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ABSTRACT

The conventional process used to treat waste acids from the stain-
less steel pickling baths is a direct neutralization with alkali. How-
ever, this process requires a high consumption of chemicals,
produces a large amount of solid wastes, and furthermore, does not
meet the recent European Waste Treatment Regulation because of
the nitrogen contained in the final effluent. This paper presents an
alternative treatment method based on a diffusion dialysis process
for the free acid recovery and a neutralization process, followed by
a salt splitting process, for the chemical recovery. This alternative
eliminates waste disposal problems and, at the same time, it regen-
erates and recovers valuable by-products, which contributes to the
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1544 NEGRO ET AL.

economic feasibility of the process. Therefore, the work presented
is focused on the technical and economical feasibility of elec-
tromembrane processes for the European spent pickling baths. Fur-
thermore, bipolar electrodialysis and membrane electrolysis sys-
tems are compared for the salt splitting process. At the moment,
there is a partial process in Washington Steel based on salt split-
ting; however, the recovery of free acid is not considered, and fur-
thermore, the different concentration of the European pickling
baths makes this process unsuitable for European stainless steel
producers.

Key Words:  Pickling; Stainless steel; Pickling liquors; Chemical
recovery; Electrodialysis.

INTRODUCTION

During the pickling operation of stainless steel with nitric and hydrofluoric
acids, metals are dissolved in the bath. When a critical metal concentration is
reached, some kind of fluoride precipitation could appear, and therefore, the pick-
ling bath is considered spent and has to be purged. This stream has traditionally
been neutralized with alkali, producing sludges that represent serious environ-
mental and economical problems because these wastes contain nitrates, fluorides,
acids, and solid materials rich in heavy metals that have to be taken to special land-
fills. In addition, to consuming chemicals and producing wastes, this treatment
does not meet the recent Waste Treatment Regulation because of the nitrogen con-
tained in the final effluent. To avoid these severe environmental problems, new
alternatives have been considered to establish a new process that would eliminate
waste disposal problems and, at the same time, regenerate and recover valuable
by-products to contribute to the economic feasibility of the process.

In this paper, an alternative for the treatment of nitric-hydrofluoric pickling
liquors is presented. This alternative treatment is a combination of novel and ex-
isting technologies, selected in order to maintain the water balance in the system
and to recover all of the valuable chemicals and sub-products. It includes three
steps: free acid recovery, metal separation, and recovery of chemicals.

Figure 1 shows the flow diagram for the closed-loop recovery of spent stain-
less steel pickle acids, which is an improvement of the Aquatech System (9,10).

For free acid recovery, diffusion dialysis (DD) traditionally has been pre-
sented as one of the best and most energy efficient processes. A separation pro-
cess is promoted by means of the concentration difference of two acid solutions
separated by anion-exchange membranes. By arranging multiple anion-exchange
membranes and circulating acid solution and water in counter current alterna-
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Figure 1. An alternative process for pickling liquor recovery.

tively, mainly the acid permeates through the membrane. Other electrolytes can-
not permeate through the membrane because cations, except hydrogen ions due to
their extremely small size, are repelled by the positive charge of the membrane.
To prevent membrane fouling, concentration in suspended solids must be lower
than 2-3 ppm and for that reason a double stage filter system is usually employed.

Diffusion dialysis has already been applied to the recovery of sulfuric acid,
hydrochloric acid, nitric acid, and hydrofluoric acid and it has been adopted for
the recovery of free acids from the pickling treatment of stainless steel plates. This
process is simple and easy to operate and maintain, which allows an unattended
and continuous operation over long hours. In fact, several such installations have
been built and are working at this moment, as has been described in the existing
research literature (1-7). Therefore, no further experimental study is necessary for
the integration of this process in the new global treatment system and only the
most relevant data from the literature, those that are relevant for the global pro-
cess, are reviewed in this paper.

The acid recovery rate depends on the conditions of dialysis, especially
when dialysis is carried out in the presence of three species: nitric acid, hydroflu-
oric acid, and ferric ion. Data obtained by Tokuyama Soda Co. showed a recov-
ery rate of 97% and 50% of nitric and hydrofluoric respectively, with a recovered
acid stream of 60 g/1 HNO; and 6.4 g/1 HF (1).

The concentration of the recovered acids is adjusted with fresh acids before
this stream is recycled to the pickling bath. Removal of the free acids, is first step

MaRcEL DEKKER, INC.
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of the process, reduces not only the consumption of neutralizer agent and sludge
production, but also the flow of the final effluent and its nitrogen concentration.

After removing the free acids, the waste acid solution, which still contains
part of the free acids (10% HNO3, 50% HF), the complexed acids, and the dis-
solved metals, is neutralized by a precipitation-controlled process. During this
process, metal hydroxides and oxyhydroxides are generated and precipitated. The
metal sludge is separated, washed (in order to avoid anion losses), and drained
with a filter press in order to recover the metals, which can be reused after treat-
ment as raw material for the steel process.

If KOH is used for the neutralization, the potassium salts (potassium nitrate
and fluoride) that are formed during neutralization remain in the solution due to
their high solubility. The salts of this filtrate are split into their corresponding acid
and base in an electromembrane process, which can have either a bipolar mem-
brane electrodialysis configuration or a membrane electrolysis configuration.
Then the recovered acid is recycled to the pickling bath and the base to the pre-
cipitation process. The depleted salt solution is sent to a standard electrodialyzer
with monopolar membranes to upgrade its concentration. The electrodialysis di-
lute water is used as rinsing water in the filtration process of the metal hydroxides
to wash the cake, and the concentrated salt is returned to the electromembrane unit
for its splitting, to further recover the acid and base content (§—10).

For closed-loop operation, it is necessary to maintain an appropriate water
balance around the integrated pickling line and the acid recovery operations. De-
pending on the industry needs, this can be achieved by the reuse of the spent acid
stream from DD as input in the acid compartment of the salt splitting unit and by
the reuse of the dilute stream from the standard electrodialysis unit as the water
stream for DD.

Proper operation of the integrated global system relies on the ability of the
acid recovery system to adjust the concentration of spent pickle acid. Water is re-
moved by the electrodialysis unit into temporary storage when the spent acid con-
centration delivered to it is lower than desired, and added from temporary storage
when the spent acid concentration is higher than desired.

Due to the limited data available regarding the application of water splitting
technology and in order to integrate the full system for the treatment of European
pickling liquors, this paper focuses on the technical and economical feasibility of
the electrochemical process. The alternative proposed in this paper, as an inte-
grated process, improves the existing process used in the United States in several
ways because it enables: the recovery of free acids, the reduction of base con-
sumption, the selective precipitation of metals, and the reduction of wastes.

EXPERIMENTAL

The characteristics of the stainless steel pickling liquors treated in this work
are given in Table 1.

Copyright © Marcel Dekker, Inc. All rights reserved.
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Table 1. Characteristics of

Pickling Liquors

Free HNO; 125 g/l
Free HF 30 g/l
(NO3)total 137 g/l
(F)total 80 g/l
Felo[al 40 g/ 1

The initial step in the chemical recovery system, after DD, is the neutraliza-
tion of the waste acid solution by a controlled precipitation process with potas-
sium hydroxide. Most of the fluoride present in the spent pickle acid is in the form
of complexed metal fluorides rather than as free acid. Conversion of metal fluo-
rides to form the associated potassium salts and metal hydroxides is represented
by the following equations:

FeF; + 3KOH — 3KF + Fe(OH); (1)
CrF; + 3KOH — 3KF + Cr(OH); )
NiF, + 2KOH — 2KF + Ni(OH), 3)

These reactions are important because they enable the recovery of as much
acid as possible in the global process. The obtained salt solution of potassium
nitrate and potassium fluoride is then processed in the electromembrane water
splitting unit. Two alternative systems have been studied: bipolar membrane elec-
trodialysis and membrane electrolysis.

Bipolar Membrane Electrodialysis (BM)

In the bipolar membrane system, the ion—exchange membranes, as well as
the cationic, anionic, and bipolar membranes placed alternatively are arranged in
a 3-compartment cell stack configuration. The bipolar configuration system oper-
ates with three primary circulation loops (acid, base, and salt) that are continu-
ously recycled through the cell stack.

When an ionic feed solution is pumped through the cell pairs and a direct
current is applied, the positively charged ions (K*) move across the cation-selec-
tive membrane migrating toward the cathode into the base compartment. At the
same time, (NO3) and F~ ions move across the anion selective membrane toward
the anode into the acid compartment. The anions cannot pass the negatively
charged membranes and the cations cannot pass the positively charged mem-
branes.

The key element in this electrodialysis process is the bipolar membrane, so-
called because it is composed of two different layers that are selective to ions of
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opposite charge (12). Water molecules diffuse from the acids and base circulation
loops into the bipolar membrane interface, where they are dissociated to H* and
OH ™. These electrically charged species selectively pass across the outer bound-
ary of the bipolar membrane toward either the anode or cathode. The H" ions
move into the acid compartment and associate with the NO3 and F~ ions from the
salt splitting, thereby forming the mixed acid product that will be recycled to the
pickle lines. The OH™ ions move into the base compartment and associate with
the K* ions from the salt splitting, thereby forming the base product that is reused
in the neutralization process.

Electrolysis occurs at the electrodes, with hydrogen (H,) and hydroxyl ions
(OH™) being produced at the cathode and oxygen (O,) and hydrogen ions (H™)
being produced at the anode. Thus, an additional electrode rinse circulation loop
is required in the system to remove the small amount of gas that is formed at the
electrodes of the cell stack.

To study the current efficiency of the ion-exchange membranes and the in-
fluence of the different variables on the electrodialysis process, the following ini-
tial operation conditions were chosen (see Table 2).

The experiments were carried out in a lab-scale reactor with the bipolar con-
figuration system shown in Fig. 2. An extra cation-exchange membrane is used in
the cathode side to avoid the migration of the OH™ ions, which are produced on

Table 2. Operation Conditions of the Electrodialysis Process

Cell components

Electrodes: Ti/IrO4
Frames: 2 mm thickness
Turbulence promoters: ~0.9 mm. Type Tholen
Ion-exchange membranes Cationic: CMX
of 10 by 10 cm?: Anionic: AHA-1 or AHA-2
Bipolar: BP-1
Operation conditions
Initial volumes: 0.251
Pressure: 0.25 atm
Temperature: 20-25°C
Flow velocity: 300 ml/min
Current density: 100 mA/cm?
Feed solutions: Pure salt: KNO3 1.5N

Mixed salt: KNO5/KF with low nitrate content
KNO3/HF with high nitrate content

Acid: HNO5; IN

Base: KOH IN

Copyright © Marcel Dekker, Inc. All rights reserved.
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Electrolyte KNO3 1.5N

Depleted Depleted
K.NO3 HNO3 KOH KNOz HNOB KOH
1 BP T C
- | SALT ACID BASE SALT ALID BASE
OH
K ™. il k™

IINOs IN KOH IN HNOz IN KOH IN |
1
J

KNO3 1.5N —

Electrolyte KNO3 1.5N

Figure 2. Salt splitting of the pure salt in a 3-compartment bipolar cell with 2 cell pairs.
the cathode, toward the other compartments and to keep the electrode solution
neutral.
Membrane Electrolysis (ME)
The production of HNO3;/HF and KOH from KNO3/KF has also been stud-

ied in a membrane electrolysis system (Fig. 3) with the same operation conditions
as found in Table 2.

Depleted
KOH Salt HNOs3
T C T A T
BASE SALT ACID
- OH~ " +
CATHODE k™. NO3~ ANODE
KOH IN HNO3 1IN
KNO3 1.5N

Figure 3. Salt splitting of the pure salt in a 3-compartment membrane electrolysis sys-
tem.
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Bipolar Electrodialysis and Membrane Electrolysis Experiments

The first set of experiments were carried out in order to optimize the cell and
the operational conditions. After optimization, the production of mixed acid from
high concentrated nitrate salts (to simulate the global process without the recov-
ery of free acid) and low concentrated nitrate salts (to simulate the process with
the free acid recovery step) was studied in order to determine the economic
evaluation of the different electrochemical possibilities for the global chemical re-
covery task. Bipolar electrodialysis and membrane electrolysis were compared in
order to select the best electromembrane process for the global treatment system.

RESULTS AND DISCUSSION

To test the possibilities of bipolar electrodialysis and membrane electroly-
sis for the salt splitting after neutralization, experiments were conducted with syn-
thetic KNOj3 and with mixtures of KNO; and KF.

The production of nitric acid from pure KNO; salt solution has a relative
low current efficiency for both the bipolar technology and the membrane elec-
trolysis. For the bipolar configuration, the current efficiency for the production of
1-2 mol/I nitric acid from the acid compartment averaged 50%. In some of the
previously conducted research (4), a somewhat higher value (up to 70%) is given.

Figure 4 shows membrane electrolysis experiments that produce high con-
centrations of nitric acid from pure KNOj solutions. This figure clearly shows that
the current efficiency decreases as the nitric acid product concentration increases.
At a high nitric acid concentration, the current efficiency becomes low because of
the increasing proton leakage through the anion membrane.

When mixed salt solutions with a high nitrate concentration (the case in
which no free acid recovery is considered in the global system) are electrolyzed,
the anions are removed in two parts. Figure 5 shows the result of an experiment in
a membrane electrolysis cell. In the first part, the nitric acid content in the acid
product increases and the fluoridic content stays constant. The nitrate is removed
first because the fluoride is only partly dissociated in mixed acid solutions. The
current efficiency in the first part of the experiment is comparable with the current
efficiency for pure nitric acid production as shown in Fig. 4. In the second part of
the experiment, when almost all the nitrate is removed, fluoridic acid is also pro-
duced. The cumulative current efficiency increases from 55% to above 70% in this
part, indicating that the fluoride removal in the second part of the experiment is
very effective.

As mentioned above, it is more effective to treat the spent acid with a com-
bination of diffusion dialysis and salt splitting. In the first step, the free nitric acid
is removed (90%) with a part of the free fluoridic acid (50%). After neutralization,

Copyright © Marcel Dekker, Inc. All rights reserved.
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current efficiency %
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Figure 4. Production of nitric acid from pure 1.5 M KNOj; solution with membrane elec-
trolysis.
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Figure 5. Production of mixed acid from salt solution with low ratio fluoride to nitrate
(no free acid recovery).
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Figure 6. Production of mixed acid from salt solution with a high fluoride to nitrate ratio
(after free acid recovery).

a mixed salt solution with a high fluoride to nitrate ratio is produced. In the fol-
lowing salt splitting step, the fluoride can be removed very efficiently. Figure 6
shows the results for a membrane electrolysis of a mixed salt solution with a high
fluoride to nitrate ratio.

The current efficiency in this case was 100%, indicating a very efficient pro-
duction of mixed acid, even in concentrations up to 6 mol/l. In these experiments,
the starting acid solution contained 1 or 2 mol/l HNO;. Normally, if strong acid is
present in the acid compartment, one should expect proton leakage, resulting in a
low current efficiency. In this case, however, the current efficiency was high, in-
dicating that the protons that leaked to the salt compartment were transported back
to the acid compartment as bifluoride (HF>).

Practical Aspects to Produce Highly Concentrated Mixed Acid

To produce highly concentrated mixed acid, it is necessary to make a cou-
pling from the output of the salt splitter to the input of the free acid recovery. In
theory, a bipolar unit or a membrane electrolyzer can be used. However, under
practical conditions, membrane fouling or corrosion problems can occur.

When a bipolar unit is used, it can be expected that due to the co-transport
of potassium through the bipolar membrane (approximately 2—3 mol%) (13), the

Copyright © Marcel Dekker, Inc. All rights reserved.
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acid product will contain a relatively high concentration of potassium. This potas-
sium-rich acid product can cause severe fouling problems in the free acid recov-
ery unit if the spent acid contains silica. Silica can form insoluble K,SiF salt,
which can foul the membranes. In the practical spent acid used for this research
project, silica was present in a concentration of 3 g/l. The silica was dissolved in
the bath from the stainless steel, which contained a low percentage of silica. The
experiments showed membrane fouling and, therefore, the process in Washington
Steel cannot be used for the treatment of the European liquors that contain silica.

When a membrane electrolyzer is used, there is no transport of potassium
toward the acid compartment. However, the corrosion stability of the anode can
be a critical point. To get a feasible process, the electrode lifetime should be at
least 4000 hours or more. Most electrodes do not have this lifetime in fluoridic
media.

Platinum has a long lifetime, but it is too expensive to be used on practical
scale. Lead-alloy and carbonaceous materials are cheaper, but in general, they are
not stable enough. Special electrodes like ebonex have a relatively good stability
in fluoridic media. If this type of electrode is used in combination with an extra
compartment, the corrosion problems probably can be minimized. No research on
corrosion stability has been conducted in this study.

Economical Evaluation
Table 3 shows the cost information regarding the electrochemical unit op-

erations. The bipolar salt splitting is relatively expensive due to high investment
costs and high costs for membrane replacement.

Table 3. Comparison of the Electrochemical Treatment Methods

Membrane Membrane
Bipolar Unit Electrolyse Electrolyse
Type of solution High nitrate salt High nitrate salt Low nitrate salt
Capital costs 26.8 9.3 6.7
(euro/keq. acid)
Energy costs 7.0 14.9 10.7
(euro/keq. acid)
Membrane costs 16.8 7.8 2.2
(euro/keq. acid)
Anode costs 0 3.1 5.6
(euro/keq. acid)
Total 50.6 34 25.2

(euro/keq. acid)
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Table 4. Basic Data for Economical Calculations

Spent acid flow (m?/year) 24.000

Rinse water flow (m*/year) 100.000

Composition spent acid See Table 1

Composition rinse water spent acid 80 times diluted

Costs chemicals (100 weight %)

HNOj; (euro/ton) 1160

HF (euro/ton) 1000

Ca(OH), (euro/ton) 70
Sludge disposal (euro/ton) 12.5
Overall acid recovery (%) 95
Overall base recovery (%) 95

A cost estimation has been made for the pickling process with mixed
HNOs/HF acid on a scale of 24,000 m>/year of spent acid production. The total
process also involves the treatment of the rinse water (100,000 m*/year) by re-
versed osmosis. Table 4 gives the basic information for these calculations.

Table 5 shows the results of the economical evaluation for the total process.
For the salt splitting step, membrane electrolysis was evaluated because this is the
most promising option for silica containing mixed acid from a technical and eco-
nomical point of view. Two options were considered with and without elec-
trowinning of the metals. In this evaluation, the credits for the recovered chemi-
cals and the decreased sludge disposal were also considered.

The payback time for each option is approximately 2.2-2.4 years. During
the next part of the Brite Euram project (pilot plant experiments) more detailed
economical information will be gathered.

Table 5. Cost Estimation of the Treatment of Mixed Acid with Membrane

Electrolysis
HNO4/HF with
HNOs/HF Electrowinning
K Euro K Euro
Operating costs 6738 6048
Total Installation costs 7082 10165
Credit and savings 9641 10714
Yearly net operation costs 2902 4668
Payback time 2,4 2,2
Sludge disposal costs 125 euro
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CONCLUSIONS

This paper has presented a process to treat HNOs/HF spent acid from stain-
less steel production in Europe. The process combines free acid recovery and elec-
trochemical salt splitting.

In the first free acid recovery step, more than 90% of the free nitric acid can
be removed as well as approximately 50% of the free fluoridic. After neutraliza-
tion of the remaining stream, a salt solution with a high fluoride to nitrate ratio can
be split very efficiently into acid and base. The acid product of the salt splitting
unit can be used as input for the free acid recovery unit.

When bipolar membranes are used, the acid product will contain potassium.
This potassium can cause membrane fouling of K,SiFg in the free acid recovery
unit if the spent acid also contains silica, as in the case of the European liquors.
When a membrane electrolysis system is used this problem will not occur; there-
fore, this alternative is more promising. However, with membrane electrolysis
corrosion, stability of the anode in this situation can be a problem. The use of bet-
ter fluoride resistant electrodes will have to be tested on their performance.

The most relevant advantages of the proposed process are undoubtedly re-
lated to environmental pollution. This new proposed process would represent the
possibility of having a closed-loop of water and no solid or very low solid waste
production in stainless steel factories. Furthermore, the recovery of valuable met-
als and chemicals would contribute to the economical viability of the process. The
payback time of the proposed process is less than 2.5 years.

Local regulations (sludge disposal, effluent emissions) regarding waste dis-
posal can be very different. Therefore, the PIBARE project can be adapted to the
local needs of individual stainless steel producers.
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