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Abstract: Sulfuric acid (H,SO,) has a wide range of applications, but its current synthesis route via the contact process
negatively impacts the atmospheric environment with harmful gaseous pollutants. Thus, based on the non-random
two-liquids (NRTL) thermodynamic method, this study presents a detailed Aspen Plus V8.8 simulation of the green
synthesis route of H,SO, based on Geber’s method developed already in the 18" century. The research investigates the
efficiency and energy dynamics of the process through the analysis of key process parameters such as reactor’s heat
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duty, vapor fraction, and molar extent of reaction in the selected configuration, using green vitriol (FeSO,7H,0) as a
natural raw material. This study presented a novel manufacturing route that resulted in H,SO, of 85.76% purity (33.71
kg/h), considering the chosen parameter space. The results highlight the impact of reactant component molar yield
and fractional conversion of iron (II) sulfate (FeSO,) on heat duty and the optimal molar extent for maximizing H,SO,
production in a series of equilibrium reactors. In addition, appropriate operational parameters for the synthesis process
were carefully specified, offering a pathway towards sustainable and eco-friendly H,SO, production, which should
emit zero greenhouse gases. Further optimization of the reactor conditions, can help maximize the yield of H,SO,,
while minimizing energy consumption and byproduct formation. Developing advanced wastewater treatment units
to purify the wastewater stream containing trace amounts of H,SO, and dissolved sulfur trioxide (SO;) can mitigate
environmental impact and ensure compliance with regulatory standards.

Keywords: sulphuric acid, green vitriol, Geber’s method, ferrous sulfate, sulfur trioxide, Aspen Plus simulation

1. Introduction

The synthesis of sulfuric acid (H,SO,) is a critical industrial process with wide-ranging applications in chemical
manufacturing, fertilizer production, petroleum refining, and wastewater processing. Traditionally, the production of
H,SO, has relied on the contact process, which, while highly efficient, involves significant energy consumption and
toxic materials usage, leading to environmental concerns. Because, in the industrial manufacture of H,SO,, about 60%
of the sulfur dioxide (SO,) originates from sulfur burning and about 40% comes from roasting sulfur minerals.'” The
quest for more sustainable and eco-friendly methods has driven researchers to explore green chemistry approaches,
including possibilities for recycling. One such approach revisits the historical “Geber’s Method”, a process attributed
to the 18"™-century alchemist Jabir ibn Hayyan (Geber), renowned for his contributions to early chemical science.’
Geber employed green vitriol or melanterite (FeSO,-7H,O-ferrous sulfate heptahydrate) to synthesize H,SO,. Prominent
examples of other acids that can be synthesized using green vitriol are hydrochloric acid, nitric acid, and sulfurous
acid (H,SO,). Amongst the list, nitric acid preparation from green vitriol dates back to the work of German chemist
Johann Rudolf Glauber in the 17" century.’ Recent advancements in green chemistry have sparked renewed interest
in developing H,SO, production methods that minimize environmental impact. Contemporary research has primarily
focused on optimizing the contact process to reduce emissions and improve energy efficiency.” Infoplease mentioned
that the process was developed by Peregrine Phillips in England in 1831.” Studies have also explored alternative raw
materials and catalytic methods to lower the carbon footprint of H,SO, production. However, these approaches rely on
significant energy inputs and complex, costly infrastructure.

Despite these efforts, there remains a notable research gap in the comprehensive modeling and simulation of
green synthesis methods using modern engineering tools. Though the void is not total,”” the potential of employing
Aspen Plus, a robust process simulation software, to optimize and validate eco-friendly production methods has not
been thoroughly investigated, according to our best knowledge. This study aims to fill this gap by conducting a detailed
Aspen Plus simulation of H,SO, synthesis based on Geber’s method. By taking advantage of Aspen Plus sophisticated
feature, we aim to model the entire process, analyze its feasibility, and identify optimization opportunities for a greener,
more sustainable production method. In this context, our research not only revisits a historical technique with modern
tools but also contributes to the ongoing efforts in green chemistry to develop sustainable industrial processes. Through
this simulation, a potential pathway for the industrial adoption of a greener H,SO, synthesis technique is presented.
Moreso, via the detailed analysis of reactor performance and phase behavior, the study advances the understanding
of the thermodynamic parameters involved in the green synthesis of H,SO, using Geber’s method. The study further
emphasizes the importance of recycling byproducts and minimizing waste generation, to promote environmentally
friendly and sustainable chemical manufacturing practices. It also eliminates the need for a catalyst that reduces SO,
emissions in conventional processes, as researched by Richardson et al."’ A study carried out by Mohammed et al."'
additionally lowers SO, emission using a counter-current stream of sodium hydroxide (NaOH) solution in a bench-
scale system. Only rigorous analysis can pinpoint the finest industry approach peculiar to the desire of each H,SO,
manufacturing plant that may be sited. However, looking at the prevailing detrimental impact caused by H,SO, plant
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emission into the air,”” the best option should be the one with the lowest-to-zero SO, and/or SO, release. For instance,
Worley reported 95% SO, emission reduction based on the Chemetics’ CORE-SO,™ technology implemented for the
Arafura H,SO, plant in Australia’s Northern Territory.” Lemessa et al. simulated the reduction of SO, down to 0.12
mol% for the Awash Melkassa Aluminum Sulfate and Sulfuric Acid Share Company (AMASSASC) in Addis Ababa,
Ethiopia, using Aspen Hysys."* An ever-increasing H,SO, output volume projected to be about 294.67 million metric
tons in 2026, will only exacerbate the current emission challenges if adequate measures are not put in place."”

2. Methodology
2.1 Components property

Components of specific interest in the simulation of H,SO, manufacture are listed in Table 1 together with some
of their important chemical properties. These properties were used to guide the selection of valid phases in all units

under consideration, as well as enhance the appropriate specification of stream and block conditions necessary to run the
process.

Table 1. Participating components and their physical and chemical properties

Molecular weight Boiling point e
Compound Formula ‘MW’ (g/mol) ° Solubility Form

Iron (1) sulfate FeSO, 151.905 300 328 g/L White crystals
Ferrous sulfate . o :

monohydrate FeSO,-H,O 169.9 300 44.69 g/100 mL at 77 °C White-yellow crystals
Ff;trr";‘}fyfi‘;gfe FeSO, 4H,0 2239 300 38 2/100 mL Blue-green monoclinic crystals
F}f;)‘gzﬁys(‘i‘g‘;‘;e FeSO, 7H,0 278.06 300 51.35 g/100 mL at 54 °C  Blue-green deliquescent crystals

Water/Steam H,O0 18.02 100 - Liquid, vapor and ice
Sulfur trioxide 50, 80.066 4475 - Colorless liquid, ice- or fiber-like

crystals & gas
Oxygen 0O, 31.9 -182.962 9.1 mg/L at 20 °C Colorless & odorless gas

Sulfuric acid H,SO, 98.07 336.85 Miscible with water Colorless oily liquid

Iron (III) oxide Fe,O, 159.06 3,414 - Red-brown solid

Note that copperas and/or szomolnokite are other nomenclatures for FeSO,-H,O, while FeSO, 4H,0 is termed
rozenite.'® Hematite, ferric oxide and/or red iron oxide are alternative names for Fe,O,. For convenience, the abbreviated
form of these names was used in this study to identify some streams in the Aspen Plus simulation window. As shown in
Table 1, FeSO,-H,0, FeSO,-4H,0 and FeSO,- 7H,0 whose solubilities are reported for different temperatures,'” begin
to decompose at temperatures > 300 °C (572 °F). It is more appropriate to discuss their decomposition temperature
rather than their water of crystallization. Nevertheless, their water of crystallization is lost at around 70-80 °C. Also,
as reported by Zhang et al., Fe,0, is insoluble in water. Because SO, reacts completely and rapidly with H,O, it is not
typically described in terms of solubility in H,O in the conventional sense.'"® Instead, it is considered to dissolve by
reacting to form H,S0,.""”

2.2 Choosing a thermodynamic property method

Aspen Plus V8.8 was opened and ‘Specialty Chemicals with Metric Units’ was chosen under ‘Chemical Processes’.
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Compound chemicals involved in the synthesis of H,SO, were selected, as shown in Table 1 before executing the
properties analysis run. Non-random two-liquids (NRTL) were chosen as the base method for the process after studying its
usage described by Vetere’' and Labarta et al.”” Then, the ASME 1967 steam table (STEAM-TA) correlation for the free-
water method was selected due to its robustness, reliability, comprehensive data, broad applicability, thermodynamic
accuracy and consistency with industry standards. De Tommaso et al. mentioned that, when users master the theoretical
background, they lessen common mistakes such as the application of an unfitting thermodynamic method, the selection
of improper algorithms in the case of tear systems, and the setting of illogical system specifications.”

2.3 Geber’s method simulation

For ease of reference, this study divides the method into two: that is, the decomposition reaction steps (DRS)
and SO, mixing with water (SO;H,0). DRS also consists of two reaction stages, which are dehydration and thermal
decomposition in air (TDA).

2.3.1 Dehydration stage

Here, green vitriol loses its water of crystallization (7H,0) in the form of vapor, upon heating in accordance with
the Reaction 1 pathway.**
FeSO, -7H,0

— FeSO,, +7H,0,, (1)

(s)

However, the loss of ‘7H,O or 7 moles of H,O’ occurred following three reaction steps (Reaction 2-4) that were
modeled in Aspen Plus using the RYIELD units arranged in series,””* where each reactor was instigated to remove a
specific amount of water.

FeSO, -7H,0, — FeSO, -4H,0, +3H,0, @
FeSO, -4H,0 — FeSO, -H,0, +3H,0, )
FeSO4 . HZO(s) - FeSO4 (s) + HZO(g) (4)

Hongbo et al. described a novel procedure for dewatering green vitriol, but it is not quite prominent.”” In this
particular step, Reaction 2 was modeled in the simulation flowsheet window by feeding a 100 kg/h pure stream of
FeSO,7H,0 (basis) to an RYIELD-A reactor. The ‘FES-7H,0’ feed stream conditions specified were 1 atm pressure
and 25 °C temperature, while the unit was set at 1 atm and 70 °C under the ‘Specification’ tab for the block. In both this
work and in Tsiura et al.'* who employed a temperature of 62 °C, both specifications were within or closer to the usual
70-100 °C for Reaction 2. Such reactor type requires prior knowledge of the reaction stoichiometry and conversion.
Under the “Yield’ tab, the two-product component yield per unit mass of the reactant, ejected as a single stream called
‘ROZN + H,0’, was calculated and entered on a mole basis. First, moles (n) of the reactant are computed using its MW
by applying Equation 1 (E1).

100kg/h 100,000 g/h

n = = =359.634 mol/h El
FeS0TIO 978,06 g/mol  278.06 g/mol ED

Since according to Reaction 2, 1 mol FeSO,-7H,0 produces 1 mol FeSO,-4H,0 and 3 mol H,O, for 359.634 mol/h of
FeSO,7H,0, the moles of the products would be 359.634 mol/h FeSO,-4H,0 and 3 x 359.634 = 1,078.902 mol/h H,O.
On a mass basis, multiply the MW of the product by the mole basis values. It would be (359.634 mol/h) x (223.9 g/mol)
= 80,522 g/h = 80.54 kg/h FeSO,-4H,0 and (1,078.902 mol/h) x (18.02 g/mol) = 19,442 g/h = 19.46 kg/h H,0.
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At this stage, the simulation was re-initialized and run. Afterward, a warning message stating that ‘RYIELD
physical property parameter DHFORM and DHAQFM is missing for FeSO,-4H,0 and FeSO,7H,0 component’ was
hinted by Aspen Plus. It further states that the ‘absence of this parameter will result in incorrect enthalpy results’.
DHFORM is a pure component scalar parameter representing the standard enthalpy of formation, whereas DHAQFM
stands for heat of aqueous formation. To rectify this fault, DHFORM or DHAQFM location for FeSO,4H,0 and
FeSO, 7H,0 was accessed by following the steps: ‘Properties’ window — ‘Components’ — ‘FeSO,4H,0’ or
‘FeSO,7H,0’ — ‘Review’ button. The DHFORM for FeSO,-4H,0 (-2,131.06 kJ/mol = -509,357 cal/mol) and for
FeSO,7H,0 (-3,017.51 kJ/mol = -721,202 cal/mol) entered, was obtained in Kobylin et al.”® The simulation was re-run
to obtain the product stream outputs. By charging the ‘ROZN + H,O’ stream containing the two-product specie into a
SEP1 block, Reaction 2 water of crystallization ‘3H,0’ and FeSO,-4H,0 were split into separate streams called ‘3H,0A’
and ‘FES-4H,0’, respectively. To obtain pure streams of the respective components of the SEP1 product streams, a split
fraction of 1 was specified for the ‘FES-4H,O’ stream.

RYIELD-B unit to model Reaction 3 and RYIELD-C unit to model Reaction 4 was included following the same
principle described under RYIELD-A. Respectively, products of RYIELD-B and RYIELD-C were split using SEP2
and SEP3 blocks in the same way. In the same fashion in the foregone, RYIELD-B and RYIELD-C product yield on
a mole basis, as shown in Table 2, were calculated and entered into Aspen Plus. Again, DHFORM = -1,245.65 kJ/mol
=-297,697 cal/mol for FeSO,-H,0 was found in Kobylin et al.”® and entered in Aspen Plus, to address the issue with
calculating enthalpy that resulted from its absence.

Table 2. Units and streams condition

Block Stream name Component Feed/Product specification Unit condition
100 kg/h pure;
Inlet: FES-7H,0 FeSO,-7H,0 25°C;
RYIELD-A 1 atm 70 °C;
1 atm
. FeSO,-4H,0 359.634 mol/h yield
Outlet: ROZN + H,0 HO 1,078.902 mol/h yield
Inlet: ROZN + H,0 FeSO,4H,0 - 0 atm
X -
SEP1
Outlet: FES-4H,0 FeSO,-4H,0 Split Fraction = 1 R
3H,0A H,0 -
Inlet: FES-4H,0 FeSO,-4H,0 -
RYIELD-B o
. FeSO,H,O 359.805 mol/h yield
Outlet: SZOM + H,0 H,0 1,079.415 mol/t yield
Inlet: SZOM + H,O FeSO.H,0 - 0 atm
R -
SEP2
Outlet: FES-H,0 FeSO,-H,0 Split Fraction = 1 R
3H,0B H,0 -
Inlet: FES-H,O FeSO,'H,O -
RYIELD-C 05
. FeSO, 359.745 mol/h yield
Outlet: FERS + H,0 H,0 359.745 mol/h yield
FeSO -
Inlet: FERS + H,0 1?1204 i 0 atm
SEP3
Outlet: FERS FeSO, Split Fraction = 1 B
H,0C H,0 -

Aspen Plus is expected to normalize the specified yields in the 3 RYIELD reactors-as such, a warning message
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is disclosed, despite raising the maximum iteration to 100. Ordinarily, warnings are classified into minor, moderate
and critical in Aspen Plus simulation. Since the kind of warning displayed is a moderate type, these warnings were
deliberately ignored. Specifying the reactors’ product yield on a mass flow basis, would presumably address this issue.
Since all water of crystallization was ejected via streams 3H,0A, 3H,0OB and H,0C, FeSO, in stream ‘FERS’ was fed to
the next block to undergo TDA.

2.3.2 Thermal decomposition in air

As reported by Gallagher et al.,” anhydrous FeSO, TDA will give SO, when reacted with O,, in accordance with
Reaction 5.
4FeSO, , +O

— 2Fe, 0, +4S0, 5)

46 T2 36)

An RSTOIC reactor was selected where FeSO, from SEP3 together with separate stream of O, was fed. To
determine the amount of O, needed for the reaction in the RSTOIC reactor, stoichiometry based on Reaction 5 was used.
Firstly, mass flow of FeSO, into the RSTOIC block (in g/h) was fetched from the Aspen Plus ‘Stream Summary’, and

together with its MW (151.095 g/mol), the molar flow (which is 359.698 mol/h) was calculated. Secondly, according to
1 1
Reaction 5, 4 moles of FeSO, react with 1 mole of O,. Therefore, the moles of O, required = ZX moles of FeSO, = ZX

359.698 mol/h = 89.9245 mol/h. Thus, the amount of O, to be fed = (89.9245 mol/h) x (31.9 g/mol) = 2,869 g/h =2.869 kg/h.
According to literature, Reaction 5 occurs at 500-800 °C and 1 atm.”*” In this study, RSTOIC block and feed condition
was equally taken at 600 °C and 1 atm. In addition, Reaction 5 or ‘R1’ was defined together with their coefficients in
Aspen Plus. The intention is to use SO, to produce H,SO,. As such, we want to maximize the conversion of FeSO, to
SO, in the RSTOIC reactor. In this case, a high fractional conversion of FeSO, of 0.96 was specified and the simulation
was re-run. This was the basis for the selection of RSTOIC reactor, simply because the stoichiometry and conversion of
the limiting reactant is known.’' At the same time, the foregone unit completes the DRS stage.

2.3.3 SO; mixing with water

It is worthy of note that the RSTOIC unit inlet streams are ‘O,-IN’ and ‘FERS’, while its outlet stream is ‘FEO
+ SO;’, which contains Fe,O;, O, and SO;. SEP4 block, was employed in the splitting of stream ‘FEO + SO, into
separate streams of Fe,O,, O, and SO,. In SEP4, a split fraction of 1 was specified for both ‘SO;” and ‘Fe,0;’ to exit
their respective streams. However, the “O,-OUT” stream contains both FeSO, and O,. Based on Reaction 6, SO, can be
mixed with H,O to give aqueous H,SO,."**"

SO, , +H,0, = H,SO,,, (6)

In this simulation, H,O byproducts of the RYIELD reactors (i.e., 3H,0A, 3H,0B & H,0OC) were mixed (using
MIXER) to give a single stream of H,O (H,0D), to serve as the reactant in Reaction 6. Generally, the reaction between
SO, and H,0 to form H,SO, is typically very fast and can be assumed to reach equilibrium almost instantly. An
equilibrium reactor (REquil) was seen as appropriate to model this behavior.”* Industrial processes for producing H,SO,
from SO, and H,O typically operate at temperatures ranging from 150-200 °C. This range ensures the reaction proceeds
efficiently without causing excessive thermal decomposition of products or reactants. S;H,0 modelling was carried
out in REQUIL-A at 2 atm and 150 °C and by defining the reaction set ‘R2’ together with its coefficients and molar
extent of reaction (¢). The symbol ‘&’ is the number of moles of the limiting reactant that is being converted. Therefore,
the limiting reactant is SO, since it has fewer moles compared to H,O. To determine ¢ to be specified in REQUIL-A,
Equation 2 (E2) was used.”’

‘/DERqu - = : - s (E2)
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It is expected that the REQUIL-A product should consist of a liquid stream of < 100% pure H,SO, and a vapor
stream of impure H,O (i.e., mixed with a small amount of unreacted SO; and H,SO,). To further minimize the
concentration of SO, in the outlet stream, ‘IMP-H,OA’ and ‘H,SO,-A’ streams were fed into another REQUIL-B reactor
and a new (g, Was calculated and entered. A final wastewater stream ‘IMP-H,OB’ was discharged and highly pure
H,SO, product can then be collected via stream ‘H,SO,-B’.

2.4 Sensitivity analysis

First, sensitivity analysis was conducted on the RYIELD-A, B & C reactors, where specified unit temperature,
molar yields of FeSO,-4H,0/FeSO,-H,0/FeSO, and H,O were manipulated from 60-120 °C, 200-1,000 kmol/h and
1,000-2,000 kmol/h, respectively, to test its effect on the block’s calculated heat duty (QCALC). RSTOIC reactor outlet
temperature and fractional conversion of FeSO, were the two manipulated variables analyzed using Aspen Plus for the
block. It was found that the reactor QCALC is sensitive to change in FeSO, fractional conversion (0-1) and the reactor
exit temperature from 200-1,000 °C. Next, it was found that the REQUIL-A & B heat duties, vapor fraction and the
H,SO, component mass flow out are sensitive to changes in the molar extent. Essentially, molar extent was varied from
0.1-1.0 and 0-2 x 10" kmol/h in REQUIL-A and REQUIL-B, respectively. At the same time, only vapor fractions and
heat duties were found to be sensitive to changes in the temperatures (i.e., 50-500 °C) in the two equilibrium reactors.

3. Results and discussion
3.1 Process flow diagram

The result of the successful material flow and unit specifications, resulted in a thoughtfully formulated process
flow diagram shown in Figure 1. The design judiciously used 11 blocks consisting of 3 RYield, 1 RStoic and 2 REquil
reactors, as well as 1 mixer and 4 separators. It consists of 2 raw materials as feed (i.e., green vitriol and oxygen). Green
vitriol of various purity levels can be sourced from chemical suppliers, fertilizer stores, pharmacies, online retailers and
hardware stores.

RYIELD-A RYIELD-B

3H0A

REQUIL-A

Figure 1. Sulphuric acid synthesis process flow diagram based on Geber’s method

The role of the first 3 separators is to remove the water of crystallization contained in the different forms of FeSO,
fed or generated. Since H,O is needed to form the desired product, it is mixed and re-channeled to an REquil reactor,
as a way of conserving material resources. In this simulation, 4 outlet streams of O,-FeSO,, wastewater, Fe,O; and
H,SO, were generated. The wastewater stream still contains unreacted traces of SO, and < 1% H,SO,, which is > 99%
H,O byproduct. In a report by Mohamed," it is mentioned that H,SO, in water separates to form hydrogen ions (H")
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and sulfate (SO,”). At this point, the synthesized product can be recovered, as clearly illustrated in Figure 2 block flow
diagram.

0,
“RYield in “REquil in
Series” “RStoic” Series”
Green vitriol | FeSO, Thermal Decomposition S0, Srlillifrirngi\?v)i(ti}(lie Wastewater
FesO,-7H,0 | dehydration in Air (TDA) water (S;H,0) |—— 11,50,
1 atm 1 atm
70-100 °C 500-800 °C
L Fe,0,
L FeSO,
L— % 0,
H,0 2 atm
150-200 °C
t 1t +
I I
DRS S,H,0

Figure 2. Simplified block flow diagram of H,SO, synthesis based on Geber’s method

Because there isn’t any harmful gas released into the atmosphere, this design proved the assertion of Mousavi
that Geber’s method is a harmful gas emission-free H,SO, manufacturing process.” Since this study doesn’t anticipate
any possible wastewater release to the environment, more units may be added to purify or separate the constituents of
the IMP-H,OB stream. Additionally, Muhajir et al. reviewed several other applications of Fe,O; byproduct, making its
recovery a useful resource.” By the Reaction 7 pathway,” Fe,O, can be smelted with carbon to produce iron (Fe).

2Fe,0, ,, +3C,, —> 4Fe, +3CO, )

3(s)

However, a CO, atmospheric pollutant would be released. This procedure can be an alternative route to
manufacturing CO, and/or Fe.

3.2 Material balance and stream condition

The high vapor fraction (65.0694%) of the ‘FEO + SO;’ stream suggests that the stream is at a temperature and
pressure where SO, and O, are predominantly in the gaseous phase. Iron (III) oxide, being a solid, does not contribute
to the liquid fraction but is carried along in the gaseous stream or settles as a solid. Simple reasoning shows that SO, has
a relatively low boiling point (44.75 °C) and under typical reaction conditions (high temperature around 500-800 °C),
it remains in the vapor phase. Similarly, O,, with its very low boiling point (-182.96 °C), will also be in the vapor phase
under these conditions. The presence of a liquid fraction could be due to condensation of any remaining water vapor
or minor components that condense at the given temperature and pressure. In Table 3, given that the ‘O,-OUT’ stream
contains only O, and FeSO,, the high liquid fraction (81.201%) is likely due to the presence of FeSO,, which can exist
in a hydrated form or as a solid depending on the conditions. Iron (II) sulfate has a much higher boiling point and lower
vapor pressure than O,, causing it to predominantly remain in the liquid (or possibly solid) phase under typical process
conditions. Again, the low vapor fraction (18.799%) in this stream is primarily O,, which remains in the gaseous phase
due to its very low boiling point (-182.96 °C). Therefore, the liquid fraction represents FeSO,, which does not easily
vaporize under the operational conditions. This behavior indicates that while O, remains gaseous, the FeSO, is not in a
vapor state, leading to the observed liquid (or solid) phase fraction in the ‘O,-OUT’ stream.
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Table 3. Stream condition computations summary

Stream
Metric
FES-7H,0 ROZN+H,0 3H,0A FES-4H,0 SZOM+H,0 3H,0B FES-H,0 FERS+H,0 H,0C FERS
T(‘ngl)’- 25 70 70 70 70 70 70 70 70 70
Pressure
(atm) 1 1 1 1 1 1 1 1 1 1
Vapor frac. 0 0 0 0 0 0 0 0 0 0
Liquid frac. 1 1 1 1 1 1 1 1 1 1
Solid frac. 0 0 0 0 0 0 0 0 0 0
Ez“ct;j"ggy -2,621.21 2,584.79  -3,743.77 -2,305.12  -2,263.48  -3,743.77 -1,792.67  -1,033.57  -3,743.77 -712.165
fc’;tl}/‘rﬂgly) 728,740 -179,650  -67,445.1 -516280  -126,740  -674,45.1 -304,620  -87,8152  -67,445.1 -108,190
‘%EE};?}E)Y 262,120 258,480  -72,777.9 -185,700  -182,350  -72,777.9 -109,570  -63,172.4  -242593 -38,913.1
(E:f}g"% -7.49495 2529791 -2.02202  -6.10834  -3.40668  -2.02202  -3.87336 133579 -2.02202  1.71587
Entropy 5 83 73 368228  -36.4273  -1,368.1 -190.75  -36.4273  -658.185 113.493  -36.4273  260.659
(cal/mol-K)

%‘}gf;% 2.11056 1.44495 0949417  1.58614 1.16406  0.949417  1.20339 1.09404  0.949417  1.07581
(rggi}scimtys) 0.00759 0.02079 0.05270  0.00708 0.02079  0.05270  0.00708 0.01288 0.05270  0.00708
Aﬁ@ge 278.018 69.5044 18.0153  223.972 55.9929  18.0153  169.926 84.9629 18.0153  151.911
Component mass flow (kg/h)

FeSO, - - - - - - - 54.64065 - 54.64065
FeSO,'H,0 - - - - 61.12056 - 61.12056 - - -
FeSO,-4H,0 - 80.56028 - 80.56028 - - - - - -

FeSO,-7H,0 100 - . ; - - - . } ;
H,0 - 19.43972  19.43972 - 19.43972  19.43972 - 6479907  6.479907 -
SO, . . - ; - - . - ) ;

0, - - - R - - - - - -
H,S0, - - - ; - - - . ) ;

Fe,0, - - - - - - - - - -

T(itr;laloili/(})lv)v 0.35969 1.43876 1.07907 0.35969 1.43876 1.07907 0.35969 0.71938 0.35969 0.35969

To(t]?é/f}il())w 100 100 19.4397 80.5603 80.5603 19.4397 61.1206 61.1206 6.47991 54.6407

Total flow

(L/h) 47.3808 69.2066 20.4754 50.7902 69.2066 20.4754 50.7902 55.8671 6.82514 50.7902
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Table 3. (cont.)

Stream
Metric
0,-IN FEO+SO, 0,-OUT  FE,0, H,0D SO, IMP-H,0A H,S0,A IMP-H,0B H,SO,B
T(incll)’- 600 600 600 600 70 600 150 150 150 150
Pressure 1 1 1 1 1 1 2 2 2 2
(atm)
Vapor frac. 1 0.650694  0.18799 0 0 1 1 0 1 0
Liquid frac. 0 0.349306  0.81201 1 1 0 0 1 0 1
Solid frac. 0 0 0 0 0 0 0 0 0 0
E(“J;?}‘ggy 136.708 -1,100.53  -521.691  -1,180.74  -3,743.77 -1,068.53 -3,143.58  -2,114.03  -3,143.63 -2,114.03
i‘;ﬁf/‘ﬂ% 4,374.5 118,150  -67,481.1 -188,560  -67,445.1  -85,551.3 -56,837.5  -135200  -56,837.3 -135,200
E({(‘g?}g 392216 632912 -1,195.88 -32,5542  -169,820  -29,541  -109,060 80,995 -109,060 -80,997.9

(E:f/?g) 025178  -0.781823 195878  -1.75317  -2.02202  -0.04537 -0.50756  -0.90235  -0.50758  -0.90235

(Cflf}g‘;ll’_ym 805657  -83.9359 25337  -279.967  -36.4273  -3.63221 -9.17698  -57.7104  -9.17709  -57.7103

&‘ﬁg 0.00045 0.00230  0.00939  0.57071 094942 000112 000104 133216  0.00104 133216

(Bgi}zﬁ%) 1.396E-05  2.141E-05  7.261E-5  0.00357  0.05270  1.396E-05 5.76E-5  0.02083  5.76E-5  0.02083

AYOHEC 319988 107.359 129351 159.692 180153  80.0642 180805 639558 180801 639556

Component mass flow (kg/h)

FeSO, - 2.18563 2.18563 - - - - . B B}
FeSO,-H,0 - - - - - - - . B }
FeSO,4H,0 - - - - . - - . B B}
FeSO,-7H,0 - - - - - - - . B B}

H,0 - - - - 45.3594 - 34.5394 4.59966 345388  4.59986
SO, - 27.6463 - - - 27.6463  0.000933  225x10° 6.98 x10° 1.68x 10"
0, 2.869 0.106688  0.106688 - - - - . B B}

H,SO, - - - - - - 0.152429  33.7134  0.152426  33.7146

Fe,0, - 27.571 - 27.571 - - i R _ B

T(‘l’(trilo‘;'gl‘)” 0.08966 053568 001772  0.17265 251783 034530 191878 059906 191875  0.59908

T"(tlfé}}l‘)’w 2.869 57.5097 229231 27.571 453594  27.6463 346926 383131 346912 393145
TORI/S)"W 642386 250245 244053 483101 47776 24,7399 33312 287601 333114 287611
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The stream at 25 °C is an initial feed condition, representing the ambient temperature before any heating
process. Streams at 70 °C are common and represent the intermediate process temperatures where various reactions
and separations occur. Temperature of 150 °C is applied to certain streams showcased in Table 3, indicating a stage
where higher temperatures are needed for specific reactions or to maintain the solubility and flow properties of certain
chemicals. Finally, the temperature of 600 °C was used for high-temperature processes, such as thermal decomposition
or reactions requiring elevated temperatures for efficient conversion, including the decomposition of FeSO, to produce
SO, and Fe,0,.

Enthalpy values in Table 3 indicate the energy changes associated with various streams in the H,SO, synthesis
process. The enthalpy values are expressed in different units, including cal/g, cal/mol, and kcal/h, showing the energy
content or requirement for each stream. The negative enthalpy values generally suggest exothermic processes, where
heat is released. For instance, the stream ‘FES-7H,O’ has an enthalpy of -262,120 kcal/h, indicating a significant
release of energy. Similarly, ‘FES-4H,0” and ‘FES-H,0O’ have enthalpy values of -185,700 kcal/h and -109,570 kcal/
h, respectively, further pointing towards exothermic reactions. However, streams like ‘FES-7H,0’ and ‘ROZN + H,O’
show lower enthalpy changes, implying lesser energy exchanges. These enthalpy values highlight that the H,SO,
synthesis process involves several exothermic reactions, particularly during the decomposition and hydration stages. The
significant release of energy in some streams suggests that the process might be energy-efficient,” as the heat generated
can potentially be harnessed for other process requirements, reducing the need for external energy input. Entropy values,
expressed in cal/g-K and cal/mol-K, vary significantly across different streams, reflecting the complexity and nature of
the materials involved. For example, the stream ‘ROZN + H,O’ shows an entropy value of -5.29791 cal/g-K, indicating
a decrease in disorder. In contrast, the stream ‘O,-OUT’ has a high entropy of 1.95878 cal/g-K, suggesting greater
molecular randomness. The negative entropy values for many streams such as ‘SZOM + H,0’ (-3.40668 cal/g-K) and
‘FES-H,0’ (-3.87336 cal/g-K) imply that these processes are associated with a reduction in entropy,” which typically
corresponds to exothermic reactions where heat is released, leading to more ordered states. Processes with lower
entropy changes are often more efficient as they indicate less energy dispersion.”™*
several streams highlight that the H,SO, synthesis process is designed to be energy-efficient, with significant exothermic
reactions contributing to the overall thermodynamic favorability of the process.”

Knowing the density and average MW of each stream in a chemical process, such as H,SO, synthesis, is crucial
for several reasons. These properties are essential for process design and equipment sizing. Density affects the design
of pumps, pipes, and reactors, as higher-density streams (viz., FES-7H,0, FES-4H,0, SZOM + H,0 & FES-H,O,
reported in Table 3) require more robust equipment. Average MW is vital for calculating molar flow rates and reaction
stoichiometry, ensuring accurate reactor design and proper reactant proportions. These properties are also critical for
performing material and energy balances, which are fundamental for process optimization-by ensuring that all input and
output streams are correctly accounted for. Density influences volumetric flow rates,* affecting the residence time and
the design of separators and other equipment. There is a visible deviation from the balanced scheme (mass flow basis:
102.869 kg/h total feed # 103.869 kg/h total product) for the overall process, which could be sorted out using correct
component feed amount specifications. This makes Table 3 a converged simulation result with moderate warnings by
Aspen Plus, including: Specified yields have been normalized by a factor of (99,984.6) for RYIELD-A; Specified yields
have been normalized by a factor of (80,586.1) for RYIELD-B and; Specified yields have been normalized by a factor
of (61,130.0) for RYIELD-C, to maintain an overall material balance. Thus, the convergence depicts a feasible process,
as the warnings only point to corrections made by the software used.

The negative entropy changes in

3.3 Variation in responses

Heat duties of the participating reactors shown in Table 4 are sensitive to changes in the specific reactor input
parameters.
According to the Aspen Plus report, the heat duties estimated are equal to the net heat duty.
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Table 4. Reactors heat duties

Block Heat duty (kcal/h)
RYIELD-A 3,641.83
RYIELD-B 3,353.98
RYIELD-C 46,396.4

RSTOIC -24,770.2
REQUIL-A 9,302.37
REQUIL-B -0.545284

3.3.1 RYIELD blocks

Repeated sensitivity tests show that only heat duty is sensitive to changes in the component mole yield and block
temperature, as shown in Figures 3 and 4. Figure 3a illustrates the effect of unit temperature on heat duty for RYIELD-A
and RYIELD-B units following a sensitivity analysis. As temperature increases from 55-105 °C, both units exhibit a
gradual, nearly linear rise in heat duty, indicating low sensitivity to temperature changes in this range. However, beyond
105 °C, a sharp increase in heat duty is observed, reflecting a high sensitivity likely due to phase changes or chemical
reactions requiring significantly more heat.

13,000 47,700
120004 @ P B
11,000 47,400
g ]
£ 9,000 S 47,100 A
S 8000 < 47,000 -
= SV %46,900—
< 7,000 & 46,800 -
g = 46,700 4
< 6,000 £ 46,600 -
g 5000 5 46,650
o 246,400
4,000 ~ 46,300 - —m— RYIELD-C
e —s— RYIELD-B 46,100
2,000 T T T T T T T T T T T T T 46,000 T T T T T T T T T T T T T
55 60 65 70 75 80 85 90 95 100105110115 120125 55 60 65 70 75 80 85 90 95 100105110 115120 125
Temperature (°C) Temperature (°C)

Figure 3. Effect of unit temperature on heat duty, (a) for RYIELD-A and RYIELD-B units, (b) for RYIELD-C

RYIELD-B shows slightly lower heat duty than RYIELD-A below 115 °C, suggesting marginally higher efficiency,
but both units converge in performance at higher temperatures. Figure 3a highlights the importance of precise
temperature control and consideration of increased energy requirements for operations exceeding 105 °C to ensure
efficient and stable unit operation. In contrast, RYIELD-C shows a consistent, linear increase in heat duty across the
entire temperature range, with significantly higher overall heat duty starting around 46,000 kcal/h and rising to 47,700
kcal/h (Figure 3b). This linear response simplifies thermal management but comes with higher energy consumption
compared to RYIELD-A and RYIELD-B, which are more efficient at lower temperatures but require careful control
at higher temperatures due to their non-linear heat duty increase. Figure 4a compares QCALC and mole yield of three
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different compounds, FeSO,-4H,0, FeSO,-H,0, and FeSO,, for the RYIELD-A, RYIELD-B, and RYIELD-C units,
respectively.

18,000 @ 30,000 18,000 ) 0.536
170004 (a 160,000 120000
16000 17,000
15000 12000055000 _ 16000 ~0538L 15000
= 14000+ ’ = :
= d = 15,(XX)
< 13000 s
£ o] 10000 50000 § 14000 { — RYIELD-A 0540710000
= 11,000 1 _ i = — RYIELD-B
Z 10000 —RYIELD-2 s 213001 RyiELD.C 5000
<& 9000+ _ . r0 < 12000 r0.542
. j RYIELD-C 4
> 8000 40,000 2 11,000 0
2 Goon’ = o
5 G ~10000] 35,009 10000 034 <o
== 42(11). = 9000
3,000 — T T T -20,000-30,000 8,000 — T 110,546 10000
100 200 300 400 500 600 700 800 900 1,000 1,100 900 10001,100 1,200 1,300 1400 1,500 1,600 1,700 1,800 1.90020002,100
FeSO,-4H,0, FeSO,-H,0 or FeSO, mole yield (kmol/h) Water mole yield (kmol/h)

Figure 4. Effect of reactant component mole yield on heat duty, FeSO,-4H,0, FeSO,-H,0, and FeSO, (a); water (b)

RYIELD-A (Figure 4a) shows a significant decrease in heat duty as mole yield increases, indicating high efficiency
but achieving lower maximum yields. RYIELD-B and RYIELD-C both exhibit a steady incline in heat duty with yield,
with RYIELD-B being slightly more efficient than RYIELD-C. However, RYIELD-C achieves the highest overall
yields. Thus, RYIELD-A offers lower yields with better energy efficiency, while RYIELD-B and RYIELD-C offer a
higher yield despite their higher energy consumption. Figure 4b is in terms of water mole yields, where RYIELD-A and
RYIELD-B duty peaked with water yield, but RYIELD-C heat duty declined.

12,500 -19,000
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0
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g 75007 S 24,000
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Figure 5. RSTOIC response variable values, (a) for fractional conversion of FeSO, and (b) for temperture
3.3.2 RSTOIC unit

It was found that the heat duty of the RSTOIC reactor is sensitive to variations in the outlet temperature and
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fractional conversion of FeSO,, as illustrated in Figure 5. In Figure 5a, it was observed that heat duty decreases as the
fractional conversion of FeSO, increases from 0-1. This trend is primarily due to the exothermic nature of the reaction,
where increased conversion releases more heat, thereby reducing the need for external heat input. As more FeSO, is
converted into products, the system utilizes the released heat more effectively, improving thermodynamic efficiency and
decreasing the external heat duty required to maintain the reactor’s temperature. This leads to a more self-sustaining
reaction process at higher fractional conversions, especially at 0.96 specified during this simulation.

Whereas in Figure 5b, the sensitivity analysis conducted for the RSTOIC process reveals insightful trends between
outlet temperature and heat duty, crucial for optimizing operational efficiency. The data demonstrates that as the outlet
temperature increases from 200-1,000 °C, the heat duty-indicative of the cooling requirement-consistently increases
(i.e., from -29,157 to -20,147 kcal/h). This positive trend indicates that higher outlet temperatures necessitate greater
heat removal or cooling within the process. Specifically, the magnitude of heat duty becomes more negative as the outlet
temperature rises, highlighting an escalating demand for cooling as temperatures increase.

3.3.3 REQUIL blocks

A decreasing trend of heat duty with ‘¢’ in Figure 6a, is attributed to the increasing efficiency of the reaction as
more reactants are converted into products. As ¢ increases from 0.1-1.0 kmol/h, the reaction becomes more exothermic,
leading to a higher heat release from the reaction itself. This increased heat generation reduces the external heat
input required to sustain the reaction, resulting in a decrease in the overall heat duty. Still, the observation that the
vapor fraction becomes constant (i.e., 0.765) in Figure 6a beyond an ¢ of 0.4 kmol/h indicates a phase equilibrium or
saturation point in the system, corresponding to QCALC = 9,460 kcal/h.
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Figure 6. Measured variables response trends for REQUIL-A unit

As the temperature of the REQUIL-A reactor is raised, as shown in Figure 6b, the energy available for vaporization
also increases (to 26,301 kcal/h), leading to a higher vapor fraction in the system and the conversion of liquid H,O
components into the vapor phase. The same explanation can be given to Figure 7, showcasing similar trend.

Obviously, the effectiveness of REQUIL-A reactor led to a lower extent specification in REQUIL-B (Figure 7a) in
order to further maximize SO, conversion to H,SO, and its reduction in the wastewater stream. Figures 7 and 8 show
that the REquil reactor is operating at optimal conditions: that is, minimum or maximum heat duty and maximum vapor
fraction requirements with ¢ and reactor temperature variations, respectively.
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Figure 7. Measured variables response trends for REQUIL-B unit

3.3.4 Mass flow of sulfuric acid

Sulfuric acid was generated in stream ‘H,SO,-A’ and ‘H,SO,-B’ as products of REQUIL-A and REQUIL-B,
respectively. According to Figure 8a, as &y, increases from 0.1-0.4 kmol/h, there is a significant increase in the mass
flow rate of H,SO,, from approximately 9.59 kg/h at &y = 0.1 to about 33.37 kg/h at &y, = 0.4 kmol/h. But once
the reaction reaches a certain extent ({gg, = 0.4 kmol/h), the production rate of H,SO, does not increase further with
additional reaction progress.
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Figure 8. Sulphuric acid maximization in (a) REQUIL-A and (b) REQUIL-B

From an operational perspective, maintaining the reaction at an extent around &y, = 0.4 kmol/h is optimal to
maximize H,SO, production efficiently. Beyond this point, increasing the extent of reaction does not result in increased
product yield, implying that resources could be better utilized elsewhere in the process. REQUIL-B showcased similar
behavior in Figure 8b, presenting an optimum of {repy = 1.2 % 107 kmol/h, corresponding to 33.7146 kg/h of H,SO,. It
shows that a continuous deployment of the REquil reactors in series, just as illustrated in Figure 1 or 2, will continuously
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increase the amount of H,SO, recovered. Therefore, 85.76% pure H,SO, is produced from the simulation of the Geber’s
method in Aspen Plus. However, the H,SO, purity obtained herein is less than those reported for contact processes. The
synthesis method is toxic gas emission-free, offering byproducts such as Fe,O,, FeSO, and O, which can be recycled
further or recovered for different purposes. Other uses of FeSO, are clearly stated in SIGMA*’ and Yang.*

4. Conclusion

In this simulation, green synthesis of H,SO, was achieved using Aspen Plus V8.8, using a simplified process based on
the Geber’s method, where no greenhouse gas emissions were recorded. The synthesis was divided into DRS and S;H,0O
steps, involving a series of reactors and separators. The selection of an appropriate block or unit for the operation was
based on their unique properties and the specific needs addressed within the simulation. The heat duties of the reactors
are sensitive to specific input parameters, as several sensitivity analyses have confirmed. The improvement of H,SO,
yield was found to be dependent on the molar extent of reaction specified in the REquil reactors arranged in series. As a
result, an optimum production of 33.71 kg/h H,SO, (85.76% pure) was obtained using 100 kg/h FeSO,-7H,O and 2.869
kg/h O, as feedstock. Although air pollution is avoided, the wastewater released via the IMP-H,OB stream contains trace
amounts of H,SO, (0.4393%) and SO, (2.01298 x 10°* wt.%), which still makes it harmful to aquatic habitats and for
consumption purposes. Since FeSO, and O, are useful byproducts of the synthesis, they can be recycled or preferably
recovered for several applications. Additional units to purify the wastewater stream containing trace concentration of
the acid should be integrated, and the recovered separated streams recycled back to the system. This study validates the
Geber’s method as an energy efficient and nearly pollution-free method of manufacturing H,SO,, whose adoption was
previously recommended by concerned researchers.
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