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National Programs on

Thermodynamic Solar Project Solar SMR New Energy Systems

.
.
. =
.

TEPSI project (2006-2009):
Solar Powered Hydrogen Production Project) | . “zero-emission” coal hydrogasific.

- H, storage

* thermochemical cycles fed by
concentrated solar ener

(5.8 M€)
4 S-1 Cycle{' }MnFeO Cycle
7/

Aim of the project (by 2009): Solar Reactors

demostration of the complete process chemistry 4‘2(‘5}\%
in a bench-scale flow loop (50-100 I/h H,) !
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Research Context

TEPSI Project (2006-2009)  scientific feasibility demonstration

——>> Production at laboratory scale 0.001 +0.01m3/h
targets
——> Bench production 0.05+0.1m3/h
(demonstration of the complete process chemistry in an integrated laboratory scale flow loop)
future (2009-) technological feasibility demonstration

Pre pilot production 30+90 m3/h
(Design, fabrication and operation of an engineering demonstration loop)

Pilot production 400 =800 m3/h
(Design, fabrication and operation of a small hydrogen production demonstration plant)
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Objective: Realization of a continuous Bunsen reactor

, + SO, + 2H,0 = H,S0, + 2HI

General objectives:

1. Continuous flow operation of the
Bunsen reactor must be achieved for
closed loop demonstration

2. Operative parameters studied for
cycle performance improvements:
production of acid streams as pure
and concentrated as possible

3. Side reactions to be avoided

4. Basic data for large scale design

H2S04

H,O "-l I Bunsen reactor

I 2HI

H-

lodine
loop
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Bunsen reaction options

, + SO, + 2H,0 = H,S0, + 2HI

Bunsen in water media

Bunsen in liquid SO, Bunsen in_ an organic solvent (TBP)

H,SO,

phase — organic phase
(+ HIN)
HI
phxase ~ H,SO, phase

[2H,SO4 + 2nH,0](liq)

SOz + nH.0 ,__PbSO; (so)

I,

H.O

(n+1) H0 Pbl, (sol)

- e %

Nomura M. et al. J. Membr. Sci. (2004) Giaconia A. et al. IHEC Istanbul (2007)
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Characterization of lig-lig phase behavior of products

(x+1)l, + SO, + (n+2)H,0 = [H,SO, + (n-m)H, O] + [2HI + x|, + mH, O]

H,SO, phase HI, phase

S

concentration and mutual
contamination of the two liquid phases
determined under different conditions

X(HI)

HI acid phase (HIx)

0,4 + HI, phase

] feed X(HI) and X(H,SO,) are molar ratios
03 + relative to total minus water
0.2
01 Sulf. phase
0,0\

00 02 04 06 08 10
X(H,S0,)

Giaconia A. et al. Int. J. Hydrogen Energy (2007)
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Coupling with solar source and operation mode for the Bunsen reactor

(x+1)l, + SO, + (n+2)H,0 = [H,SO, + (n-m)H,O] + [2HI + x|, + mH,0O]

S

H,SO, phase HI, phase

Bunsen reactor operation modes:

1. semi-continuous: following SO,
production from solar reactor: Sulfur
HI, phase /I, storage H2S0, 1o0p S0,

2. continuous: SO,/H,SO, storage

H,O "-l Bunsen reactor
very large I, inventory :

required for semi-continuous I, 2HI H,
operation

Bunsen reactor continuous
operation is recommended also
for solar-powered S-I cycle
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Possible configurations for continuous Bunsen reactor

Mixer + settler Integrated mixer-settler
H,SO,
lig-liq phase
H,0, SO, suspension'
1> (HI) H,O, SO, o HI,
1, (HI) phase

agitator

« reaction phase is the HI, phase with
SO, inlet the high I, concentration

» H,SO, is continuously separated in
mixed reactor the reactor

exit gas trap

H,O pump
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Integrated mixer-settler: lab apparatus (ca. 10 L/h SO,)

H,SO, phase « packed column for SO, reactive

gas out _ _ Ve
adsorption (no mechanical mixing)
m « SO, and H,O (resp. |,) fed below
gas trap

(resp. above) the packed bed

* H,SO, phase continuously drained

out near the top
 HI, phase continuously drained out
gas trap from the bottom through electrically

traced pipes
Lﬁ 0 SO, phase * materials: glass and PTFE
processing
» packing made of glass/tantalium rings

H,SO4 ph
Hix samF;;Iease (+ |2 pelletS)

sample analysis
analysis

+ able to process SO, rates the order of
10 L/h

gas trap * fluid dynamics not optimized

HI, phase « temperature controlled by water

L——— toHi, phase processing recirculation in the column jacket
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Integrated mixer-settler: lab apparatus (ca. 10 L/h SO.)

H,SO, phase

gas out

e
m gas trap

gas trap
to H,SO,4 phase
processing

H,SO,4 phase

Hlxl sample
sample analysis
analysis

X
gas trap

|é} to HIx phase processing

HI, phase
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Integrated mixer-settler: lab apparatus (ca. 10 L/h SO,)

H,SO, phase

gas out

e — m I
gas trap .
DI (1]

interface
gas trap )
Lr to H,SO, phase
processing

H,SO,4 phase

Hlxl sample
sample analysis
analysis

X
gas trap

|é} to HIx phase processing

HI, phase
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Integrated mixer-settler: lab apparatus (ca. 10 L/h SO,)

H,SO, phase

gas out Procedure
\ m 1. SO, injection in a l,-saturated
ﬁ q—x gas trap
®

HI/H,O/1, solution

” 2. Analysis of the SO,-saturated HI,

) phase

H>O

'—aN 4as trap 3. Continuous feeding of SO,/H,0O/l,
- at 80°C

| g p%, I > “ewesing | 4. Continuous removal of formed HI,

1,50 phase and sulfuric acid liquid phases

Hix sample
%ﬁ ;r?;npslz analysis
i 5. Reactor shut down and collected
s samples analysis
\}/ gas fap 6. Collected liquid phases

processing

HI, phase

|%} to HIy phase processing
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Integrated mixer-settler: lab apparatus (ca. 10 L/h SO.)
Start up

SO,  during start up loaded HI/H,0/1, was saturated with SO, at 1 atm

(out) ﬁ

a single HI, phase formed due of lack of H,SO, hydration water

molar fractions in the saturated single HI, phase
T Entry
HI H,O l, H,SO, (+SO,)
0.13 0.51 0.34 0.02
77-80°C 2 0.14 0.51 0.33 0.02
0.14 0.5 0.33 0.02

minimum water at 80°C and SO, at 1 atm
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Integrated mixer-settler: lab apparatus (ca. 10 L/h SO.)

Continuous running:

Set temperature / pressure = 80°C / 1 atm
Continuous running time =2 -6 h
Water-to-SO, feed ratio = 10.55-13.47 mol/mol
lodine-to-SO, feed ratio = 4.77-5.76 mol/mol
SO, feed = 4.7-5.0 NL/h

H,O feed = 39.5-54.0 mL/h

|, feed = 251.7-325.6 g/h

H,SO, phase output = 20-21 mL/h

[H,S0,] = 49 - 56 wt%; % SO, adsorption = 97-98 %
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Integrated mixer-settler: lab apparatus (ca. 10 L/h SO.)

Continuous running:

composition of the collected H,SO, phase
(molar fractions)

HI H,O l, H,SO, /SO, = 4.77
/ H,0/SO, = 10.55
0.01 0.84 <0.01 0.15
<0.01 0.80 <0.01 0.19 ,/SO, = 5.76

composition of the collected HI, phase
(molar fractions)

H,0/S0, = 13.47

1,/SO, = 4.77
H,0/S0, = 10.55

H,SO,
HI H,0 ,
(+ SO,)
0.15 0.50 0.33 * 0.02
0.13 0.53 0.33 * 0.02

N\

,/SO, = 5.76
H,0/S0, = 13.47

* solid 1, persistent in the column: HI, is always saturated with I,
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Integrated mixer-settler: lab apparatus (ca. 10 L/h SO.)

Continuous running:

0.40 1 1,/SO,=5.76 98% inlet SO, adsorbed T 140
x © H,0/S0,=13.47 [H,S0,),=8.1M =
1 ! + 120
T 035 jnetso,=5NLh E
= : +100 g
= 0.30 - =
S : 80 8
e 0.25 n I3}
'®) 1 -+ 60 2
N ] e
Z 0.20 . 140 Coj‘:
T 1
0.15 - 20 @
1 T
0.10 < 0
0 60 120 180 240 300 360 420
time (min)
produced H,SO, phase ~ —————- HI, outlet phase after H,SO,
total volume removal
HI, outlet phase o HI/H,0 azeotrope value

AIChE 2007 Annual Meeting Salt Lake City (UT), November 6™, 2007



ENEN

Italian Mational Agency for New Technologies,
Energy and the Environment

W

Thermodynamic Solar Project

Continuous lab apparatus: acid phases processing

SO,
(SO,)
HI, phase distillation | top HI'H,0
’ column condenser
HI/l, | H,0
HI/ H,SO H,SO, (ca. 90%)
H;50, phase rem0\2/al distzilatién
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Continuous lab apparatus: acid phases processing

SO,
(SOy)
HI, phase distillation | top HI'H,0
' column condenser

HI/l, |
HI/I

H250, phase —s o hoval

H,0
| salt formation & | Fe,(SO,); (solid)
Fe,O, »| dewatering
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Use of Fe,O; for H,50,solar splitting

1) Fe,044 +3H,S0,,4?Fey(SO, )54, +3H,0 (20-120°C)
2) Fe,(SO4)3nq ?Fex(SO )5 (150-200°C)
3) Fey(SO,)3?Fey056)+3(1-X)SO;,+3XS0O,, +3/2x0, (< 800°C)
_H,0
< ‘ 1. lower maximum
S0,/0, Fe,(SO s temperatures (< 800°C)
(solution) -
H,SO04a0) _ 2. absence of catalysts
(45-60%) Fe,(S0O,); (solid)

3. lower material corrosion
 Fe,O; (solid)

S0,/0,/SO, | reactors feasible
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Use of Fe,O; for H,50,solar splitting

electric oven (550-750°C)

________________________________________________________

carrier i OO%OOO(%g ()Q)OOOOOO :

___________________________ f_ ___________________________: (92 > determggtion by
Fez(SO4)3 GC
E S0,/S0; trap liquid o SO, & SOs
® 1 N. / 750°C (K|/|22 so|3ution) M " | |cetermination by
. 5- ? -,
IS 1
2 4 air / 750°C
S % molSO,/(molSO,+molSO,)
c 31
s T(°C)
< 2 . carrier: N, carrier: air
] N, / 650°C
1 «” 550 45 :
0 ¥ =220 ===
0 20 40 60 80 100 120 650 48 29
time (min) 750 55 44
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Conclusions and future work

# Different Bunsen reaction routes were investigated - reaction in water
media first considered for small-scale closed-loop demonstration

# A reactive adsorption column proved suitable to obtain concentrated
acid phases with compositions in good agreement with previous results
on liquid-liquid phase behavior

next
——> evaluation of the effect of O,, femperature, H,0-t0-SO,

next : : : :
———>> comparison with other reactor configurations

# The possibility to use Fe,(50,); as infermediate recycling agent in the
H,SO, decomposition section was demonstrated

DX thermal analysis and technological feasibility assessment
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