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"@ Let's Get to Know Each Other!
Aqua

INGO [0]

Please join our PINGO Session!

https://pingo.coactum.de/911218 or

https://pingo.coactum.de/
Access code 911218

You might need to refresh your browser window to view the current survey!
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Industrial Wastewater
Fundamentals



"@ Water Use
Aqua

= Global water use = Furopean water use

12%

21%

19%

69%

Agriculture = Industries m Municipalities

(AQUASTAT, 2015)



¢ Use of Water in the Industrial Sector
@Aqua |

33) y z?“' ||1 WN | H
iy rj \m\m

Cooling Towers

Integral part of the product Cleanin

etc...



‘@ Environmental Challenges of Industrial Sector
Aqua

= \Water/resource availability = \Water/environmental pollution

)

Emissions to:
Water
Air
Soil
Generation of Waste and Noise
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"@ Best Practices in Industrial Water Management
Aqua

= Extensive metering and water balances
= Leak detection (@)
o0

= Compliant water discharge within limit values,

specified in regulations \/

= Appropriate water and wastewater treatment .- - &,
. .-.
s techniques —— Process Innovation + L‘-' | Lo
(e
<< . :
é Digital Innovation
..@ = Water reuse — Circular Innovation O
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Pollutants in Industrial Wastewater I/11
d

Pollutants (depending on industry):

Organic pollutants

®= Human and animal waste
Inorganic pollutants

= Heavy metals

= Metalions

= Pesticides
Suspended solids (e.g. sand, clay, colloids)
Nutrients (e.g. phosphorus, ammonia)
Pathogens (e.g. viruses, bacteria)

etc.

11



o Pollutants in Industrial Wastewater I/11
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Water quality parameters:

Physical parameters (e.g. temperature, total

suspended/dissolved solids (TSS, TDS), electrical

conductivity, color, odor,...)
Chemical parameters (e.g. pH, water hardness,

dissolved oxygen, ...)

Biological parameters

12
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Industrial Wastewater Policies
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UN Sustainable Development Goals

/ SUSTAINABLE ™ &,
V@‘& DEVELOPMENT \J %us® ALS

\l“ Léy 17 GOALS TO TRANSFORM OUR WORLD

NO v 600D HEALTH QUALITY GENDER
POVERTY 4 ' AND WELL-BEING EDUCATION EQUALITY

Al

DECENT WORK AND 1 REDUCED
ECONOMIC GROWTH INEQUALITIES

1 CLIMATE

PEACE, JUSTICE
ACTION

PARINERSHIPS
AND STRONG FDR THE GOALS
INSTITUTIONS

3&‘@

1

SUSTAINABLE
DEVELOPMENT

GQOALS

Source: www.un.org

= Target 6.3:

“[...] improve water quality by reducing
pollution, [...] substantially increasing
recycling and safe reuse globally.

= Target 6.4:

“[...] increase water-use efficiency across all
sectors [...] to address water scarcity.

= Target 12.4:

“[...] achieve the environmentally sound
management of chemicals and all wastes
throughout their life cycle, in accordance
with agreed international frameworks, and
significantly reduce their release to air,
water and soil |[...].

14



:@ Levels of European Legislation
Aqua

Competence to issue a framing legislation defining
minimum requirements

European Legal Acts

—

() .

-g § Enforcement of European Directives requires their National Law
% g transposition into national law Federal Law

Possibility to regulate issues which were not addressed
in the national law, option to adopt more stringent
standards

regions

Regional Law

Autonomous

]

15




:@ Overview — EU water legislation
Aqua

Definition of use related water quality Protection of water
. . UWWTD quality
Drinking Water Integrated Pollution
- Directive Prevention and Control
98/83/EC . .
5000 Directive
Il Water Framework — 96/61/EC
Directive Priority Sgpstances =
i Decision 2 =
2000/60/EC 455/2001/EC || Groundwater 35
2005, Directive i =
2006/118/EC l
I Environmental l
»o10| Quality Standards Industrial Emissions
2008/105/EC Directive (IED)
2010/75/EU
v v 4 A4 Y E
2015( Good water status <

Source: Boymanns, 2001
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Water Framework Directive (WFD)
WIEID



) Directive 2000/60/EC — EU Water Framework
@Aqua Directive

= Aim: Achieving "good status" for all EU ground and surface waters by 2015/2027

= Background:
Natural conditions and water management issues vary greatly across EU
WEFD sets quality goals and methods to maintain good water quality

= Strategy: Water management based on river basins
Set reference conditions and monitor status of water

Assess impact of human activity
Full cost recovery of water services, polluters pay principle
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European River Catchments

Black Sea

| e
Caspian
. Sea

WIFD

19



)y Ecological status of EU Surface Water Bodies

@AquaSPICE

Proportion of classified river
and lake water bodies in
different River Basin Districts
(RBD) holding less than good
ecological status or potential

< 10%
[ ] 10-30%
[ 30-50%
B 50-70%
Bl 70-90%
B :oo%

[ ]

EEA member countries
not reporting under
Water Framework
Directive

No data

Outside coverage

WIED

20




¢ Ecological status of EU Groundwater Bodies
@AquaSPICE

Percent of groundwater
bodies in poor quantitative
status in 2009 per RBD

<10 %
10-30 %
30-50 %
50-70 %
70-90 %
No data

O ONNNDE

Outside data
coverage

. , e WIED
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: Directive 2000/60/EC — EU Water Framework
@Aqua Directive

= Aim: Achieving "good status" for all EU ground and surface waters by 2015/2027

= Background:
Natural conditions and water management issues vary greatly across EU
WEFD sets quality goals and methods to maintain good water quality

Strategy: Water management based on river basins
Set reference conditions and monitor status of water

Assess impact of human activity
Full cost recovery of water services, polluters pay principle

= Review (December 2019)
Room for improvements (investments, implementation, ...)
WFD achieved higher quality level of water bodies
—> contribute to achieving SDGs

Proposal for revision (adopted in October 2022)
Updated list of pollutants

22
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Industrial Emissions Directive (IED)
IEID



Directive 2010/75/EU — on Industrial Emissions

.
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= Aim: Achieve a high level of environmental protection from industrial activities

= Sectors:
Energy
Chemicals
Metal production and processing

Waste management
Etc.

= Operator obligations:
Prevent/reduce industrial emissions into air, water and land

Avoidance of waste production, recycling where possible,
disposal while avoiding any impact on the environment

Efficient use of energy

- All appropriate preventive measures are taken by applying the best available techniques
(BAT) 24



.
@Aqua

Best Available Techniques
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Best Available Techniques (BAT)

.
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= Definition of the European Commission for Best Available Techniques (BAT)

Most effective and advanced stage of operation methods which indicate the practical
suitability of particular techniques to prevent or reduce emissions.

Best = Most effective in achieving a high level of protection of the environment as a
whole.

Available = Implementation in relevant industrial sector feasible under economically and
technically viable conditions.

Techniques = Both the technology used and the way in which the installation is designed,
built, maintained, operated and decommissioned.

26



BAT-Video

https://www.youtube.com/watch?v=d2kprBd8Tk0




.
@Aqua

Goals of BAT Concept

Prevention and control of industrial pollution to
protect human health and the environment across i 7 @
countries

Global level goal: harmonize procedures and
technologies

Local level goal: provide guidance for governments to identify permit
conditions for industry (BAT-based permitting), e.g.:

Emission level values (obtained under normal operating conditions using BAT or a
combination of BAT)

Technical requirements
Plant/production management requirements

Plant/production monitoring requirements (for emissions, consumption of resources and
waste generation) )8
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How to Determine BATs in the EU - Sevilla Process

Government

Lo

Industry

&

NGOs

- S0~ @
® Informatiogncgection 9 Eﬂ

0e0®
o
Technical
Working Group
(TWG)

Evaluation of techniques

and data

Environmental permits

S

BAT reference documents
‘\ including emission levels
(BREFs)

29



¢ Exemplary BREFs for Industrial Water Treatment
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Depending on Sector/Topic

I *** EUROPEAN COMMISSION
JRC SCIENCE FOR POLICY REPORT JRC SCIENCE FOR POLICY REPORT
Best Available Techniques (BAT) Best Available Techniques (BAT)
Reference Document for Common Reference Document for Waste
Waste Water and Waste Gas Treatment
Integrated Pollution Prevention and Control (IPPC) Treatm ent/ Mana geme nt System s in
Reference Document on the application of Best Available the Chemlcal Sector

Techniques to Industrial Cooling Systems
Industrial Emissions Directive
2010/75/EU

(Integrated Pollution
Prevention and Control)

Industrial Emissions Directive
2010/75/EU

(Integrated Pollution
Prevention and Control)

December 2001

Thomas Brinkmann, German Giner Santonja,

Hande Yiikseler, Serge Roudier, = = =
Luis Delgado Sancho Antoine Pinasseau, Benoit Zerger,

Joze Roth, Michele Canova,
Serge Roudier

2016

2018

EUR 28112 EN

Industrial Cooling Systems (2001) Chemical Sector (2016) Waste Treatment (2018) 30




Example: BREF on Waste Treatment (WT)

BREF WT content:
= Scope

" General Information

Types of wastewater in EU
Economics of waste treatment sector

= Processes and techniques commonly used for
waste treatment

= BAT conclusions, including
BAT for wastewater treatment
BAT-associated limit values (BAT-AEL)

urop
Commission

JRC SCIENCE FOR POLICY REPORT

Best Available Techniques (BAT)
Reference Document for Waste
Treatment

Industrial Emissions Directive
2010/75/EU

(Integrated Pollution
Prevention and Control)




.
@Aqua

BAT Conclusions

BAT 20.

BAT for wastewater treatment

appropriate combination of the techniques given below.

In order to reduce emissions to water, BAT is to treat waste water using an

separation or primary settlement tanks

solids. oil/grease

: Typical pollutants NP
Technique (* . Applicability
que () targeted PP A
Preliminary and primary treatment, e.g.
2| Equalisation All pollutants
| Neutralisation Acids. alkalis )
Phveical - . —ives ot Generally applicable.
ysical separation. e.g. screens. sieves. gt Gross solids, suspended
c| separators. grease separators. oil-water

Physico-chemical treatinent, e.g.

Adsorption

Adsorbable dissolved
non-biodegradable or
inhibitory pollutants. e.g.
hydrocarbons. mercury.
AOX

Distillation/rectification

Dissolved non-
biodegradable or
mnhibitory pollutants that
can be distilled. e.g. some
solvents

h

Precipitation

Precipitable dissolved
non-biodegradable or
inhibitory pollutants. e.g.

metals. phosphorus

= BAT-associated emission levels (BAT-

AEL)

Table 6.1: BAT-associated emission levels (BAT-AEL:s) for direct discharges to a receiving water
body
SubatancalParamneter BAT—IAEL Waste treatment process to which the
) BAT-AEL applies
e All waste treatments except
10-60 mg/1 treatment of water-based liquid
Total organic carbon (TOC) () waste
10-100 mg/1 (%) Treatment of water-based liquid
(4) waste
All  waste treatments except
30-180 mg/l treatment of water-based liquid

Chemical oxygen demand (COD) (%)

waste

30-300 mg/1 (%)

Treatment of water-based liquid

* waste
Total suspended solids (TSS) 5-60 mg/1 All waste treatments
Mechanical treatment in shredders
of metal waste
Treatment of WEEE containing
VFCs and/or VHCs
e Re-refining of waste oil
Hydrocarbon o1l index (HOI) 0.5-10mg/l | e Physico-chemical treatment of
waste with calorific value
Water washing of excavated
contaminated soil
Treatment of water-based liquid
waste
(Y X 3 2
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BREF for Waste Treatment 2018

BAT 20. In order to reduce emissions to water, BAT is to treat waste water using an

appropriate combination of the techniques given below.

Typical pollutants

Nitrogen removal

. 1 L
Technique () targeted Applicability

Preliminary and primary treatment, e.g.

2| Equalisation All pollutants

/| Neutralisation Acids, alkalis

Physical separation. e.g. screens, sieves, grit
c| separators, grease separators, oil-water
separation or primary settlement tanks

Gross solids, suspended
solids. oil/grease

Generally applicable.

Physico-chemical treatment, e.g.

4| Adsorption

Adsorbable dissolved
non-biodegradable or
inhibitory pollutants. e.g.
hydrocarbons, mercury.
AOX

Distillation/rectification

Dissolved non-
biodegradable or
inhibitory pollutants that
can be distilled, e.g. some
solvents

£ | Precipitation

Precipitable dissolved
non-biodegradable or
mhibitory pollutants, e.g.
metals, phosphorus

g| Chemical oxidation

Oxidisable dissolved non-
biodegradable or
inhibitory pollutants, e.g.
nitrite, cyanide

| Chemical reduction

Reducible dissolved non-
biodegradable or
inhibitory pollutants, e.g.
hexavalent chromium

(Cr(VI))

1 | Evaporation

Soluble contaminants

j.| Ton exchange

Ionic dissolved non-
biodegradable or
mhibitory pollutants, e.g.
metals

k| Stripping

Purgeable pollutants. e.g.
hydrogen sulphide (HS).
ammonia (NH;). some
adsorbable organically
bound halogens (AOX).
hydrocarbons

Generally applicable.

Nitrification/denitrification ~ when  the
treatment includes a biological treatment

Total nitrogen, ammonia

Nitrification may not be
applicable i the case of
high chloride
concentrations (eg
above 10 g/l) and when
the reduction of the
chloride  concentration
prior to nitrification
would not be justified by
the environmental
benefits. Nitrification is
not applicable when the
temperature of the waste
water 15 low (eg
below 12 °C).

Solids removal, e.g.

o

Coagulation and flocculation

P

Sedimentation

q

Filtration (e.g. sand filtration,
microfiltration. ultrafiltration)

I

Flotation

Suspended solids and
particulate-bound metals

Generally applicable.

(*) The descriptions of the techniques are given in Section 6.6.3.

Biological treatmnent, e.g.

Activated sludge process

—

Membrane bioreactor

Biodegradable organic
compounds

Generally applicable.

33



How Does (Waste)Water Treatment Work?

Waste
water

Water

™

Receiving
water body

Drinking

Biodegradation
Solids (& organics) & nutrient Polishing &
removal removal disinfection
Preliminary & .
ar y Secondary Tertiary E>
primary treatment treatment
treatment
Sludge
treatment
Energy recovery
— Coagulation . . . .
Oxidation 8 / Filtration E>' Disinfection

source

flocculation

=

water

34



Solids Removal and Physical Separation in
Typical Water Treatment Schemes

Biodegradation E
Solids (& organics) & nutrient Polishing & :
removal removal disinfection E
Preliminary & . - i
Waste E>‘ rimary Secondary Tertiary E> Receiving !
water P Y treatment treatment water body !
treatment :
Sludge i
treatment i
Energy recovery E
O
Water L Coagulation . : . . Drinkin
Oxidation 5 : / Filtration E>' Disinfection E> g
source flocculation water

35



¢ Suspended Solids in Wastewater
@Aqua

(] :.0 O

.

PS ®
Sand and grid Organic matter, silt, clay Colloids
| —
mm decreasing particle size/ nm

increasing difficulty to remove particle

The smaller a particle the harder it is to remove from water!

—Idea: Clumping of small particles (colloids) to create bigger agglomerates that are easier to
remove

— Done in preliminary treatment step: Coagulation/Flocculation



W AquasPIC

Coagulation/Flocculation

Suspended colloids

Flocculation/
Sedimentation Treated Water

Agglomeration

37



f@ Coagulation/Flocculation within General Treatment
Aqua Scheme

= Basic steps: Coagulation -  Flocculation = Solid-liquid-
separation

Coagulant Flocculant

—

/ Sedimentation

-

m—)

- -

-
Q
4+
(L)
=
3
©
o

Treated Water

Flotation

Coagulation Flocculation N
tank tank ‘

Filtration

38
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Sedimentation
@AquaSPICE

= Separation principle: Density difference
* ...between suspended solids and liquid
phase
= Driving force: Gravitation
» Separation occurs when:

tresidence > tsedimentation
* Crucial parameter: terminal sedimentation
velocity v,

= Minimal particle size: 100 um

* Economically feasible separation of smaller
particles by flotation or deep bed filtration

= Used for pre- and post clarification
basins

Wastewater feed

—>[ |

l

Clarified
water

Force balance on particle:
F; = Gravitational force
Fgp = Buoyancy

F, = Drag (or resistance)
F; = Inertial force 39



@ Flotation
AquasSPICE
Pipe from
' recirculating
= Adhesion of suspended on rising gas Gas suction pump
bubbles
—> Separation due to density difference / Froth ' ‘s

= Precondition:
* Hydrophobic surface of pollutant

* Gas insoluble in water

|

= For particles < 100 um

1

-
'y 10,
B b' ¥
- “ :‘
) D}
o7 MSad 1
(e ML i

Froth discharge

40




¢ Filtration
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Wastewater Feed
= Separation based on particle size mEs
and resulting steric hindrance by a ﬁ" b —

liquid-permeable filter medium

= Types of filtration

ﬂ

Surface filtration: additional -
retention by the filter cake

Anthracite
S

Depth-filtration

= Filter media examples:
Sand, Gravel, Anthracite,...
Cloth, woven fibres,..
(Biologically activated) carbon
Multimedia filtration

Sand

Filtrate 41



How Does (Waste)Water Treatment Work?

Waste
water

Water

™

Receiving
water body

Drinking

Biodegradation
Solids (& organics) & nutrient Polishing &
removal removal disinfection
Preliminary & .
. y Secondary Tertiary E>
primary treatment treatment
treatment
Sludge
treatment
Energy recovery
— Coagulation : : . .
Oxidation 8 / Filtration E>' Disinfection

source

flocculation

=

water
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:@ Precipitation
AquaSPICE

= Goal: removal of dissolved pollutants, e.g. heavy metals or nutrients like
phosphate:
Chemical reactants, so called precipitants, are added to wastewater to have a chemical
reaction with the dissolved pollutants

The resulting compounds have a low solubility in water and are therefore present in an
undissolved, solid state

The solid product, called precipitate, can then be removed by mechanical processes (e.g.
filtration)

Precipitant ——— '.: .: ° Undissolved
solids

Wastewater with
dissolved pollutants Prec|p|tate



How Does (Waste)Water Treatment Work?

Waste
water

Water

™

=

Receiving
water body

Drinking

Biodegradation
Solids (& organics) & nutrient Polishing & Micropollutant
removal removal disinfection removal
Preliminary & :
fimar y Secondary Tertiary Quaternary
brimary treatment treatment treatment
treatment
Sludge
treatment
Energy recovery
. Coagulation : : . .
Oxidation 5 / Filtration E>' Disinfection

source

flocculation

=

water
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¢ Oxidation
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= Oxidation = chemical reaction

Powerful oxidizing agents break down suspended or dissolved, mostly organic
pollutants (reducing agents) into simpler, less harmful forms.

= Pollutant examples:
Pharmaceutical residues, Biocides, ...

= Oxidizing agents: OO ‘
O3, H,0,(, 0y) oo
= Technologies: ‘

Ozonation, Advanced Oxidation Processes

<A
>
A

Wastewater Incineration

—>Oxidation # complete removal

Ffo Oo

45



“@ More Technologies
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Biological Processes Adsorption Processes Thermal Processes

v

Membrane Processes

A - [14]

-

Activated Carbon Filtration

lon Exchange

Membrane Bioreactor

46



“@ In a Nutshell...
AquasSPICE

f.l!l f‘ IBSN

7 - == " = O - | [t
//////// i o = ‘ i

l | : " —— :»- = ‘

The choice of industrial (waste)water treatment technologles and the combination thereof depends
on the (waste)water composition and characteristics, (waste)water volume, the desired quality of the
treated water regulatlons resuse and recycling goals, fea5|b|I|ty, etc
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Content

Membrane Fundamentals é

Membrane Processes

Economic Considerations %

.
AquaSPICE Case Study 1: Dow Boehlen @
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Membrane Fundamentals



g What are Membranes?
@AquaSPICE

= Membranes :

* Thin selective barriers designed to separate or filter substances based on size, charge, or
other specific properties

* Synthetic membranes can be made of organic and inorganic materials, mostly polymers

Electrodialysis membrane (left) and electrodialysis stack (right) Hollow fibre membranes (left) and hollow fibre membrane module (right)

51



@ Membrane Process Terminology
AquasPICE

Concentrated
Wastewater Retentate e T
" A
Membrane
‘ Selective mass transport ‘ Permeate Water to
O O Reuse

= Different driving forces for mass transport through membrane
* Pressure A, driven membrane processes, e.g. Micro-, Nano-, Ultrafiltration, Reverse Osmosis
- Electrochemically A, driven membrane processes, e.g. Electrodialysis

* Temperature A; driven membrane processes, e.g. Membrane Distillation 52




Membrane Applications in Industry

.
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Preventing or mitigating
emissions from industrial
processes (wastewater
treatment)

Enabling the recovery of valuable
resources from industrial process
streams (water, heat, solvents or
other raw materials)

53
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Important Parameter for Membrane Processes 1/1

mpg

Retentate
F

mp
Permeate QP

o000 C,

Parameter:

m — mass flow rate [kg/h]

Q — volumetric flow rate [L/h]

A —membrane surface area [m?]
C — solute concentration [g/L]

Indices:

F —feed

P — permeate

R —retentate

| —substance i @
j—substance | @

; : . k
Mass Balance myp = (mgz +mp ) ITQ

Membrane Flux F =QP[ L ]
A Im2=xh

(Water) Recovery r = Q—P* 100 [%]

F
C —
(Solute) Rejection R = —=% £ 100 [%]
Cr
o Cip
Selectivity B /ij
U Gir

Cir 54



@ Membrane Structures
AquaSPICE

Feed Feed Feed
Selective [
layer -
Porous
support
Porou Dense Asymmetric

Separatior’by Sieve Effect Separation by Solution-
Diffusion Mechanism

55




¢ Membrane Morphology =
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Why asymmetric membranes?

Requirement High permeate flow

1
Membrane thickness

Consequences Thin selective laydflux ~

Problem Low mechanical stability

1y

Solution

» Asymmetric membrane

= very thin and selective layer + thick and porous supporting layer =
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Membrane Configurations

Frame

Permeate
Membrane 7
Feed

Plate and Frame

Tubular

Capillary/Hollow fiber

Spiral wound

57



d Membrane Module
@Aqua

00Q0CQU0000000000:
000000BOODO0DT O
000D00RVTO0D000
0DOOROODGOOTOODO0
00:0000 0000000

Retentate

-0 0L ot e et y 4
000000 0000000000
0D 0000 OND O

SFO000000 0000000

0000,
o2

Membrane PN _I I

Casing pipe

Permeat

Resin
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Pressure Driven Membrane Processes

59
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Principle of Pressure Driven Membrane Processes B

Pressure‘ ‘
) ()
Y K
")
)

Membraneﬁm

Retentate

Microfiltration:

Particles, algae,
protozoa, bacteria

Ultrafiltration:
Viruses, colloids,
macromolecules
Nanofiltration:

Dissolved, org. substances,
divalent ions

Reverse Osmosis:

monovalent ions, small
molecules

60




Classification of Pressure Driven Membrane Proces
@ AquasSPICE _

200

| 1 : 1
| 1 | I
____________________________________________________________________________
100 reverse | | ; ;

osmosis

nano-
filtration

pressure difference Ap [bar]

particle
filtration

0.1 1 | IIlllli | | IIllIlII 1 IIIIlIIi | IIIIIlIi
0.0001 0.001 0.01 0.1 1 10 100

particle and molecular size dp [um]
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‘ Operational Modes
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Crossflow || Dead-End _|_
. @

» Retentate pg

Feed pe

Cake layer —
Cake layer {
Membrane Membrane
Permeate pp Permeate pp
A _ [PF — PR
Prransmembrane = 2 — Pr ApTransmembrane= Pr — PP

62




‘ Performance Limiting Phenomena
@Aqua

" Membrane Fouling is the buildup of undesirable substances or particles on the
membrane, impeding its filtration efficiency

= Classification of fouling

Organic fouling Inorganic fouling

NN

Backwashing,
Chemical Cleaning

Collodial fouling Biofilms

M, 5L

63



¢ Backwashing I/11 ol
@AquaSPICE g /

Backwashing

®

o ° ®
. ®
®

Cake layer —

Blocked!

—

Membrane Membrane

@ ® @ Backwash

64
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Backwashing II/11

000000000
-OROO0T 00000
000000

Retentate

Casing pipe

Back flush
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Membrane Cleaning

Permeate Flowrate (flux)

Irreversible loss of permeability

Recovery resulting
from backwashing

Recovery resulting
from chemical

clearli_ny

Time
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Micro- and Ultrafiltration




Micro- and Ultrafiltration

68



f@ Main Applications of Micro- and Ultrafiltration
Aqua

Concentration of
oil/water emulsion

Leachate treatment

Concentration of
aqueous coating from
spray booth water

Treatment of
degreasing baths

Purification of
antibiotics

Concentration of
gelatin and chicken
proteins

Concentration,
separation and
purification of vaccines
and enzymes

Clarifying filtration of "1 |
wine '—;',...

Pharmaceutical industry Food industry
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Membranes for Microfiltration

Feed

Symmetric polysulfone membranes: pore structure
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Membranes for Microfiltration

Exemplary pore size distribution of microfiltration membranes

Pore size distribution [%]

12

10 [

Nominal

pore diameter:
dy= 0.12 um

0.05 0.10 0.15
Pore diameter d

0.20 0.25 0.30
[um] 71



¢ Module Design for Micro- and Ultrafiltration
@Aqua

= Hollow fiber module

Feed: lumen side Feed: shell side

Permeate Feed

Permeate

Permeate
Hollow fiber Housing Potting
(resin)
l*m r’
[ Wz
2z V2
222 V7
[ 17/
2] B2
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A 1
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Plants for Micro- and Ultrafiltration

Drinking water treatment 300 m3/h using ultrafiltration in Grundmuhle waterworks

-

g = |
*-%\ e e
e — = ——
5 N Many modules are assembled to
_—t - o [ : W=7 1y socalledracks or stages.
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Nanofiltration (NF)
and Reverse Osmosis (RO)
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Principles of Reverse Osmosis

Membrane

=
=

B i |

Ry |

B high concentration

low concentration

|

e
o
~
»
»
k]
»
»
~
»
»
k]
»
»
~
»
»
k]
»
»
~
»
»
k]
»
»
~
»
]
»

h\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Reverse osmosis:  Ap > Am

Osmosis: Ap< Am

AT Osmotic pressure
Ap Hydrostatic pressure
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f@ Modeling of the Mass Transport in Membranes
Aqua

Reverse osmosis Ultrafiltration
Membrane Process
Nano-
filtration

Mass Transport Type —
membranes

Salts | | Viruses I Bacteria I

Microfiltration

Retained substances

Macromolecules I Yeast cell I

0.0001 0.001 0.01 0.1 1 10 100
Particle or molecule diameter dp [um]




‘@ Models for the Mass Transport Through Membranes
Aqua

Solution-diffusion Porous

membrane membrane

.
[
:
|||||||||||||||||||||||||'”||||||»
[
L]

Microfiltration
Ultrafiltration
Nanofiltration

* Reverse osmosis
e Electrodialysis
* Pervaporation
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RO/NF Modules: Spiral Wound Membrane Module

Permeate collection pipe

s=———= Retentate
E 2 ‘)ﬂ Permeate

o ‘7/::"- Retentate
Feed =W 7

Permeate 4= o e = ~ Spacer
ot - - .
_ : b Membrane
I " ! o p o -
Feed : = 2 b
Retentate flow A /‘*“f Spacer
S N R ]
Permeate flow - ".'“_.'.-'-f/ s - Membrane
i\\ : -..'.V‘;:d‘:’-;_:'-:;.

Height of feed channel fixed due to spacer: 0.5-1.0 mm
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‘@ B Example: RO for Seawater Desalination

[35]

= NAQA'A
Desalination Plant
(UAE)

= Desalination capacity

> 600 000 m3/day
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Exemplary Membrane Process Flow Chart

.
@Aqua

Feed water pretreatment
and conditioning Nanofiltration Posttreatment

A A

managment

Water to
Permate reuse

Depth or surface
filtration

\
Wastewater | N Retentate to brine

|

Disinfection and pH
stabilization
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“@ Factors Influencing the Performance of
Aqua Membrane Modules

Characteristics of membrane module

Characteristics of membrane Module design
* Morphology and structure * Feed-side hydrodynamics

* phys.-chem. properties * Packing density/Dead zone
* chem./mech./therm. stability * Backwash ability

Performance offmembrane modules

Membrane permeability Filtering membrane area

* Reversible cake layer *  Module blocking due to high particulate concentration
* Membrane fouling *  Blocking/Accumulation of sludge

* Membrane aging

Chemical cleaning Plant design Feed (pretreatment)
* C(Cleaning agents *  Operation parameter Feed components and concentrations
* Cleaning frequency *  Module rinsing Dissolved substances, colloids
* C(Cleaning parameter *  Chemically supported cleaning pH-Value, conductivity
Pretreatment, Flocculation

Operation and feed parameter




f@ Common Properties of Membrane Processes
Aqua

= Limited selectivity ( effective for large classes of compounds)

= Modular construction
Scalable and easily expandable

= Relatively compact compared to sedimentation
- Low footprint

= Only separation, no elimination of pollutants
- Treatment/disposal of pollutant-rich concentrate is needed

= Moderate energy demand
Yet critical for cheap products, such as water

= Large contact surface
- Membrane fouling and durability are critical aspects
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Economic Considerations

=



:@ Technical and Economic Aspects
Aqua

Membrane element

n'z{’ Feed
Feed . Permeate Concentrate . mpe
Teleaiine z dz _ Wg
. . X . - m
resp. m;)/ resp. L 28 2 2 / : v ¥ 'gbrane X/f
Wip, Wjp —m— Wip, Wjp : Mp ‘ p&
. Permeate T bp
\
z/L
Full process Module arrangement
Feed
Permeate Feed
7y " RO ] > Concentrate
\ - Ll
Evaporation
Destillat Tflp , Wp

L Permeate
Concentrate
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Limiting Factors of Membrane Processes

Ageing

\/

- Acid, alkaline solution
- Free chlorine

- Free oxygen

- Organic solvent

- Bacteria

Limiting factors

i

Blocking
Fouling Scaling

- Metal oxides - CaS0O,

- Colloides - CaCO4

- Biological substances - CaF,
- BaSO4
- Sio,
-Srs0,
- Mg(OH),

Performance reduction

\/
- Osmotic pressure
- Viscosity
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‘@ Viewpoints of Module Development, Choice and =
Aqua Operation _
Minimum

cost of operation

Development
Choice

Operation
Economic Danger

production of blocking
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:@ Demands on Module Construction =
Aqua

= Economic production: e High packing density
* Low-cost materials that guarantee sufficient

thermal, chemical and mechanical stability

= Minimum cost of operation: Low pressure drop

* Low energy demand
e Good cleaning performance
* Cost-efficient membrane change

= Low danger of blocking: * High load capacity for solids
* Steady flow

* Prevention of dead zones
* Prevention of channeling 87



f@ Technical and Economic Aspects
Aqua

= Shares of operation cost of membrane plants

Depreciation Membrane replacement

Chemicals Concentrate

Energy Insurance/Buildings

Maintenance
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@ Literature Reference: Membrane Processes
AquaSPICE

== The material on membrane processes

Membranverfahren presented is partially based on the book

Grdndlagen der Modul- _Membranverfahren”

und Anlagenauslegung

and course material of Aachener
Verfahrenstechnik (AVT RWTH Aachen),
which are kindly acknowledged.

3., aktualisierte und-erweiterte Auflage

MINHI)ILSNIYHYLY:

ISBN 978-3-540-34328-8 39
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Advancing Sustainability of Process Industries through Digital and Circular Water Use Innovations

Assessment of
Cooling Tower Blowdown Reuse Feasibility
at Chemical Industrial Site
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¢ Dow Chemical Company Introduction
@Aqua |

= Dow Chemical Company
Founded in 1897

Multinational corporation, headquarters in Midland, Michigan (USA)
Products:
Basic and performance plastics

(36]
Basic and performance chemicals

Target industries/applications:
Automotive

Construction

®

Agriculture ¢
g @A .~ @ Terneuzen, The Netherlands
quas! @ Boehlen, Germany

Pharmaceutical
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y @ Water Stress in Germany
Aqua

2023-07-18

Abnormally dry
Moderate Drought
Severe Drought
Bl Extreme Drought
mm Exceptional Drought

©UFZ-Diurremonitor/ Helmholtz-Zentrum fur Umweltforschung

6°E 10°E 14°E



¢ Water Usage in the Chemical Industry
@Aqua '

Water
Intake

According to AquaSPICE D2.2 (2021)

Water
Treatment

Evaporation (= 45
Cooling Towers (= 60 %)

Cooling Tower
Blowdown (= 15
%)

Processes (= 10 ¢

Steam System (= 30 %)

93



:@ Cooling Tower Blowdown
Aqua

Evaporation
& Drift

5

Cooling Tower Make
Up (CTMU) Cooling Tower
Blowdown (CTBD)

+ Antiscalants ° © o) ° ﬁ M
l A

+ Anti-corrosive
+ Biocides

$3

I -
; Conductivity = const.
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Options for Water Use Minimization

Evaporation

Cooling Tower & Drift

Raw Water

Make Up
Treatment

ol

Cooling
Tower Make
Up
Wastewater

Cooling
Tower
Blowdown

-

E?;
Reuse in other
processes

Wastewater

N

7/ 1

Reduced
Cooling Tower

/
N

IJIU"\AU"II



¢ Trials: Cooling Tower Blowdown (CTBD)
@Aqua

Cooling Tower
Make Up Water:

TOC < 3 mg/L
Average CTBD Targets: EC < 500 uS/cm
pH 7 o, :
ﬁ_/f @ \N;‘ Boiler Feed
- | Turbidity 7 NTU e Water:
Ec 1950 uS/cm Water Water TOC< 0.2 mg/L
oc 22 me/ Quality Efficiency EC<0.2 uS/cm

Biologically Mixed Bed

Activated Ultrafiltration Reverse Osmosis

Carbon Filtration (lon Exchange)

Reuse <€
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Trials: Pre-Treatment

Biologically
Activated
Carbon Filtration

operated in series (50 L), Quality

top down 16mg/L  =20%
EC 2 mS/cm -

= Biologically activated GAC
(NORIT GAC 830 W) Turbidity 3 NTU =55 %

= \/olume Flow: 500 |_/h Specific Energy Consumption:
= 0.04 kWh/m?3

= Filtration Velocity: 15
m/h

= EBCT: 5 min per column
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Trials: Pre-Treatment

Ultrafiltration

= 2 modules of 4” inge dizzer® P Multibore® 0.9
membranes operated in parallel (dead-end)

= Permeate Flux: 35 LMH
= Filtration Time: 30 min
= Backwash Time: 15 s

= Forward Flush Time: 30 s
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Trials: Pre-Treatment

200

Ultrafiltration

Average Rejection

©
()]
N s
< E

= 150 -
g}%?
Oq_)_g
Z e
O = a000 -
- Q
zo &
© g =
g_*;é 50 -
c =
L

Quality
_ TOC 14 mg/L =10 %
EC n.a. -
i Turbidity =~ 0.5 NTU =~ 80 %

I Specific Energy Consumption:
=~ 0.04 kWh/m?3

Water Recovery: 95.4 %
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Trials: Desalination

Reverse Osmosis

= 4“ module DuPont FilmTec™ LCLE-4040 (8.7 m?):

Partial Recirculation of Concentrate: higher system recovery

= Module Feed Flow: ~ 1100 L/h
= Permeate Flux: 20 LMH

= Feed adjustments:

20 w-% HCl for pH (pH =6.1)
Antiscalant (Genesys LF: 4 mg/L to Feed)
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:@ Trials: Desalination
Aqua

Reverse Osmosis

— _'E Average Rejection
49 © 0.87 £ 12 .
Q o Quality
= )
5 g 064 = o4t TOC 0.1mg/L =99.3%
c . #° “
g S : EC 80 uS/cm =96 %
TE 8 W T A\ Turbidity 0.2NTU  =60%
Ne) —
1{ & 024 & 3- Specific Energy Consumption:
© o = 2 kWh/m3
0 g 0.0 » 0
- 0 - wn T T T . 0,
> é . > N Water Recovery: 75 %
Qrz% Qrz% Qrz%
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Trials: Desalination

Mixed Bed
(lon Exchange)

Reuse
= Resin: Amberlite™ MB20 -
= 1 day operation (till Quality
exhaustion) TOC 0.05mg/L =50%
= Throughput: 16 BV/h EC 0-2pS/em | =99 %

Turbidity n.a. -

Filtration velocity: 22 m/h
Specific Energy Consumption:
=~ 0.02 kWh/m?3

Water Recovery: 99 %
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: Summary: Targets
@Aqua

= < | 3 = —
S 2 2 i 25 =5
Water o~ ~ ~ E %) 3
i 2 b z 2 9 8 ~
é
w, B* :
N X ©
: 2 P " .
= o
VYgter i & o) % >
Efficiency N I~

Biologically

Activated 3 Ultrafiltration 3 Reverse Osmosis Mixed Bed

(lon Exchange)

Carbon Filtration

Reuse e



"@ Conclusion
Aqua

Biologically

Mixed Bed

Activated Ultrafiltration Reverse Osmosis
(lon Exchange)

Carbon Filtration

Reuse

M = Total treatment train operated with 71 % Water Recovery

Water

Efcency Cooling tower‘s water footprint reduction of > 15 %
o " Recommendation: Reuse of treated water as boiler feed water (high
Wetr quality even of RO permeate=> boiler feed water (deionate) is more

Quality

valuable)
* Good operational stability of all technologies was shown

= Barrier for implementation: Effects of reduced and more concentrated
water amount on receiving water bodies need to be studied
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¢ Illustration Sources I/11
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[0] - https://trypingo.com/de/

[1] - https://www.kkl.ch/kernenergie/unser-kraftwerk/gebaeude-und-komponenten/kuehlturm

[2] - https://www.ecotech.at/waschen-schwemmen-und-hochdruckreinigen-mit-dem-radlader/

[3] - https://www.paderborn.de/microsite/feuerwehr/aktuelles/einsatz/Einsatz_Feuerwehr Paderborn2023 11 29 Feuer Frankfurter Weg.php

[4] - https://www.itoms.com/applications/solvent-extraction/

[5] - https://braumagazin.de/article/krones-sauerstoff/

[6] - https://felsundwald.de/trinkwasser/

[7] - https://www.sanitaer.org/magazin/ph-wert-im-wasser-201911182

[8] — ,Fachfortbildung fiir Nationalpark-Kitas Eifel Mai 2023 — Wasser ist Leben”

[9] - https://www.umweltbundesamt.de/themen/wasser/gewaesser/gewaessertyp-des-jahres/gewaessertyp-2011-steiniger-kalkarmer#tlebensraum

[10] - https://pumps-systems.netzsch.com/de/anwendungen-und-loesungen/umwelt-energie/industrieabwasser

[11] - http://www.wfd-croatia.eu/userfiles/image/photogallery/maps/RB_Europe.png

[12] - EEA, 2016

[13] - https://de.genesiswatertech.com/blog-post/8-painful-points-of-chemical-coagulation-treatment-plants/

[14] - Aariuser |, CC BY-SA 2.0 <https://creativecommons.org/licenses/by-sa/2.0>, via Wikimedia Commons
[15] - Bugman at English Wikipedia, Public domain, via Wikimedia Commons
[16] - User:Luigi Chiesa, CC BY 3.0 <https://creativecommons.org/licenses/by/3.0>, via Wikimedia Commons

[17] - Hermann Hammer, CC BY-SA 4.0 <https://creativecommons.org/licenses/by-sa/4.0>, via Wikimedia Commons

[18] - https://lindnerts.com.br/solucao/48/mbr Last access: 27.06.2024
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[19] - W.E.T. GmbH, Attribution, via Wikimedia Commons

[20] - https://www.membracon.co.uk/process-equipment/ceramic-uf/

[21] - https://www.cleantechwater.co.in/blog/process-treating-waste-sewage-treatment-plant/

[22] - https://www.chemietechnik.de/markt/membran-reinigungstechnik-fuer-biogas-von-evonik-ausgezeichnet.html

[23] - Stefan Duscher, CCO, via Wikimedia Commons

[24] - https://www.zfk.de/wasser-abwasser/abwasser/industrieabwasser-auch-moderne-anlagen-klaeren-nicht-alles

[25] - https://naturschutz.ch/news/sauberes-trinkwasser-hat-keine-prioritaet/152837

[26] - https://www.bund-naturschutz.de/oekologisch-leben/energie-sparen

[27] - https://esemag.com/wastewater/pretreatment-for-membrane-bioreactors-is-imperative-for-performance/

[28] - https://www.wiltec.de/naturewater-uf10b-ultrafilter-10-zoll-254-mm-0-22-2000-I-tag-zur-wasseraufbereitung-wasserfilter-osmoseanlage-ersatzmembran-trinkwasser-
filter/50837

[29] - https://www.prio.pro/en/page/m400-slim-multi-stage-uf-undercounter-water-filtration-system

[30] - https://www.membracon.co.uk/process-equipment/ceramic-uf/

[31] - https://info.bml.gv.at/themen/wasser/wisa/ngp/ngp-2021/hintergrunddokumente/methodik/gw-koerper-menge.html

[32] - https://www.cfk-gmbh.com/de-de/branchen/metall/

[33] - https://www.pharmazeutische-zeitung.de/pharmaindustrie-erwartet-weiter-schrumpfende-produktion-138978/

[34] - https://www.abovo.ch/wissenswertes/reinraum-lebensmittelindustrie/

[35] - https://www.utilities-me.com/utilities/uae-inaugurates-one-of-worlds-largest-ro-desalination-plants

[36] - https://www.dow.com/en-us
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