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Abstract — Simulation study and validation on 50 L/hr pilot-scale Bunsen process was carried out in order to investigate
thermodynamics parameters, suitable reactor type, separator configuration, and the optimal conditions of reactors and
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separation. Sulfur-Iodine is thermochemical process using iodine and sulfur compounds for producing hydrogen from
decomposition of water as net reaction. Understanding in phase separation and reaction of Bunsen Process is crucial since
Bunsen Process acts as an intermediate process among three reactions. Electrolyte Non-Random Two-Liquid model is
implemented in simulation as thermodynamic model. The simulation results are validated with the thermodynamic parameters
and the 50 L/hr pilot-scale experimental data. The SO, conversions of PFR and CSTR were compared as varying the
temperature and reactor volume in order to investigate suitable type of reactor. Impurities in H,SO, phase and Hly phase
were investigated for 3-phase separator (vapor-liquid-liquid) and two 2-phase separators (vapor-liquid & liquid-liquid) in
order to select separation configuration with better performance. The process optimization on reactor and phase separator is
carried out to find the operating conditions and feed conditions that can reach the maximum SO, conversion and the
minimum H,SO, impurities in Hly phase. For reactor optimization, the maximum 98% SO, conversion was obtained with
fixed iodine and water inlet flow rate when the diameter and length of PFR reactor are 0.20 m and 7.6m. Inlet water and
iodine flow rate is reduced by 17% and 22% to reach the maximum 10% SO, conversion with fixed temperature and PFR size
(diameter: 3/8", length:3 m). When temperature (121°C) and PFR size (diameter: 0.2, length:7.6 m) are applied to the
feed composition optimization, inlet water and iodine flow rate is reduced by 17% and 22% to reach the maximum 10%

SO, conversion.

Key words: Hydrogen production, Bunsen reaction, Reactor type, Phase separator, Thermodynamic model, Process opti-

mization
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Fig. 1. Bunsen reaction flowsheet designed by GA (General Atomics).
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Fig. 2. Research flow diagram for Bunsen process for maximum hydro-

gen production.
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Fig. 3. Pilot scale bunsen process facility.
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A1 SO, 7HaEE StolM HAAarkas filste] 244 dEE
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HI + H,80, — I, + H,0 + SO, (120 °C)

Y 7, A, 25, 49 2 7 Ao gt
Ato] = 5 Fig. 47 720] pilot scale A A 2%
PLUS 11.05 AH&-8] 37 BARS F3sisitt. BARS
ol|3= 50L/hr pilot scale FAFR A7} A7 71-S Bl wskal 2o
&

A= THEIh

0, (g) to storage tank
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T T30°C L:3m N, - SO, to bnusen reactor
> 3 bar S0,/H,S0, impurities Stripping
|
Total | 4.072 mol/h T 20%C
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Fig. 4. Process scheme of Bunsen process for S0 L/hr pilot-scale hydrogen production basis.
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Gas feed
SO,-0, —

Liquid feed

I, H,0, HI

Product
— H,S0,
HI

Product
» H,SO,
HI

Gas feed
S0,-0,

Liquid feed
1,, H,O, HI

(b)
Fig. 5. Comparison for two types of reactors (a) CSTR (b) PFR.
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Hhe- &5 212 718 Rl Wil o) tislAl= power lawet
21 Wsle]| tfallAl= Arrhenius equations ARESFATE 51 HES-<]l
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r = k[L,][H,0][SO,] (16)
2]

Table 12} 0] r2 4 52 (rate of reaction), ki= W& {5 Al<r
(rate constant), [L,]i= 22E F%, [H,0]F &2 5, [SO,J= ©]
Arslete] sol) A+ W% A RK(pre-exponential factor), Ex= &
8} ell4 2] (activation energy), R 71 %] *3<~(gas constant), Ty=
BT 2 (reference temperature) = ©] 50l th$t A<= g1 Table 12}
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ARE-EF 225 suli7bA] WA kG 2] (18)F AHE-ato] 953
1 PFR] YA 53} ZolE o]8-5lo] CSTRY| 9|5 Arteisitt.

Vesrr = m(2/d)*L (18)

di= PFRE] -3]0] 1, L PFRE] Zo|& vebdct. whg7]e] 271

Table 1. Parameters for reaction Kinetics

Parameters Units
A 3.16 x 10 L%(mol*-s)
E 4.187 kJ/mol
R 8.3145 J/(mol'K)
T, 100 °C

O - ole - HT

Table 2. Feed conditions entering to the reactors
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Gas feed Liquid feed
T 120 °C 120 °C
P 3 bar 3 bar
Total flow 4.072 mol/hr 926 mol/hr
Compositions
SO, 2.456 mol/hr
0, 1.25 mol/hr
H,O 0.366 mol/hr 500 mol/hr
I, 335 mol/hr
HI 82.8 mol/hr

Table 3. Reactor Operator conditions required for reaction rate calculation

PFR CSTR
Size L:3m X D:8” Equivalent volume as PFR
Temperature 120 °C 120 °C
Pressure 3 bar 3 bar
SRR 7] 8 Bl 24 22102 Table 2~301 UERASIT

o
&
o

-
0=
S
Ach
ﬁ,

o
i
E .
~
r1r

71-8 ] §- oA 2] 9 7] AN H -4 A FAl
e TP FRro R sl el oﬂH TR QA
7} Hiy &3} SA’GellA 2] &4 %%gﬂr HIy 2dellA 2] Higk &9
FEoltt A “6‘011 up=d o] FrRA] @4l YRS T 8

>.4

e P P S RCAX T ) d K229 Fo|ti11]. Fig. 6(2)2+
(b)ﬁ‘r e 7] A Sl tig AaHES vl sklth
FdEe]7] ulA] Fesol vl 25312 Table 424 2t}
&HWH ARlol A= V-L-L %271 (Fig. 6(a))lAE= A<l Hiy
¢ 9l H,80,7 714 7391 0,5 2 W=t shte] 7)Ao w a7t
doJupAl BAFSFATE F A Abe| ol 4 = Fig. 6(a)$h #2°] VL
separatorol| 4] 0,9} 2%2] SO,5 71A-& 1A &gt} SO,=
ol g3 ¥7] wiZell Hiy % - H,S0, 73 8-} o] W]z
158t 15, W 7ol e Zpolel] oA -7 Hik
e Aol 7PHE- SA AR sleto 7 RelEh F Aldlel o] A
F-2]7]0] thdt Table 49} 22 &4 Z7 oA RALS 319t
TR R F8 50 2 I5E 70~150 °CR HEIAIA 71

(]

O,
SA (H,SO,)
HIyx (HL I,)
H,0 VLL
SO, Separator SA
O,
HIy

(@)

O,

SA

SA (H,SO,)

HIy (HI, I,) VL

H,O0 Separator LL
SO, Separator
O

HIx

(b)

Fig. 6. Configuration of phase separator case studies. (a) Vapor-liq-
uid-liquid separator (b) sequential separation from vapor-
liquid separation and liquid-liquid separation.
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Table 4. Initial operating conditions for separators in two case studies

Cases Case 1 Case 2
Separator types VLL VL LL
T 120 °C 120 °C 120 °C
P 3 bar 3 bar 3 bar

SA 37} Hiy AellA 9] EaaEl w32 nlusigith 3, 2. 9
8] %(300~400 mol/h)y& WA 7] HA] SA 733} HIy 7ol A 2l

ETEES] B9 v wsoi).
S0,-0,°1 tigt 2 Flel digt A3 A5t w2 S0,-0, &5
7k27F A 71~ 48R HLA ol BES THAAIIth= B
7} AATH16]. VL-LL AtelellA] VLoA] 80,-0, 7k} oH/do]
FahaA Abdel Hiy A} 2 SA AL 5 2 Aol WA BaEES
AAIgro 272H, BEo] 1AE AEIE A E7) AsEE o
=3t} oo, VL-LLo] VLL Bt} T £& #e] g6 oAsit)

=

_E

2-6. 3 =|X3|
74 5]7‘4 She AT B4S SalA A E 9T
w2171¢] Fz=el iRt ekt 384 L
A= S0, HEES Hs) sk 271S e 488 LA
“‘?*E] 7ol tiallA = Hig dellAe] BeEs HAs) ol S8
T ArellM= 25k =3517] 918 ASPEN PLUSCIA
LH Z¥ SQP (Sequential Quadratic Programming)s AH&-3}51th.
HAFh= oA AFBIGIR0] F7HA AbE WRA skt
FAHA= B2 R Q1g)ef thst 55 Wl F43-2 pilot scale®]
27 a2 ARt AR 2A@E, 4E) 9 A =27] o)
st HAEE T3 T ol A RS A7 3 ollA
Z7rol k] o g 91]] 73 W3l ﬂ“ﬂ AA F7golE o
TS 7| A B QAR G A A s 2o 3 23S
st W& vkt kg7 oA = S0, F gk Ol ﬁﬁﬁ‘ﬁ o] 98712
Afo] 9} 2= E Al ]O}Oﬂu} 2 5-2]7] vl Hik 7 vlellA
H,80, HA4Y o o= 4 55 AASIT HAs) FA4=
21 (19~20)7} o] 77333t

A W-E-7]: Maximize (Xgo,) = (S, T,) (19)
F27]: Minimize (Iyy,g0,) = f(T,) (20)

2] (19y2 24l qk-8-7]ol A8E(S0,)S FHzlslr] 93t 23t
FAE HERISITE ol& A3} s17] {15 274 WG5S (decision
variables)y& HHg-7] Ato]Z=(S)2} w4l W7 &5(T)8 E 3
ok 2 20y AREE] 710 HI, AellA 2] H,S0, BB (I 60,0
Hrslsl] Q13 HA 8 AE Uehligltt. o5 #H 43 5b7] Hgh
A7 W (decision variable)= “d-8]7] E5(T)E L3I
FRAE JES7] Alo]= W 2 5= A A3} AlgelA] £
st 2% B HRST] Afo]| 25 ARSEtAL 1Y B R 0E #E A=
HA 3} TAR 38t L ol %J/} 09—‘: &2 A A
oH _0_

9] el gl vk Soll F JFE 7

)

|

o Mo

Table 5. Initial operating conditions for separators in two case studies
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A= S0, A3HEo] Hid Wl H,0 ¥ Lo Fd&S AlAlsla
& 2871 YoM+ Hiy A WellAl Hy,S0, #4Y f e+ H,0
9 L, §3S AASISITE v A3 EAE A 21)~22)%}
ol A3l

HEE-7]: Maximize (Xgo,) = f(FRy,0, FRy,) 21
2]7]: Minimize (Ij;,g0,) = f(FSy,0, FS1,) (22)

2 1) A W10l R (S0,)S Hulistsh] 91k 243
T2& HEISITE o5 #HA8) ab7] $lst A% WS (decision
variables) WA 7|2 FSIEh: £2] §IHFR, 0 2259
FFIHER,)S AT 2] (22) AHEEI7|elA HIy 2dellA Y]
H,S0, B4 (500 A231817] 918 A3 412 vERile,
ol& A3} 317] ¢Ish 27 WG (decision variablesyS- 4] 7| &

FYUEE E2 FRIF(FRy 0 2.2 =0 PR, )E 1221313t

o Mo
Az =

3. Z2u 3 nE

*lw L] Aol 25 7REH dst
2313tk ASPEN PLUSOI| A= HI-H,0-
H,S0,-1, ‘& 47F4] Zgellx] 2383 871342 Falsh=dl Slof &
A7t ek webA, 47t F7E] £ (ex. HySO,-HIell gt binary
parameters FE5H= WS A 9SS 1, HI-H,0, H,0-1,, HI-I,,
H,SO,-1,, H,80,-H,0 5 ASPEN PLUS °f W 22| 2] 1
star §le] 1ol Z ARESESITE. ASPEN PLUS ©llA HI-H,SO, 9%
] SEAlF 7218 FE3] 918 NRTL ] BEs ARE-81e]
T}, ASPEN PLUS °l|A oW 3] A3 dloJE|[111E AHE-sto] 3
7] A2 FASISITE ASPEN PLUSS ARS8 31719 % e
217} AEA e v wE ¢3S A= Fig 79 2ok 2 ZE R
S w Hiy Aol X o] A3yt sA At o Raddsr) A8 Ao
LIRS RIS Table 5elA = ZF 2520l iAok &
215k Aotk Hiy A Wlell Al 22k= 25~60 °C7HA] & 3& o
0.06%14 1.78%74] & 718t th7E, 60 °Col A 2217} 0.54%0])
A 03%74HA] A ehE SR1si Tk SAZ el A E g 1.30%1 4
2.58%% Z713k T, 60 °CollA 1.44%011 A4 0.08%7H4] 4381
th H)E 5 A3 ol A 0.08~2.54% H A Z H,S0,-HI Zgoll A vt
@'—I}\]— 2= ] g‘| gjq_é H]_u_gl.oﬂ_z u;H_‘:_ 2] %l—/\io] ulol;qu]. Al Xﬂ )\O]— T"i‘
2]7]e4= HI-H,S0,-H,0-1, =& = WellA b =d3e A=
5 7] witell BEl Aztel] tfgh AJgHdo] FhAasA e F53it

32, oX DAl U HE
2 ATl A= 50 Lihr 324137 pilot scale®] &4 7] dlo]E] 9}
DAL Ao} nwsle] A AES 3] 2ulo EH““\ =
13k L. Pilot scale®] 4l F7d ¢4 300 ml/mine] HI:1,:H,0
EFELS E0[EE 12570002 FYHAL, 1.5 L/min2] SO,:0,
O] 7}~k 2:1 v &2 FUEATH15]. 37 BAR= Pilot scaleol| A 9]

Temp (°C) 25 40 60 80 100 120
Difference (%) in HIx -0.06 -1.79 1.78 -0.54 0.54 -0.30
Ditfference (%) in SA 1.30 2.02 -2.58 1.44 0.24 -0.08
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Fig. 6. Regressed results for HI-H,SO, binary interaction using experimental data.
Table 6. Comparison of mass balance between simulation and experimental facility
Unit operator Bunsen reactor Separator HIx purifier
Stream Product SA phase HIx phase Clean HIx
Data Simulation Experiment Simulation Experiment Simulation Experiment Simulation Experiment
T 120 °C 120 °C 120 °C 120 °C 120 °C 120 °C 120 °C 120 °C
P 3 bar 3 bar 3 bar 3 bar 3 bar 3 bar 3 bar 3 bar
Total flow 300 ml/min 13 ml/min 287 ml/min 300 ml/min
Molar Ratio
HI 0.98 1 0.91 1 0.97 1
I, 243 2.5 1.83235 2.03 2.05325 2.11
H,0 7.17 7.28 0.92 1 5.423523 5.86 5.85235 6
H,S0, 0.067 0.069 4 438 0.019325 0.021
Deviation (%)
Unit operator Bunsen reaction Separator HIx purifier
Stream Product SA phase HIx phase Clean HIx
HI 2.00% - 9.00% 3.00%
I, 2.80% - 9.73% 2.69%
H,0 1.51% 8.00% 7.44% 2.46%
H,SO, 2.90% 8.67% 7.98% -
4 21 W A3 FAs A0 88k L, Table 69 2] w2 -2l 7)ol M & SA el A H,09F H,80,8F @ 3FH 271
A WkS-7, A #2171, Hly purifier C3A17])ellA A5 Axpel & 8.00~8.60%% 2% 11, HIy Aol4E HI, 1, H,0, H,S0, 2<%
AVAIE B sk}, 5 E3ES QA 7.44%9.00%% 1= ATh A 2] 7] ol A
FAL Ay AT dake) Ao A 2 T Y = HES7el Blal) & @A Kol olfi= F 7Hxolok. A o=,
42 = e A3E Rlasgivh 24 jks7]elM o] Ad A Al 2 227 W A9 4 B 45 flelA= HI HS0,,
9} KA} Astol] th3k HI, 1, H,0, H,S0,2) 1.5%~3.00% Ato] 2 21 I, H,09] ] 7F4] E&H&ol g 45285 25 a1eisl|of g},

= Avlel 2 9312 HolA
&5 212 7]Egel Arrhenius
BAL ghell 2431 E 5 RES- parameter 224 0] -2]3H7] wlsto]tt.

&Skt 1 ol

2~ X O
T}—\Jle

2R Jk-g-of o3t
ARgEglo B R A Avel
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Fig. 8. The comparison of SO, conversion (%) between PFR and CSTR as varying temperature. CSTR and PFR equivalent volume:
2.1377 x 10* m (a) Pilot scale design volume (1V) (b) Two times the design volume (c) Three times the design volume (d) Four times
the design volume (e) Average SO, conversion difference between CSTR and PFR according to volume increment from one-fold to

fifth-fold.
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Fig. 9. Comparison of impurities in each liquid phase between VLL and VL + LL separation as change in temperature (a) H,SO, impurities
in Hly phase (b) HI impurities in SA phase (c¢) differences in H,SO, impurities in Hly phase (d) differences in HI impurities in SA

phase.
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22 VLALL 3 VLLAIA ZH2} 0.190 mol/hr@} 0.160 mol/hr AT,
57190 °C 2 W) HI, AellM 2] 1,80, BeE-9] Beke VLALL 7
VLLell A 22} 0.098 mol/hr2} 0.076 mol/hr $132, =571 100 °C
& u} HI, Aol 9] H,S0, E5E 9 B3 VLHLLY VLLAIA
247} 0,059 mol/hr®} 0.036 mol/hr .01, &5-7} 110 °C & v HI, 4+
of A2l H,S0, E+E2 32 VL+LL 3} VLLAIA ZHZ} 0.042
mol/hre} 0.017 mol/hr7kA] ZA43FGI Tt =271 120 °C © 57}
& 7% Hiy, Aol A2 H,S0, B452] B3-S VLALLY VLLOIA]
Z}2} 0.035~0.030 mol/hr®} 0.16 mol/hr ~ 0.015 mol/hr 2 - W3S
1017 ekokrh, &35 70 °Coll A 120 °C 744 = HIy Al 4 €] H,S0,
e Z%o] §4%) AASIIAIN, 120 °C E=e] o] 94
SHA| A1 E18H3IT

VLLZ} VLALLOIA 8] 2 %0f i SA dollx ] HI E& W3}
£ Fig. 9(b)ell YeiSI=H 7 7HA] Alellelld E5=0] &5kl o
2 4TS & S ok 2571 70 °C & w] SA AgellA ] HI &
29 E%-2 VL+LLY VLLoA 22} 16.059 mol/hr$} 12.731
mol/hr$i 3L, 80°C & Wl SA FollA 2] HI &2 &% VLALLY
VLLAA 22} 6.796 mol/hre} 5.334 mol/hr ST, 2 %7F 90 °C A
u SA goll A o] HI E5 & O] &> VL+LLZ VLLAIA 7}7}
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292 SA Zgel X HI BE o] B3 VLALLY VLLoIA 24z}
1.217 mol/hr@} 0.936 mol/hr $.OH, %7} 120 °C & o] SA Aol
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Table 7. The optimized operating conditions and size for the reactor
at fixed inlet composition

Parameters Variables Result
Objective Maximize SO, conversion 98%
By varying
PFR length Im~10m 7.6 m
PFR diameter 0.25 inch ~ 5 inch 0.20 m (7.48 inch)
Temperature 50~200 °C 121 °C
Initial Condition Values
Length (vary) 3m
Diameter (vary) 3/8 inch
Temperature (fixed) 120 °C
L, inlet (fixed) 335 mol/hr
H,O inlet (fixed) 500 mol/hr

Table 8. Initial conditions for the Bunsen reactor optimization

Case 1 Case 2
Parameters Variables Results
Objective  Maximize SO, conversion 10% 98%
By varying
H,0 inlet 10 ~ 600 mol/hr 4224 mol/hr  494.5 mol/hr
I, inlet 10 ~ 400 mol/hr 222.6 mol/hr 311 mol/hr
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Table 9. The optimized inlet conditions for the separator with fixed inlet

conditions
Initial Condition Case 1 Case 2
Length (fixed) 3m 7.6 m
Diameter (fixed) 3/8 inch 0.20 m (7.48 inch)
Temperature (vary) 120 °C 120 °C
L, inlet (vary) 335 mol/hr 335 mol/hr
H,O0 inlet (vary) 500 mol/hr 500 mol/hr
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Table 10. The optimized I,, H,O feed mole flow and temperature for
minimizing the H,SO, impurities in HIy phase

Parameters Variables Result
Objective H,SO, impurities in HIx 0.02 mol/hr
By varying
Temperature 50~200 °C 120 °C
lodine 10 ~ 700 mol/hr 292 mol/hr
Water 10 ~ 600 mol/hr 374 mol/hr
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