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Fig. S1. Schematic illustration of general working principle of membrane distillation process.
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Fig.S2. Conceptual representation of Process Flow Diagram (PFD) of the membrane-integrated
process for the recoveries HCI, water and salts from a pickling solution. Adopted from Ref.

336.
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Table S1. Diffusion Dialysis studies and their major outcomes.
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recovery via  diffusion factor
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]
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]
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recovery efficiency of anion synthesize
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Table S2. The advantages and "disadvantages of the standalone remediation and recycling

methods.
Technology | Method Advantages Disadvantages
Remediation | Neutralization Simple and Insufficient for zero waste
method and Precipitation | inexpensive, suited discharge due to presence of
for low acidity toxic metal ions, slow
aqueous waste, large | precipitation and
volume can be treated | sedimentation, formation of
watery sludge or secondary
waste

Pyrohydrolysis Specific to spent Insufficient for zero waste
pickle liquor or discharge, energy intensive,
similar type of generation off toxic gases,
aqueous waste secondary waste formation

Thermal Simple and very Insufficient for zero waste

decomposition/ effective method, discharge, Possibility of

bio-denitrification | suited for low acidity | significant amount of energy
and low volume. consumption, generation of
toxic gases, secondary waste
formation, and large volume
treatment of aqueous waste
is not feasible.

Coagulation and | Simple, economical Secondary waste generation,

flocculation and does not require | incomplete metal ions
separate unit, often removal, may need pH
coupled with control to remove metal ions.
precipitation.

Crystallization Crystallization is an The crystallization requires
effective way to get considerable energy, it is
rid of ferrous chloride | challenging to remove from
in water after the waste acids strong
hydrochloric acid metallic ions like Fe ions,
pickling. there isn't a economically

viable way to handle the
crystal that was removed.
Regeneration | Solvent extraction | Acid can be Requires special plants, high
method selectively removes purity acid may not be
with appropriate achieved, capital intensive,
extractant does not suit to low water
consumption and zero waste
discharge.

Ion-exchange Selective for ions High purity acid not
removal, large recovered, large volume of
volume can be aqueous waste may generate,
processes does not suit to low water

consumption and zero waste
discharge
Membrane Nanofiltration High purity water can | RO may be suited for
technology and Reverse be obtained from RO, | concentrating aqueous waste




Osmosis

NF can separate acid
from multivalent
metal ions. Process is
faster than any other

not acid recovery, NF
membranes are not stable in
high acidic condition, and
high purity acid is not

membrane recovered. Zero waste
discharge not possible due to
the presence of metal ions in
the rejected water.
Membrane Well suited for HCI can vaporize and pass
Distillation recovery of high through membrane with
purity water from water, not suited for recovery
acidic waste, low of acid from the waste.
waste heat utilization
Diffusion dialysis | High purity acid can | Process is slow and only
be recovered and 50% acid from feed can be
recycled, low energy | recovered.
consumption,
economical and
simple
Electrodialysis With monovalent Well suited for the salt

selective membrane,
electrodialysis can
separate acid from
aqueous waste

removal, and H*-ions
selective cation exchange
membrane is required,
proton leakage through
anion-exchange membrane is
problem, and reverse flow of
water is also problem, if
concentration difference is
higher between two
compartments separated by
the membrane.
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