 0
3.18 4.57 3.1
6.3 8.14 4.76
8.56 10.32 7.38
10.29 12.72 9.38
15.12 18.11 12.13

The data in Table A.9 was used to create Figure 4.9.
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Appendix D

List of chemical reactions with equilibrium and rate constant data

Cl, + H,O <> HOCI + CI + H' 2)
k,=22.3+/-0.63%and k,=21.4+/-0.8 Ms'at T =25C
K,=3.94x 10at T = 25°C

Cl, + OH «— HOCI +CI (3)
ks=8+/-3x 16 MistKs=3.1x 18%at T = 36C

HOCI + OH «> OCI + H,0 (6)
ks=3.0x 1MIstKg=2.2x 16 at T=36C

Cl, + HO + SQ* — 2 CI + SQ* + 2H" (10)
kio= (1.1 +/- 0.3) x 1DL/mol s at T= 28C

OCI + S@* — CI + SQ* (11)
kio= (2.3 +/- 2) x 16M*st at T =25°C

HOCI + SQ* — OH + CISQ (12)
kio = (7.6 +/- 0.4) x 1®M s at T =25°C

CISOy + H,O — CI' + SQ* + 2H' (17)
ki7= (2.7 +/- 0.2) x 10s* at T =25°C
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Appendix E

List of Physical Constants and other Notable Information

Table A.10: Diffusivities of relevant species in water

Diffusivity of Component in
Component | Water at 25°C Di x 10° (cmzls) Reference
Cl, 1.96 Leaist, pg 1487
Ccr 2.033 Leaist, pg 1487
Ccr 2.072 Hikita et al., pg 77
HOCI 1.54 Hikita et al., pg 77
HOCI 1.49 Leaist, pg 1487
OcCI’ 1.163 Hikita et al., pg 77
OH’ 3.434 Hikita et al., pg 77
H* 9.315 Leaist, pg 1487

Characterization of Mass Transfer of,@kcrubbing systems under different conditions

Adams (1937studied CJ absorption by aqueous NaOH.

10-20% by mole Glinlet flow

Limiting resistance was found to be liquid phase mass transfer

Lahiri (1983)also studied Glabsorption by aqueous NaOH.

50-64% by mole Glinlet flow

Limiting resistance was found to be liquid phase mass transfer

Roy (2004)studied aqueous sulfite/bisulfate solution at pH 4.7 and 5.7.

Limiting resistance was found to be gas phase mass travisterthe condition 10%3 <
[S(IV)] was applicable to the system, whegg, 5 partial pressure of €in atm and
[S(IV)] is combined concentration of $9and HSO3in mol/L

Solubility Data for G} in water

Extensive data can be found from Adams (1937).
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Appendix F

Detailed Experimental Procedure and Equipment List

List of equipment labels in figures 2.1, 2.2, ar®iéh pages 23, 24 and 25 respectively

T1 - Surge tank

R1 - opens Kflow to Ck cabinet

R2 - regulates Glflow from cabinet to process

R3 - regulator for Glcylinder

S1 - actuator valve to open Nurge flow through V2

S2 - actuator valve to open solenoid valve V4

S3 - actuator valve to open solenoid valve V3

S4 - actuator valve to open solenoid valve V1

V1 - opens house air stream t@ €Cbinet and process air
V2 - opens Glin Cl, cabinet

V3 - opens Glflow from cabinet to R2 and overall process
V4 - opens Cl cabinet safety vent

V5 - Surge tank release valve

F1 - Rotameter controlling &flowrate to process

F2 - Rotameter controlling ambient air flowrate to process
F3 - Rotameter controlling scrubbing liquor flowrate to preces
P1 - scrubbing liquor pump

P2 - Ultima MSA sampling diaphragm pump

Al - Access point to T1 for pH probe
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A2 - Access point adjacent to process gas inlet to T1

Detailed Experimental Procedure

1. The CJ cylinder is weighed before operation and the mass isdedorThe cylinder
is then placed back into the safety cabinet and secusdhached to its regulator R3.

2. Scrubber solution is prepared by adding appropriass wiasodium sulfite (1.65 kg
for ‘standard case’ concentration) to a convenient volumeater in a bucket. The
mixture is stirred manually until solute is fully dissolved. Aoue sulfite mixture is
added to tank T1 through pH controller port/access port Al.

3. Tap water is then added through access port A1 uriilL26tal solution is reached
(when 8 ¥4” below the top of Al).

4. The automatic pH controller is calibrated using a two-peahibration with buffers at
pH 7.00 and 10.00. The pH controller is then checkedavittandard buffer at pH 12.45.
5. The scrubber liquor pump P1 is turned on. Floweditecrubbing liquor can be
controlled through rotameter F5.

6. Caustic pH control solution is mixed in a beaker with tag.water and 200 g solid
NaOH. The pH controller is then set to 12. The controllesisnections are checked to
ensure that they are secure, and the pump can now medtaon. The controller
automatically pumps the required volume of caustic to bringysteem pH to 12. The
volume of caustic solution required to bring the tank’s sangbBolution to pH 12 is
recorded. Fresh batches of caustic solution are mixadtloeeourse of the experiment,

and they are hooked up to the pH controller as sooregwdvious batch is exhausted.
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7. House air is turned on by turning on regulator R1,thadlesired initial air flowrate
for the experiment can be adjusted by rotameter F2.

8. The Cj detector is switched on along with its sampling pump P2.

9. In anticipation of the @lbeing turned on, a final check is made that the system'’s
access points are tightly closed and that the tubing convéyngain process stream is
free of holes, and that the process is ‘air tight.” Thézaution ensures that the system is
sealed and there is no chance of a I€ak. Leaks can be checked for by wafting
ammonia around the process apparatus and tubing. If aribke is seen, then Qb
present. In the event of a;,Gklated emergency or compromise in laboratory safety the
valve S2 can be flipped to allow safe ventilation of the cabinet.

10. The i is turned on by first carefully turning on R3, and thgnopening S4 and
finally opening valve S3.

11. C} flowrate is then adjusted to the desired level through Flr ‘dtandard
conditions’ the Gl flowrate is set at 101 on F2.

12. A scrubber liguor sample is taken in a small containeslee V4 correspond to the
beginning of the experiment (time = 0). Liquor samplesthen taken to be processed
by the ion chromatography system, preferably within cng o avoid oxidation of the
sulfite in the solution. Scrubber liquor samples continue taken regularly throughout
the experiments. Samples were usually taken at a timesporm@ing either to the
exhaustion of a 2L batch of caustic pH control solution dh vehanging of an

experimental variable. The time at which the samples weredpués always recorded.
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13. Other process variables also are adjusted and nateel letboratory notebook as the
experiment progresses. Readings of variables suclyasilCand liquor flowrates, €l
effluent concentration, pH, scrubbing solution temperatanestec consumption, and any
other observations deemed relevant were recorded alongheittorresponding times at
which they were taken.

14. When the experiments have been run to the desitext ethe shutdown and cleanup
procedure can begin. R3 is closed to shut down &hlve S1 is opened to allow & N
purge to clear the tubing in the cabinet of. CN, remains on for at least 1 minute to
allow for a thorough purge. S2, S3, and S4 are allexpand closed during this time to
allow N; to freely flow throughout the tubing in the cabinet.

15. The pH controller can be turned off or set to feedaustic.

16. The scrubbing solution is drained from the tank Thaew4.

17. After the tank is emptied of scrubbing liquor the tanknsed and partially filled
with tap water again through port Al. This step allows tk&esy to be rinsed of residual
chemicals to prevent corrosion and prepare for the n@eremental run. The tap water
is now emptied from the tank, again at V5.

18. The pump P1 can be turned off, as can the&téctor and its pump.

19. The pH controller electrode is detached from Aliarsiored in de-ionized water to
allow for consistent performance.

20. The i cylinder is again carefully and safely detached fromcHi#net and is again
weighed on a scale with the final mass being recorded.Ckheylinder is then returned

to the safety cabinet in the next experiment.
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