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ABSTRACT

The overall objective of our research has been to deve]ope thermochemical
cycles that can be used for energy storage. A specific cycle involving ammonium
hydrogen sulfate (NH4HSO4) has been proposed. Fach reaction in the proposed
cycle has been examined experimentally. Emphasis has been placed on the basic
chemistry of these reactions.

In the concluding phase of this research, reported herein, we have shown
that when NH4HSO4 is mixed with Zn0 and decomposed, the resulting products can

be released stepwise (Hzo(g) at ~163°C, NH3( at 365-418°C, and a mixture of

q)

502( and 503(9) at ~900°C) and separated by controling the reaction tem-

g)
perature. Side reactions do not appear to be significant and the respective
yields are high as would be required for the successful use of this energy
storage reaction in the proposed cycle. Thermodynamic, kinetic, and other reac-
tion parameters have been measured for the various steps of the reaction.

Finally we have completed a detailed investigation of one particu1§r
reaction: the thermal decomposition of zinc sulfate (ZnSO4). This reaction is
involved in the NH4HSO4 cycle and also in several other cycles proposed for the
thermochemical decomposition of water into hydrogen and oxygen. Typically it
proceeds rapidly only at temperatures greater than 850°C.

We have demonstrated that this reaction can be accelerated and the tem-
perature required reduced by the addition of excess Zn0, V205 and possibly other
metal oxides. Further, we have shown that ZnSO4 can be decomposed from a 1iquid
mixture of ZnSO4 and L12504, and that this decomposition can be catalyzed by
V205, aluminum silicate, and possibly other metal oxides.

The work on this project as proposed prior to funding is essentially
complete. The results of this research have been and continue to be used in

other projects designed to test the overall feasibility of the proposed cycle.
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1

INTRODUCTION

General Objective of the Research -

If solar insolation is to be of significance in meeting our energy needs, an
important aspect of the required technology is the development of methods for
storing the energy from this intermittant supply. For applications which
require high temperature heat, such as electrical power generation, reversible
chemical reaction cycles appear to offer promise for long term energy storage.
The selection of an appropriate reaction and the experimental measurement of
scientific data for the cycle have been the objectives of research in this
laboratory since 1976, This report presents new data which is applicable not
only to this cycle but also to other proposed cycles.

In principle, such cycies would use concentrated solar flux to provide the
heat required for a high temperature‘endothermic decomposition reaction. This
converts the thermal input into chemical potential energy in the reaction pro-
ducts which are stored. Heat could be regenerated upon demand by recombining
the stored products in the reverse exothermic reaction at some lower tem-
perature,

The maximum temperature available from the solar concentrator (eg. 516°C for
Solar One) and the minimum operating temperature of the power generating tur-
bines (eg. ~300°C for Solar One) determine the temperature range within which
the chemical reaction must be cycled. A reaction cycle operable within these
1imits must be identified, and thermodynamic and kinetic data for the various

reaction steps measured.



Chemical reaction cycles offer at least two advantages over other methods of
storage presently under consideration. First, chemical reaction cycles are
potentially capabie of storing more energy per unit volume of storage medium
than systems based on storage of sensible heat (ie. hot rocks, oil, water, etc.)
or as heat of fusion (ie. phase change media). Second, with reaction cycles the
storage medium can be at or near ambient temperature during the entire storage
period. If the recombination reaction occurs without catalysis, the products
must be separated at the decomposition temperature prior to storage. If the
recombination reaction requires a catalyst, then it may be possible to store the
products together in the absence of the catalyst. This research has focused on
a cycle which is uncatalyzed, and considerable effort has been spent on the
methods of product separation. Finally, the practical operation of such a cyc1é
depends critically upon a high reaction yield in both directions and long term
reversibility for the net reaction, all within a closed system. These features

must be demonstrated.

Description of the Ammonium Hydrogen Sulfate Cycle -

Based on general criteria for energy storage reaction cyc]es,1 we selected
the net thermal decomposition of ammonium hydrogen sulfate (NH4HSO4) into ammo-
nia (NH3), water (HZO)’ and sulfur trioxide (503) for the energy storage step:

.
NH,HSO, 1 NH + H,0 + S0, Energy Storage (1)

and the reverse recombination reaction:



T,

NH, + H.0 + SO NH

3 2 3 4HSO4 Energy Regeneration (2)

for the energy regeneration step in a storage cycle.

Values for the standard enthalpy of reaction, AH°=336.5 kJ mole’1 (80.4 kcal

mo1e'1) and for the standard entropy of reaction, AS°=455,8 J deg'1

_1)

(108.9 cal

deg have been used to calculate the approximate temperature, T.=467°C, at

1
which the thermodynamic equilibrium constant, Keq’ for the reaction is equal to
one. The value of T1 is an approximation of the temperature at which the reac-
tion cycle can be "turned". According to this approximation, reaction 1 will
be favored at temperatures in excess of T1 and reaction 2 will be favored at
temperatures below Tl' The actual temperature required for the energy storage
step (Tl) and provided by the energy regeneration (Tz) will depend on the reac-
tion conditions necessary to obtain high yields for each of these reactions.

The products of reaction 1 are gases at temperatures in the vicinity of
T1 under standard conditions, but each can be liquified at modest pressures
(<10 atm) at ambient temperature (<40°C). Condensation, and thus storage, of
these products will be simplified if reaction conditions can be found such that
the partial pressure of each product in reaction 1 at equilibrium is in
excess of its 1iquid vapor pressure at ambient temperature. Using thermodynamic
data available for reaction 1, calculations indicate that this self conden-
sation can be achieved at T1 ~ 500°C. The energy storage density provided by
this process (storage of HZO’ NH3, and SO3 as liquids at ambient temperature)

3 3 1)

would be between 3,098 MJ m ° (740 kcal z'l) and 4,102 MJ m

(980 kcal £ 7).
The lower figure assumes complete loss of the heat of condensation of each pro-
duct to an ambient heat sink. The higher figure, assumes complete recovery of

this heat of condensation from the ambient heat sink or through some co-



generative process.

Summary of Previous Research -

An initial literature survey allowed us to identify two reaction mechanisms
which would be equivalent to reaction 1 and which might allow satisfactory
separation of 303 from NH3 and H20. The use of metal sulfates (M2504) for
forming intermediate pyrosul fates (M25207):

MECHANISM I

la

NH4HSO4 + M,SO

(sol) 2 4(501)

$,0 "1 M.SO,  + SO (1b)
M3, ") 2%y 3,

or the use of metal oxides (MO) to form intermediate sulfates (MSOA):

MECHANISM II

T1c

NH4HSO4 + MO(S) + H,0 + MSO4 (lc)

(2)

:
MSO 1d

4(S)

MO(S)+ SO (1d)

*(9)
would in principle provide the desired product separation if large yields from
each of the two steps could be achieved by controlling the reaction mixture tem-
perature.

Based on thermodynamic data when available and further assisted by a reac-
tion mechanism mode],z’3 twenty five different metal oxides and metal sulfates

were selected and their reaction with NH4HSO4 screened experimentally using dif-



ferential thermal analysis (DTA) and thermogravimetric analysis (TGA). In
general, the TGA results proved more useful than the DTA results. The TGA
method used is described in Appendix A. The results of this screening have been

publishe and are summarized in Tables I and II. Only three sulfates

(K,S0,4, Rb,SO,, CSZSO4) and six metal oxides (InO0, Cu0, NiQ, Mn0, PbO, MgO),
when mixed with NH4HSO4, reacted in two steps with an intermediate weight loss
equal to that expected for complete evolution of the avajlable NH3 and H20 (30%
of the starting weight of NH4HSO4).

The first step (reaction la) of Mechanism I has been investigated in detail.
This investigation required the development of an unconventional procedure for
quantitative chemical analysis of the reaction products., This procedure is
described in Appendix B. Use of this procedure has shown that with each of the
three metal sulfates the principal reaction products are NH3(g) and HZO(g).v
Small amounts of 503(9) are also produced. In each case the absolute NH3(g)

yield and the relative NH3( to 503(9) yield depends on the reaction tem-

g)

perature and reaction mixture mole ratio (moles of metal sulfate/moles NH4H304).

Quantitative measurements of these yields have been made under various reaction

conditions.s’7

Optimum reaction conditions in each case require a temperature
~415°C and a mole ratio ~1,2. Under these conditions the NH3(g) yields are ~95%
and the 503(9) yields are <1% in each case. The volatile NH3(9) yield is
greatest for the mixture containing 'CSZSO4 and lowest for the mixture containing
KZSO4. Total recovery of NH3 and 503 is virtually 100% in each case.
Preliminary experiments with mixtures containing K2504 indicate that the NH3(g)
yield can be increased and the 303(9) yield reduced when the reaction is carried

in the presence of excess water vapor. However, it was not possible to find



TABLE 1

SUMMARY OF TGA AND DTA RESULTS FOR MIXTURES OF NH4HSO4 WITH EACH OF THE METAL SULFATES SCREENED

Temperature Range Corresbonding

Metal 0% to 30% - DTA
Sulfate Weight Loss Endotherm
Li2504 does not occur = ce-ee--
NaZSO4 does not occur = —--eee-
K2504 250°C to }50°C 395°C
Rb,504 250°C to 300°C 390°C
C52504 250°C to 300°C 345°C
Cas0, does not occur = ----e--
MgS0, does not occur = —-e-ee-
MnSO4 does not occur = -------
A12504 does not occur = ~------
FeSO4 does not occur = ewee-a-
NiSO4 does not occur = --e----
Cus0, does not occur = -----a-
ZnSO4 does not occur 0 ~-e-e--
CdSO4 does not occur = -eea---
HgS0, does not occur  —em-mee-

Assumed Reaction

K2504+NH4H504»H20+NH3+K25207
Rb2504+NH4H504*H20+NH3+Rb25207
Cs2504+NH4HSO4+H20+NH3+C525207

Temperature Range

30% to 100%

Weight Loss

does not occur

does

not

400°C to

350°C to

450°C to

does
does
does
does
does
does
does
does
does

does

not

not

not

not

not

not

not

not

not

not

occur

650°C

750°C

900°C

occur

occur

occur

occur

occur

occur

occur

occur

occur

occur

Assumed Reaction

K25207+K2504+SO3
Rb25207+Rb2504+503
C525207+C52504+503



TABLE II

SUMMARY OF TGA RESULTS FOR MIXTURES OF NH4H504 WITH EACH OF THE METAL OXIDES SCREENED

Temperature Range Temperature Range Temperature Range

Metal 0% to 30% 30% to 100% For Weight Loss From

Oxide Weight Loss Assumed Reaction Weight Loss Pure Metal Sulfate Assumed Reaction
Mg0 <200°C to 400°C MgO+NH,H50,-H,0+NH;+MgS0, .900°C to > 1000°C 900°C to > 1000°C MgSO4+M90+503
Ca0 not observed =000 ceeeeas not observed not observed =00 -e-e---

Ba0 <200°C to 300°C Ba0+NH4HSOA-»H20+NH3+BaSO4 not observed no experiment =00 oceeeee-
Cu20 <200°C to 400°C Cu20+NH4H504+H20+NH3+Cu2504 550°C to 700°C no experiment Cu2504+Cu20+SO3
In0 <150°C to 350°C ZnO+NH4H504+H20+NH3+ZnSO4 600°C to 900°C 600°C to 900°C Zn504»2n0+503
N10 <250°C to 400°C NiO+NH4HSO44H20+NH3+NiSO4 600°C to 900°C 600°C to 800°C Ni504+NiO+SO3
Mn0 . <250°C to 400°C MnO+NH,4HS0,4+H,0+NH 1 #Mn50, 700°C to 1000°C 700°C to 900°C MnS0,+Mn0+504
PbO <200°C to 300°C Pb0+NH4H504+H20+NH3+PbSO4 800°C to 1000°C no experiment PbS0,-Pb0+S0,
Hg0 does not occur 00 —-ca--. does not occur no experiment = =0o——e-eno

Al,0 does not occur 0 ceeee-n does not occur no experiment =0 s-eo--o

273



reaction conditions under which any of the three mixtures gave 100% NH3(g) yield
and negligible 503(9) yield indicating that for these mixtures, temperatures
sufficient to drive reaction la to completion are also sufficient to initiate
reaction 1b, Further, we found some indication that reaction 1la is an
incomplete representation of the process taking place in these mixtures at
T1a=250-350°C. Condensable HZO was repeatedly observed in the reactor at tem-

peratures below those required to produce detectable volatile NH3( This

9)
suggests that decomposition of NH,HSO, 55 the presence of the metal sulfates

forms a nitrogen containing pyrosulfate prior to liberation of free ammonia.
In order to partially characterize the nature of the reaction mixtures

(M2504/NH4HSO4) associated with reaction la, the solubility of each alkali metal

P
within the range 150 to 250°C. The procedure used is described in Appendix C.

sul fate in molten NH,HSO, (M =145°C) was measured as a function of temperature

The results are presented in Table III, and indicate that the solubilities of
Na2504, KZSOA’ Rb2504, and C52504 are the same, within experimental error, at
SO

any temperature. The solubility of Li 4 is somewhat higher at low tem-

2
peratures, but becomes comperable to that of the other metal sulfates at higher
temperatures, The measured solubilities for K2504, Rb2504, and Cszsd4 are con-
sistent with the observation that the mole ratio M2504/NH4HSO4=1.2 necessary for
max imum NH3(g) yield via reaction la results in a mixture in which the M2504 is
only partially dissolved when reaction begins.

For each of the three reaction mixtures (K2504/NH4HSO4, RbZSOA/NHaHSO4,
C52504/NH4H504), thermodynamic and kinetic parameters have been calculated for
reaction la. Thermodynamic parameters (AH, AS) were calculated from measurement

of the total equilibrium product gas pressure as a function of 1:emper‘atur'e.,8’9



TABLE ITI
EXPERIMENTAL SOLUBILITY OF THE ALKALT METAL
SULFATES IN AMMONIUM HYDROGEN SULFATE

AS A FUNCTION OF TEMPERATURE

MOLE FRACTION OF METAL SULFATE DISSOLVED

T(°C) Li2804 Na,S0, K50, Rb2504 C52504
150 - .0233 .0181 .0152 .0087 .0125
175 .0061 .0430 .0417 .0440 .0529
200 -1409 .0492 .0903 .1132 .0855
225 .1655 .1624 .1354 .1544 .1807
250 .1806 .2203 - .1977 .2175 .2110



Kinetic parameters (activation energies, rate constants) were calculated from

8,10

measurement of the rate of NH3( evolution as a function of temperature.

8,10

9)
The experimental details have. been published elsewhere.

The results are
summarized in Table IV. Two sets of thermodynamic parameters are given. One
pertains to reaction temperatures below ~360°C where the reaction mixture is not
homogeneous. At these temperatures the mixture at equilibrium consists of a
solution of M2504 in molten NH4HSO4 in contact With undissolved M2504. Another
set pertains to temperatures above ~360°C. At these temperatures the mixture at
equilibrium 1is homogeneous. In either case the thermodynamic state of the
reacting species is not well characterized; and the calculation of the respec-
tive AH and AS values required assumptions concerning the nature of the mixture.
For this reason the results are not considered definitive. They are, however,
considered adequate for the present purposes.

The second step (reaction 1b) was not studied quantitatively. However,

qualitative experiments9

indicate that this reaction will require a temperature
T1b~9OO°C,'that it occurs at a somewhat slower rate than reaction la, and that
it will yield a mixture of 502(9), 503(9), and 02(9).

The energy regeneration step (reaction 2) has been investigated. The heat
of reaction was determined by adiabatic calorimetry at atmospheric pressure.9
The procedure used is described in Appendix D. The results are summarized in
Table V. A net heat of reaction equal to 74-77 kcal/mole was calculated for

T2=310 C. In addition, experiments were done in which NH3(g)’ 503( and HZO(

9) g)
were mixed on a manifold at atmospheric pressure. The reaction is characterized
by the formation of a dense mist, and the condensation of a solid product. The
reaction temperatures observed ranged from 355°C to 405°C, and the solid product

was a mixture of NH4HSO4 and (NH4)2504.

10



TABLE IV

SUMMARY OF EXPERIMENTAL RESULTS FOR MECHANISM 1

NH HSO

K2504
Rb2504

C52504

{1) From ref. 4.

(2) From ref. 8.

M2504

K2504

Rb2504

C52504
(3) Measured at optimum values T1

4(501)+ nM SO 4(

T
la + H.O

so1) NH3(9) 20(g) * M2%2" (1a)

27277(2)

.
by 5o

M,S,0 (2) 3(g) (1b)

27277(2

FROM EQUILIBRIWM(Z) vAPOR
PRESSURE EXPER IMENTS

rroM TGA L) EXPERIMENTS

Ta T1b - Ma
250-350°C 400-650°C 220-480°C
250-300 350-750 220-480

<250-300 450-900 220-440

YIELD DATA FOR REACTION 1al3)

YIELD NH3(9) YIELD 503(9)

1 93.6% 0.6 %
95.4 0.11
96.1 0.3
= 415°C; n = 1.2 and expressed as % of

total theoretical yield (see ref. 7).

11



TABLE IV (Continued)
THERMODYNAMIC PARAMETERS FOR REACTION 16(4)

Below 360°C(5) Above 360°¢(6)
M5S0, AH AS AH AS
K,S0p  49. keal mole™} 66. cal deg'1 43.7 kcal mole~} 59.2 cal deg'1
Rb2504 53.3 74.3 47, - 67.
CSZSO4 45,7 65.8 35.8 52.

(4) Thermodynamic data were calculated from equilibrium product gas pressure

using assumptions concerning composition of the reactant mixture at
equilibrium. ,

(5) Not all MZSO4 in solution (see ref. 8).

(6) Completely 1liquid reaction mixture (see ref. 8).

KINETIC PARAMETERS FOR REACTION 1al”)

PRE-EXPONENT IAL FORWARD RATE
M,S0, ACTIVATION ENERGY FACTOR CONSTANT (400°C)
K,S0, 19.2 kcal mole™! 1.6 x 103 sec™} 1.275 x 10° sec™}
Rb,SO, 21.6 1.52 x 107 3.757 x 1073
Cs,50, 23.7 1.87 x 10° 9.54 x 1073

(7) Kinetic data were calculated from measurement of NH pressure as a
function of time and temperature, and assuming reac%%gg is first order in
the forward direction (excess M SO ) and second order on the reverse
direction (constant H 0), (from re%

12



TABLE V

EXPERIMENTAL HEAT OF REACTION AT ONE ATMOSPHERE FOR

T T AH

(°C) (°K) (kcal/mole) Reference
310 583 74-77 1

310 583 76 2

(1) Chen et al., present work.

(2) Calculated from data reported by Kelley et al. in "Thermodynamic Properties
of Ammonium and Potassium Alums and Related Substances With Reference to
Extraction of Alumina From Clay and Aunite," U.S. Dept. of Interior,
Technical Paper #688.
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Finally, since the reaction mixtures involved in reactions 1la and 1lb are
potentially very corrosive and since metal reactors would be required to contain
these mixtures at the pressures suitable for product condensation, a serieé of
experiments9 was carried out to measure the corrosive effects of the mixtures
on various metals. The procedure used is described in Appendix E. Of the nine
metals tested, Rene 41 and Hastelloy X showed the greatest resistance to corro-
sion,

The first step (reaction 1lc) of Mechanism II has been examined using mix-
tures of NH4HSO4 with each of the six selected metal oxides. O0Of these, the mix-
ture ZnO/NH4HSO4 gave the most complete separation of NH3(g) and 303(9)

products. Experimental results for this mixture as well as results for reaction

1d are discussed in detail in this report.

14



Il
THERMAL DECOMPOSITION OF THE ZnO/NH4HSO4 MIXTURE

Stoichiometry and Yield for First Reaction Step (Reaction 1lc) -

In order to characterize the reaction of NH4HSO4 with Zn0, experiments were
done to deterﬁine the yield of NH3(g) evolved as a function of mixture mole
ratio (n=Zn0/NH4HSO4) and reaction temperature over the range 261-459°C,
Volatile products from the heated mixture were entrained in an inert gas flow
and transferred to a solution of HZSO4 which was analyzed. The auantitative
chemical analysis procedure used is described jn Appendix F. The experimental

ql1,12

details and results have been publishe and are summarized in Table VI.

The data showed that: Hzo(g) but not NH3(g) or 503(9) is evolved at ~163°C;
NH3(g) but no 303(9) is evolved at temperatures between 365-418°C; maximum
NH3(g) yield (>99%) is obtained when n~1.5 and T1c=390~400°C; and that at tem-
peratures above 409°C NH3(g) begins to decompose. The optimum value for n=1.5"
is inconsistent with the stoichiometry for reaction lc.

NH4HSO + In0

NH, + H,0 + ZnSO

3+ Hy 4 (1c)

4

An oxysul fate, Zn0-22n304, has been identified in the literature (see refs., 11
and 12 for a more complete discussion of this compound). The value n=1.5
suggests that the oxysulfate rather than ZnSO4 is the end product for the reac-

tion of NH4HSO4 with Zn0.

15



TABLE VI

SUMMARY OF EXPERIMENTAL RESULTS FOR MECHANISM II

NH,HS0, ;) + NZn0 ) Ne N3 gy * Hp0(q) + Zn0-2ZnS0, ) (1c')
T1d
In0-22nS0, () 0(g) * S03g) * %) * Op(q) (1d)
REACTION TEMPERATURES
FROM TGA EXPERIMENTS(!) FROM PRODUCT GAS ANALYSIS(2)
Tic! Tid Tic' T1d
<150-350°C 600-900°C 365-418°C >800°C

(1) From ref. 4.

(2) From ref, 12.

YIELD DATA FOR REACTION 1c'(3)
. o
Yield Ny ) Yield SOy oy
99.3% .349,

(3) Measured at optimum values T

v = 409°C, n = 1.5 and expressed as % of total
theoretical yield (see ref. 15).

KINETIC PARAMETERS FOR REACTION lc'(4)

Activation Energy Pre-exponential Factor Forward Rate Constant (400°C)

24.7 kcal mole-l 1.2 x 107 min-1 ©1.331 x 107 min

(4) Kinetic data were calculated from measurement of NH ) yield as a function
of time and temperature by electrical conductance a&g assuming reaction is
first order in forward direction (from ref. 13).
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ONH,HS0, + 6In0 4NHy + 4H,0 + 2(Zn0-22nS0,) (1c")
n o= otn0 =8 _ 15
NH,HSO, g =t

However, the fact that HZO(g) is evolved from the reaction at a temperature much
lower than that required for the production of NH3(g) indicates that equation
1c is not a complete description of the process. Based on other information
from the 1literature (see ref. 12), it seems 1likely that the reaction of
NH4HSO4 with Zn0 involves the following sequence of reactions:

At 170°C < T < 230°C

Yo (NHg)pSp07(p) + 3/4 200(g) > 12 (NHy)p SO4(q) + 14 In0-2InyS0y  (4)
2 (NHp)p80q(g) > 1o Nz gy + 14 (NH), SO, NHHSO, (o (8)

At 230° < T < 400°C
1 (NH) S04~ NH HSO, )y + 3/4Zn0 oy 3/ANH3 oy + 15 HpO gy * 14 In0-22n50, ¢y (6)

The net result of this sequence is consistent with the stoichiometry of reaction
1c' which is used for brevity in discussions which follow.

In order to further characterize the product of reaction 1lc', an x-ray
powder diffraction spectrum was obtained (seevFigure 1) from a sample of this

solid and compared to standard diffraction patterns for ZIn0, ZnSO4, and

17



Zn0-22n504. The reaction product pattern showed the main 1ine of pure Zn0 at d
(interplanar spacing) = 2.48 suggesting excess In0 in the product. It had only
one or two lines in common with ZnO-ZZnSO4, and none of the lines shown in the
pure ZnSO4 pattern. However, this result is considered inconclusive and it is
assumed that the reaction product contains a mixture of ZIn0, ZnS04 and

Zn0°22nSO4. Evidence for this conclusion is presented in Section II.

Kinetics for First Reaction Step (Reaction 1lc') -

The rate of reaction 1lc¢' has been calculated by measuring the rate of NH3(9)

evolution from the mixture ZnO/NH4HSO4=1.5. The procedure used was similar to

11,12 (

that used to study the reaction stoichiometry see Appendix F), except that

volatile products from the heated mixture were entrained in an inert gas flow
and transferred to a solution of HC1 rather than H2504. The change in electri-
cal conductivity of the solution was related to the amount of NH3(g) dissolved
and was used to measure NH3(g) yield as a function of time at a given tem-
perature. Experiments showed that the measurement of conductivity changes in an
HC1 solution is more sensitive to dissolved NH3 concentrafion changes than is
the measurement of pH change when NH3 is dissolved in HZSO4. Reaction of HCI
with NH3 converts H+(aq) which has a high ionic conductance (350 ohm-cmz/equiv)
to NH4+ which has a relatively low ionic conductance (73.6 ohm cmz/equiv). The

experimental details and results have been pubh’shed.n’12

In summary, the
results showed that the rate of NHB(g) production is first order with respect
to NH4HSO4 and occurs in two distinct stages. Since the rate associated with

the first stage is most 1likely determined by a combination of processes
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FIG. 1. X-ray Diffraction Patterns for Solid Product of Reeaction 1lc'.
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(reaction 5, the rate of temperature equilibration, and the interaction of
NH3(g) with condensed droplets of H20 from reaction 3), only the second stage
was studied in detail. Data obtained over the temperature range 340-450°C are

associated with reaction 6 and are shown in Table VII,

Effects of Other Reaction Conditions on First Step (Reaction 1lc')-

Several experiments were done to determine the effect of water on the ther-
mal decomposition of the ZnO/NH4HSO4 mixture. No significant change in
NH3(g) or 503(9) yield was observed when the decomposition at 400°C was done in
a water saturated helium atmosphere.11

Since NH4HSO4 melts at 145°C and partially decomposes with the release of
H20 at ~170°C, the effect of preheating the ZnO/NH4HSO4 mixture at 170°C was
examined. Preheat times varing from 20 minAto 20 hr produced no significant
change in the NH3(

) and 503( yields measured at 400°C.

g g)

Since in any application of this chemical cycle the Zn0 will be recycled
continuously, the effect of such cycling was briefly investigated. Zn0 obtained
as the product from one ZnO/NH4HSO4 reaction mixture was used to make a second
mixture. The yield of NH3(g) obtained at 400°C from the second mixture was vir-
tually the same as that obtained from the first mixture, but the reate of decom-
position was faster for the second mixture than for the first.11

Several experiments were done to test the feasibility of increasing the
optical absorbtivity of the inherently white ZnO/NH4HSO4 reaction mixture.11
When charcoal was added to the mixture, decomposition at 400°C produced an

increased 503( yield (2.3%) and decreased the NH3(g) yield. Both effects are

9)
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TABLE VII

RATE CONSTANTS ORTAINED AT DIFFERENT TEMPERATURES
FOR THE DECOMPOSITION OF THE ZnO/NH4HSO4 MIXTUREa)

Temperature Ky x 10 akq x 10
(°C) min~1)?) (min~1)?)
340 0.169 0.003
340 0.141 0.004
360 0.381 0.009
380 0.683 0.015
380 0.630 | 0.010
380 0.510 0.007
400 1.331 0.043
425 2.195 0.060
450 3.315 0.114

a) ZnQ/NH4H504 = 1.5

b) Calculated using a rigorous least squares adjustment on the equation
In (1-x) = -kt.
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undesirable.

Stoichiometry and Yield for Second Reaction Step (Reaction 1d) -

In order to characterize the decomposition of the solid product from reac-
tion 1c' (assumed to be a mixture of ZnO0, ZnSO4, and Zn0-22n504) the yields of
502(9) and 503(9) produced by this decomposition at ~800°C were measured.11
Volatile products from the heated solid were entrained in an inert gas flow and
transferred to a solution of NaOH which was analyzed by potentiometric titra-
tion. The analysis procedure used is described in Appendix G.

Complete recovery of the sulfur available in the oFiginal ZnO/NH4HSO4 mix-
ture was obtained as a mixture of 302(9) and 503(9). This required more than 4
hours at 815°C. The measured total yields had a mole ratio 503/502=3.6.

When the solid was decomposed in a platinum crucible, the rate of decom-
position was increased and the total yield ratio 503/502 decreased to ~1.35.11
Platinumn is known to catalyze the equilibrium:

S03(g) * S02(g) * ¥0%(g) )
Apparently this equilibrium influences the net rate of decomposition of the
solid.

Results obfained when V205 was added to the solid were inconclusive due to
reaction of the mixture with the quartz sample boat.

When the solid was decomposed in air rather than helium, the rate of reac-

tion was decreased but the ratio 503/502 was not significantly altered.11
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“Kinetics for the Second Reaction Step (Reaction 1d) -

These experiments involved measurement of the rate of weight loss from
samples of pure Zn$04, pure Zn0-22n504, and from samples of the solid product of
reaction 1lc'. Measurements were made as a function of temperature over the
range 900-980°C. In each experiment the fraction of the sample decomposed (o)
was calculated from weight loss and plotted vs. time. The experimental details
and results have been published.11’13

For ZnSO4, the weight loss during thermal decomposition occurred in two
distinguishable steps occuring with obviously different rates. Kinetic data
were calculated for the second step only. For ZnO-ZZnSO4 and for samples of
reaction 1lc' product, weight loss during thermal decomposition occurred in a
single step. Kinetic data were calculated for each of these sample types and
compared to that for the second step in the thermal decomposition of pure ZnSO4.
The comparisons lead to the following conclusions.

The thermal decomposition of ZnSO4 proceeds in two steps: the first
occurring when 0<a<.33, the second when .33<a<l., This is consistent with the

reaction sequence:

32n$04 + nSO3 + {(1-n)SO

+ In0+2ZnSO
s (q) 2(q)

1-n
+ (&0 0 (8)
(s) 27y

(s) 9)

(where 0 < n < 2)
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2-n
ZnO.ZZnSO4 > BZnO(S) + nSO3 + (2-n)SO2 + O—Z—) 0

(s) (g) (q) 2(q)

(where 0 < n < 2)
There is ample evidence in the literature for the formation of an intermediate
oxysul fate, although the stoichiometry of this compound has been disputed. The
present results support the composition ZnO-ZZnSO4, based on the range of «
associated with each of the weight loss steps.

The decompositions of ZnSO4 and ZnO-ZZnSO4 go essentially to completion at
temperatures in the range 900-980°C, and no Zn0 decomposition or vaproization
was observed up to 980°C. |

The decompositions of each of the three solids (ZnSO4, Zn0-22n504, and reac-
tion lc' product) are best described by the rate equation.

do _ -
dt ~ kMo

1

Where M0 is the number of moles of sulfur available in the solid at the start of
reaction. This rate equation is derived from the linear law of nuclei for-
mation. Nine alternative rate equations were considered, but none fit the data
better.

Rate constants and Arrhenius activation energies were calculated for the
decomposition reactions of each of the three solids. The results are given in
Table VIII. The rate constants and activation energy for the ZnSO4
decomposition (second step) are similar to those for the decomposition of
ZnO-ZZnSO4, supporting the conclusion that this oxysulfate is an intermediate in
the thermal decomposition of ZnSO4.

The thermal decomposition of the product from reaction 1lc' shows a qualita-

tive similarity to the thermal decompositions of the two pure compounds. A very
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fast rate observed at the start of the product decomposition (up to o = .08)
resembles the fast rate observed during the first stage of the decomposition of
pure ZnSO4, and the major portion of the product decomposition occurs in a
single step which resembles that observed during the decomposition of pure
Zn0-22n504. Although the rate constants and activation energy for the product
decomposition in its later stage are rather different from those observed for
pure Zn0-22n504, the integral yield curves uéed to calculate these parame-
ters are rather imprecise and we suspect the product is either ZnO-ZZnSD4 or a
mixture of ZnSO4 and Zn0-22n504. In any case it was possible to demonstrate
that the product decomposition leads to complete recovery of the sulfur (as 502

and 503) available in the original ZnO/NH4HSO4 reactant mixture.
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TABLE VIII
SUMMMARY OF THE KINETICS OF THE THERMAL DECOMPQSITIONS OF

ZnSO4, In0+2ZnS0O, AND PRODUCT OF DECOMPOSITION OF ZnO/NH4HSO

4 4

TEMP. S0, CONTENT ko x 100 k2 x 108 3
COMPOUND (°C) (mmoles) j@jn'l) (min"1 mole) (kcal/mole)
ZnSO4 73.2 £ 5.8
900 4,669 0.985 0.460
920 4,680 2.534 1.186
940 4.670 2.745 1.282
940 6.054 3.249 1.967
960 5.135 4,110 2.110
980 4,846 8.822 4,275
ZnO-ZZnSO4 : 76.3 + 8.3
920 4,749 1.728 0.821
940 3.591 3.499 1.256
960 4,935 4,141 2.044
960 4,805 4.681 2.296
960 8.181 2.848 2.330
980 4,182 8.991 3.760
Res AHS + 1.5 In0 60.3 £ 2.7
860 3.672 0.467 0.172
880 3.649 1.140 0.416
900 3.714 1.273 0.473
920 3.655 1.953 0.714
920 2.449 4,377 1.072
940 3.569 3.359 1.199
960 2.686 5.926 1.592
960 3.660 4,760 1.742
980 2.282 12.766 2.913
Notes: a. Calculated using a standard least squares fit. k1 = koMo‘

b. Calculated using the individual Probable Errors for each Ky (°k1 =
Okq * Mo, Since My is very small), and a rigorous least squares
adjustment procedure.

¢. Experiments involved measurement of rate of weight loss from sample
during decomposition (see ref 13).
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111
THERMAL DECOMPOSITION OF PURE ZnSO4

Since the thermal decomposition of the product of reaction 1lc' produces a
mixture of 502(9) and 503(9), it was considered important toc examine the rate
and relative ratio at which these two gases are evolved. Since the product of
reaction lc' is apparently a mixture of ZnSO4 and Zn0-22n504, it was considered
expedient to use the thermal decomposition of pure ZnSO4 to develope and test

methods for making these measurements.

Preliminary Experiments -

The method used for studying the net stoichiometry of reaction 1d (see
Appendix G) can also be used to provide a measure of separate 302(9) and 503(9)
yields at any time after initiation of the reaction. To obtain yields as a
function of time, the test sé]ution was changed at regular intervals and each
solution analyzed separately. As a practical mater, sampling was limited to a
maximum frequency of ~20 minutes. This method was used to obtain preliminary

results for the decomposition of pure ZnSO4.14

Yields of SOz(g) and 503(9) were measured as a function of reaction time and
temperature. A typical set of data is shown in Figure 2 for decomposition at
830°C. Simiiar results were obtained at temperatures within the range
830-950°C. These results showed: that at all temperatures the decomposition of
InS0, produces mostly S03(g) during its early stages and mostly $0,(g) during

its later stages; and that the rate of 503(9) production 1is approximately zero
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order over a significant portion of the decomposition. The zero order rate
constants calculated for the rate of 502(9) production at each temperature are
given in Table IX. These were used to calculate an Arrhenius activation'energy
(see Figure 3) of 50.34 kcal/mole.

This activation energy (50.34 kcal/mole) 1is somewhat different from the
activation energy (73.2 kcal/mole) obtained previously for the zero order decom-
position of 1InS0, as calculated from weight loss data (see Table VIII).
However, in both experiments (weight loss and product gas measurement) rather
large (~1g) samples of ZnSO4 were used, and the removal of product gases from
the surface of the decomposing solid was inefficient and not necessarily com-
perable. The rate data from each experiment and thus the activation energies
calculated are most likely pertinent only to the respective reaction conditions.

Improved Méthod for Measuring 502( and 503(9) Simultaneously -

g)

The development of a method for measuring simultaneously and continuousty

the 503(9) and 502( produced in the thermal decomposition of ZnSO4 and related

g)
compounds involved a major research effort. Several methods described in the
literature were tested and found inadequate (see Appendix H for a discussion of
methods evaluated). An entirely new method has been developed and its descrip-
tion pubHshed.15

In this method, the product gases are entrained in an inert gas flow and
swept first through a heated tube containing calcium oxalate (CaC204) and thence
through two optical cells in series. The Ca0204 serves to convert any 503(

9)
present in the carrier flow to CO2 but does not react with the 502(9). 502(9)
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TABLE IX
SUMMARY OF SOZ YIELD RATE AS A FUNCTION OF TEMPERATURE
FOR THERMAL DECOMPOSITION OF ZnSO4- ANALYSIS BY TITRATION

Reaction Temperature ZnSO4 Sample Zero Order Rate
(°C) (millimoles) Constant K502
830 5.801 0.113 %/min
850 5.490 0.269
870 10.723 0.265
888 7.121 0.373
895 7.725 ' 0.570
931 . 7.121 0.643
947 6.875 1.063
950 14,276 0.833
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FIGURE 3.
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THERMAL DECOMPOSITION OF ZnSO,

SLOPE = - 1.1 x 10~%

ACTIVATION ENERGY = 50.34 kcal/mole

o

8.2 8.4 86 88 90 92 94
‘ \/T x 10-4

31



is measured at the first optical cell which is part of a nondispersive ultra-
violet monitor set to detect 802 absorption. CO2 is measured at the second
optical cell which is part of a nondispersive infrared monitor set to measure
CO2 absorption. A more complete discussion of the method is given in Appendix
I.

The apparatus designed allows the use of smaller ZnSO4 samples (~0.1 g) and
faster carrier gas flows (up to 300 cc/min) than were possible in the experi-

16 that the rate of reaction can

ments described previously. It has been shown
be determined directly from the measured absorbance curves, and that the area
under each curve is directly proportional to the respective product yield.

A typical set of curves observed for the decomposition of ZnSO4 at 945°C is
shown in Figure 4. The sum of the 503(9) and 502(9) yields measured by integra-
tion of the area under each curve consistently equals 100% of the SO4Z° present
in the initial ZnSO4 sample. The observed absorbance intensity at any point on
a curve is directly proportional to reaction rate at that time, and the curve
itself reflects the way the reaction rate changes as a function of extent of
reaction,

This method has been used to study the thermal decomposition of ZnSO4 as a

function of various reaction conditions.

Evidence of Two Reactions in the Decomposition of ZnSO4 -

Data obtained using the method described above comfirm that the decom-

16

position of pure ZnSO4 involves two separate reactions, (see Figure 5) A low

temperature process becomes significant at ~740°C yielding ~7 mole percent total
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conversion of the avajlable sulfur to SO2 and SO3 before reaction becomes unde-
tectable. The extent of decomposition via this reaction increases as reaction
temperature is increased from 740 to 780°C. At temperatures between 780 to
820°C the extent of reaction remains constant. (see Figure 6) Within this tem-
perature range the average value for the net decomposition as measured by the

sum of the 503( and soz(g) yields is 30.1 mole percent. The mole ratio

9)
503/502 has an average value of 3.9, indicating that 503(9) is the major product
for this reaction step, and is independent of flow rate over the range 150-300
cc/min, The data are consistent with the stoichiometry represented by:

1-
3InS0y gy * In0-2InS0, (o) + 1S03 gy + (1-n) SO,y + (S37) Oy(gy (10)

Where 0 < n < 1. Our experiments give an average value n = ,80.

A high temperature process was observed over the range 890-930°C. This
reaction consistently completeé conversion of all sulfur initially present in
the ZnSO4 sample to SO2 or 503. The extent of decomposition has an average
value of 65 mole percent. The data are consistent with the stoichiometry repre-

sented by:

In0-22nS0; gy > n0(gy + NSOy gy + (2-n) S0,y + (551 Oy S

Where 0 < n < 2. Our experiments give an average value of n = ,79 indicating
that this reaction step produces slightly more soz(g) than 503(9).
The values of n for reactions 10 and 11 may be a function of experimental
conditions other than temperature, but our results indicate they are not signi-
ficantly influenced by the gas phase equilibrium:
S0 + | 12

In general reaction 12 favors the formation of 502 as temperature is increased,
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and equilibrium is catalyzed by contact with platinum. In these experiments the
ratio 503/502 remained constant as carrier gas flow rate was varied over the
range 150-300 cc/min. Lower ratios were observed only at lower flow rates and

16 The ratios

when the gases were passed over platinum before detection.
reported above are most likely the nonequilibrium ratios in which the products

leave the decomposing solid.

Rates of Reaction for Production of 502 and SO3 from ZnSO4 -

Although the rates of 503(9) and 502(9) production can be measured
directly from the respective absorbance -curves obtained during the decomposition
of ZnSO4 samples, attempts to calculate rate constants as a function of tem-
perature gave irreproducible results, and data suitable for calculating an acti-
vation energy have not yet been obtained. The measured rates depend to some
extent on sample size and surface area. However, it is important to note that
the overall rate of reaction observed in these experiments is considerably
faster than that observed in previous experiments. It was also possible to com-
pare qualitatively the rate of decomposition of pure ZnSO4 to the rate of decom-

position of a mixture containing excess ZnO.16

Effect of Excess Zn0 on Decomposition of ZnSO4 -

When a mixture of ZnSO4 and excess In0 is heated, no low temperature

(<800°C) decomposition is observed 0 Apparently In0-2ZnSO0, js formed effi-

ciently without release of sulfur oxides from the bulk of the sample. When the
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mixture is heated to 920°C both soz(g) and 503( ) are observed indicating decom-

9
position of the oxysulfate. The presence of excess In0, however, increases dra-
matically the rate at which these products are formed. Figure 7 shows a
comparison of the rate of decomposition of ZnO-ZZnSO4 obtained from pure
ZnSO4 with the rate of decomposition of ZnO~22nSO4} obtained by heating
ZnSO4 with excess Zn0. Since In0 does not catalyze reaction 12 efficiently,

the catalytic effect of Zn0 on reaction 11 must occur within the bulk of the

sample mixture.

Effect of Additives on the Decomposition of ZnSO4 -

Since the temperature required to decompose ZnSO4 completely to Zn0 is
rather high with respect to the temperature currently available from solar power
facilities (ie. Solar One) an attempt was made to identify catalysts which might
be used to 1owér the decomposition temperature. In addition, since the reac-
tions of solids are more difficult to control in large scale reactors than those
of fluids, an attempt was made to identify substances which, when mixed with
ZnSO4 and heated, would form a liquid solution or melt without significantly

altering the decomposition chemistry.

Thermal Decomposition of ZnSO4/NaC1 Mixtures -

Mixtures of ZnSO4/NaC] were known to be fluid at temperatures well below the
melting point of either solid, and decomposition at ~500°C has been reported in
the literature. A series of experiments were carried out to further charac-

terize this system.
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Experiments were done to define at what temperatures and compositions the

mixture was f]uid.11

Mixtures having a mole fraction of nS0, (Xznsog) in the
range 9.1 to 0.8 were heated until a clear liquid formed. The rate of cod]ing
was monitored, and the appearance of the sample observed. Changes in cooling
rate considered indicative of thermal events were recorded as was the tem-
perature at which precipitation first occurred. These data are shown in Figure
8 as a iiquidus curve. The results indicate that the mixture ZnSO4/NaC] does
not form a simple eutectic system. This was confirmed by conventional
Differential Thermal Analysis experiments which also indicated multiple thermal
events which could not be readily interpreted.

Weight Toss from samples of ZnSO4/NaC1 mixtures was measured as a function

of time, temperature, and composition.11

The results could not be interpreted
in terms of a simple conversion of the available sulfur to sulfur oxides. This
was confirmed by additional experiments in which the volatiTe products were ana-
lyzed. A significant amount of ZnC]2 was evolved at 200°C, and at this tem-
perature less than 30% of the available sul fur was evolved as 302(9) or 503(9).

Thermal Decomposition of Eutectic Mixtures Containing ZnSO4-

Some eutectic mixtures which dinclude ZnSO4 per se or as a reciprocally
formed compound are listed in Table X. A number of these were prepared and the

weight loss produced by thermal decomposition measured.11

The weight loss was
calculated as a percentage of the available SO4 in the mixture as prepared,
Results are summarized in Table XI.

In general the mixtures containing alkali halides decomposed to a greater

extent than could be explained by simple conversion of the available SO4 to
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TABLE X

EUTECTIC SYSTEMS CONSIDERED FOR THE THERMAL DECOMPOSITION OF ZnSO4.

System
Na2504/ZnSO4

K2504/Na2304/ZnSO4

L12504/Zn504
Li2504/Na2504/ZnSO4
L1’2$04/ZnC12/ZnSO4
Li,50,/nCl,
ZnC1,/2ns0,
LiC]/L1'2504/ZnC'I2
KC1/nS0,

KC]/NaCl/ZnSO4
KBr/ZnSO4

KI/ZnSO4

Xa, Xb,

0.450,
0.575,

0.190,
0.302,
0.245,
0.340,
0.570,
0.230,
0.430,
0.600,
0.400,
0.007,
0.010,
0.900,
0.230,

0.344,
0.666,

0.330,
0.250,

0.675,
0.413,

0.473,
0.658,
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Xc
0.550
0.425
0.258,
0.291,
0.334,
0.225,
0.430
0.770
0.570
0.400
0.240,
0.930,
0.990
0.100
0.005,

0.656
0.334

0.335,
0.200,

0.325
0.587

0.527
0.342

0.552
0.407
0.421
0.435

0. 320

0.090 .

0.765

0.335
0.550

Melting Point, °C
472.0
478.0
385.0
384.0
388.0
392.0
450.0
475.0
440.0
459.0
366.0
293.0
310.0
300.0
285.0

466.0
295.0

290.0
290.0

395.0
470.0

435.0
360.0



System

TABLE XI
EXPERIMENTAL WEIGHT LOSS DATA FOR THE MELTS SCREENED FOR
THE DECOMPOSITION OF ZnSO4

Weight Time(hours Weight
Time (hours Tossd held at Toss

of ZnSO4 plus: X (ZnSO4) held at 700°C) {at 700°C) 900°C) (cumul ative)

LiCl 0.495 16 83 25 126
NaC1¢ 0.358 18 136 0 136°
KC1 0.360 11 43 35 132
ZnC1,d 0.493 8 194 0 1949
Lip50g 0.560 12 10 4 35
Na 5S04 0.680 20 1 5 10
Nap504/K2504° 0.208 1 0 18 4¢
Rb2S04 0.508 15 9 50 91
Cs 2504 0.508 14 5 17 25
Notes: a) The weight losses are given as percent of the inital S03 available
as sulfate in the ZnS04.
b) All the samples were liquids with yellowish spots at the end of the
experiments (except where otherwise specified).
c) See also the section on sodium'ch1oride effect.
d) This system was tested in the flow apparatus, rather than in the
weight loss analyzer at a temperature of 790°C and a Ny flow of 111
cc/min, Also, it was a liquid only during the first few minutes of
the test.
e) X(NapSO4) = 0.374, X(KpS0z = 0.418). This system was a 1iquid at

the beginning of the experiment, but no ohservation was made on the
nature of the residue.
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503(9) and SOZ(g)‘ The mixtures containing alkali metal sulfates all formed
melts, but in general decomposed at rates slower than that observed for pure
ZnSO4. Only the mixture containing Li2504 decomposed at a rate comperable to
that of pure ZnSO4. The heavier alkali metal sulfates are known to form stable
pyrosul fates, whereas Li2504 does not form such a compound. The Li2504/ZnSO4

mixture was selected for further investigation.

Thermal Decomposition of ZnSO4/L1'ZSO4 MIxtures -

A preliminary experiment was done using a mixture of ZnSO4 and LiZSO4 having
a mole ratio ZnSO4/L1'ZSO4 = 1.,27. This was decomposed in a quartz sample boat
at 920°C, and the separate 502(9) and 503(9) yields determined as a function of
time at regular intervals using the apparatus and titfation procedure described
in Appendix G. The sample was liquid at 920°C initially, but solidified before

the decomposition was complete. The sum of the 502( and 503(9) yields at the

q)
point where further decomposition became unobservable was equal to 103.5% of the
sul fur initially present as ZnSO4.

Additional experiments were done with a mixture having a mole ratio
ZnSO4/L1'2504 = 1.06 using the same procedures (Appendix G). The 502(9)-and
503(9) yields from this mixture were measured at regular intervals as a function

of time and temperature.17

A typical set of data is shown in Figure 9 for
decomposition at 904°C. Similar results were obtained at 946°C. The results
showed that both the rate of 502(9) production and the rate of 503(9) production
are zero order over a significnt portion of the decomposition. The zero order

rate constants calculated from the rate of SOZ(g) production are given in Table
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XII. These were used to calculate an Arrhenius activation energy (see Figure
10) of 66.15 kcal/mole. This is larger than the activation energy (50.34

kcal/mole) calculated for 502( ) production from pure ZnSO4 under similar con-

g
ditions. Although the rate data from these two experiments, and thus the acti-
vation energies calculated, are most likely pertinent only to the reaction
conditions used, the ;onditions were similar in both experiments and the activa-
tion energies (50.34 kcal/mole for ZnSO4, and 60.15 kcal/mole for ZnSO4/LiZSO4)
provide a reasonable kinetic comparison of the two chemical systems.

Finally, L6

a sample of a mixture having a mole ratio ZnSO4/L1‘2504 = 0.67 was
decomposed at 969°C using the apparatus and procedures described in Appendix I,
and the yields of 502(9) and 503(9) measured separately and continuously as a
function of time. The mixture was prepared by combining weighed amounts of
InS0, and Li

504-H20 and heating at 600°C until a homogeneous mixture was

4 2
obtained. This was cooled and the recrystalized solid ground and mixed.
Samples were decomposed in a quartz boat. Representative experimental absor-
bance curves for SOZ(g) and 503(9) production are shown in Figure 11, Similar
results for the decomposition of pure ZnSO4 are also shown in this figure for -
comparison. Significant data are compiled in Table XIII.

For the mixture (ZnSO4/LiZSO4) the sum of the SO ) and 503(9) yields at

2(g
the point where further decomposition becomes unobservable is equal to 99.2% of
the sul fur available from the ZnSO4 initially present in the mixture. The mole
ratio of the total yields (503/502) is 0.82 which is slightly less than that
obtained (1.1) for the decomposition of pure ZnSO4 under similar conditions.

The decomposition from the mixture (ZnSO4/LiZSO4) appears to occur with an

overall rate which is considerably slower than the decomposition of pure Zn504.
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TABLE XII
SUMMARY OF S0, and 503 YIELD RATES AS A FUNCTION OF TEMPERATURE FOR
THERMAL DECOMPOSITION OF ZnSO4/L12504-ANALYSIS BY TITRATION

Reaction Temperature ZnSO4/LiZSO4 Sample Zero Order Rate
(°C) (mole ratio) Constant K502
904 1.05 1.58 x 1073 mmole/min
946 1.06 4.21 x 1073
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TABLE XIII
COMPARISON OF DATA FOR THERMAL DECOMPOSITION OF PURE ZnS0, AND MIXTURE

ZnSO4/L1'ZSO4
SAMPLE MOLE RATIO TEMP, TOTAL YIELDS MOLE RATIO RXN TIME
ZnSO4 ‘ LiZSO4 (°cC) %502 %303 SUM 503/502 ' (min)
1 - 945 47.5 52.7 100.6 1.1 16
40 60 969 54.4, 44.8, 99.2 0.82 >50

1) Expressed percentages of the sulfur available from the ZnSO4 initially pre-
sent.

2) Quartz boat used in all experiments.

3) Flow rate was 150 cc/min in both experiments.
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Complete decomposition of pure ZnSO4 (.63 mmoles) occurred in only 16 min at
945°C, Decomposition of the mixture (.75 mmoles ZnSO4) to the point at which
all of the SOZ(g) and 303(9) yields were equal to > 99% of the sulfur available
from the ZnSO4 initially present in the mixture required > 50 min.

The shapes of the 502(9) and 503(9) absorbance curves obtained during the
decomposition of the mixture (ZnSO4/LiZSO4) indicate that two different kinetic
processes are involved. Two processes are also involved in the decomposition
of pure ZnSOa. However, the decomposition of the mixture differs from that of
the pure ZnSO4 in that the ratio 503/502 remains nearly constant throughout the
entire decomposition of the mixture, while in the decomposition of pure
ZnSO4 the ratio 503/502 is higher during the early stages of reaction then
decreases and remains nearly constant through the later stages of reaction (see
Figure 11). The first process in the decomposition of pure ZnSO4 has been asso-
ciated with the formation of ZnO-ZZnSO4 and the second process with the sub-
sequent decomposition of this oxysulfate (see previous discussion). An
explanation of the two processes occurring during the decomposition of the mix-
ture, however, is not obvious.

In summary, it appears that while the decomposition kinetics may vary
somewhat, both pure ZnSO4 and a mixture of ZnSO4/L1'2504 can be decomposed to

produce a mixture of SOZ(g) and 503( . The decomposition of pure ZnSO4 goes

g)
readily to completion at temperatures greater than 850°C, while the decom-
position of the mixture (ZnSO4/LiZSO4) at temperatures <970°C appears to stop
when can amount of sulfur equal to that present as ZnSO4 has been converted to

502(9) and 503(9). The ZnSO4/L1'2504 mixture can be decomposed as a liquid as

long as the extent of decomposition is not too great, and the temperature
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required to decompose the liquid mixture is not significantly different from

that required to decompose solid ZnSO4.

Effect of Metal Oxides on Decomposition of ZnSO4/L1'ZSO4 Mixtures -

Since the ZnSO4/L1'ZSO4 mixture is fluid during part of its decomposition,
this reaction is more amenable to catalysis than is the decomposition of solid
ZnSO4. Several potential catalysts were investigated using the apparatus and
procedure described in Appendix G. The addition of platinum powder to the reac-
tion mixture produced no measurable effect on the time required to complete the

decomposition to soz(g) and 503( at 920°C, bhut decreased the ratio 503/502.11

g)
The addition of V205 powder to the reaction mixture (ZnSO4/Li2504) clearly
increased the rate of decomposition without changing significantly the 303/502
ratio.11

The effects of other metal oxides were investigated using the apparatus and
procedure described in Appendix I. The addition of either NiO or Mn0 powder to
the mixture (ZnSO4/LiZSO4) lowered appreciably the temperaturekat which decom-
position commenced, while the oxides CdO, Fe203, and 7Zr0 each produced only a
slight lowering of the reaction onset temperature.18

It was not possible to evaluate these catalytic effects quantitatively
because the mixtures all reacted with the quartz sample boat used. Containers
made of stainless steel, inconel, Hasteloy-C, zirconium, nickel, and boron
nitride were each tried. All were corroded or otherwise destroyed by contact
with the fluid reaction mixtures containing a metal oxide. Several ceramic con-

tainers were also evaluated. Glazed porcelain was attacked severly, but Alundum

(alumina) and Combax (aluminum silicate) containers proved satisfactory.
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Figure 12 gives a comparison of the rate of decomposition of the mixture
Zn504/L12504 when decomposed in a quartz boat wifh that observed when the decom-
position is done in a Combax boat.

The shapes of the 502(9) and 503( absorbance curves obtained during the

9)
decomposition of the mixture (Zn504/Li2504) in the Combax boat indicate that the
decomposition occurs by several different kinetic processes. At least one, and
at some temperatures two, inflection points were observed. The nature of these
processes has not been studied. The sum of the 502(9) and 503(9) yields at the
point where decomposition becomes negligible 1is typically greater than the
amount of sulfur present initially as ZnSO4 but less than the total sulfur pre-
sent initié]ly (as ZnSO4 plus Li2504). Thus, the net decomposition of the mix-
ture is clearly enhanced by contact with the Combax boat.

The decomposition is enhanced even more when VZOS powder is added to the
mixture prior to decomposition (see Figure'13 and Table XIV)., In this case the
net decomposition is extensive (typically equal to conversion of 75% of the
total sulfur present in the initial mixture) at a temperature as low as 827°C.
At 900°C complete conversion of the available sulfur to 502(9) and 503(9) was
achieved. The total yield mole ratio (503/502) was typically equal to 0.2 which
is only slightly higher than that (0.1) observed for the ZnSO4/LiZSO4 mixture
alone.

The nature of the effect of the aluminum silicate boat and of V205 on the
decomposition of ZnSO4/L12$04 was not investigated in detail. However it was
obvious that both the molten mixture and the molten V205 permeate the porous

boat. This should produce a very large reactive surface area.
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TABLE XIV
COMPARISON OF DATA FOR THERMAL DECOMPOSITION OF ZnSO4/L1'2504
AND ZnSO4/LiZSO4/V205 MIXTURES

SAMPLE  MOLE RATIO  TEMP  TOTAL viewosY)  totaL viewos(®)  moLe RATIO
InS0, Li,S0, V0o (°C) %S0, #50; SUM %S0, %505 SWM  S0,/S0,

1 1.5 - 915 108.0 13.6 121.6 43.6 5.5 49,1 .12
1 1.5 - 935 155.0 8.7 163.7 63.0 3.5 66.5 .06
1 1.5 - 969 159.9 15,7 175.6 64.8 6.3 71.2 .10
1 1.5 - 990 169.0 14.4 183.0 68.4 6.0 74.4 .09
1 1.5 1 827 157.1 28.2 185.3 63.6 11.4 75.0 .18
1 1.5 1 850 172.0 32.6 204.6 70.0 13.0 83.0 .20
1 1.5 1 871 214.0 32.6 246.6 86.6 13.2 99.8 .15
1 1.5 1 900. 233.0 28.0 261.0 94.3 11.3 105.6 .12

1) Expressed as percentages of the sulfur available only from the ZnSO4
initially present.

2) Expressed as percentégés of the total sulfate available from both the ZnSO4
and Li2504 initially present.

3) Combax boat used in all experiments.

4) Flow rate was 150 cc/min in all experiments.
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Iv

General Summary and Conclusions

Each reaction in the proposed NH4HSO4 energy storage cycle has been examined
experimentally. Emphasis has been placed on the basic chemistry of these reac-
tions. This has required the development of unconventional experimental
methods, partiéu1ar1y as related to the simultaneous and continuous measurement

of 30(2) and 503(

g g9)°
In this concluding phase of research we have shown that when NH4HSO4 is
mixed with Zn0 and decomposed, the resulting products can be released stepwise

~ Q - ] . ~
(Hzo(g) at ~163°C, NH3( at 365-418°C, and a mixture of 502(9) and 803(9) at

g)
900°C) and separated by controling the reaction temperature. Side reactions do
not appear to be significant and the respective yields are high as would be
required for the successful use of this energy storage step inAthe proposed
cycle. Thermodynamic, kinetic, and other reaction parameters have been measured
for the various reaction steps. The final step in this sequence involves the
decomposition of ZnSO4 (or a mixture of ZnSO4 and Zn0-22n504). This reaction
has been studied in detail. We have demonstrated that this reaction can be
accelerated and the temperature required reduced by the addition of excess Zn0,
aluminum silicate, V205 and possibly other metal oxides.

The work on this project as proposed prior to funding is éssentia]ly
ﬁomp]ete. The results of this research have been and continue to be used in
other projects designed to test the overall feasibility of the proposed

cyc1e.20’21
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v

Relationship of This Research to Other Energy Storage and Water Splitting Cycles

The results of our reserach which pertain to the thermal decomposition of
pure ZnSO4 and ZnSO4/L1'2$04 mixtures have significance beyond their application
to the ammonium hydrogen sul fate cycle.

22

Other proposed energy storage cycles also involve ZnSO4. Further, the

thermal decomposition of ZnSO4 is directly involved in the InSe thermochemical
water splitting cyc1e23, and it can be substituted for the decomposition of
H2504 which is involved in several other cycles suggested for the production of

24-28

H2 from water. In each of these applications, a major concern is the high

temperature required to decompose ZnSO4 to 502( and Zn0. We have shown that

g)
this reaction can be accelerated and the temperature required reduced by the
addition of excess Zn0, aluminum silicate V205 and possibly other metal oxides
which appear to act as catalysts. Further, we have shown that ZnSO4 can be
decomposed from a liquid mixture of ZnSO4 and Li2504. This may provide a means

for improving heat transfer in a practical system provided that incomplete

decomposition of the ZnSO4 can be tolerated.
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APPENDIX A
THERMOGRAVIMETRIC PROCEDURE FOR SCREENING REACTION MIXTURES

Thermogravimetric experiments were done batchwise according to the following
procedure. Weighed amounts of dried NH4HSO4 and metal oxide or metal sulfate in
an arbitrary moie ratio (metal oxide or metal sulfate always in excess) were
placed in dried crucibles and the combined weight determined. The crucibles and
contents were then inserted in a muffle furnace which had been previdus]y
equilibrated at a fixed temperature (normally 250°C). The crucibles were left
in the furnace at this temperature for 2 hours, removed, cooled in a dessicator,
and reweighed. The temperature of the furnace was raised 50°C and allowed to
re-equilibrate during the time required for reweighing. The crucibles were then
returned to the furnace and held there for another 2 hour period. This process
was repeated in 50°C increments to 900°C. Control crucibles containing samples
of the pure metal oxide or metal sul fate were treated in the same manner. After
each heating, the control crucible weight loss was converted to a fractional
metal sulfate or metal oxide weight loss. In general this was a very small
number, as expected, and is a measure more of experimental technique rather than
actual weight loss. This fraction was multiplied by the weight of the metal
sul fate or metal oxide used to prepare the corresponding mixture sample and the
result subtracted from the total weight lost from the mixture crucible. The
reduced weight loss from the reaction mixture crucible was then converted to a
percentage of the initial weight of NH4HSO4 in the reaction mixture. Percent
weight losses were then plotted as a function of temperature for each mixture.

These experimental percent weight loss plots (thermographs) were examined to
determine if weight loss was continuous or discontinuous as a function of tem-

perature, Discontinuities were presumed to indicate the occurence of different
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decomposition reactions which occur with measurable yield of volatile products
over non-overlapping or only slightly overlapping temperature ranges.
Continuous weight loss could result from a single reaction or frdn multiple
reactions which produce measurable yields within overlapping temperature ranges.

Complete reaction of the NH4HSO4 in any mixture by means of reaction la or
lc should result in a 30.4% weight loss (equivalent to complete loss of the
available NH3 and HZO)' Complete reaction in any mixture by means-of reactions
la and 1b combined or by means of reactions 1lc and 1d combined should result in
100% weight loss (equivalent to complete loss of the available NH3, H20 and
503). If reactions la and 1b occur sequentially (as required), then the ther-
mograph should show a single discontinuity (or plateau) at 30% weight loss. The
same would be true for the sequential occurrence of reactions 1lc and 1d. A
schematic representation of the type of thermograph expected for the sequential
occurrence of two reaction steps is shown in Figure A-1., Each experimental
thermograph was judged against this criterion. Typical results are presented in

Figure A-2 and Figure A-3.
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APPENDIX B

ANALYTICAL PROCEDURE USED FOR THE STUDY OF THE FIRST STEP IN DECOMPOSITION OF

NH4HSO4/MZSO4 MIXTURES

The apparatus used to measure NH3(g) and 303( ) yields from fhe first step

g
(reaction la) of Mechanism I is shown schematically in Figure B-1. The heated
portions of the reactor tube were quartz glass and the remainder was pyrex. In
these experiments separate reaction mixtures were heated for various lengths of
time and at different temperatures. Helium was used to entrain volatile pro-
ducts formed by the decomposition of the reaction mixture. Any NH3(g) and
503(9) were dissolved from the carrier gas and at the conclusion of the heating
period the resulting solution was analyzed according to the procedures discussed
below. At the conclusion of an experiment, the apparatus was disassembled and
the reactor and transfer line rinsed with water to dissolve any condensed
solids. This solution was also analyzed. Finally the reaction mixture residue
was dissolved in water and this solution analyzed. The analyses required are
summarized on Table B-1. In principle each of the analyses (a,b,c,d,e,f) can be
done by potentiometric titration of the aqueous or dilute acid solution in which
analytes are dissolved. Other methods were also used as appropriate to analyze

the solutions. These mthods are discussed below.

Titration Method for Ammonia and Sulfur Oxide Analysis-

In analyses a and b the NH3(g) and 503(9) to be measured are dissolved in
dilute sulfuric acid (H2304). The H' jon concentration in the test solution
as it is titrated with dilute sodium hydroxide (NaOH) can be approximated by the

equation:

(H*)2 + ([NaOH] - 2[H,50, 1 (H') - K, = 0 (4-1)

W
where brackets indicate molar concentrations of the species enclosed when they
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ve

Origin of Analyte

Volatile products
from first reaction
in decomposition of
NH4M504/M2504
mixtures

Solids condensed in
transfer line during
decompasition of

KH HS0, /M504

mixtures

Residue from first
reaction in
deconposition of
NI 150, /M55 04
mixtures

Test Solution
.04 M HyS04 in

which volatile
products are dissolved

Water in which
solids are dissolved

Water in which
unreacted NH4liS0,,
InS04 and In0-2ZnS04
are dissolved

SUMMARY OF ANALYSES USED TO STUDY STOICHIOMETRY OF MECHANISM 1

Type

TABLE B-1

Analyzed For

Dissolved NHj as NH4*
or
Dissolved N3 as NHj

Dissolved SO3 as H*
or
Dissolved SO3 as BaSOy

N3 from RHaHSO4 and

- (NHg)2504 as NH4+

or
NH3 from NH4HSO4 and
(NHg)2504 as NHq

S03 from NHgHSO4 and

(NN4)2504 as BasSO,
or

S03 from NilaHSO4 and

{NHg)2504 as BaSO4

N3 from NHgHS0, as NHQ"’
or
NHy from NHgqHSO4 as NHi

S03 from NH4iIS04 as
HS04~ and from MpS,0,
as HS04~ or H*

Method

Titration of Niz*
Specific ion electrode
Titration of H*

Aliquot by turbidimetry

Titration of NHgqt

Specific fon electrode

Titration of HY

Aliquot by turbidimetry

.

Titration of Nig*
Specific ion electrode

Titration of H*

plus HSOp= in aliquot
plus dissolved MNig*
divided by 2

Accuracy
(NH3 content in mm) .05 mm

(NH3 content in mm) £.02 (NH3 content)

(503 content in rm) .05 mm

(504'2 content in mm) %.02 (SOZ‘Z content)

(NH3 content in mm) £.05 mm

(NH3 content

(S03 content

(03 content

(NH3 content
(NH3 content

(S03 content

in

in

in

in

in

in

m) .02 (NHg contentf
mn) £ .05 mm
mn) +.02 (S05-2 content)

mn) .05 nm
mn) *.02 (NH3 content)

m) t .02 mm



are combined to form the solution, parentheses indicate molar concentrations of
the species enclosed after the prepared solution reaches equilibrium, and
Ky equals the ijonization constant of water at the solution temperature. This
equation is based on the assumptions that H2504 and NaOH are completely ionized

in solution:

+ 2-
H,S0, + 2H + 50

(4-2)

NaOH » Na© + OH (4-3)
that the concentration of acidic species in solution during titration is deter-
mined solely by the equilibrium:

H,0 2 HY + OH” (4-4)

2
and that the activity coefficients of all species in solution are equal to one.

Under these assumptions, the conservation equations which apply to this solution

as it is titrated with NaOH are:

[4,50,] = (50,77) (4-5)
[NaOH] = (Na') (4-6)
Ky = (1) (0H7) (4-7)
and the electroneutrality equation which applies is:
(H*) + (Na*) = (OH") + 2(50,%7) (4-8)

Equation 4-1 can be obtained by changing the variables in Equation 4-8 according
to the relationships given by Equations 4-5, 5-6, and 4-7. For calculations,

the following additional change of variables can be made:

Yy 50, My s0

_ 2 2774

+V (4-9)

H SO4 NaOH

2
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naon Mnaon

v v
HZSO4 + "NaOH

[NaOH] = (4-10)

where V and M represent the volume and molarity respectively of the constituents

subscripted. Introduction of these relationships into Equation 4-1 gives:
v M v M
NaOH "NaOH - "H,S0, "H,SO
(H+)2 + 274 2774 (

v v
H2504 + "NaOH

Ht) - K, =0 (4-11)

which upon rearrangement gives:

+

2V 50, Maso, (M) 4+ KV so, - Yu_s0,(H)2
_ HS50, HRS0, 2504 - "HyS0,
v - (4-12)
Na OH W
In a typical analysis:
v = 0.100 2
H,S0,
M = 0.04 M
H,S0, v

Mpaon = 1-00 M

K, = 1 x 10714 (at 25°C)

These data may be used along with Equation (4-12) to calculate VNaon @S 2 func-
tion of (H+) or pH (= -log (H+)). A sample calculation is shown graphically as
curve 1 in Figure B-2, This calculated titration curve shows a single equiva-
lence point (al) at @ pH = 7.0. This point corresponds to the condition under
which:

V. M =2V M =2n (4-13)
ay NaOH H2504 H2504 H2504

Therefore the volume of titrant (Va1) required to reach equivalence point a, can
be evaluated from an experimental titration curve and used to calculate the
moles of H,S0,(ny,50,) present in the test solution by means of the

relationship:
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Val_MNaOH

——a— =1 (4-14)
2 H2504
When 503(9) has been added to the H2504 test solution prior to titration the

reaction of the dissolved gas may be represented as:
+ -2
503(9) + H20 > HZSO4 > 2H + SO4 (4-15)
That is, the dissolved 503(9) forms H2504 which again is assumed to be comple-
tely ionized in solution and again the concentration of acidic species in solu-
tion during titration is determined solely b the equilibrium represented by

Equation 4-4, The conservation equations which apply to this modified test

solution as it is titration with NaOH are:

2-
[H2504] + [503] = (SO4 ) (4-16)
[NaOH] = (Na') (4-17)
K, = (") (0H7) (4-18)

and the electroneutrality equation which applies is:
(W) + (Na*) = (OH7) + 2(50,%7) (4-19)

The following relationship:
n
S0

[50 ] = o8l (4-20)

H2304 + "NaOH

along with those given by Equations 4-16, 4-17, and 4-18 may be used to trans-
form Equation 4-19 to:

naoH Mnaon = Vi so, M 2n

0]
2°Y4 M2 ©3(g) gyt -
— (H)-K. =0 (4-21)

W
HyS04 * Vinaon

504 -

()2 +

which, for purposes of calculating a titration curve, can be rearranged to give:
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A (") _2n (H 2
HpS0,H,50, )+ 250, o

Vv =
NaOH 2 - m

KV v (H
+ WSO, - TH,S0,

4-22
™y ( )

NaOH( W

Substitution of typical values for the independent variables in this equation
gives curve 2 in Figure B-2. Again, the titratién curve shows a single equiva-
lence point (az) at pH =,7'0’ however, this equivalence point corresponds to the

condition:

V.M = 2n +2n (4-24)
a, NaOH H,S0, S03)

The term 2NH,504 Can be determined by a separate titration of the test solution
alone as discussed above, and Equation 4-13 for this titration can be combined

with Equation 4-24 to allow calculation of the term, 2n303(g).

V. M -V_ M =2V M + 2n -2V M (4-25)
a2~NaOH a; Na OH H2504 H2304 503(9) H2504 H2504 |

(v -V_. } M = 2n ) (4-26)
a2 a1 NaOH ., 503(9)

When both 503(9) and NH3(g) have been added to the H2SO4 test solution prior
to titration, as is done in analyses a and b (see Table B-1), the reactions of

the dissolved gases may be represented as:

+ 2-
+ +
NH3 +H = NH4 (4-28)
+ -
NH," + OH™ 2 NHy + H,0 (4-29)

That is, the dissolved 503(9) is assumed to behave as discussed above, acting to
increase the H' ion concentration in the test solution. The dissolved
NH3(g) acts as a base to reduce the H' ion concentration in the test solution by
forming the conjugate acid NH4+. This modified test solution thus contains not
one but two acidic sp'ecies,'H+ and NH4+, and the concentration of acidic species

during titration is determined by two simultaneous equilibria (Equations 4-4 and
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4-29) rather than by a single equilibrium. The conservation equations which

apply to this modified test solution as it is titrated with NaOH are:

- 2- _
[H,$0,1 + [S05] = (S0,°7) (4-30)
[NaOH] = (Na*) (4-31)
N |
[NH3] = (NH3) + (NH4 ) (4-32)
K, = (H) (0H7) (4-33)
K (W) (0K7) (4-34)
NH, (NH)
and the electroneutrality equation which applies is:
() + (Na") + (W) = (OHT) + 2(s0,%7) (4-35)
The following relationship:
n
NH
3(9)
[NH,] = (4-36)
37 Tus0, * haow

along with those given by Equations 4-20, 4-30, 4-31, 4-32, 4-33 and 4-34 may be

used to transform Equation 4-35 to:

(n*)?
3(g)

+
3(H )} {VHZSO4 +

K n
NH3 NH

(H+ 2,

{Kw + K v }

NH NaOH

(4-37)
v M -2V M - 2n
NaOH ""NaOH H2504 H2804 SO

+ +V

3 (1) -k,-0

v
H2504 NaOH

which, for purposes of calculating a titration curve, can be rearranged to give:
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2
2v M (1) + 2n (H5y + kv -V )
(4-38)
£2
Kyy N (H)

- 12 + +
{(H)" + MNaOH(H ) - KK, + KNHS(H )}

Substitution of the following typical values for the independent variables in

this equation:

0.100 2

VH2504
M50, = 0.04 M
Myaon = 1-00 M
1 x 10°1% (at 25°C)

K M

KNHy = 1.8 x 107 (at 25°C)

-4
N503(g) = 1.6 x 10 " moles
7.6 x 107 moles

"NH3(g) ,
gives curve 3 in Figure B-1. This curve shows two equivalence points, one (a3)

at pH = 5.7 and one (b3) at pH

10.5. The first (a3) corresponds to the con-
dition under which: ’ _

VaMyaon = 2MHoS04 * 2NS03 = MNHgt (4-39)
This is the equivalence point for the equilibrium represented by Equation 4-4.
Equation 4-39 assumes that at the pH corresponding to ay virtually all the
dissolved NH3<g) exists as NH4+ ion, The second equivalence point (b3)
corresponds to the condition under which:

V. M = 2n + 2n (4-40)
b "NaOH HyS0," “7S05 )

This is the equivalence point for the equilibrium represented by Equation 4-29,

Equation 4-40 assumes that at the pH corresponding to b3 virtually all the
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NH4+ ion has been converted to NH3(aq)' Equation 4-39 and 4-40 may be combined

to give:
(Vi =V, My qu= N =n (4-41)
b3 ag Na OH NH4+ ‘ NH3(g)
Equation 4-41 can also be combined with Equation 4-13 to give:
(Vb3 - Val)MNaOH = 2"503(9) (4-42)

These last two equations illustrate how the yields of dissolved NH3( and

g)
dissolved 503(9) can be obtained from two experimental titration curves similar
to curves 1 and 3 in Figure B-1, One curve must be determined for the test
solution alone, and a second curve for the test solution plus dissolved gases.
Curves 4 and 5 in Figure B-1 were calculated from Equation 4-36 using suc-

cessively larger values of "NH3( ) corresponding to higher and higher yields of

g9
trapped NH3(g). A comparison of curves 3, 4, and 5 illustrates the important
points that: equivalence point "a" can be determined with good accuracy'(t 0.02
millimoles) under all yield conditions encountered in these experiments; equiva-
lence point "b" can be determined with somewhat 1lower accuracy (* 0.05
millimoles) under most yield conditions encountered in these experiments;
equivalence point "b" is most difficult to determine accurately when the yield
of dissolved NH3(g) is large due to the overlap of equivalence point "b" with
equivalence point "a". Fortunately, the uncertainty in equivalence point "b" is
greatest at high NH3(g) yields where it contributes the least total percent
error,

In analyses ¢ and d the solid to be analyzed for ammonia and sul fur oxide
content is dissolved in water. The solid is assumed to be a mixture of NH4HSO4
and (NH4)2504 formed by reactions between NH3(g) and 303(9). These react when

dissolved to form:
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.+ 2-

+ - +
NH4HSO4 +> NH4 + H304 + NH4 +H + 304 (4-43)
+ 2-
+ -
NH," + OH” 2 NHy + H,0 (4-45)

Again the solution contains two acidic species HY (from NH4HSO4) and NH4+ (from
both NH,HSO, and (NH,),S0,). The conservation equations which apply to this

solution as it is titrated with NaOH are:

[NH4HS0,] + 2[(NH,),S0,] = (NH, ") + (NHj) (4-46)
[NH,HS0,1 + [(NH,),50,1 = (50%7,) (4-47)
[NaOH] = (Na) (4-48)

Ky = (H7)(OH") (4-49)

(NH, ") (OH")
yh, = (T (4-50)

and the electroneutrality equation which applies is:

(") + (Na*) + (W ") = (0H7) + 2(50,%7) (4-51)
The following relationships:
[NH,HSO,] + 2[(NH,),S0,] = nNH3(g) (4-52)
475 472°74 VH20 + V2 0H
[NH,HSO,] + [(NH,),S0,] = "503(9) (4-53)
A T W0t Vnaou
v M
{NGOH] = VNaOH+ \l}aOH (4_54)
H,0 NaOH

2
along with those given by Equations 4-46, 4-47, 4048, 4-49, and 4-50 may be used

to transform Equation 4-15 to:
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(h*)?

K n
G2 4 NH"N o
+ .
K, + KNH3(H )}{szo + Voo
(4-55)
+
Onaon Myaon - 2?303 HH)
+ (g) _K ___0
VH20 * VNaOH W

This equation is identical in form to Fquation 4-37 and the calculated and
experimental titration curves for this solution will be similar in shape to cur-
ves 3, 4, or 5 in Figure A-14. However, for this solution equivalence point "a"

corresponds to the condition:

VaNaon = "NH S0, (4-56)

and equivalence point "b" to the condition:

V M =n + N, + (4-57)
b 'NaOH NH4HSO4 NH4 .

Equations 4-56 and 4-57 may be combined to give:

(vb - Va) MNaOH = nNH4+ (4-58)

and under the assumption that at equivalence point "b" virtually all the

+ .
NH4 ion has been converted to NH3(aq)'

(Vb = Va) Myaon = ", (4-59)

which can be used directly to obtain from an experimental titration curve the

yield of NH3(g) which must have reacted with 503(9) to form the condensed solid.
Recalling that:

n (4-60)

=n 2n
NH3(g) NH4HSO4+ (NH4)2304

n = n + 2n (4-61)
5050y "NHyHSO (

aHS0, NHz 1550,

Equations 4-60 and 4-61 can be combined to give:
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n n n n
NHB(g) _ NH4HSO4 i NH4HSO4 . NH3(g)

= n +
3(q) NH4HSO4 2 2 2 2

S0 (4-62)

Equation 4-62 can be transformed using the relationships given by Equations 4-56

and 4-59 to:

_ VaMaon . Y - ValMwaon _ VoMnaon

n =
503(9) | 2 2 2

(4-63)

which can be used directly to obtain from an experimental titration curve the
yield of 503(9) which must have reacted with NH3(g) to form the condensed solid.

In analyses e and f the solid residue to be analyzed for ammonia and sulfur
oxide content is dissolved in water. The solid is assumed to be a mixture of
NH HSO MZS

07, and M 504. These react when dissolved to form:

4504, Mp5, 2
NH,HSO, > NH,* + HSO,™ » NH,* + WY + 50,2 . (4-64)
M,S0, » 2i* + 50,2 (4-65)
MpS,05 + H0 » 2% + 2H* + 250,27 (4-66)
NH, "+ OH™ 2 NHy + H,0 (4-67)

Again the solution contains two acidic species H" and NH4+. The conservation

equations which apply to this solution as it is titrated with NaOH are:

[NH,HS0,] = (NH4+) + (NHg) (4-68)
[NHgHSO,] + [M,S0, + 2[M.5,0,] = (5042') (4-69)
2[M,50,] + 2[M,5,0,] = (M) (4-70)
[NaOH] = (Na*) (4-71)
K = (H*) (0H7) (4-72)
(NH, ™) (0H")

KNH3 - T (4-73)

and the electroneutrality equation which applies is:
(') + (Na*) + (NH,T) + (M) = (OH) + 2(50,%7) (4-74)

The following relationships:
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: : nNH4HSO4 "NH3 ( )
NH,HSO, ] = = 4-75
474 YH,0 * VnaoH V1,0 * VhaOH
: "5042-
NH,HSO,] + [M.SO.] + 2[M,S.0.] =
4% 2°Y% 2227 vH20 ¥V on
(4-76)
n n
) 50, s 50,
Wuo*vmm4 V%0+me1
M,5,0.7 + 2[M,50,] il (8-77)
2[M,S.0,] + 2[M,S0,] = 4-77
27277 274 VH20 * VnaoH
v M
H,0 * "NaOH

along with those given by Equation 4-68, 4-69, 4-70, 4-71, 4-72, and 4-73 may be

used to transform Equation 4-74 to:

+2
KM ()
W2 + 3 M3
+
{Kw + KNH3 (H ™) {VH20 + VNaOH}
(4-79)
+
(Vnaon MNaoH * " - 20, - 2"504)(” )
* v +V - Ky =0

H,0 - "NaOH

2
In Equation 4-76 the term Nso; is equal to the number of moles of sulfur oxide
initially present as NH4HSO4 before decomposition and present partly as
unreacted NH4HSO4 and partly as M25207 in the residue. The term NS0, in
Equation 4-76 represents the number moles of sulfur oxide initially present as
M2504 before decomposition and present partly as unreacted MZSO4 and partly as

M25207 in the residue. Therefore:
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n =n +n (4-80)
S04 = TNH,HSO, © "M,S,0,

n
MpS04 ~ M50

Only the term nggy contributes to the formation of H' when the residue is
dissolved, but both nggy and ngg, contribute to the formation of 5042'.
Equation 4-79'is also identical in form to Equation 4-37 and the experimental
titration curve for this solution will also bee similar in shépe to curves 3, 4,
and 5 in Figure A-14, In this case, however, equiva1eﬁce point "a" corresponds

to the condition:

V.M =n + 2n (4-82)
a N§0H NH4HSO4 M25207
and equivalence point "b" to the condition:

V.M =n + 2n +n (4-83)
b "NaOH NH4HSO4 M23207 NH4+

Equations 4-82 and 4-83 may be combined to give:

Vb - Valnaon = "+ (4-84)

and under the assumption that a equivalence point "b" virtually all the NH4+ ion

has been converted to NH3(aq):

(Vy = Va)l¥Naou = "NH, (4-85)

which can be used directly to obtain, from an experimental titration curve, the
yield of ammonia remaining in the residue as unreacted NH4HSO4. Equation 4-82
can be used to transform Equation 4-80 to:

V.M n n
a NaOH - NH4HSO4 NH4HSO4

=7 7~ 7 "

VaMNaoH

> (4-86)

Nso, ~ nNH4HSO

3 4

Recalling that:
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n =n (4-87)
NH HSO4 NH3

4

Equation 4-87 and 4-85 can then be used to transform Equation 4-86 to:

o Wy - Valyaon | Va'waok _ YoMvaon
N ? 2 2

(4-88)

which can be used directly to obtain from an experimental titration curve the

yield of sulfur oxide remaining in the residue either as unreacted NH4HSO4 or as

MZSZO7 (= M2504 + 503). Equation 4-88 does not include any sul fur oxide present
as unreacted MZSO4 or that part of the M25207 which is due to the presence of

M2504.

In summary then, the solutions produced in the course of analyses a, b, ¢,

d, e, f each when titrated with base (NaOH) give a titration curve having two

equilvalence points. The number of moles of each of the two analytes (SO3 and

NH3) in the test solutions can be determine from these endpoints as follows:

For analyses a and b:

2n (v, - V_ )M
503(9) b3 3 Na OH
n = (V, =-V_ )M
NH3(g) b3 a3 Na OH
For analyses ¢ and d:
] _ Yo Mnaon
n (v, = V_M
b Na OH
M3(q) 3
For analyses e and f:
"WH., = (Vb - Va)MNaOH
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V. M
o = b "NaOH

SO3 2
Turbidimeteric Method for Sulfur Oxide Analysis -
A well known turbidimetric technique exists for determining the 504'2 and

HSO4' jon content of solutions by precipitation of these ions as BaSO4. Which
can be gquantified by measuring the optical attenuation of the solution after
precipitation. The measured attenuation is compared to that prodﬁced in stan-
dard sulfate solutions of various concentrations. In principle this technique
can be used for analyses b, d, f (see Table B-1) instead of potentiometric
titration,

We have compared the two techniques. We find that the accuracy of the tur-
bidimetric technique decreases as the 504'2 content to be measured increases.
In particular, the accuracy of this analysis is given by:

(504'2 content in millimoles) + .02 (504'2

content in millimoles)
We find that the accuracy of the pH titration technique remains essentially
constant regardless of the H+, HSO4' and NH4+ content to be measured. In par-
ticular, when the calculation of sulfur oxide content involves only the titra-
tion of H' and HSO4', the accufacy of this analysis is given by:
(H" + SO, content in millimoles) + .02 millimoles

When the calculation of sulfur oxide content involves titration of H+, HSO4' and
NH4+, the accuracy of the analysis is given by:

(H+ + HSO4' + NH4+ content in millimoles) * .05 millimoles
When the calculation of sul fur oxide content involves titration of H+, HSO4' and

NH4+, the accuracy of the analysis is given by:

(H+ + HSO4' + NH4+ concent in millimoles) * .05 millimoles



Specific Ion Electrode Method for NH3 Analysis -

Specific ion electrodes are commercially available for direct measurement of
NH3 or NH4+ in solution. In principle such an electrode can be used for analy-
ses a, ¢, e, (See Table B-1) instead of potentiometric titration.

We have compared the use of such an electrode (Orion #95-10) with the titra-
tion technique. We find that the accuracy of the specific ion electrode
decreases as the NH3 or NH4+ content to be measured increases. In particular,
the accuracy of tis analysis is given by:

(NH3 content in millimoles) * .02 (NH3 content in millimoles)
We find that the accuracy of the pH titration technique remains essentially
-constant regardless of the NH4+ content to be measured. In particular, when the
calculation of ammonia content involves only the titration of NH4+, the accuracy
of this analysis is given by: “ |

(NH4+ content in millimoles) * .05 millimoles)

Comparison of Analysis Methods -

A comparison of the accuracies of the three methods discussed above is given
in Figure B-2, Several conclusions can be drawn from this figure.

1) When the ammonia content in a tést solution is expected to be less than 2.5
millimoles total (this corresponds to ~30% of the 8 millimole sample of
NH4HSO4 typically used in our experiments), then analysis for ammonia will
be more accurate if done by specific ion electrode than if done by'titra-
tion.

2) When the sulfur oxide content in a test solution is expected to be less than
1 millimole total (this corresponds to ~13% of the 8 millimole sample of

NH4HSO4 typically used in our experiments), then analysis for sulfur oxide
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will be more accurate if done by turbindimetry than if done by titration (if

calculation involves only titration of H+ and HSO4').

3) When the sul fur oxide content in a test solution is expected to he less than
2.5 millimoles total (this corresponds to ~30% of the 8 millimole sample of
NH4HSO4 typically used in our experiments), then analysis for sul fur oxide
will be more accurate if done by trubidimetry than if done by titration (if
calculation involves titration of H+, HSO4‘ and NH4+).

Analysis a generally involves measurement of a relatively large ammonia con-
tent (>30% of an 8 millimole sample of NH4HSO4). For this analysis, titration
is the most suitable technique. Only when the ammonia yield is low (<30% of an
8 millimole sample of NH4HSO4) would analysis by specific ion electrode be more
accurate.

Analysis b involves measurement of a relatively small sulfur oxide yield
(<5% of an 8 millimole sample of NH4HSO4). If the test solution is dilute
H2504, the 5042' content is high and titration allows the sulfur oxide yield to
be distinguished from the 504'2 in the test solution by difference with a
somewhat smaller error than turbidimetry, but neither method is very aécurate
for this analysis. |

Analysfs ¢ involves measurement of a small ammonia content (<5% of an 8
millimole sample of NH4HSO4) in water solution. Use of the specific idon
electrode was chosen for this analysis.

Analysis d involves measurement of a small sulfur oxide content (<5% of an 8
millimole sample of NH4HSO4) in water solution. Turbidimetry has been selected
for this analysis.

Analysis e involves measurement of a relatively small ammonia content (<5%
of an 8 millimole sample of NH4HSO4) in water solution. Use of the specific ion

electrode was selected for this analysis.
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Analysis f involves measurement of a relatively large sulfur oxide content
(>90% of an 8 millimole sample of NH4HSO4 plus ~1N0% of the sulfur oxide from
the added metal sulfate) in water solution. Titration was selected as the
method for this analysis. This method detects only the sulfur oxide from

NH4HSO4. It does not detect the sulfur oxide from the added metal sulfate,
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APPENDIX C

PROCEDURE FOR MEASURING THE SOLUBILITY OF ALKALI METAL SULFATES IN MOLTEN
NH,HSO
4774

A weighed sample of NH4HSO4 was placed on a three neck pyrex flask. The
flask was heated and equilibrated at a temperature above the melting point of
NH4HSO4. Temperature was measured with a mercury thermometer immersed in the
melt., Weighed increments -of metal sulfate were added to the melt, which was
stirred continuously, and the mixture allowed to equilibrate. The addition of
metal sulfate was repeated until solid metal sulfate persisted in the melt after
equilibration. A measured volume (typically = 0.5g) of the melt was extracted
and analyzed for NH4+ and HSO4" jon content by potentiometric titration (see
Appendix B) with standard base. The sum of the measured NH4+ and HSOa' ion
concentrations was divided by two to obtain the NH4HSO4 concentration in the
extracted volume. This was multiplied by the extracted volume to obtain the
weight of NH4HSO4 in the extracted sample. Substraction of this weight from the
total weight of the extracted sample gave the weight of metal sulfate dissolved.
These weights were used to calculate the mole fraction of metal sulfate
dissolved. The experiment was repeated to determine the solubility as a func-

tion of temperature.
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- APPENDIX D
PROCEDURE FOR CHLORIMETRIC MEASUREMENTS FOR REACTION 2
The heat of reaction for the energy storage step in the proposed cycle was
determined by adiabatic calorimetry at atmospheric pressure. Since the quan-
titative determination of reaction heats of gaseous systems is difficult, the
desired heat of reaction was not measured directly. Instead, only the heat of
reaction 2a was éctua]ly measured. This experimental value was then combined

with a literature [12] value for the heat of reaction 2b (AH = 42.05 kcal/mole)

to obtain the net heat of reaction 2:

H2504(2) + NH3(g) > NH4HSO4(2) (2a)
Hzo(g) + 503(9) + H2504(2) (2b)

A 250 ml dewar flask served as the calorimeter vessel. The heat capacity of
this vessel was determined by measuring the adiabatic temperature change pro-
duced when a known weight of water of 100°C was poured into the flask., It is
assumed that the heat capacity of the vessel is constant over the temperature
range 25 to 100°C.

A weighed amount (typically 200g) of 98% sul furic acid was placed in the
dewar flask. Anhydrous ammbnia was bubbled into the acid, and the temperature
rise monitored. The extent of reaction was determined by removing small samples
(~3g), which are weighed and analyzed by titration. The heat capacity of the
reaction mixture was computed from the weighted sum of the known heat capacities
for H2304 and H20 which constitute most of the mass of the mixture. These heat
capacities are known as a function of temperature [3].

In these experiments, the reaction was terminated when the temperature

reached ~ 310°C (cf. a value of 405°C determined for complete reaction). The
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experiment was repeated twice, giving experimental values of 35 kcal/mole and 32
kcal/mole for the heat of reaction 2a, and calculated values of 77 kcal/mole and
74 kcal/mole for the net regeneration reaction 2. These results are in good
agreement with earlier measurements reported b Kelley et al. [3]. They measured
a value of 75.5 kcal/mole for the heat of reaction 2 at 227°C. Using their
value and known heat capacities, we calculate a value of 76 kcal/mole for the
heat of reaction 2 a 310°C.

[1] Handbook of Physics and Chemistry, 51st edition, R.C. West, ed., The
Chemical Rubber Co., Cleveland, Ohio, pp. D61-D71, 1970-71.

[2] D.D. Huxtable and D.R. Poole, "Thermal Energy Storage by the Sulfuric Acid
Water System", in Proceedings of the 1976 Annual Meeting (published by the
American Section of the International Solar Energy Society, Inc.,.American
Technological University, Killeen, Texas, 1978).

[3] Kelley et. al. "Thermodynamic Properties of Ammonium and Potassium Alums and
Related Substances with References to Extraction of Alumina from Clay and

Anvite," U.S. Department of Interview, Technical Paper #688.
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APPENDIX E
EVALUATION OF REACTOR CONSTRUCTION MATERIALS

Since the reaction mixtures involved in Mechanism I are potentially very
corrosive, a series of experiments was done to determine what metals might be
suitable for the construction of a large scale reactor. The test apparatus is
shown in Figure E-1.

Test coupons of selected metals were each cleaned by placing in dilute HCI
for 15 minutes, rinsed with acetone, and oven dried. Each coupon was weighed
and placed in the quartz reaction tube. The bottom half of the test coupon was
+ NH

covered with a reaction mixture consisting of 5 K230 HSO4. The top half

4 4
of the coupon was not in contact with the reaction mixture. The same amount of
reaction mixture (5.7097 g) was used with each coupon. The reactor was heated
to 450°C (set point reached in ~ 1 hour) and held at this temperatdre for 24
hours. After allowing the reactor to cool to ambient temperature, the test
coupon was removed, cleaned thoroughly with a soft brush to remove adhering

solids, rinsed with acetone, dried, and reweighed. The weight loss per square

centimeter of surface area for each coupon is given in Tabel E-1.
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FIGURE E-1. Apparatus used to measure the corrosion effects on coupons of
selected metals produced by exposure to molten reaction mixtures.
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TABLE E-1

EVALUATION OF CORROSIVE EFFECT OF A TYPICAL
REACTION MIXTURE ON SELECTED CONSTRUCTUION METALS

Test Coupon in Test Coupon Weight Loss per cm?
Reaction Mixture of Total of Surface Area after
NH4HSO4 +5 KyS0, Surface Area ‘ 24 hours at 450°C

Stainless Steel 316 9.5 cm2 .0055 g/cm2 |

Inconel 617 ' 6.8 .0081
Inconel 625 6.8 .0049
Inconel 671 8.4 - | .0058
Hastelloy C-4 8.4 .0075
Hastelloy (C-276 9.2 .0056
Hasteﬁoy G 8.4 .0050
Hastelloy X 8.4 .0026
Rene 41 12.8 .0030



APPENDIX F
ANALYTICAL PROCEDURES USED FOR THE STUDY OF FIRST STEP IN DECOMPOSITION OF
NH4HSO4/Zn0 MIXTURES

The apparatus used to measure NH3(g) and 503(g) yields from the first step
(reaction 1¢') of Mechanism II is shown schematically in Figure F-1. The heated
portions of the reactor were quartz glass and the remainder was pyrex. In
these experiments separate reaction mixtures were heated for various lengths of
time and at different temperatures. Helium was used to entrain volatile pro-
ducts formed by decomposition of the reaction mixture. Any NH3(g) or 303(9) was
dissolved from the carrier gas and at the conclusion of the heating period the
resulting solution was analyzed according to the procedures discussed below. At
the conclusion of an experiment the apparatus was disassembled and the reactor
and transfer line rinsed with water to dissolve any condensed solids. ~This
solution was also analyzed. Finally the reaction mixture residue was dissolved
in water and this solution analyzed. The analyses required are summarized in

Table F-1. The methods used are discussed below.

Titration Method For Ammonia and Sulfur Oxide Analysis-

The potentiometric titration used on these experiments is virtually the same
as that described in Appendix B. In principle, this method could be applied to

all the required analyses: a, b, ¢, d, e, f (see Table F-1).

Turbidimetric Method For Sulfur Oxide Analysis-

This method was identical to that described in Appendix B, and is applicable

in principle to analyses b, d, f (See Table F-1),
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FIGURE F-1. Apparatus used for quantitative chemical analysis of
502(9) and 503(9) yields from decomposition of NH4HSO4/ZnO mixtures.

LAY K
= N

A. He Carrier Gas, B. Monitor Thermocouple, C. Control Thermocouple,

D. Metal Tank, E. Vermiculite, F. Alumina Heat Shield, G. Heater Coils,
H. Quartz Tube, I. Powered Alumina, J. Marionite, K. Conductivity-
Electrode.
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L6

Origin of Analyte

Test Solution

VYolatile products

from first reaction
in decomposition of
NH4HSO4/Zn0 mixtures

Solids condensed in
transfer line during
decomposition of

NH4HS04/2n0 mixtures

Residue from first
reaction in
deconposition of
KHgHS04/In0 mixtures

0.1 M HCY in
which volatile
products dissolved

Water in which
are dissolved

Water in which
unreacted NHallSO,,
InS04 and In0+2ZnS04
dissolved

‘Type

TABLE F-1
SUMMARY OF ANALYSES USED TO STUDY STOICHIOMETRY OF MECHANISM II

Analyzed For

Dissolved NH3 as NHg*
or

Dissolved Ni3 as Nij

Dissolved SO3 as H*
or

Dissolved SO3 as BaS0y

N3 from NHaHSO4 and
(NHg)2S04 as NHgt
or

Ml from NHgHSO,4 and
(NH4)2504 as NH3

S03 from NH4HSO4 and
(NH4)2504 as Ht
or

S03 from NHgHSO4 and
(Nllg)2504 as BaSO4

NH3 from NH4HSO,

S03 from NHaHSO4
as HS04-

Hethod
Titration of Nig*
Specific jon electrode
Titration of W'
Aliquot by turbidimefry
Titration of NHy*

Specific fon electrode
Titration of H*
Aliquot by turbidimetry

none

Turbidimetry or titration

Accuracy
(NH3 content in mm) *.05 mm

(NH3 content in mm) %.02 (NH3 content)
(S03 content in mm} £ .05 mm
(504‘2 content in mm) .02 (SOz‘2 content)

(NH3 content in mm) .05 mm
{NH3 content in mm) ¢ ,02 (NH3 content)
(S03 content in mn) *.05 mm

(S03 content in mm) £.,02 (S0,-2 content)



Specific Ion Electrode Method for NH3 Analysis-

This method was identical to that described i Appendix‘B, and is applicable

in principle to analyses a, ¢, e (See Table F-1).

Comparison of Analysis Methods-

For analyses a and b the volatile NH3(g) and 503(9) were dissolved in dilute
HC1 (rather than H2504 as discussed in Appendix B).
When the ammonia yield was expected to be less than 2.5 millimoles (~30% of

the 8 millimole sample of NH4HSO , analysis a was carried out with the specific

2)
ion electrode. For higher ammonia concentrations potentiometric titration was
used.

For analysis b, turbidimetry was generally the method of choice.n

For analysis c, analysis was by specific ijon electrode.

For analysis d, either turbidimetry or potentiometric titration was used as
dictated by the concentration level to be measured.

For analysis e, no method was found suitable, The residual ammonia was

+ .
2 ion inter-

generally to low for analysis by potentiometric titration, and In
ferred with the function of the selected ion electrode.
For analysis f, either turbidimetry or potentiometric titration was used as

required.
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APPENDIX G

ANALYTICAL PROCEDURE USED FOR STUDY OF SECOND STEP IN DECOMPOSITION OF
ZnO/NH4HSO4 MIXTURES

The apparatus used to measure 503(9) and SOZ(g) yields from the second step
(reaction 1d) of Mechanism II was basically the same as shown in Appendix F
(Figure F-1). In these experiments samples of the product frpm reaction 1c'
were heated for various lengths of time and at different temperatures. Helium
or in a few experiments air, was used to entrain the volatile products formed by
the decomposition reaction. The system was modified by replacing the single
trap used to dissolve volatile products from the carrier gas with a series of
two traps. This was necessary to remove the relatively large amounts of
"503(9) and 502(9) produced. Each trap was filled with an NaOH solution (1M).
At the conclusion of an experiment the contents of the two traps were combined
and analyzed by potentiometric titration with HN03(1M).

The resulting titration curve contains two endpoints. The product gases are
assumed to react upon contact with NaOH as follows:

SO

+ = =4
(g) 20H ~» 304 H,0

3 2

The resulting solution is assumed to involve the following equilibria:

+ -
H2503 T+ H + HSO3
Kay = (H")(HS0,7)/(H,S04) = 1.54 x 1072 (1)
- + =
HS0,™ + HY + 50,
K'ap = (H')(50,7)/(HS0,7) = 1.02 x 107 (2)
H,0 % oY + oH-

1 x 10714 (3)

fl

= (H+ -

Ky = (HT)(OH)

Under the assumption that the activity coefficients for all species in solution
are equal to one, the conservation equations which apply to the solution as it

is titrated with HNO3 are:
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[503(9)] = (504’) (4)

[S0p4)] = (S057) + (HS03") (5)
[NaOH] = (Na*) (6)
[HNO,] = (NO47) (7)

Where brackets indicate molar concentrations of the species enclosed when they
are first introduced 1into solution, and parentheses indicate molar con-
centrations of the species enclosed after the so]ﬁtion reaches equilibrium.
Note that equation (1) 1is not considered in representing the conservation of

502( Due to the relatively large ionization constant associated with this

9)°
equation, protenation of HSO4' is negligible even during titration with HN03.

=

Likewise, protenation of 504 has been neglected.
The electroneutrality equation which applies to the so]utioﬁ as it is
titrated with HNO3 is:
(W) + (Na*) = (HS037) + 2(5057) + (OHT) + 2(S0,7) + (NO3”) (8)
Equations (2) through (7) can be used to transform equation (8) to the

following:

[50,, \Ka, K
2(9) %2, N, 205054y + [HNO,] (9)

H*) + [NaOH] = [SO .
( ) a 2( (H+) + Ka (H

]+

g)

Since wash water is added to the NaOH solution prior to titration, the following

relationships apply during titration:

v M
NaOH "NaOH (10)

VHNO3 * VNaOH *AVHZO

[NaOH] =

100




] HNO, MHNo, 4 (
[HNO, ] = 11)
3 VHNO3 * Vyaon ¥ Vﬁ;b
n
S0
3(g)
[sO 1= (12)
3(9) YHno, * Vaont V4,0
n
$0
2(g)
(SO ] = (13)
2(g) VHN03 * a0 * Vh,0

For purposes of calculation, equations (10) through (13) can be used to trans-

form equation (9) to:

+,2 ot +
nsoz{(H )<+ ZKa(H )} 2nSO3(H )
} = _ +
HNO. ' + +,2 + +2 + -
3 {Ko + (H)HI(HT)® - MHNO3(H -k} L(HT) - MHN03(H )-Kw}
(14)
+.,2 +
Ky = (3 g * V0! YNaok Maon(H )
+ -
+.2 + +2 +
(B - Mypo, (M7 - K ()T = Mg, (H7) - Xy
Equation (14) has been used to calculate the titration curves shown in
Figure G-1.

Each of the titration curves shows two endpoints as expected. The first at
pH ~ 9 corresponds to the condition:

n =n - 2n - 2N, 2-
or
"uno, = M - - ZMgo - 25

which can be rearranged to
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FIGURE G-1

CALCULATED TITRATION CURVES FOR TYPICAL ANALYSES
PLUS 5.0x10"4 MOLES SO
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2“so2 * 2"so3 * VNaoH MNaoH - VIMHN03 (15)
from which we can calculate
Ynaornaon - VlMHN03 .
%(S0, + S03) = (—5rmoTes N, FSO, T )100 (16)

The second endpoint, at pH ~ 4 corresponds to the condition:

n =n - 2n - 2n +n
HNO3 OH™ 5032- 5042- 5032-
or
n =n - 2n - 2n +n
HNO3 OH™ SO2 SO3 SO2
Which can be rearranged to
"s0, * 250, = YnaoH"Naon = Y2Mino, : (17)

The difference between the first and second endpoints, equation (15) minus

equation (17), gives:

"s0, = (V2 = V1Mo,
from which we can calculate:
| (V2 = V)Mo, - .
%50, = {(moles NH4HSO4)}100 (18)
and
%505 = %(S0, + 503) - %S0, (19)

Equations 16 and 18 were used for calculation of the 503( and 502(9) yields in

g)
these experiments.
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*
When this procedure is used to study the decomposition of pure ZnSOgq rather than
the product from reaction 1lc' equation 16 is modified to:

naoH"Naon = V1Mimo,

%(so2 + 503) = ( ) 100 ‘ (16a)
2(moles ZnSO4)

*
When this procedure is used to study the decomposition of pure ZnSO4 rather than
the product from reaction 1lc' equation 18 is modified to:

(Vo = V1 Myno,
%502 = { } 100 (18a)
(moles ZnSO4)
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APPENDIX H

METHODS EVALUATED FOR SIMULTANEOUS SOZ(g) AND 503( ) ANALYSIS

g

Many methods for the determination of 502(9) have been described in the
literature, due primarily to the fact that 502(9) is a major air pollutant.
Fewer methods have been published for the determination of 503(9). Chemical
methods have generally been used when only one of the analytes is present in the
matrix or when one of the two has been selectively removed from the matrix.
These methods involve dissolving the analyte into a liquid and analyzing the
resulting solution.

Absorbing 1iquids used for SOz(g) include: aqueous NaOH solutions analyzed
by titration of excess base; aqueous iodine/starch solutions analyzed by titra-
tion of excess iodine with thiosul fate (1); aqueous hydrogen peroxide/sul furic
acid solutions analyzed by measurement of electrical conductivity (2); aqueous

hydrogen peroxide solutions analyzed by measurement of the 3042'

formed using
titration with barium perchlorate (thorin indicator) (3-4), or with lead perch-
lorate (Sulfonazo indicator) (5-6), or turbidimetry (7), or by measurement of
the HY formed using titration with NaOH (methyl red indicator) (8) (bromphenol
blue indicator) (9); aqueous potassium or sodium tetrachloromercurate solutions
analyzed colorimetrically after adding pararosaniline dye»(10-13); aqueous for-
maldehyde solutions analyzed colormetrically after adding pararosaniline dye
(14).

Absorbing liquids used for 503(9) include: aqueous isopropanol solutions
analyzed by measurement of the 5042' formed using titration with lead perch-
lorate (Sulfonazo indicator) (6), or titration with barium perchlorate (thorin

indicator) (15-17) (methyl blue indicator) (20) (alizcarin red S indicator) (4),

or photomertrically using barium chlioronilate (21), or spectrophotometrically
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using barium chloroanilate (17-18, 22-23) or by turbidimetry (7, 24), or by
measurement of the H' formed using titration with NaOH (bromphenol blue
indicator) (9); aqueous isopropano]/acefone solutions analyzed by measurement of
electrical conductivity (25).

In some cases these chemical methods have been combined to allow deter-
mination of both analytes in a common matrix. One technique involves a series
of 1iquid absorbers. Generally, the matrix is passed first through an isopropa-

nol solution which selectivity dissolves 503( and 1inhibits oxidation of

g)

502( and then through a hydrogen peroxide solution which dissolves the

9)
505(4) and oxidizes it to 5042- (6, 7, 25). Each of the absorbing solutions is

then analyzed separately by one of the methods stated above. A variation of
this technique is to first condense the SO .y from the matrix and then absorb

the 502( from the matrix 1into a hydrogen peroxide solution (9). The

g)
503(9) condensate is dissolved isopropanol and both solutions are analyzed.

We attempted to adapt three of these chemical methods to our experimental

requirements., The first method tried involved dissolving the 502(9) and 303(9)

from a nitrogen carrier gas into an aqueous iodine solution. The SO2 should

react with water to form 503= and HSO3'. These ions would react as follows:
2-

2- + -
12 + 503 + H20 »> 504 + 24 + 21

- 2- + -
I, + HS03 + H,0 > SO +3H + 21

4

SO3 reacts with water to form 5042' which does not react with iodine. Two ali-

quots of the resulting solution were taken. One was titrated with Na25203

to measure 12. .
2- 2-

I2 + 25203 +> 21- + 5406

The amount of SO2 dissolved was obtained from the difference between the amount

of 12 present before and after adding the gas mixture to the solution. Tin(II)
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chloride was added to the other aliquot to reduce the unreactéd I2 to I". Then,
the clear sample was diluted and analyzed for total 5042' by a standard tur-
bidimetric method 1in which added Ba2+ causes precipitation of BaSO4.
Substraction of the number of moles of SO2 obtained by Na25203 titration from
the total number of moles of 5042' as measured by turbidimetry should give the
nunber of moles of 503(9) dissolved. The results indicated that the analysis

for S0, was reliable and reproducible (£ 1%), but that the total 5042'

analysis
was erratic and unreliable.

The second chemical method tried involved passing the 502/503/N2 gas mixture
through a serijes of 1liquid solutions. The first was an aqueous isopropanol
solution (80%) and the second was an aqueous Hy,0, solution (3%). We were able
. to quantify the amount of 502(9) dissolved on the H202 solution by measuring the
2-

electrical conductivity change produced when the SO2 was oxidized to SO but

4
found that the isopropanol retained 502 for an unacceptable length of time.
Furthermore, 503 was not efficiently dissolved in the isopropanol at the flow
rates (~160 cc/min) required for our experiments.

The third chemical method involved passing the 502/503/N2 gas mixture
through a series of traps all containing dilute NaOH, and analyzing the
resulting solution by potentiometric titration. This method ga?e reproducible
and quantitative results. Both soz(g) and 503(9) were dissolved from the
carrier gas at the required flow rates and oxidation of 502 to SO3 was found to
be slow with respect to analysis time. The potentiometric titration curve con-

tains two endpoints which can readily be related to the amount of S0, and SO

2 3

dissolved (see Appendix G).
While this method proved useful for measurement of total 502(9) and 803(9)

yields from a particular decomposition reaction, it could not be easily used for

107



measuring yield as a function of time. Sampling time is limited by the speed
with which the absorbing solution can be switched and the repeated analysis of a
large number of solutions is tedious. This is characteristic of most wet che-
mistry methods. For this reason we attempted to adapt some of the reported
instrumental methods to our requirements.

For 502(9) these include: fluorescence (emission at 3940R) (26-29); UV
absorption (between 3200-18008) (30-31); IR absorption (bands at 518, 1151, and
1361 cm™ L (32); mass spectrometry (33-35); Raman spectrometry (band at 1151

cm'l) (36); gas chromatography (37-40). For 503( IR absorption (bands at

9)°
527, and 1391 cm’l) (41); mass spectrometry (34-35, 42); Raman spectrometry
(band at 1067 cm'l) (36); gas chromatography (38) have been used.

Attempts to adapt ultraviolet spectroscopy to the simultaneous measurement
of 502 and SO3 in a flowing carrier gas stream were unsuccessful. A number of
problems were encountered. First, the molar extinction coefficient. for 502 (at
wavelengths between 260-310 nmm) is from 2 to 4 orders of magnitude larger than
that for 503. Thus conditions, such as flow rate and optical path length,
suitable for detection of one analyte are unsuitable for the other analyte.
Second, 503 tended to condense on the 5nner surfaces of the optical cell even
when the cell compartment was heated.

Although Raman spectrometry, gas chromatography and mass spectrometry have
been used for simultaneous measurement of the two analytes, (34, 35, 36, 38) the
extremely reactive nature of 503(9) makes it incompatable with the materials
used in the construction of most commercial analytical instruments. In order to
make use of the speed and convenience of instrumental analysis, we saught to
find a reagent which would react quantitatively with 503(9) to produce a more

stable and conveniently measured molecule.
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We have tested a variety of reagents. Reaction with glycerine to form acro-
lein, and with 1,4—bu£anedio1 to form tetrahydrofuran were not quantitative. In
general, the reactions of 503(9) with organic compounds appeared to be indiscri-
minate and unsatisfactory.

Certain alkali metal halides (eq. KC1) were reported to react to form addi-
~tion compounds having the general formula M(SO3)nC1 at ~0°C and some alkali
metal sulfates (eq. KZSO4) were well known to react forming stable pyrosul fates,
M25207. When 503, from fuming sulfuric acid, was added to a flowing carrier
gas and passed through tubes containing plugs of these reagents, the removal of
503 was found inefficient. Further, the resulting products are solids which
cannot be conveniently quantified continuously in a flow system, but rather must
be measured batchwise. |

A thermodynamic analysis suggested that alkali and transition metal car-
bonates should react with both SO2 and 303 to produce COZ as follows:

503 + MZCO + M2304 + CO

3 2

SO2 + M2C03 > M2503 + 002
Although complete thermodynamic data for these reactions are not available,
approximations lead to the conclusion that the AG® for reaction of SO2 with a
given metal carbonate is considerably less negative than the AG®° for the reac-
tion of 503, through in general hoth reactions should be exoenergetic. Thus,
prefferential reaction with 503 would result only if the respective reactions
have sufficiently different activation energies and dependence on temperature,
A rather extensive series of experiments was done in an attempt to find a metal
carbonate which would at some temperature react readily with 503 and negigibly
with 802. The carbonates tested included: L12C03, Na2003, K2CO3, MgCO3 and

CaC03. The product gases (SO3 and 302) formed from the decomposition of

109



Zn504.were passed through a tube containing each carbonate and the amount of
CO2 and SOzﬂin the emerging gas mixture measured. The solid carbonates were
either simply mixed with glass beads or in some experiments coated onto the
beads by precipitation from an aqueous solution. The temperature of each car-
bonate was varied systematically. In no case was it possible to achieve selec-
tive reproducible and quantitative reaction with 503.

37 and calcium oxalate43 have been reported to react with

Both oxalic acid
503 to produce COZ' Calcium oxalate was tested in experiments similar to those
used for the evaluation of metal carbonates. Its reaction with both 503(9) and

502( was measured systematically as a function of temperature and it was found

g)
to react selectively with SO3 at temperatur:s between 300-375°C. This reagent
was tested extensively and a method d« - oped by which it could be used to quan-
titatively convert‘SO3 to CO2 in a f. wing carrier containing both 503 and 502.
This method is described on detail in Appendix 1. It allows the amounts of
SO3 (as C02) and 502 to be measured continously so that reaction rate as well as
reaction yield information can be obtained conveniently. To date this method
has been applied only to the study of the thermal decomposition of ZnSO4, but it
will undoubtedly find more extensive application. The conversion of 503 to
CO2 allows the SO3 concentration in a gas stream to be monitored by any of a

variety of instrumental methods. We selected infrared spectrometry as a matter

of convenience.
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APPENDIX 1
7Ana1ytica1 Procedure Used For The Study Of 503(9) and 502(9)
Yields From Decomposition Of ZnSO4

The apparatus used is shown schematically in Figure I-1. A quartz reactor
tube served to confine the evolved product gases. This tube is enclosed in a
three zone split furnace and is heated over a length of 30 cm. Electrical power
to each of fhe three furnace heaters was indepently adjusted using a controler
so as to provide a region of constant temperature (* 2°C) extending from ~2 cm
in either direction along the furnace axis from its midpoint.

To one end of the reactor tube 1is attached a stainless steel manifold.
This manifold includes a carrier gas entrance port, a septum sealed syringe
injection port, and an o-ring sealed thermocouple probe port. An inconel
sheathed thermocouple passes through the probe portvand extends along the reac-
tor tube axis onto the furnace., Attached to the end of the probe is a quartz
sample boat. The probe is mounted on an indexed slide mechanism which is used
to reproducibly position the sample boat. Sample temperature is read with a
digital thermometer connected to the probe.

The other end of the quartz reactor tube is connected to a pyrex tube,
This pyrex tube is enclosed in a furnace and maintained at a temperature of
325°C. A plug of Ca6204-H20 mixed with glass beads was placed in the center of
the pyrex tube and held in place with pyrex wool. The plug was 1-2 inches long
and ~ 3/8 inch in diameter. The ratio of Ca6204-H20 to glass beads was

arbitraily adjusted to allow the desired carrier gas (He) flow. The Ca0204-H 0

2
was dehydrated in situ with carrier gas flowing.
Teflon tubing is used to conduct the carrier gas flow from the pyrex tube to

each of two optical cells in series and thence to a soap bubble flow meter.
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FIGURE I-1. Apparatus used to measure rate of 502(9) and 503(9) production from thermal

decomposition of ZnSO4 and ZnSO4 mixtures.




Carrier gas flow rate was adjusted with a flow controller placed upstream from
the manifold.
The CaC204 served to convert any 503(9) present 1in the carrier gas to

COZ( presumably by the reaction:

g)
503(9) + CaC204(S) > CaSO4(S) + C02(g) + CO(

g)

SOz(g) was measured at the first optical cell which was part of a nondispersive
ultraviolet monitor set to measure 802 absorption. 002 was measured at the
second optical cell which was bart of a nondispersive infrared monitor set to
measure 602 absorption. UV and IR absorbances were regorded continuously on a
dual pen integrating recorder. The response of each monitor was calibrated by
injecting samples of soz(g) and coz(g) into the carrier gas with a syringe. The
area under each respective absorbance curve was directly proportional to the
amount of gas injected.

Although the reaction of 803(9) with CaC204(S) has not been‘investigated in
detail, there is no doubt that SO3 reacts quantitatively to give CO2 under the
conditions used in these experiments (Flow rate = 150-300 cc/min,
CaC204 temperature = 325°C). This conclusion is based on the fact that it was
possible to consistently obtain mole yields of COz(g) and 302(9) from the decom-
position of a measured amount of ZnSO4 that were equal in sum to the theoretical
mole yield expected for complete conversion of the available sulfur to a mixture
of soz(g) and 503(9). Direct injection qf samples of SOz(g) into the carrier
stream verified that, at the flow rates used, 502 does not react with CaCzo4 at
temperatures less than 375°C. At higher temperatures reaction becomes signifi-
cant. When the Ca6204 temperature was less than 300°C, the measured mole yields
of CO2 and 502 were less in sum than the theoretical yield and the deficiency
was obviously due to a low CO2 yield indicating incomplete reaction of SO3 with
Ca0204.
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In view of these facts all experimental results were obtained with the
~CaC204 between 325-350°C and the IR absorption obserVed taken as indirect
measure of the S0, present in the carrier.

In a typical experiment a weighed sample of ZnSO4 was loaded into the sample
boat and the manifold connected to the reactor tube, Carrier gas flow rate was
adjusted and the furnace equilibrated at the desired set point temperature with

the sample boat inside the manifold. A series of 502( ) and COZ(g) samples were

g
injected through the séptum port to calibrate the optical detectors. The sample
boat was then moved to a point just inside the furnace and allowed to
equilibrate at a temperature between 350° and 450°C. This preheating was done
to bring the sample temperature closer to the set point temperature and thus
minimize the time required for the sample to reach its final temperature. Then

the sample boat was moved to the center of the furnace and its decomposition

monitored.
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Kinetics Of The Thermal Decomposition Of Zinc Sulfate, Rev. Int. Hautes
Temper. Refract. (accepted). A

Method For The Simultaneous Determination Of 502(9) and 503(9) In A Flowing
Carrier Gas, Anal., Chem. (in Preparation).

The Thermal Decomposition of Zinc Sulfate, J. Phys. Chem. (in preparation).
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