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Executive Summary
The case study at the Sandvik site of the INSPIREWATER project aimed to demonstrate the recovery of
phosphoric- and sulphuric acid from a mixed acid solution used for the pickling of stainless steel and
how this could be incorporated with rinse water recovery aiming for zero liquid discharge. The overall
aim was to recover acid, mainly phosphoric acid due to its high economic and environmental impact,
from pickling and rinse water from rinsing after the pickling process. The expected impact from the
recovery of acid and rinse water was a reduced water consumption, wastewater production from the
process and reduced related energy use while still obtaining an economic benefit. Recovery of
phosphorus is highly desirable due to the great importance of this fossil raw material and causes the
main impact on the life cycle assessment of the current process.
A pilot plant was built for the purpose based on initial bench scale results. The same pilot equipment
was utilized both for the recovery of spent acid and water from mixed pickling acid and for the recovery
of acid and water from rinsing of the goods after pickling. Recovered water had a quality equal that of
tap water used in the process and could be reused for rinsing while recovered acid was tested by
Sandvik and found to be viable in the pickling process.
The recovery of acid was based on separation of metals from the acid by nanofiltration (NF) with pretreatment in two steps; reduction and microfiltration (MF) and posttreatment based on evaporation.
The recovered acid could after evaporation be used in the pickling bath while the condensate could be
reused as rinse water. The rinse water recovery was based on reverse osmosis where the permeate
could be used as rinse water and the retentate could be used for the necessary dilution of the acid for
nanofiltration.

Reduction in wastewater production [%]

Reduction in related
energy use [%]

Saving of phosphoric
acid [%]

Minimising water
footprint

Decouple production
from freshwater
utilisation

Enhance
sustainability in the
process industry

INSPIREWATER
objectives

86

86

30

30

20

YES

YES

YES

Obtained
results

99

99

25

24

52

YES

YES

YES

Economic benefit [%]

Reduction in water
use [%]

The pilot-scale demonstration showed that the objectives for the INSPIREWATER project were
achieved, see table below. A reduction in water use and in wastewater could be obtained by combining
the recovery of water from wastewater after rinsing with the recovery of acid from the pickling
process. It was found that the INSPIREWATER process could reduce the related energy use by 25%
while still achieving an economic benefit of 25%. The production was almost completely decoupled
from freshwater utilisation enhancing the sustainability in the process.

For the recovery of phosphoric acid from mixed pickling acid, the high concentrations of acid and
metals in the mixed acid solution were challenging during the demonstration period but successful

INSPIREWATER © 2020

6

Page 6

INSPIREWATER – D4.5
GA723702

H2020-IND-CE, SPIRE-01-2016

strategies were developed to overcome these challenges. The reduction chemical was changed to a
chemical that do not contribute to the osmotic pressure over the membrane as well as utilization of
dilution of the nanofiltration feed and increased operational feed pressure in the nanofiltration pilot
plant. After implementing the needed changes to the pilot set-up and operation high acid recovery
and a good separation of metal-bound phosphorus from phosphoric acid was demonstrated.
During the demonstration of water recovery from rinsing, organic fouling of the reverse osmosis (RO)
membranes was found. The source of organics was not found within the project. If organic content in
the recovery plant can’t be reduced, an improved pre-treatment is needed. Ultrafiltration or prefiltration with granular activated carbon (GAC) was proposed as a solution.
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1. Introduction
Sandvik Materials Technology is a world-leading manufacturer of high value-added products in
advanced stainless steels and special alloys. The largest production unit within Sandvik is located in
Sandviken in Sweden with 3 600 employees and an industrial history of more than 150 years.
The process studied in the INSPIREWATER project is the pickling of tubes in a bath with a mixture of
phosphoric acid and sulphuric acid. After pickling, residues are removed in four rinsing steps. In the
current situation the acid mixture is used until spent and then disposed and transported to a landfill in
Norway for final disposal. The limiting component concerning the bath lifetime is metal contamination.
Rinsing water is taken to the site-specific wastewater treatment plant for acidic waters. The studied
process is one of the main sources of phosphorus at the site in Sandviken.
The aim of Sandvik case is to demonstrate the possibility of recovering free acid from spent pickling
acid and water from waste rinsing water. There are a number of benefits with a closed loop process at
the site. Recovery of phosphorus is highly desirable due to the great importance of this fossil raw
material and causes the main impact on the life cycle assessment of the current process. Phosphorous
is on the list of critical raw materials published by the European Commission highlighted as a high
supply-risk and of high economic importance to the European industry and value chains. Except of
environmental and financial benefit from decreased acid purchase and lower tap water consumption,
separate treatment of wastewater from this pickling process will result in decreased discharge of
phosphorus to Sandvik’s centralized wastewater treatment plant.
This could improve the possibility to recover metals from the wastewater sludge and lead to lower
waste volumes and higher resource efficiency at the Sandvik plant in Sandviken.

1.1 Pickling of stainless-steel tubes
Pickling of stainless-steel tubes is done at Sandvik site in pickling baths using a mixture of phosphoric
and sulphuric acid. The acid mixture is used for several batches and is exchanged for fresh acid before
quality issues with the pickled goods arises. The number of batches that can be run on one batch of
acid depends mainly on the material of tubes. For most of the production the acid must be changed
after 11 batches of pickling but for some specific material the number of batches have to be reduced
to 8 because of quality issues. A typical change of metal concentrations in the pickling acid during 11
consequent batches of pickling is presented in Figure 1. If the pickling acid is exchanged after 8 batches
the metal concentration in the spent acid is lower.
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Figure 1. Increase of metal concentrations in pickling acid: to the left – non-filtered samples
(soluble and particulate form); to the right – filtered samples (soluble form)
The spent acid is sent to a landfill. The spent acid is composed of a mixture of metal sulphates, metal
phosphates free acids (H2SO4 and H3PO4) and water. If free acid can be separated from metal salts the
free acid could be reused and, thereby, the consumption of fresh acid could be decreased. In the
project the separation of free acid from metals by nanofiltration was studied.
When the spent acid is emptied the bath is rinsed with water before filling with fresh acid. The
generated wastewater is discharged to the wastewater treatment plant.

1.2 Rinsing of stainless-steel tubes
Rinsing of tubes is done in four consequent rinsing baths. In bath 1, 3 and 4, tap water is used and in
bath 2 a weak H2SO4 solution is used. The water in the baths is changed by a combination of continuous
bleed-off and intermittent complete exchange of water when a conductivity set-point is reached.
Recovery of water from low strength rinsing water was studied in the project.
Since spent rinsing solution from bath 2 has a high acid concentration and low pH, it is not suitable for
water recovery with RO. This wastewater, as well as water from rinsing of pickling baths and
wastewater generated from rinsing of tools for pickling is more suitable to treat inn the pickling acid
recovery process.

1.3 Introduction to the demonstration case
The current operation of pickling and rinsing process does not incorporate any recovery of water or
chemicals (Figure 2). Spent acid from the pickling bath is sent to landfill. Rinsing water is treated in a
wastewater treatment plant before discharge to the local recipient.
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Figure 2. Baseline scenario with pickling acid going to landfill and wastewater treated in a
wastewater treatment plant before discharge to recipient. The figure shows a relative distribution
in percent of water and acid respectively.
The demonstration case was carried out at the Sandvik stainless steel production site in Sandviken,
Sweden. The piloting was carried out on the following two process streams:
Case A/ Separation of metals and recovery of phosphoric- and sulphuric acid from mixed
pickling of stainless steel.
Case B/ Recovery of rinse water in a closed loop process after the mixed pickling bath.
The technologies tested in Case A in the pilot plant for the separation of metals from the mixed pickling
bath for recovery of phosphoric- and sulphuric acid included, reduction, particle filtration and
nanofiltration. The recovered acid was concentrated by evaporation to meet the required
concentration. The technologies demonstrated in Case B: for separation of acids and metal from the
rinse water reverse osmosis (RO) was used with pre-treatment by chromium (VI) reduction and particle
filtration. For recovery of the acid and separation of metals the concentrate from the RO-step will be
treated together with the pickling bath before recovery of those back to the pickling bath (Figure 3).
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Figure 3

Simplified block-scheme for the INSPIREWATER solution at Sandvik case.

The experiments on Case A and Case B are described separately. It is, however, worth mentioning that
for both cases the same pilot scale treatment steps were utilized. Therefore, the two cases could not
be tested simultaneously. The pilot scale set-up and operational parameters are based on previously
performed lab-scale studies, which are, however, not described in this report.

1.4 Main subjects and objectives
The objectives of the pilot demonstration were to investigate the long-term behaviour of the relevant
technologies in treating pickling acid and rinse water after pickling.
The pre-treatment prior to nanofiltration had to demonstrate separation efficiency for particles before
the nanofiltration step. For the reduction of hexavalent chromium, a suitable chemical had to be found
and the successful reduction in highly concentrated solutions should be demonstrated.
The pilot for nanofiltration aimed to demonstrate separation efficiency, capacity (permeate flux),
required operating pressure and energy demand, fouling of membranes, cleaning efficiency of
membranes and the influence of particles on membrane lifetime.
The evaporation had to demonstrate capacity, required operating energy demand, cleaning efficiency
on heat transfer surface, influence of pickling acid on lifetime of heat transfer surface. The spent
pickling acid was analysed by Sandvik.
Main subjects for the separation of metals and pickling acids from rinse water by RO were separation
efficiency, capacity (permeate flux), required operating pressure and energy demand, fouling of
membranes, cleaning efficiency of membranes and influence of particles on membrane lifetime. The
produced water for recovery in a closed loop rinse water was determined by conductivity which is the
parameter used in the production.
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This report aims to present the evaluated data from the pilot demonstration under the following
aspects:
-

Recovered water quality: achieved water for recovery in closed loop rinse process

-

Recovered pickling acid quality: achieved pickling acid for recovery in pickling bath

-

Technical: Removal efficiency, space demand, lifetime of membranes, equipment, heat
transfer surfaces

-

Environmental: energy/water consumption, produced wastewater composition
(concentration ratio metals/phosphorus).

1.5 Introduction to reverse osmosis and nanofiltration
Since the recovery of both pickling acid and rinsing water is done with membrane processes, a short
introduction to the principles of RO/NF-filtration is given in this section.
NF is a pressure driven process with a semipermeable membrane separating permeate (the permeated
liquid) and retentate (liquid not passing the membrane with retained compounds) and can generally
be described as follows. NF filtration operates on the same principle as reverse osmosis with the
difference of the membranes used in nanofiltration is looser, with a molecular weight cut-off in the
range of about 180 – 2000 Dalton. When it comes to separation of dissolved ions the selectivity is
highly dependent of charge of both membrane and ion. In the highly acidic environment most
membranes have a positive charge on the membrane surface. The membrane will then repel and retain
positively charged ions, basically the higher the charge the higher the repelling force and selectivity.
When a positive ion is retained a negative counter ion is retained as well as there cannot be an
imbalance of the charge in the solution. For the specific case study this means that NF more specifically
retains multivalent positive ions (cations) like Fe3+, Cr3+ and Ni2+ while monovalent ions and uncharged
ions like H+, H3PO4 can pass the membrane. Anions (negative charge) are not retained by the positive
charge of the membrane but are instead retained as a counter ion of the retained cation. The higher
the charge of the counterion the more likely it is to be retained (PO43->SO42-> H2PO4-). Retained
molecules result in a molar concentration difference over the semipermeable membranes that gives
rise to the osmotic pressure difference striving to even out the concentration difference. The principle
of pressure driven separation using semipermeable membranes (NF and RO) is illustrated in Figure 4.

Figure 4. Principle of reverse osmosis.
If two liquids that have a different salt concentration are separated by a semi-permeable membrane,
water will start to flow from the less concentrated solution to a more concentrated solution in order
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to equalize the concentration difference (this process is called osmosis). The flow will stop when the
head difference in two compartments is the same as the osmotic pressure difference between the two
solutions. If instead pressure is applied to the more concentrated solution the liquid will start to flow
from the more concentrated solution to a less concentrated solution, if the applied pressure is higher
than the osmotic pressure difference at all the times. If the permeate quality is unchanged, the osmotic
pressure difference will steadily increase during filtration. At some point, the applied pressure will be
equal to the osmotic pressure and the flow of permeate will stop. The separation efficiency will
however decrease rapidly when approaching the point giving rise to higher concentration in the
permeate. The flow will decrease but not stop completely and the separation of ions will be worse,
since the osmotic pressure difference cannot be higher than the applied pressure.
In the studied NF-process the water (H2O), sulphuric acid (H2SO4) and phosphoric acid (H3PO4) pass
through the membrane (and does not contribute to the osmotic pressure difference) and the metals
(and their counterions) are retained by the membrane. This means that the acid recovery (% of acid
volume which passed through the membrane, not to be confused with “acid saving” which is defined
later below) with high retention of metals is limited by the applied pressure. If osmotic pressure rises
to near the applied pressure, no good metal retentions can be achieved.
It is also important to understand that the charge balance in the permeate and the retentate is
constant. It is impossible to fully separate Ni, Fe and Cr from P and S in the given solution. The metals
are retained as MePO4 and MeSO4, so even at ideal separation some P and S will be left in the retentate
stream as counter-ions to the retained metals. The same is valid for permeate – if some metals pass
the NF, it must pass in the form of MePO4 or MeSO4. It is, therefore, impossible to have a metal
retention of close to 100 % with P and S retention of 0 %.
It is also good to keep in mind that S and P in the form of MePO4 and MeSO4 is spent acid. This acid can
never be recovered by membrane technology (Electrodialysis excluded). Only the free acid can be
recovered by the INSPIREWATER technology.
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2. Material and Methods
2.1 Pilot plant for Case A – pickling acid recovery
As mentioned earlier, the same pilot plant was used for experiments on pickling acid recovery (Case A)
and rinsing water recovery (Case B). In the following sub-sections the pilot plant application for the
experiments in Case A investigation is described. In section 2.2 the use of the pilot plant for Case B is
described briefly focusing on differences comparing to its use for Case A.
Prior to the running of the pilot plant, tests were done in lab scale to find optimal conditions for the
process operation.

2.1.1 Pilot plant configuration
The pilot plant configuration for case A consists of a reduction step, pre-filtration by bag filtration and
microfiltration, nanofiltration and finally evaporation (Figure 5). The reduction, bag filtration and
evaporation steps were operated with the same set-up during the whole test period. The pre-filtration
step was operated utilizing a Microdyn Nadir MD090TP2N microfiltration module. In the nanofiltration
step two different membranes were tested - Suez Duracid 2540 and AMS A-3012 2540 (as described
in section 2.3).

Figure 5

Flow chart of the investigated Case A.

2.1.2 Chromium (VI) reduction
For reduction agent iron sulphate was chosen and used as reduction agent in the pilot demonstration
during most of the operation period. The addition of iron and sulphates being preferable since these

INSPIREWATER © 2020

14

Page 14

INSPIREWATER – D4.5
GA723702

H2020-IND-CE, SPIRE-01-2016

ions are already present in the pickling acid solution. Another aspect considered was the health risks
since the iron sulphate is safe and easy to handle. However, one batch of acid was processed using
NaHSO3 as a reducing agent in operation period A6 (see section 2.3.1 for description of operation
periods). The advantage of NaHSO3 application is that it does not increase the content of heavy metals
in the acid and, therefore, does not increase the osmotic pressure difference in the nanofiltration
stage. The disadvantage is that it introduces sodium (Na) to the pickling acid and that toxic sulphur
dioxide (SO2) can be produced during the reduction step.
Pickling acid was transferred in batches of 400 – 800 litres to the reduction tank. The mixer was started
and reducing agent solution was pumped to the reaction vessel.
The reduction was controlled by measuring the oxidation-reduction potential (ORP) of the solution
during dosing of the reduction agent. A clear drop in ORP was noted when all hexavalent chromium
was reduced. The successful operation was confirmed through an analytical measurement of
hexavalent chromium.
During operation pH and temperature was measured in the tank. The amount of reducing agent
needed depended on the chromium (VI) concentration in the spent pickling acid.
Some batches were allowed to settle, and some were pumped out of the tank during mixing.

2.1.3 Bag filtration
A bag filter of woven polypropylene of 100 µm was used in the pilot plant. After reduction of all
hexavalent chromium the spent acid was pumped through the bag filter to the working tank of the
microfiltration unit.
Pressure drop was monitored during operation.

2.1.4 Conventional microfiltration
The pilot was operated with one module in a batchwise operation preparing the acid for nanofiltration.
For the microfiltration a Microdyn Nadir MD090TP2N module was used.
The pilot was constructed at IVL (Swedish Environmental Research Institute) with the purpose of acid
filtration in Sandvik. The pilot plant was equipped with periodic back pulsing (PBP) for recovering
capacity of the membrane.
The microfiltration step was operated first with different combination of operational parameters
(temperature, crossflow, trans membrane pressure (TMP), back pulsing frequency) to investigate the
influence of these on the flux. Evaluation of the experimental results was done with response surface
modelling utilized in a computer programme Modde in order to model how the different parameters
influence the system performance.

2.1.5 Nanofiltration
For the nanofiltration stage of the acid recovery scheme two membranes were tested in a long-time
continuous operation period. In the beginning of the membrane operation it was run with a 0 %
recovery in order to evaluate the long-term stability of the membrane. After that, the pre-treated acid
was filtered batch-wise and the operational parameters were tracked during each batch. The NF-unit
was fed from a feed tank with MF-filtrated acid and was filtered through NF until a certain volumetric
recovery of acid was reached and then refilled. The recovery varied between 38% and 75% in different
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batches. The samples were taken mostly as grab-samples from permeate and retentate streams during
the operation periods A1-A4. In the operation periods A5-A6 the samples of collected permeate and
retentate from different batches were taken. The temperature of feed was maintained at 40 °C in all
experiments. The nanofiltration was operated at TMP of 45-55 bar in periods A1-A5 and with a TMP of
68 bar in period A6.
Operation periods are described more detailed in section 2.3.1.

2.1.6 Evaporation
For the purpose of the test a pilot-scale vacuum evaporator, built specifically for the purpose of the
project was used. The operation principle of the evaporator is that water is evaporated from the feed
at vacuum conditions. The heat of condensation is recovered by a heat pump, which also heats up the
boiling vessel to the required temperature. The heat pump utilizes R134a refrigerant and is capable of
working at a refrigerant pressure of up to 18 barg on the condenser side, which corresponds to
maximum heating of the feed to 65 °C. Forced circulation of the working liquid is applied for increasing
the mass and heat transfer in the boiling vessel. The excess of heat is dissipated in a cooler. Vacuum is
created by circulating the condensate through a venturi vacuum generator, which provides a vacuum
of 50 mbar(a) at normal operation and an ultimate pressure of around 30 mbar(a). The maximal design
capacity of the evaporator is 6.2 L/h of the condensate, which is however dependent on the nature of
the liquid to be concentrated. When used for evaporation of a clean water a capacity of 10.8 l/h was
demonstrated.
The evaporator was operated in batch mode. In the beginning of the cycle the evaporator is filled with
NF-permeate and the evaporation starts. The boiling vessel is refilled several times during a batch as
the level in the boiling vessel drops. The cycle ends when a pre-set density of the concentrate is
reached. Several concentration cycles were closely monitored to determine the capacity of the
evaporator at different operation conditions. Further, optimal operation conditions were selected, and
the evaporator was run in automatic mode concentrating NF-permeate. Since the capacity of the
evaporator was much higher than the capacity of NF-membrane filter, the evaporator was in operation
intermittently, steered by availability of the NF-permeate. Evaporation rate was calculated from
recorded data of density of the acid in the boiling vessel.

2.2 Pilot plant for Case B – rinsing water recovery
The same pilot- plant was used as for the investigation of acid recovery with NF was used. The plant
consisted of a buffer tank, bag filter, membrane MF-step and a high-pressure RO-plant. The inflow was
taken from an equalisation buffer tank, which receives all sorts of low-concentrated acidic wastewater
described in section 1.2 before it is discharged to the site-specific wastewater treatment plant.
Chromium (VI) reduction was done with NaHSO3 solution addition. The pre-treatment was operated
with the same set-up during the whole operation period and its aim was only to protect the ROmembrane. Two different RO-membranes were tested in the project: DOW/Dupont SW30 – 2540 and
DOW/Dupont 2540XLE. The membranes were initially tested with different applied TMPs in the range
of 5-25 bar. The long-term tests were then performed with the TMP of 23 bar.

INSPIREWATER © 2020

16

Page 16

INSPIREWATER – D4.5
GA723702

H2020-IND-CE, SPIRE-01-2016

Figure 6

Flow chart of the investigated Case B.

2.3 Operation during experimental period
2.3.1 Case A. Pickling acid recovery
The pickling operation in the plant is one step in a chain of production steps at Sandvik. The pickling
capacity is quite high compared to other production steps which during the piloting period led to a
discontinuous operation of pickling. Moreover, the pickling process was operated with 8 batches per
bath during a big portion of the pilot operation period (Table 1), which made it hard to compare some
of the experimental results with the baseline scenario, which is based on 11 batches per bath (see
description of pickling bath operation in section 1.1). Pickling acid recovery operation can be divided
in several periods which are described below.
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Table 1. Production and pilot operation during the project duration.
2019
Year
2018
Month
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Case A. Pickling acid recovery
Operation period
A1
A2
A3
A4
A5 A6
Pickling operation
11
11
8 batches
8
11
(batches per bath)
batches
batches
batches b
Reduction
Pre-filtration
Duracid membrane
AMS membrane
Evaporation
Case B. Rinsing water recovery
Operation period
B1 B2
B3
Reduction
Pre-filtration
SW30 membrane
XLE membrane
Period A1. The pilot was operated with the Duracid membrane. With the first available acid different
operational parameters were investigated. This was followed by a period of operation without
recovery (permeate and retentate are returned to the feed tank) to investigate the stability of the
membrane.
Period A2. Operation of the Duracid membrane with recovery of acid.
Period A3. The pilot was operated with the AMS membrane. Since there was no production in the
beginning of the year the nanofiltration step was run without recovery to test the membrane stability
before operation with recovery was possible.
Period A4. Operation of the AMS membrane with recovery of acid.
Period A5. During this period both membranes were run in series. The aim of these experiments was
to produce enough recovered acid so that the acid could be tested for pickling in full scale. Moreover,
possibility of retentate dilution to decrease osmotic pressure and increase of phosphoric acid recovery
was tested. In these experiments after the first stage of nanofiltration the retentate was diluted with
water and filtered again (second filtration stage). In one batch 3-stage filtration with dilution between
the stages was also evaluated.
Period A6. Operation of the AMS membrane at a maximum allowed pressure. There were several
objectives with these experiments. Firstly, there were limited results on recovery of acid after 11
batches of pickling, which made it hard to compare the experimental results with the baseline scenario.
Since the production was shifted back to the operation with 11 bathes per bath in December 2019, the
experiments with this acid were made. Secondly, the nanofiltration stage was operated near the
pressure limit of the membrane at a TMP of 68 bar, since the operation in previous periods with TMP
of up to 55 bar showed that the higher pressure should give higher acid recovery. Thirdly, the
implication of use of NaHSO3 as a reducing agent was tested and compared with FeSO4 for the same
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batch of spent acid and the same operation strategy. Moreover, the dilution of retentate to decrease
osmotic pressure and increase phosphoric acid recovery was further investigated.

2.3.2 Case B. Rinsing water recovery
The different periods of the rinsing water recovery are summarized in Table 1 and described below.
Period B1. The rinsing water recovery was tested using the XLE membrane. Wastewater was taken
directly from the wastewater discharge equalization tank. The intention during the pilot trials was to
only take the inflow during the period when water from rinse baths 1, 3 and 4 is discharged, since
treatment of other wastewater was not beneficial (see discussion in section 1.2). The membrane was
first operated without recovery and then batch filtration with recovery of 93% was tested.
Period B2. The rinsing water recovery was tested using the SW30 membrane. Similar operation
strategy was applied. In the end of the operation period the membrane was, however, damaged after
a more concentrated wastewater (probably from pickling bath rinsing) was treated.
Period B3. Long-time tests with the SW30 membrane. The membrane was operated for 80 days and
was treating rinse water, which was taken directly from bath 1. The water was not pre-treated by
microfiltration as in the other operation periods. In the end of this operation period the membrane
was operated with a synthetic influent consisting of spent pickling acid, diluted with tap water to the
same conductivity and pH as in real rinse water from bath 1.

2.4 Analytical Methods
In the pilot demonstration plant several parameters were measured with online probes: temperatures,
volumetric flows, pressures, redox values and pH.
Chromium, iron, nickel, sulphur and phosphorus concentrations were measured from grab samples.
The concentrations were quantified by inductively coupled plasma (ICP) coupled with an optical
emission spectrometry (OES). Due to high concentrations samples had to be diluted.
Hexavalent chromium was initially analysed by test LCK313 (Hach, CO, USA) based on the reaction with
diphenylkarbazide on a DR1900 photometer (Hach, CO, USA). Pickling bath solutions had to be diluted
20 000 times and compared to solution without the addition of diphenylkarbazide. Later on,
diphenylkarbazide method was still used but optically compared in comparator.

2.5 Parameters for nanofiltration process evaluation
In the report several parameters for evaluation of the nanofiltration process performance are used
and these are described here in order to avoid ambiguity in the results interpretation.
•

Recovery – a portion of the feed volume which is filtered through the membrane and collected
as permeate. Calculated as

•
•

𝑉𝑚𝑖𝑥𝑒𝑑 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑉𝑓𝑒𝑒𝑑

.

Acid recovery – a general term which implies that the free acid is separated from the metals
and re-used in the pickling process.
Retention – a portion of solute which is retained by the membrane. Concentration in permeate
at a specific recovery is compared with the concentration in retentate at the same recovery.
𝐶

Calculated as 1 − 𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 .
𝑟𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒
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•

Removal – decrease of the solute concentration after a filtration batch. Concentration in
collected permeate from one batch is compared with the concentration in the initial feed.
Calculated as 1 −

•

𝐶𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝐶𝑓𝑒𝑒𝑑

.

Me/P ratio – a ration of the sum of Fe, Cr and Ni concentrations to phosphorus concentration
expressed in [g/g]. This parameter was defined specifically for this project and, to the authors
knowledge, was not used before for evaluation of the membrane processes. This parameter
allows for an easy evaluation of the effectiveness of nanofiltration for separation of phosphoric
acid from the metal-bound phosphorus. For the maximal phosphoric acid recovery it is
desirable that the removal of metals is as high as possible and the removal of phosphorus is as
low as possible. It is, however, the ratio of the metal concentrations in the permeate to the
phosphorus concentration in the permeate which determines if the recovered acid is of good
quality. Even if the phosphorus removal is rather high (for example 50%) but the metal removal
is very high (for example 99%) the produced permeate will have a low Me/P ratio and will have
a good quality after the evaporation stage. The parameter is especially useful when different
batches with different acid dilutions are compared, since direct comparison of the
𝐶 +𝐶 +𝐶
concentrations is not possible. Calculated as 𝐹𝑒 𝐶𝑁𝑖 𝐶𝑟 .
𝑃
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3. Results and discussion
3.1 Case A. Pickling acid recovery
3.1.1 Reduction
The theoretical need for the reduction of H2CrO4 is 3.2 grams iron per gram chromium. In bench scale
tests before pilot operation a need of 2.5 g/g was found to be enough. During pilot demonstration the
need was found to be in the range of 2.7-4.0 g/g. The number of analytical measurements of
hexavalent chromium in the spent acid was limited and the concentrated bath solution required a lot
of dilution for measurement resulting in uncertainty. For the analysed batches of reduction the
chromium (VI) concentration decreased from 3-13 g/l to below 0.001 g/l. Temperature was monitored
during reduction and a controlled temperature increase was observed. The temperature however
never exceeded 45°C.
In Figure 7 an example of the measured chromium reduction along with the dosage of iron sulphate is
presented. On the secondary axis a typical corresponding ORP curve is shown. The potential stays
stable until all hexavalent chromium is reduced then a sharp drop can be noted.

Figure 7

Reduction of hexavalent chromium as a function of dosing and measured ORP.

Even after a day of settling no residue particles where found in the reaction tank. This leads to the
assumption that particles in the reduced spent acid are mostly submicron.
One cycle of chromium (VI) reduction was performed using NaHSO3 solution. A sharp decrease of the
oxidation reduction potential (ORP) was also observed and the consumption of NaHSO3 was close to
the stoichiometric need for the chromium (VI) reduction. A strong acidic smell could be noted, which
emphasize the importance of careful process control and appropriate ventilation if the NaHSO3
solution is applied in full scale.
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3.1.2 Pre-filtration
3.1.2.1

Bag filter

The results showed no increase in pressure drop over the bag filter during the pilot demonstration.
The main reason for the bag filtration was as a safeguard concerning large lumps noted during initial
sampling in the process and possible large amounts of small particles from the reduction step (D2.2).
The analytical results showed that none of the elements of interest was removed in considerable
amounts in the bag filter (Table 2) and the difference between the concentration before and after the
bag filter of ±0-3 % could be explained by uncertainty of dilution and analysis method.
Table 2

Analytical results of samples before and after bag-filtration from two processed
acid batches.

Batch

Chromium

Iron

Nickel

Sulphur

Phosphorus

[mg/L]

[mg/L]

[mg/L]

[mg/L]

[mg/L]

1

2

1

2

Before bag filter

6 695

8 200

19 624 22 536 11 895 10 529 68 189 55 607 149 347

117 668

After bag filter

6 576

8 206

19 394 23 118 11 734 10 547 69 003 57 365 151 836

120 660

Reduction

1.8 %

-0.1 %

1.2 %

-2.6 %

1

1.4 %

2

-0.2 %

1

-1.2 %

2

1

-3.2 %

-1.7 %

2

-2.5 %

Inspection of the filter after the whole operation period revealed that there has accumulated little
sludge in the filter and the filter area was free from the filter cake (Figure 8). This shows that the bag
filter can be operated during a long time without frequent maintenance or change.

Figure 8.
3.1.2.2

Bag filter after the whole operation period.

Microfiltration

Operation showed no correlation between operational parameters of the microfiltration and reduction
of elements in the spent acid. This can be expected since the microfiltration only is supposed to remove
particulate matter. The concentrations of metals, phosphorus and sulphur decreases by only 1-5 %,
which is lower than the precision of the analysis method (Table 3).
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Table 3
Microfiltration
After reduction
Average permeate
Average retentate
Average retention

Analytical results of samples from microfiltration step.
Chromium (Cr)
[mg/L]
8 200
7 773
8 199
5%

Iron (Fe)
[mg/L]
22 536
21 921
23 007
3%

Nickel (Ni)
[mg/L]
10 529
9 989
10 618
5%

Sulphur
(S) [mg/L]
55 607
54 800
57 008
1%

Phosphorous (P)
[mg/L]
117 668
114 505
120 072
3%

Since no significant reduction in specific elements could be determined analytically a visual
determination was used. Two samples of the acid after were taken before and after it was filtered
through MF in the pilot. The acid before MF and the acid after MF were dead-end filtered through a
0.22 µm filter. Based on visual evaluation of filters after filtering of 0.5 L of acids it can be concluded
that the particle separation of suspended particles in the MF works well (Figure 9). It was also
confirmed by the suspended solids analysis which showed 115 mg/l in the sample before
microfiltration and 0 mg/l in the MF-filtered acid sample.

Figure 9

Filters after filtering of 0.5 L of pickling acid: left filter – acid that was filtered
through the pilot scale MF; right filter – acid after bag filter (not filtered through
pilot scale MF).

For other parameters then element concentration the initial design of experiment showed that
transmembrane pressure is the most dominating parameter suggesting that higher pressure results in
higher flux. Since increase of pressure over 2 bar leads to insignificant increase of flux but increases
the risk of fouling and loss of flux pressure above 2 bar is not recommended. This is especially true
since traces of oil was found in the liquid, as discussed in section 3.2.3.5.
An increased crossflow increases the flux and reduces the potential for fouling. It is therefore
recommended to keep the crossflow high at close to 3 m/s. The viscosity of the acid causes a pressure
drop of about 0.5 bar over the module at this crossflow.
Temperature increased the flux insignificantly and does not need to be controlled for reasons of
optimization.
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From the pilot demonstration in Sandviken it can be concluded that back pulsing intervals should be
as frequent as possible, at least 12 times/h. The loss of flux between back pulses in the pilot was 1338%. Permeate loss for back pulsing at this frequency is insignificant. Removal of small volume of
retentate just after a back pulse can possibly improve the operation. The high loss of flux between
back pulses however suggests this might not be the most suitable pre-filtration combination.
Permeate recovery in pilot operation was usually 90-95%. It could not be shown that the recovery
impacted particle separation or that the recovery used caused the flux decrease over time.
During the pilot operation a decrease in flux was observed. The flux decreased from initial values of
500 LMH in the beginning of 2018 to stabilize around 200 LMH for most part of 2018 and 2019. By the
end of 2019 the flux decreased further and by December 2019 values as low as 60 LMH. This could be
attributed to evaluation of not favourable operational parameters during initial testing and/or due to
fouling. After a cleaning in place (CIP) with alkaline cleaning chemical (Ultrasil 110, 0.5% solution) after
approximately 200 h of the MF operation the flux was recovered to 215 LMH. The successful flux
recovery using alkaline chemicals suggests organic components to be present in the pickling acid.
Based on pilot demonstration it is likely that a flux of 200 LMH is possible for long term operation.

3.1.3 Nanofiltration
3.1.3.1

Metal removal performance in long term trials (Period A1-A4)

Retention of metals by nanofiltration was high when operating at 0% recovery for a long period. For
the Duracid membrane the retentions of Fe and Cr were 95-98% and the retention of Ni was 70-80%.
For the AMS membranes the retentions were more similar for the three metals and varied in the range
80-90%. The retentions of S and P were 5-10% in most cases.
After starting the experiments with batchwise filtration of the acid it was observed that both
membranes produced permeate with about 0.03 – 0.06 gram metal per gram phosphorus at lower
recoveries. It was identified that increase of osmotic pressure difference during filtration led to
deterioration of membrane performance. As long as the applied TMP was considerably higher than the
calculated osmotic pressure difference the metal retentions remained stable but when the applied
pressure was closer to the osmotic pressure the metal retentions decreased drastically. Moreover, the
phosphorus and sulphur retentions increased as a result of co-ion retention. This agrees with the
theoretical principles of nanofiltration described in section 1.5.
This implication was understood in the later part of the project, which resulted in that the
nanofiltration was not operated optimal in many of the filtration batches performed during this period.
The results of selected batch with the AMS membrane and the best performance are demonstrated in
Table 4.
Table 4. Performance of nanofiltration in a selected filtration batch with AMS membrane
Recovery
[%]
55

Removal
Cr

Fe

Ni

S

P

[%]

[%]

[%]

[%]

[%]

87

84

77

8

12

The permeability of the Duracid membrane was considerably higher than that of the AMS membrane
(discussed more in section 3.1.3.5). This would generally suggest the Duracid as the most suitable
membrane. However, its stronger selectivity for chromium and iron resulting in higher passage of
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nickel might be an issue since nickel sulphate precipitation is believed causing quality problems in the
pickling bath. A more even selectivity/retention for the metal ions as seen with the AMS membrane
might therefore be more suitable. The higher allowed operating pressure, at the temperature of 40 °C,
for the AMS membrane is also favourable compared to the Duracid membrane (70 bar for AMS and 55
bar for Duracid). Duracid membrane can be operated at the same or higher pressure at a lower
temperature (maximum 82 bar at 25 °C). Previous lab-scale results indicated that the temperature has
a strong influence on flux. Since the Duracid membrane showed to have a higher permeability, it is
possible that the membrane could be applied, and the flux reached at 25 °C and 80 bar with the Duracid
membrane would be comparable to the flux with the AMS membrane at 40 °C and 68 bar. This was,
however, not tested and the AMS membrane was selected as more suitable for pickling acid recovery
with the given conditions.
There were also identified several strategies for improving the performance of pickling acid recovery:
(1) Increase of operational pressure. Since good performance of nanofiltration can be maintained
only with the TMP higher than the osmotic pressure, by increasing the TMP higher recovery
with good performance should be possible. Moreover, the flux increases also with higher TMP.
The experiments with a higher TMP were performed in December 2019 and are described in
section 3.1.3.3.
(2) Different reducing agent. Chromium (VI) reduction was performed with FeSO4 addition tested
in the experiments described in the report D4.4. This increases iron concentration and the
osmotic pressure in the nanofiltration feed, which in turn limits the possible recovery. The use
of NaHSO3 was tested in December 2019 and the results are described in section 3.1.3.4.
(3) Higher dilution of pickling acid before the nanofiltration step. Higher dilution decreases the
osmotic pressure and could possibly extend the volumetric recovery of acid with maintained
good metal-phosphorus separation. Higher dilution leads, however, to filtration of higher
volume and evaporation of more water from the permeate which increases energy
requirement for the acid recovery. It is therefore beneficial to filter a portion of the acid with
a lower dilution and dilute the retentate more when the osmotic pressure rises close to the
operation pressure. The higher dilution was preliminary tested in the experiments described
in the report D4.4. It was later tested more in the experiments described in sections 3.1.3.2
and 3.1.3.3.
These strategies were tested in further operation periods.
3.1.3.2

Operation of Duracid and AMS membrane in series and retentate dilution (Period A5)

With the mixed membranes the production was operated below 55 bar to follow the Duracid
membrane supplier directives. Samples from this period were taken from the feed and from the
collected permeate and collected retentate from every filtration stage. Three batches of acid after the
reduction stage were filtered. In the first and the third batch two-stage filtration was applied and in
the second batch three-stage filtration was used.
The results from the individual stages within the three batches are summarized in Table 5. The quality
of permeate is evaluated by its Me/P ratio. The Me/P ratio in stage 2 and 3 was comparable to the
Me/P ratio in stage 1. Moreover, the Me/P ratios in the permeate (0.04-0.08 g/g) are always
significantly lower than the Me/P ratio in the feed (0.23-0.26 g/g). It is evident that acid recovery was
successful and the permeate quality was good even with further dilution of retentate. Metal content
in retentate (Me/P) also increases with every new stage of dilution and further recovery. With the
results of these experiments it was, however, not possible to conclude which of the three different
strategies applied in the different batches led to the best phosphorus recovery and metal-phosphorus
separation.
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Table 5. Results from acid recovery with two membranes
Batch 1

Batch 3
Me/P Recovery Me/P

Batch 2

Recovery

Me/P

Recovery

[%]

[g/g]

[%]

[g/g]

[%]

[g/g]

-

0.23

-

0.25

-

0.26

51%

0.04

52%

0.04

37%

0.04

51%

0.34

-

-

37%

0.34

Feed to nanofiltration
Stage 1 Collected permeate from stage 1
Retentate
Dilution of retentate with water
Stage 2 Collected permeate from stage 2
Retentate
Dilution of retentate with water
Stage 3 Collected permeate from stage 3
Retentate

1:0.5

1:0.3

1:0.4

52%

0.08

26%

0.04

27%

0.05

51+52%

0.56

-

-

37+27%

0.43

-

1:0.3

-

-

-

26%

0.06

-

-

-

-

52+26+26%

0.41

-

-

The combined results of the three batches are summarized in Table 6. From the values in the table it
can be calculated that the permeate from stage 1 of nanofiltration contains 43% of the phosphorus
and 9% of the metals present in the feed acid (as mass). The collected permeate from stage 1-3
contains 66% of the phosphorus and 14% of the metals of the feed acid. The phosphorus recovery is
therefore increase substantially maintaining good metal–phosphorus separation, which is also seen by
the Me/P ratio in the permeate. A simple calculation showed that the additional economic saving due
to a higher recovery of phosphorus acid by performing stage 2-3 of nanofiltration is 50 times higher
than the cost for energy for evaporation of more water. Even with a higher investment cost the
additional filtration stage should give a better economy.
Table 6. Concentrations from acid recovery with two membranes
Stream
Acid after reduction step
Permeate from stage 1
Added water in stage 2-3
Permeate from stage 1-3
Retentate
3.1.3.3

Volume

Cr

Fe

Ni

S

P

Me/P

[L]

[g/l]

[g/l]

[g/l]

[g/l]

[g/l]

[g/g]

2368
1121
662
1875
1155

6
0.8
0
1
11

18
3
0
2
31

9
3
0
3
14

58
63
0
57
48

132
138
0
124
125

0.25
0.04
0.05
0.45

Operation at a maximum TMP (period A6)

In these experiments the acid after 11 batches of pickling was used (see description of pickling process
in section 1.1. The acid was then filtered through the AMS membrane maintaining a TMP of 68 bar,
which is as close to the pressure limit of the membrane as practically possible. At a recovery of 65%
the flux decreased to a level where any further filtration was not practical. The retentate of this batch
was then diluted 1:1.5 with tap water and filtered until the flux decreased to a low level again. In the
second stage of filtration 61% recovery was reached.
The results confirmed the expectations that the nanofiltration performance could be enhanced by
operating at a higher pressure. It is clear that the average metal removal is high and stable until 45%
recovery and the removal decreases with higher recoveries, since the osmotic pressure becomes closer
to the applied TMP (Figure 10).
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Figure 10. Filtration of pickling acid after reduction with FeSO4 at TMP of 68 bar.
It is clear also that the retentions of S and P were low during the whole cycle. According to analytic
results the concentrations in the collected permeate were 0-12% higher than in the initial feed. Even
though theoretically the concentration in the permeate can be higher than in the feed, most probably
the negative reductions are because of analysis of the initial feed underestimated the concentration
of the sulphur. This is confirmed by the analysis of the retentate at 65% recovery, which showed the
sulphur concentration 22% higher than in the initial feed. The sulphur removal is therefore estimated
to be 4%. Since the analysis uncertainty of the method is 15% the results fall well within the uncertainty
limit. The results based on the retentate also match results from operational period A1, A2, A3, A4 and
A5, where the retention of sulphur in collected permeate typically was around 5-8%.
The analysis of the last volume of the permeate at 65% recovery showed that the Me/P ratio in the
permeate was 0.30 g/g, which is only slightly higher than the ratio in the spent acid used for the batch
(0.21 g/g). A calculation of obtained acid saving was made for 60% recovery and 65% recovery and the
calculation showed that the possible acid saving at 65% recovery is higher, despite that the last
portions of permeate have a higher Me/P ratio than the spent acid.
Since the spent acid in this filtration batch was after 11 pickling bathes and had a higher metal content,
it is not possible to directly compare this batch, operated at a TMP of 68 bar, with the previous batches
from the operation period A4, operated with the same membrane. The calculations show that the
recovery can be increased by increasing the TMP.
After dilution of the retentate and start of stage 2 of filtration the flux increased considerably initially
and decreased steadily until the recovery of 61% (Figure 11).
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Figure 11. Flux in the experiment of two-stage acid filtration at 68 bar.
The metal retention was 89%-98% in average for the different metals, but retention of S and P was
also high averaging 70% for S and 74% for P. It is, however, not the individual retentions but rather the
Me/P ratio in the produced permeate which is more important. As demonstrated in Figure 12A, the
produced permeate from the diluted retentate filtration had initially a low Me/P ratio, comparable to
the Me/P ratio in the permeate at low recoveries. The Me/P ratio further increased to 0.22 g/g at the
end of the second-stage filtration as the osmotic pressure limitation was reached again.

Figure 12. Evaluation of two-stage acid filtration: A – Me/P ratios in permeate; B – Phosphorus
transfer through membrane.
The calculated phosphorus transfer rates showed that by diluting the retentate the transfer rate can
be increased considerably (Figure 12B). These results demonstrate again that the retentate dilution is
a viable method for increasing phosphorus acid recovery.
The recovered acid from the pilot demonstration was tested by Sandvik for pickling of stainless steel
and was found to perform equal of better than fresh acid.
3.1.3.4

Influence of reducing agent on possible phosphorus recovery (period A6)

During operational period A6 there was one filtration batch made, where NaHSO3 was used as a
reducing agent. This filtration batch can be compared with the filtration batch described in section
3.1.3.3, since there was the same batch of spent acid used and the nanofiltration was operated in the
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same way. Since less volume of the NaHSO3 is needed for chromium reduction, comparing to the
commercial solution of FeSO4, the tap water was also added during the reduction step in order to dilute
the acid to approximately the same phosphorus concentration as in the experiments described in the
previous chapter. The actual dilution was 1:1.1.
The observed flux was higher than in the experiment with FeSO4, which was due to the combined effect
of a lower iron concentration and a slightly higher dilution (Figure 13).

Figure 13. Comparison of flux in the experiments with different reducing agents.
In this experiment it was possible to reach a recovery of 75%. The metal removal was slightly higher
than in the experiment with FeSO4 but the phosphorus retention was higher as well (Figure 14,
compare with Figure 10). The difference in retentions in this batch comparing to the one described in
the previous section falls however within the range of the analysis method uncertainty. The Me/P ratio
in the last portions of the permeate was 0.18 g/g, which is only slightly lower that the ration in spent
acid (0.21 g/g). This shows that the recovery was stopped in time in this filtration batch. With further
dilution of the retentate and second stage filtration a slightly higher phosphorus acid recovery would
probably be possible. This was, however, not tested.
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Figure 14. Filtration of pickling acid after reduction with NaHSO3 at TMP of 68 bar.
3.1.3.5

Capacity (permeate flux)

The capacity (permeate flux) was limited in the demonstration since transmembrane pressure was
close to the osmotic pressure of the treated solution.
In the pilot demonstration the two different membranes where found to have different permeability
at similar operational conditions. The pressure used in the calculation is TMP compared to the osmotic
pressure difference between the permeate and the retentate (Figure 15). There can be observed a
clear linear relationship between the osmotic pressure and the flux, which agrees well with the
theoretical principles of nanofiltration. As discussed above, the retention of metals decreases
considerably when the applied pressure approaches the osmotic pressure. There is, however, no
possibility to measure/analyse the osmotic pressure on-line in order to stop the filtration at the most
beneficial recovery. Flux could be used as a monitoring parameter for estimation of the osmotic
pressure and controlling the extend of recovery in filtration batches if metal concentration in the spent
acid is variable. This was, however, not tested during the project. Moreover, the established linear
relationships are obtained for filtration of spent acid diluted 1:1 during the reduction step and are only
valid for this dilution ratio. At high dilutions more water goes through the membrane and flux is
considerably higher than what could be expected from the data in Figure 15.
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Figure 15.

3.1.3.6

Flux as a function of the driving pressure (calculated as TMP minus osmotic
pressure) for the AMS and the Duracid membrane.

Long term stability

The NF-stage was operated during a period of 18 months in total with estimated number of working
hours of 2530 for Duracid membrane and 2150 h for the AMS membrane. The pilot was operated
mostly at a pressure of 40-45 bar and a temperature of 30 - 40 °C. During the final tests the AMS
membrane was operated at a pressure of 68 bar during around 30h (maximum operational pressure
for the membrane is 70 bar). Since the composition of feed acid variated during the operation period
it is hard to conclude if the retentions of the metals remained the same until the end of the operation
period. There was, however, no clear decrease in the separation performance and the best results
were obtained during the last experiments. The metal retentions can be therefore assumed to be
stable.
The flux varied during the operation period and membrane flushing with water was performed several
times. It was, however, concluded that the decrease of flux was mainly contributed to the increased
osmotic pressure during the concentration process and not by the deterioration of membrane
performance.

3.1.4 Evaporation
3.1.4.1

Capacity at different operation conditions

The capacity if the evaporator depends on the feed composition, temperature and pressure (vacuum)
in the boiling chamber. The temperature in the boiling chamber depends on the delivered pressure of
the refrigerant compressor further on referred to as refrigerant pressure. Since vacuum in the boiling
chamber was not possible to control with the applied set-up, the influence of only feed concentration
and the refrigerant temperature on the capacity of the evaporator was investigated.
The evaporator was first run at the operation conditions recommended by the supplier, which involved
limiting the heat pump compressor delivery pressure to 13 barg, which corresponds to the refrigerant
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condensation temperature of 52 °C. The observed evaporation rate was close to the design capacity
of the evaporator in the beginning of the evaporation cycle but slowed down substantially when the
density of the acid increased. The newly prepared pickling acid has a density of around 1600 g/L and
this density was selected as the final density for the evaporation cycle. At the end of the cycle the
evaporation rate was only around 10 % of the design capacity (Figure 16).

Figure 16

Evaporation rate during an evaporation cycle at different heat pump operation
settings.

Decrease of the evaporation rate is due to decrease of the water vapour pressure during
concentration, which is in turn due to decrease of the water molar fraction in the concentrate. Lower
water vapour pressure gives a lower mass transfer driving force, which decreases the evaporation rate.
Several evaporation batches were made at a higher refrigerant pressure and considerably higher
evaporation rates, especially at the end of the concentration cycle, were observed (Figure 16). The
drawback of increasing the refrigerant condensation temperature is that the coefficient of
performance (COP) is reduced with increase in pressure and the energy requirement for evaporation
increases.
3.1.4.2

Condensate and concentrate quality

Analytic results showed that the quality of the produced distillate is good, and the metals, sulphur and
phosphorus concentrations are below or near the detection limit (Table 7). The conductivity of the
condensate was measured several times and varied in the range 360-509 µS/cm, irrespective if the
sample was taken in the beginning or in the end of a concentration cycle. The condensate conductivity
is however higher than the conductivity of the fresh tap water, used for the process at site (180 µS/cm).
The low contaminants content shows that the condensate can be reused in the process, for example
as rinsing water in the first rinse bath.
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Table 7.

Selected analytical results for condensate and concentrate from evaporation
(recovered acid) and spent acid.

Date

Sample description

Cr
[mg/L]

Fe
[mg/L]

Ni
[mg/L]

S
[mg/L]

P
[mg/L]

2018-12-14
2019-01-17
2019-02-04
2019-03-29
2019-01-11
2019-03-29
2019-04-12
2019-05-29

Evaporator condensate
Evaporator condensate
Evaporator condensate
Evaporator condensate
Evaporator concentrate
Evaporator concentrate
Evaporator concentrate
Evaporator concentrate
Evaporator
concentrate
(mixed sample, from acid
recovery in periods A1-A4)
Evaporator
concentrate
(mixed sample, from acid
recovery in periods A1-A5)
Spent acid

< 0.002
<0.51
<0.51
<0.51
672
1 342
1 095
1 000

0.06
<0.67
<0.67
<0.67
1 810
3 449
2 811
3 000

< 0.005
<0.92
<0.92
<0.92
13 648
22 576
18 753
6 000

< 0.007
<1.96
<1.96
<1.96
132 542
139 450
115 845
126 000

1
<1.69
<1.69
<1.69
255 118
261 783
219 263
257 000

1 000

3 000

14 000

126 000

242 000

1 270
12 100

3 960
5 600

6 800
17 000

97 000
103 400

218 000
266 500

2019-06-14

2019-12-20
2019-03-29

The metal concentrations in the evaporator concentrate varied significantly between the batches and
depended on the concentration in the NF-permeate. After the NF-stage was run more optimally the
metal concentrations in the recovered acid decreased.
The metal concentrations in the recovered acid produced during most of the pilot operation period is
considerably lower than the concentrations in the spent acid (Table 7). The concentrations in the spent
acid varied during the operation period and, therefore the recovered acid cannot be compared directly
with one sample presented in Table 7. The recovered acid had a slightly higher S/P ratio than the spent
acid, which is explained by FeSO4 addition during the reduction stage and higher reduction of
phosphorus in the nanofiltration. The ratio can, be adjusted by addition of fresh phosphoric acid.
3.1.4.3

Operational issues

After 5 months of operation there was observed a minor deposition of a salt on the internal surfaces
of the boiling vessel (Figure 17). The deposit could be easily cleaned mechanically and washed away
with water. Moreover, in the end of the operation period a deposition of a white powder was
discovered in the concentrate collection tank. The nature of the powder was not identified. The
powder did not dissolve in water, pickling acid, 35% HCl or 35% NaOH solution.
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Figure 17. Deposition inside the boiling vessel of evaporator (to the left) and inside the concentrate
tank (to the right).
One of the aims of the long-term evaporator operation was to assess the possible need of the heat
transfer surface cleaning from precipitates. There was observed no decrease of evaporation rate in the
end of the long-term evaporator operation. The precipitate cleaning is not regarded to be a problem.
3.1.4.4

Energy requirement estimation

Since the pilot plant had a low capacity and there are no available quality pumps and compressors of
the desired size oversized component were used. The calculated energy consumption for the
concentration of NF-permeate with the pilot evaporator could not be used for estimating the energy
consumption of the full-scale evaporator treating the same solution. Based on the obtained
experimental results the supplier of the pilot evaporator (Vilokan AB) calculated the energy
consumption for the full-scale plant to be in the range 200-300 kWh/m3.

3.1.5 Main outcomes of pilot operation
•

•
•
•

Chromium (VI) reduction can be performed either using FeSO4 solution or NaHSO3 solution. The
disadvantage of the FeSO4 solution is that the addition of iron increases iron concentration in
the permeate and decreases possible recovery due to increased osmotic pressure. Another
disadvantage is that the FeSO4 solution would need to be prepared at site from the FeSO4·7H2O
and RO-retentate from the rinsing water recovery step. If NaHSO3 is applied it can be dosed as
a commercial concentrated solution, since only little volume of it needs to be added. There is,
however, an uncertainty of how the accumulation of Na ions would influence the pickling stage.
Pre-filtration by bag filter gives a low pressure drop and does not capture much of particles
Microfiltration should be operated at a TMP of 2 bar and frequent back-pulsing. Microfiltration
removes successfully particles down to 0.22 µm which is enough for the NF protection.
There can be expected some initial decrease of flux through the microfiltration membrane. The
full-scale plant should be designed for a flux of 200 LMH. Cleaning with alkaline chemical was
demonstrated to be successful in flux recovery.
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•

•
•

•

•

•
•

•

•

Removal of metals with nanofiltration is high when the osmotic pressure is considerably lower
than the applied TMP. Osmotic pressure rises with rising recovery, which leads to a steady
decrease of the flux. When the applied TMP is less than 5 bar higher than the osmotic pressure
the retention of metals starts to decrease.
AMS membrane was chosen to be more suitable for pickling acid recovery, since it can be
operated at a higher pressure than the Duracid membrane at the given conditions of the
demonstration.
Me/P ratio is a valuable parameter for evaluation of the produced permeate quality. For the
maximal saving of phosphorus acid with a one-stage nanofiltration system the recovery should
be stopped when the Me/P ratio in the permeate rises to the same value as the Me/P ratio in
the spent acid.
There has been observed a strong correlation between the driving pressure (TMP minus osmotic
pressure) and flux, which suggests that the recovery could be stopped when the flux decreases
to a specific flux value. This can be especially useful for the process control if metal content in
different batches of spent acid can variate considerably.
Nanofiltration of acid in several stages, where in every next stage a retentate of the previous
stage is diluted with water was demonstrated to be a useful method for increased phosphorus
acid recovery. It is recommended that the dilution is made at a maximum recovery value where
the retention of metals does not start to decrease. This can also be controlled by a flux set-point.
It was found that at TMP of 68 bar the suitable flux set-point is 1.3 LMH. The several stage
filtration is also beneficial for Sandvik, since in that case all the produced RO-retentate and
rinsing solution from bath 2 can be used. This means that there will be no discharge of
phosphorus-containing wastewater to the wastewater treatment plant and there will be better
possibility for recovery of the metal hydroxide sludge, produced at the plant.
Nanofiltration should be operated at a highest allowable TMP, especially at higher recovery
values.
The maximal recovery of phosphoric acid was possible to reach when using NaHSO3 as a
reduction chemical and 1-stage nanofiltration with TMP of 68 bar. The phosphoric acid saving
was calculated to be 52%, comparing to the baseline scenario. Similar phosphoric acid saving
was also reached with FeSO4 and 2-stage filtration at the same TMP. Moreover, consumption of
sulphuric acid is reduced by approximately 60%.
Concentration of nanofiltration permeate by evaporation could be successfully performed, even
though the average evaporation rate was approximately three times lower than when
evaporating clean water. The produced condensate had a quality sufficient for reuse as rinse
water.
The quality of spent acid and recovered acid when operated at optimal conditions for the highest
phosphorus acid saving during demonstration are shown in Table 8. The concentrations in the
recovered acid are obtained by recalculation of the concentrations in the nanofiltration
permeate based on the evaporation needed to reach the same phosphorus concentration as in
the spent acid.
Table 8. Quality of spent acid and recovered acid when operating at optimal conditions.

Spent acid
Recovered acid
Reduction
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Volume
[%]
100%
58%
-

Cr
[mg/l]
10 000
1 650
84%

Fe
[mg/l]
22 300
3 500
84%

Ni
[mg/l]
17 400
7 800
55%

S
[mg/l]
84 100
97 800
-16%

35

P
[mg/l]
235 000
235 000
-
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3.2 Case B. Rinse water recovery
The main target was to demonstrate that closed loop recovery of rinse water after pickling of stainless
steel was possible. An important aspect when planning a zero-liquid discharge (ZLD) process based on
reverse osmosis (RO) is handling of the retentate. In this case the retentate of the reverse osmosis will
be used for the needed dilution of the spent pickling acid in the acid recovery process.

3.2.1 Reduction
The concentration of hexavalent chromium in the rinse water was measured to be 15 mg/l. Hexavalent
chromium in acidic environment is highly oxidizing and since the pH-value in the rinse water is about
pH 2 it might damage the membranes.
Chromium reduction was performed using sodium bisulphite solution and controlled by oxidation
reduction potential (ORP) measurement. The consumption of bisulphite solution agreed well with the
theoretic requirement calculated from the hexavalent chromium concentration. The reduction was
quick and worked well with rinse water.

3.2.2 Pre-filtration
In the pilot demonstration pre-filtration was used with bag filter followed by a microfilter with a pore
size of 0.2 µm. After the demonstration further tests were carried out on rinse water without the
microfiltration. No operational problems with performance of the microfiltration were observed
It was also investigated if pre-treatment by microfiltration is needed since rinsing water should be
particle-free. Silt Density Index (SDI) measurements on the rinse water concluded SDI15 value of about
5 or slightly above, suggesting pre-filtration is needed. Without the microfiltration (MF) it became
evident that longer operation is not possible without pre-treatment.

Figure 18

Close up on 0.45 µm filter after SDI measurement on rinse water, SDI15 of 5,1.

The filter from SDI trials was submerged in citric acid under stirring, but no visible effect was shown.
After this the filter was rinsed and transferred to container with alkaline sodium hydroxide solution
and the particles quickly dissolved leaving a clean surface. To see if this phenomenon was due to other
contamination the procedure was repeated with tap water mixed with spent pickling acid, the result
was the same. Also, the visual inspection of the filter suggested it could be oil (Figure 18). The most
probable cause is oil/organic content in the pickling acid. This also corresponds well with the good
results with alkaline cleaning agents in the microfiltration, reverse osmosis and the nanofiltration unit.
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During demonstration period one fouling of the membrane occurred and was suspected to be caused
by contamination of different source. Later spent pickling acid was mixed with tap water and the
results confirmed oil originated from the pickling acid itself (see discussion in section 3.2.3.5). From
the RO-operation problems can be concluded that microfiltration with pore size of 0.2 um is not good
enough pre-treatment for the reverse osmosis.
Ultrafiltration or a combination of MF/UF followed by adsorbent could be suitable solutions, these
solutions were however not evaluated during the pilot operation. Improved pre-filtration is necessary
to prolong membrane lifetime and availability.

3.2.3 Reverse osmosis
3.2.3.1

Short-term tests with SW30 and XLE membrane (period B1-B2)

In the beginning of the operation period with testing the two membrane types there were performed
short-term tests in order to investigate the influence of the TMP on the process performance. Since
the two membranes were tested in different periods, the wastewater which was used for the tests was
not identical. The results were, however, enough to demonstrate the difference between the two
membranes and optimize the operation during the long-term demonstration.
The XLE-membrane allows much higher flux at the same TMP, comparing to SW30 (Figure 19), which
is totally as expected. The XLE membrane allows for desalination of water with lower energy
consumption (XLE stands for extra low energy), slightly sacrificing the efficiency of salt retention. The
same flux of 40 LMH can be reached at ~25 bar with SW30 or ~12 bar with XLE, which means that the
energy consumption for RO-filtration can be decreased by 50 % by application of the XLE-membrane,
if the quality of the permeate is sufficient.

Figure 19.

Dependence of flux on TMP for the two tested membranes.

Conductivity of the permeate was measured during the short-term tests and the results showed that
the permeate quality is considerably better for the SW30 (Figure 20). This was however partly due to
the different composition in the feed.
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Figure 20.

Dependence of electric conductivity on TMP for the two tested membranes.
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Since there were variations between the testing conditions the data was normalized with the
measurement of XLE2540 at 15 bar as the basis. Normalization of the flow was made by multiplication
of the ratios of measured temperature and net driving force by the temperature and net driving force
of the normalization basis. Normalization of the permeate salt passage was calculated by the quotas
of flow, feed TDS, temperature and calculated feed/brine average concentration. This clearly shows
the difference with high retention and low flux for the SW30 and high flux and lower retention for the
XLE membrane.
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SW30 Normalized flow
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SW30 Salt rejection

Figure 21. Normalized flow and rejection for two tested membranes
The results of the short-term tests were used to determine the pressure to be used in further tests. If
both of the membranes were to be operated at a TMP of 20 bar, it would be possible to use around
65 % lower membrane area with the XLE-membrane. The conductivity of the permeate would however
be higher for the XLE-membrane. The electric conductivity of the fresh water, used at Sandvik is
0.16 mS/cm and the water in the rinsing tanks is changed when the conductivity rises above
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1.0 mS/cm. This means that the conductivity of the fresh permeate with the XLE-membrane would be
near the limit from the start and that the change of water in the rinsing bath would be needed to be
done much more frequent. The high flux demonstrated for the XLE membrane in the short-term tests
is, however, not possible in a full-scale installation. Taking some basic RO system design guidelines into
account a lower pressure would be preferable for the XLE membrane in order to limit the risk of fouling
or scaling. A lower TMP would result in even higher salt passage compared to the SW membrane.
To summarize, these results have demonstrated that even though the XLE-membrane allows a much
higher flux at the same pressure, a second pass (to be filtered twice) would probably needed to meet
the design criteria for conductivity in the rinsing water. Based on these results it is recommended to
use the Filmtec SW30 membrane and operate the recovery at the TMP of 23 bar.
3.2.3.2

Long-term tests with SW30 and XLE membrane (period B1-B2)

For every processed batch of rinsing water the retention of metals, sulphur and phosphorus was
evaluated at 0 % recovery (Figure 22). The retention was always higher than 94 % in all the runs, with
and without water recovery, and was usually higher than 98 %. There cannot be observed a clear
difference in retentions of metals for the two membranes. The retention of phosphorus and sulphur
is, however, higher for the SW30 membrane.
XLE

Figure 22.

SW30

Retention of elements with the two membranes at 0% recovery.

The retentions at 0 % recovery shows, however, not the whole picture, since it is the concentrations
of the pollutants in the permeate from processing the whole batch of rinsing water that are more
important. Two typical filtration batches for each membrane are presented in Table 9. The results of
the tests with batch filtration are consistent with the tests at 0% recovery. The concentrations of
metals in the permeate of SW30 and XLE membranes are similar, while the concentrations of sulphur
and phosphorus is higher in the permeate of the XLE membrane. The feed in the batches with the XLE
membrane was more concentrated. The sulphur and phosphorus concentrations in the feed were
roughly 2 times higher in the batches with the XLE membrane, though the corresponding
concentrations in the mixed permeate were around 7 times higher.
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Table 9.

Comparison of the permeate quality for the two investigated membranes. Samples
of permeate are from the mixed permeate tank after 93 % of recovery.

Membrane

Batch
1

XLE
2
1
SW30
2

Sample
Feed
Permeate
Feed
Permeate
Feed
Permeate
Feed
Permeate

Cr
[mg/L]
12.7
0.1
14.2
0.1
7.2
0.1
7.2
0.1

Fe
[mg/L]
30.8
0.1
27.7
0.1
9.9
0.1
4.5
0.1

Ni
[mg/L]
25.3
0.1
27.7
0.1
13.5
0.1
13.5
0.1

S
[mg/L]
582
23
460
25
207
4
171
3

P
[mg/L]
353
17
748
31
369
4
283
3

Conductivity
[mS/cm]
1.0
0.68
0.45
0.43

The conductivity measurements do not fully agree with the concentrations of pollutants. This can be
partly explained by that other ions, except the one measured, could influence the conductivity. The
conductivity of the fresh water used at Sandvik is 0.16-0.18 mS/cm and therefore could not influence
the conductivity of the permeate considerably. The consumption of sodium bisulphite solution was
100-200 ml/m3 in different batches, which corresponds to a rise of sodium concentration by 12-23
mg/L, which should also not increase the feed conductivity considerably. Different pH in different
batches could also influence conductivity values.
Comparison of the permeate quality with the quality of the evaporator condensate shows that the
content of metals is similar for the both streams but the concentrations of sulphur and phosphorus is
somewhat lower in the evaporator condensate (<2 mg/l, see Table 7).
3.2.3.3

Long-term operation with SW30 membrane (Period B3)

During this period rinse water was treated with the SW30 module without microfiltration. In this
demonstration period mainly real water from the rinse bath 1 was used. Some additional batches were
also conducted with synthetic rinse water, which was produced by dilution of spent pickling acid with
tap water to the same pH and conductivity as in the rinse water from bath 1. The membrane
performance was stable during the operational period, in the sense of retention and capacity. Even
though some loss of capacity due to fouling was observed (discussed in section 3.2.3.5), the flux could
be recovered to initial performance after cleaning. No irreversible fouling or damage of the membrane
was noted as after period B2.
The momentary flux and the average flux from the beginning of the filtration batch at different
recovery can be seen in Figure 23. The permeate quality in terms of conductivity was measured and
calculated for the same batch. The filtration was run at 20 bar and a water temperature of 20 °C.
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Flux and permeate conductivity during a filtration batch shown both as the
measured values and calculated average values.

The membrane showed no sign of decreasing retention or damage like was observed with more
concentrated rinse water.
In this period pH variation was followed more closely since the pH in the rinse water is close to the
minimum pH value for continuous operation recommended by the membrane manufacturer. The pHvalue of the permeate was found to be about pH 3.2 when the feed pH-value was about pH 2.2-2.4.
If the recovered water is used in the rinsing baths without any post-treatment the carry-over of pickling
acid from the pickling bath will lead to even lower rinse water pH than during pilot demonstration.
There is therefore a risk that the pH of the rinsing water will be lower than the membrane can tolerate.
To investigate the effect of permeate neutralization on the water quality sodium hydroxide was used.
Results can be seen in Figure 24. It is evident that a big share of conductivity is due to the presence of
hydrogen ions in the water. Since conductance of hydrogen ions is higher than the conductance of
sodium ions the neutralization of water leads to initial drop of conductivity. Minimum conductivity was
found around a dosage of 15 g NaOH/ m3 of permeate, which resulted in the pH of 4.4. The conductivity
of the permeate reduced from 95 µS/cm to 42 µS/cm, which is lower than the conductivity of the tap
water. Use of NaOH for neutralization is the easiest option for control of pH. Anion exchangers in OHform can also be applied for pH-control.
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Figure 24
3.2.3.4

pH-value pH

Effect of permeate neutralization with sodium hydroxide.

Membrane damage in period B2

The biggest challenge, which was experienced during the pilot trials with water recovery from rinsing
water was that the inlet composition varied significantly. Since the aim of the tests was to simulate the
recovery of water from a mixture of rinsing waters from three bathes the inlet water was taken from
the pump sump, just before the pumping of a mixture of wastewater to the wastewater treatment
plant. Not only waste rinsing water but even water from rinsing the pickling baths during the acid
exchange is discharged to the same pump sump. Even though care was taken to keep track of which
water was discharged to the sump, the inlet concentrations varied significantly.
The last batch of wastewater, which was treated by the RO, consisted of around 60 % of waste rinsing
water from baths 1, 3 and 4 and 40 % of the wastewater originating from pickling bath rinsing, as
estimated by chemical analysis of the samples and conductivity measurements. Moreover, not all the
chromium (VI) was reduced in this batch due to much higher chromium concentration in the feed.
Processing of that batch not only led to a poor permeate quality, but also damaged the membrane
irreversibly. This was indicated by a high conductivity in the permeate. After cleaning the membrane
with water the conductivity retention was still low (90 %). The sharp drop in permeability (1.5 LMHbar
with water compared to initial permeability around 3 LMHbar) was suspected to be scaling taking place
during the operation with higher concentrations (later examination of membrane and cleaning results
confirmed organic fouling to be the main cause). The permeability in the last test before rinsing with
water and cleaning was around 0.06 LMHbar. Cleaning with weak alkaline and acidic cleaning solution
led to even higher conductivity in the permeate and increased permeability (Table 10). After cleaning
the membrane the retention of salts from the rinsing water was only 38-56 %, as indicated by the
conductivity measurements. This shows that cleaning of the membrane removed scaling and fouling
and exposed the area of the damaged membrane. The most probable reason for the membrane
damage is the high concentrations of chromium (VI), which is a strong oxidizing agent in acidic
environment which membranes are sensitive for. Since the pH-value of treated rinse water is around
pH 2 the rinse of the pickling bath also likely had a much lower pH-value which the membrane was
exposed to for a considerable time. The concentrations of the applied cleaning solutions were well
within the limit of the membrane tolerance so the damage by the cleaning solution itself is ruled out.
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Table 10. Results of the RO-membrane cleaning after processing the contaminated batch of
wastewater
Conductivity Conductivity
PermePressure in permeate in retentate Conductivity Flux
ability
[bar]
[mS/cm]
[mS/cm]
retention [LMH] [LMH/bar]
Operation with fresh
water before cleaning

16.35

0.015

0.143

90 %

21.7

1.3

Operation with fresh
water after cleaning with
alkaline detergent (Ecolab
Ultrasil 11)

16.05

0.041

0.172

76 %

105

6.6

Operation with fresh
water after cleaning with
acidic detergent (ROclean)

15.2

0.032

0.142

77 %

105

6.9

Operation with rinsing
water (feed conductivity
6.2 mS/cm)

15.2

3.50

7.92

56 %

97

6.4

The membrane was cut open and the surface inspected (Figure 25). The surface had evident traces of
fat/oil. The inspection yielded no other evident signs of damage. The membrane wrapping/shell was
cowered by white precipitate/crystals.

Figure 25
3.2.3.5

Picture of SW30 membrane surface after treatment of microfiltrated rinse water.

Scaling and fouling in period B3

Operation with fresh rinse water did not show any scaling. When the same water was circulated at a
set recovery, however, scaling occurred. Since scaling was not evident during the first operational
period it is believed to be a minor issue with scaling/iron fouling.
The operation however showed signs of fouling at a rapid rate. Before starting the operation with rinse
water tap water was used as a baseline and a normalized flow of about 60 l/h was measured along
with a normalized permeate salt rejection of 96 %. After one month of operation the first cleaning in
place (CIP) was carried out and a new measurement with tap water showed a decrease in normalized
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permeate flow comparing to the initial flow. CIP was not optimized at this point since main objective
was to observe membrane stability.
After 3 months of continuous operation with rinse water a tap water test was carried out before CIP,
after acidic CIP, after alkalic CIP and then again after a second acidic CIP. The citric acid CIP was
performed at 35 °C for one hour with a concentration of 0.1 %. Even at this low concentration a
noticeable recovery of flux was observed. Previous observations had shown good results with alkaline
cleaning agents and for this reason Ultrasil 11 was utilized at 35 °C for 30 minutes at a concentration
of 0.1 %. A second acidic CIP was performed in the same way as the first but increased concentration.
After this CIP the permeate flowrate was comparable to before the test started (Table 11).
Table 11. Results from the RO-membrane stability test.

Membrane stability test
Before rinse water
treatment

After 3 month of rinse
water treatment

Normalized
permeate
Pressure
flux
[bar]
[LMH]

Normalized
permeate salt
rejection

10
15
20

23
23
23

96.5%
95.8%
95.6%

10
15
20

23
22
22

97.0%
97.3%
97.2%

The fact that citric acid could be used to relatively easy recover the performance of the membrane
suggests iron fouling. Phosphates and sulphates usually form more stable precipitates. The yellow
colour of the cleaning solution after the CIP also suggests iron.
The results from cleaning differ between the first period with mixed rinse water (described in section
3.2.3.4) and the second period with pure rinse water from rinse bath 1. During the first period some
organics (oil or fat) was causing membrane fouling while during period 2 also found the organic to be
the main issue but it was also found that scaling was causing decrease of flux.
The risk of scaling can be decreased by adding antiscalant therefore Hypersparse MDC700, was added
to the feed solution, mixed and prefiltered through 5 µm cartridge filter.
A slight improvement could be observed, however, scaling still occurred. To fully evaluate the benefit
of adding antiscalant a pH-adjustment is probably needed. Further studies are needed to understand
the full potential of antiscalant.
The results show that scaling/iron fouling can occur even at these low pH values, furthermore it is clear
that citric acid is effective cleaning agent should scaling still occur. It is also evident that the membrane
can be operated with rinse water from the rinse water baths without damage and that other more
contaminated waters must be separated.

3.2.4 Main outcomes of pilot operation
•

Comparison of two membranes showed that both membranes have a similar retention of
metals but the XLE membrane has a somewhat lower retention of sulphur and phosphorus.
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•

•
•

•

•

This leads to a higher conductivity of the produced permeate when the XLE membrane is
applied. Reaching quality limit for the recovered water with the XLE membrane is probably
possible with application of two-pass filtration.
SW30 membrane has a lower permeability than the XLE membrane. Despite that, it is
recommended to use the SW30 membrane for the recovery of water from rinsing water. The
recommended TMP is 20 bar. At this pressure a flux of 18 LMH and a conductivity of 160 µS/cm
can be expected.
Recovery of 93% gives permeate conductivity suitable for reuse in rinsing baths. The
conductivity of permeate, when treating rinsing water from bath 1 is the same or lower than
in the currently used tap water.
Both rinsing water and the permeate of the RO has a low pH, which is close to the operation
limit of the membrane. Partial neutralization of the feed or the permeate might be needed in
the full-scale plant in order to protect the membrane. Neutralization of the permeate
decreases also conductivity of the recovered water.
There are indications that traces of fat/oil in the rinsing water can lead to membrane fouling.
Pre-treatment by MF is not enough and UF or MF in combination with an activated carbon
filter is recommended for decreasing need for membrane cleaning. It is recommended to
investigate the cause of fat/oil pollution before a possible full-scale application.
Scaling was not observed during continuous operation with fresh rinse water, it was however
evident when the same wastewater was recirculated in the system for an extended time.
When observed scaling could be mitigated by CIP. CIP with citric acid was successful in recovery
of flux after scaling occurred. Addition of antiscalant showed some improvement but further
studies are needed to find an optimal dose and type of the antiscalant.
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4. System evaluation
4.1 Proposed system configuration
Based on the results of the pilot studies a system for the full-scale implementation of the
INSPIREWATER technology at Sandvik site was proposed (Figure 26). The main operational parameters
to be used for the design of the system are shown in the figure. There still exists some uncertainty
regarding which operation conditions and which configuration gives the best performance and the
best economy. The proposed technology is based on the best knowledge of the recovery process
obtained during the project. The integration of the INSPIREWATER technology with the production and
optimization of the operational strategy, however, still needs to be done.

4.1.1 Pickling acid recovery
It is proposed that the recovery of the acid is done batch-wise, where approximately 50% of the volume
of the pickling bath is replaced by recovered acid when metal concentrations reach limit values.
Complete emptying of the pickling bath and rinsing with concentrated wastewater streams from rinse
water recovery (RO-retentate, rinsing water from bath 2) should be done once per month or more
often, if problems occur.
The chromium (VI) in the spent acid is reduced by NaHSO3 addition and the acid is diluted 1:1 with
rinsing water from pickling bath rinsing and concentrated wastewater streams from rinse water
recovery. The influence of sodium ions on the pickling process is still unknown and if problem arise the
reduction chemical should be changed to FeSO4.
Pre-treatment is done with bag filter and microfiltration with the same operation as in the pilot trials.
Nanofiltration is performed using AMS membrane operated at TMP of 68 bar. The extent of recovery
is controlled by a limiting flux value. After the limiting flux is reached the retentate is diluted and
filtered through nanofiltration membrane. The extend of dilution in second stage is chosen so that all
the wastewater from rinsing recovery can be used and no wastewater is discharged to wastewater
treatment plant. Performance of nanofiltration should be monitored closely so that the possible
membrane scaling/fouling of membrane damage is detected and mitigated. There was no indication
of decrease of the membrane performance during the pilot trials and, therefore, the lifetime of
membrane is expected to be at least one year of continuous operation.
Evaporation is done until the limiting density of the acid is reached. There was no indication that there
might arise problems with heating surface contamination limiting the heat transfer in the evaporator.
Possibility of visual inspection during the operation should be available. The origin of the precipitate
found in the evaporator should be investigated more closely. If needed, the recovered acid should be
additionally filtered before reuse.
Several buffer tanks between the step are needed. It is recommended that a buffer tank for the spent
acid and two buffer tanks for the recovered acid are used. When one buffer tank is filled approximately
to half full of the recovered acid the sample of this acid is analysed and the acid is brought to the
required volume and concentrations by addition of concentrated H3PO4, H2SO4 and recovered water.
This acid, with the right phosphorus acid and sulphuric acid content and known metal concentration,
is then used in the process and the other tank is used for collection of the acid from the recovery
system.
The recovery system is estimated to need approximately 70 m2 of space.
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Figure 26. Proposed schematic flowsheet for the INSPIREWATER technology for Sandvik case
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4.1.2 Rinsing water recovery
Rinse water from bath 1, 3 and 4 is led through separated piping to a buffer tank in order to avoid
pollution with organic substances and highly concentrated wastewaters. Reduction is done by batches
with NaHSO3 addition and controlled by ORP-measurements.
Pre-treatment includes stages of bag filtration, ultrafiltration and polishing GAC-filter. Ultrafiltration
was not tested within the project, but suitable membranes are available. GAC-filter is only for polishing
purposes and exchange frequencies are expected to be very low.
Membrane DuPont SW30 or similar should be used in the reverse osmosis plant. The RO-stage should
be operated at a pressure of 20 bar and recovery of 93%. pH and conductivity should be measured in
the feed, permeate and retentate. pH of the feed should be automatically adjusted by NaOH addition
if pH in any of the three streams decreases to below pH 2. There should be possibility for CIP with
alkaline and acidic cleaning solutions. The flux should be monitored, and CIP performed when flux
decrease is observed.
Based on the results of the pilot study it is not possible to evaluate the lifetime of the membranes. For
the desalination application the lifetime of the membrane is more than 3 years. Even though a damage
of the membrane occurred during the operation period, this was due to operation outside the safe
limits of the membrane.
The water recovery system is estimated to need approximately 70 m2 of space.
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4.2 Impact of the INSPIREWATER technology
The introduction of INSPIREWATER technology allows for a more circular flow of chemicals and water
at the plant (see Figure 27 in comparison with Figure 2).

Figure 27. Material flows after introduction of the INSPIREWATER scenario.
The life cycle analysis (LCA) and Life cycle cost (LCC) evaluation of the technology was reported in the
public report D1.3 “Life cycle assessment for 3 cases”. This evaluation was, however based on the
experimental results obtained until June 2019 (operation periods A1-A4 and B1-B2). The result of the
calculation showed that the recovery of acid was not beneficial from economically feasible since the
saving of phosphoric acid was 20%. The economic evaluation of the rinsing water recovery was also
not economically feasible in comparison to the current wastewater handling. However, if the aim is to
limit the discharge of phosphorus to the wastewater treatment plant other techniques for separate
wastewater treatment would give even higher costs.
The experiments performed after June 2019 (operation period A5-A6) showed that a much higher
recovery of phosphoric acid is possible by application of higher pressure, different reduction agent and
a higher dilution. The best results of nanofiltration operation gave a phosphoric acid saving of 52% and
a sulphuric acid saving of 61%. The LCC for pickling acid recovery were, therefore, recalculated using
the following assumptions; the same investment cost was used as in the previous LCC, though the
membrane area for nanofiltration is 3 times lower but the needed capacity for evaporation is 2.5 times
higher, additional cost for UF and GAC-filter in rinse water treatment was also included based on
numbers from previous projects. The LCC results indicate that a 24% reduction of costs is possible with
the INSPIREWATER technology (Figure 28), which correspond to a return of investment of 5.5 years.
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Figure 28. Life cycle cost of the INSPIREWATER technology for Case A. Pickling acid recovery.
The operation of rinsing water recovery by reverse osmosis in period B2 and B3 (Described in section
4.2.3) show that a better pre-treatment and possibly neutralization of water is needed, which further
increases the investment cost. The adjusted LCC showed that the rinsing water recovery is not
economically motivated compared to the current way of wastewater treatment.
Even though the rinsing water recovery is not economically feasible, the whole INSPIREWATER
technology, which includes both pickling acid recovery and rinse water recovery, is economically
feasible (Figure 29).

Figure 29. Life cycle cost of the INSPIREWATER technology (pickling acid and rinse water recovery).
The LCA presented in the D1.3 report showed that approximately 80% of the environmental impact
for the whole process (pickling and rinsing) was due to the use of phosphoric acid. Application of

INSPIREWATER © 2020

50

Page 50

INSPIREWATER – D4.5
GA723702

H2020-IND-CE, SPIRE-01-2016

INSPIREWATER technology decreased the environmental impact due to decreased use of phosphoric
acid. The impact from the operation of the acid and water recovery (energy, chemical consumptions)
had a negligible contribution to the environmental impact. Since the phosphoric acid saving can be
considerably increased, the environmental impact will be lower than previously reported.
Based on the obtained results and basic assumptions presented in the proposal for the project a
reduction in related energy was estimated to 30 %. A related reduction in energy use of 25 % was
obtained. It is lower than the set objective mainly due to a higher energy consumption in the process.
The annual savings in MWh was higher than expected. As an example, process optimization including
rinse water recovery was shown to reduce energy consumption for heating of rinse water by 185
MWh/a.
The results show that it is possible to reduce the water use more than the expected 86%. The most
water is used for rinsing in rinse 1, 3 and 4 and a reduction of 99% was demonstrated for the
application.
The recovery of water from rinse 1,3 and 4 along with treatment of more concentrated wastewaters
in the acid recovery system enable a total reduction of wastewater from rinsing. A possible reduction
in wastewater production of 99% was demonstrated.

Reduction in wastewater production [%]

Reduction in related
energy use [%]

Saving of phosphoric
acid [%]

Minimising water
footprint

Decouple production
from freshwater
utilisation

Enhance
sustainability in the
process industry

INSPIREWATER
objectives

86

86

30

30

20

YES

YES

YES

Obtained
results

99

99

25

24

52

YES

YES

YES
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Economic benefit [%]

Reduction in water
use [%]

Table 12. Direct impact expected at the demonstration case study sites by full-scale
implementation of INSPIREWATER approaches.
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5. Conclusions
The case study at the Sandvik site of the INSPIREWATER project aimed to demonstrate the recovery of
mainly phosphoric acid from a mixed pickling of stainless steel and how this could be incorporated
with rinse water recovery aiming for zero liquid discharge. The scope was that mixed pickling acid and
rinse water could be recovered to reduce water consumption (86%), wastewater from the process
(86%) and reducing related energy consumption (30%) while still obtaining a 30% economic benefit.
The recovery of acid was based on the separation of metals from the acid applying nanofiltration with
pre-treatment in two steps of reduction and microfiltration and posttreatment based on evaporation.
The recovered acid could after evaporation be used in the pickling bath while condensate could be
reused as rinse water. The rinse water recovery was based on reverse osmosis where the permeate
could be used as rinse water and the retentate could be used for the necessary dilution of the acid for
nanofiltration.
During the demonstration (April 2018 – December 2019) different operational strategies where tested.
Apart from operational parameters, the demonstration of nanofiltration for recovery of mixed pickling
acid included different dilutions, reduction agents, prefiltration, membranes, concentration cycles,
cleaning strategies. The most important/challenging parameter for a successful recovery of mixed
pickling acid was found to be the high osmotic pressures. The extent of this issue was not fully
understood until late in the project mainly due to the pickling acid available for the project during a
large part did not correspond to the concentrations that could be present in the acid. The most
successful strategies to overcome this challenge was found to be the use of a different reduction
chemical, further dilution and increasing the operational pressure. Due to the findings the pilot plant
was modified during the project to allow operation up to the allowed pressure of the membrane of
70 bar.
Apart from operational parameters the demonstration of reverse osmosis for recovery of rinse water
from mixed pickling of stainless steel included different prefiltration, membranes, antiscalant, cleaning
strategies, posttreatment. The initial challenge was the concentration differences between different
rinse waters, and some was found more suitable to treat with the spent acid due to their acid
concentration. The next challenge for the reverse osmosis turned out to be organic fouling, most likely
oil residues. The origin of the organics was however not found during the project. Another important
factor was found to be the possible need for posttreatment before reuse in the rinse.
Acid recovery - reduction step
The microfilter and nanofiltration membranes are sensitive to oxidizing agents this is often given as
free chlorine tolerance recommendations often in the range of <0.1 ppm. Since the spent acid contains
thousands ppm of hexavalent chromium, which is a strong oxidizing agent in acidic environment, an
efficient reduction step was needed. It was found that Iron(II)sulphate or sodium bisulphite could be
used with stochiometric consumption for the reduction to Cr(VI) levels below 0.1 ppm. The sodium
bisulphite was found to be the preferred chemical to reduce osmotic pressure in the nanofiltration and
increase acid recovery.
Acid recovery - prefiltration
Pre-filtration with bag filtration was used to limit larger particles found in the system during initial
sampling of the spent acid. During pilot operation larger particles was not found in the spent acid. This
could be due to how the acid is extracted from the bath and a bag filter as safety precaution is still
recommended.
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Microfiltration showed good separation of particles, measurements of suspended solids before and
after showed a reduction from 150 mg/L to about 0 mg/L. No reduction of metals could be measured
over the microfiltration. The flux decreased during operation but could be recovered by cleaning in
place (CIP) utilizing alkaline cleaning agents.
The results show that frequent back pulsing was needed especially with higher pressures. Early tests
to investigate operational parameters dependence led to loss of capacity. Operation pressure should
be kept below 2 bar. An average flux of 200 LMH could be expected in the prefiltration.
Acid recovery - nanofiltration
AMS membrane was chosen to be more suitable for pickling acid recovery, since it can be operated at
a higher pressure than the Duracid membrane at the given conditions of the demonstration.
Me/P ratio is a valuable parameter for evaluation of the produced permeate quality. For the maximal
saving of phosphorus acid with a one-stage nanofiltration system the recovery should be stopped
when the Me/P ratio in the permeate rises to the same value as the Me/P ratio in the spent acid. The
Me/P separation was high with high net driving force while acid concentration had less impact on the
separation within the performed demonstration.
The flux showed a strong correlation between net driving force and acid concentration. Higher net
driving force and higher dilution demonstrate higher pressures.
The maximal saving of phosphoric acid that was possible to reach when using NaHSO3 as a reduction
chemical and 1-stage nanofiltration with TMP of 68 bar was 52%, comparing to the baseline scenario.
Similar phosphoric acid saving was also reached with FeSO4 and 2-stage filtration at the same TMP.
Moreover, consumption of sulphuric acid is reduced by approximately 60%.
Acid recovery - evaporator
Vacuum evaporation utilizing heat pump technology to reduce energy consumption showed good
results. Acid concentration was recovered, and distillate quality was good and could be reused for
rinsing. At different times crystals or precipitates were found in and after the evaporator it did however
not impact heat transfer surfaces or operation. Some crystals/precipitate were easily dissolved and
some not. The recovered acid from the pilot demonstration was tested by Sandvik for pickling of
stainless steel and was found to perform equal or better then fresh acid.
Rinse water - reduction
The reverse osmosis membranes used for the recovery of rinse water are sensitive to oxidizing agents
stated as free chlorine tolerance Dupont specifies a limit of <0.1 ppm. Since the rinse water contains
about 15 ppm of hexavalent chromium, which is a strong oxidizing agent in acidic environment (rinse
water pH of 2.2), an efficient reduction step was needed. It was found that sodium bisulphite could be
used with stochiometric consumption for the reduction of Cr (VI) levels below 0.1 ppm.
Rinse water - prefiltration
Microfiltration showed to be insufficient pre-treatment to mitigate organic fouling on reverse osmosis
membranes. During demonstration traces of fat/oil was found in the rinsing water that caused fouling
of the membranes. Improved pre-treatment by UF or MF in combination with an activated carbon filter
is recommended for decreasing need for membrane cleaning. It is recommended to investigate the
cause of fat/oil pollution before a possible full-scale application.
Rinse water - reverse osmosis
Recovery of 93% gives permeate conductivity suitable for reuse in rinsing baths. The conductivity of
permeate, when treating water from rinse 1 is the same or lower than in the currently used tap water.
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Both rinsing water and the permeate of the RO has a low pH, which is close to the operation limit of
the membrane. Partial neutralization of the feed or the permeate might be needed in the full-scale
plant in order to protect the membrane. Neutralization of the permeate decreases also conductivity
of the recovered water.
Rinse water - post treatment
Both rinsing water and the permeate of the RO has a low pH, which is close to the operation limit of
the membrane. Partial neutralization of the feed or the permeate might be needed in the full-scale
plant in order to protect the membrane. Neutralization of the permeate decreases also conductivity
of the recovered water.
Wastewater composition
The INSPIREWATER solution have the capability to decouple the pickling and rinsing from the
wastewater treatment plant while reducing waste volumes. Waste for landfill would be more diluted
and hexavalent chromium would no longer be present in the waste.
Energy use
The energy consumption for pre-treatment of rinse water is calculated to be in the range of 0.29 – 0.57
kWh/m3. The energy use for recovery of rinse water by reverse osmosis is calculated to 4.2 kWh/m 3.
The energy use for acid recovery pre-treatment, nanofiltration and evaporation is calculated to be in
the range of 9, 100 and 170 kWh/m3, respectively.
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