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1) The anaerobic digestion process

2) Some examples of (off-line) sensors

3) Practical illustration of on-line sensors

4) Benefits from on-line instrumentation
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Acetate

Macro-molecules

Hydrolysis B.

MoEomers
Acidogenesis B,

Organic acids,
alcohols

Acetogenesis B.

Mono aceto genesis B.

CO2 + H2

Acetoclastic
methanogenesis B,

Hydrogenotrophic
methanogenesis B,

CH4 + CO CH



Carbon removal of wastewater

Production of energy (biogas)

Reduction of sludge production

Treatment of solid wastes (agricultural, industrial, urban)

Decontamination of soils (organochlorine)

Discolouration of effluents



111. /hnwietobk: Blvriuimn am a WWIIli

Naturally present in the environement
No need of energy
Production of valorizable biogas
High loading rate achievable (up to 100 kg of COD/m3/d)
Low sludge production
Works with effluents whith low N/COD and P/COD ratio
High efficiency (80 to 98 % removal of COD)

Considered as a pretreatment
Not really suitable for diluted effluent
Slow growth of microorganism
Sensitivity to organic overloads (biological system / size)
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- \

1.15 litre
of gasoline

i • ' V t * ' 9.7 kW/h
of electricity

1.3 kg
of charcoal

.94 m3

of natural gas
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Hydrolysis B,

| Aeidogenesis II

Organic acids.

Aceiagenesis B.

Monoacetogenesis B.
Acetocktstic
tnethanogenesis B. Ifydt'ogenoirophie

tnethanogenesis B,
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111 Ihe sol

Difficult
(sampler; taking)

In the liquid pSiase :
Difficult

(suspended solids and.
global rneasurei'rient of

biomass)

In the f»:nn \i\%m\i\ %
but end products

(a^>/>reputed measurements
and delay)
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Number of 16S rDNA sequences analyzed
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as indir.aUul by foS rRNA juiytct"-printing

Molecular approach to answer the question :

Who is doing What ?
I *

rDNA rRNA

Effect of an acidic shock (pH: 7 ~> 6)
on the activity of the different species

^Species can be identified by
cloning and sequencing the 16S
rDNA genes

S A peak = one species

of a peak « activity of the
corresponding species
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Fluidized Bed Reactors • Effluent: Industrial distillery vinasses

15 liters working volume
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General obiective :

pip

Example of qualitative analysis using DAPI coloration
forfluidized bed reactor

Normal light UV fluorescence
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Based on the previous results,
quantitative measurement of biofilm growth

For example, estimation of
equivalent diameters and shape factors

Exami>le: biofilm growth in an anaerobic biofilm reactor : evolution of particle size

Time (days) 15
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Fluorescent In Situ Hybridization (FISH)

i TH^i ftp'\/l 11%/
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Microvirgula
aerodenetrificans

Protozoa

"Stomach" of
the protozoa

17



Hound can ak& help to understand hydrodynamics
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(e.g., biological reaction
directly in a probe)

2) In- -situ sensor
(e.g., respirometric sensor)

Measurement

Electric signal

Transducer
•

Chemical reaction
•

Microorganism^

• Molecules •
• MM

Sample

1. Reactor (10 cniJ sludge)
2. Aerator
3. Stirrer
4. Temperature sensor
5. DO electrode
6. pH electrode
7. Calibration pump
8. Sample pump
9. Decairtation valve
10. Sludge outlet valve
11. Bypass
12. Filter system (0,5 mm)
13. Microprocessor
14. Display/keyboard
15. Computer (PC)
16. Printer
17. Wastcwatcr

19
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Raw Industrial
distillery vinasses

Circular column
Up-flow fixed bed reactor

- 3.5 m height,
- 0.6 m diameter,
- 982 liters of total volume.

Cloisonyl
- Specific surf. :180m2/m3

-Volume : 33.7 liters

tie : 948 liters
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lift! Schematic layout of the plant

(11,/("(), sensor

ultmriltration
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View from outside
"\

/ / * • — . . . ' . . . — • * \

M S I SI

View from inside

4-20 mA, 0-10 V, ...

Link with a PC
^————>
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Flowmeter1

Tap water

Raw wastewatei
from the feeding tank

Control
system
(PLC)

liquid Output
(i.e., influent
sent to the reactor)
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The (dlaz Amafyzing Loop
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Ill, The lltnimetric Sensor

Sensor for On-Line Automated Tiimtion
S Measurements of Partial and Total Alkalinity,
S Estimations of Bic and VFA concentrations

Waste

- • — •

pHmeter

o

• • - •

Water

Sample

&^$$$rfti&&

Draining

[From the process ]

T7 T4 NaOH
0,1 N

HC1
0.1N
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VFA =1,25 g/1 & Bic = 65

VFA - 0 g/1 & Bic = 131 meq/1
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100
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200 300
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400

*
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::

Electric field

Magnetic field

Wavelength

Propagation direction

Wavelength :
Wavenumber :
Frequency :
Propagation speed in vacuum :

X
v=l/A,

(u,m = 10"6 m , nm = 10"9 m)
(cm-1)

(m.s1)

33



>h

Jttach elejtfromagmetw wave conveys ener?.*y

If the wave has a frequency/
it is associated to an energy quantum E

in, v, / x

With h : Planck constant (6.62.
E : energy quantum in J
f : frequency in Hz

J.s)
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Principle of FT JIM
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IVilidkelson (18911)

[Jpncli
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Single frequency
source (A)

Fixed position
mirror Movable

mirror

Beam
splitter j t ^

Sample, __ Jf„„„ 8=0 8=X/2
position1""

Detector H ^

Fourier
transform

0 X/2 X 3X/2

Interferogram

Spectrum
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Fourier Tmmsfon
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Change of the
organic loading rate

.e., Input flow rate or
input concentration)

Hint!

Mire taken

ultra nitration
inctnbraiie
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n(;quisition)

"S I

(con,' roc,
V I ; A , T A , I JA? ,

3) ("alibratiom liy statisticall
K) of the results
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CODs (g/1) TOC (g/1) VFA (g/1)

0- f r 1 1 f I Q.0-f T 1 i 0.0

0 1 2 3 4 5 0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 1.5 20

from off-line analysis from off-line analysis ^ r o m off-tine analysis

Similar results on partial and total alkalinity
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ini' 'line Remits

Influent flow rate (l/h) Soluble Chemical Oxygen Demand (g/l)
5.0

4.0 -

3.0 ••

2.0

1.0 1-

0

" / •

o -rtl

HT-1R

50 70 90 110 50 70 90

2.5 -

2.0 •

1.5 -

1.0 -

0.5 •

0 .„

50

Volatile Fatty Acids (g/l)

IT-IR

lh lnii'H ir *.*"i:•

t " * "r?

Total Organic Carbon (g/l)
2.0 •,

1.5 -•

1.0

70 UO

Similar results on partial and total alkalinity
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ill One YiWt IlMief (Lt\, after many changes ofvinasses)

Input Liquid Flow Rate (l/h)

50 100 150

Soluble Chemical Oxygen Demand (g/l)

100 150

Total Organic Carbon (g/l)

200 0

50 100

Time (h)
150

60
200 0

100

80

60

40

20

0
200 0

Volatile Fatty Acids (g/l)

50 100 150

Total Alkalinity (meq/l)

50 100 150

Partial Alkalinity (meq/l)

50 100

Time (h)
150

200

Mi

200

200
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111 Menefits from fully instrumented process

What happens if the organic loading rate changes ?

80

1
o 4 0

3
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Ill Mtmafiis frown fully instrumented process

From the classical measurements in the liquid phase

Input liquid flowrate (1/h) Temperature of the reactor (°C)
37 T

0 j j

7.40 T

pll (UpH) Temperature of the heater (°C)
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From the more or less classical measurements in the gas phase
Input liquid flowrate (1/h) Percentage of CO2 (%)
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0 4
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t

Hydrogen (ppm)
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Benefits from fully instrumented /process

P'mm the non classical measurements in the liquid phase

Input liquid flowrate (1/h) Total Volatile Fatty Acids (mg/1)
80

60 -

40

20 -
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1000
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Benefits from fully instrumented process

We can even get closet /...

Input liquid flowrate (1/h) pll in the input (UpII)

Specific Volatile Fatty Acids (g/1)

7

6-

5 | "" '

---

i

10

TO-

500-

10
400

30

Dissolved CO'

10 20

r ""

30

40

; .

51



tor temperature {"Q Hester temperature ("C) g H » r « » ^ l o og, ^ P lrlP^'- hc.u!<i flowrate (1A) P " » &e i«P«t (UPH)
S S S S 8 & 8 8 S te-JM^a o S S S S S S ^ ^ m ? i ; ^

Bicarbonate cone, (meq/!) H2 m fee gas phase (ppm) CO,/CH4 in the gas (%) OutputgasSo%Tste(i%) Reeire. liquid flowrate (1/h)

Pressure at the top (mbar)

TOC coac. (g/i) COD cone. (g/I)
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Biogas flow rate (1/h) pH in the reactor (UpH) pH in the input (UpH) Influent flow rate (1/h)
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iill
Application (I) :: MomiiorMff of A B processes
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Clogging of the
w . . . . . . . . , . . . .111? membrane.
Effects of changes

.. .of the .feed flow.

H
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140
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t'itrimetrie sensor

-v

Off-line
manual; analysis

manual analysis

FT-IR spectrometer^
.of the.

v

.Off:ljne.

' Re-¥traif of "the"" j
TOC analyser"^

Problem with the
titnirtetric sensor

Calibration
range*

Calibration
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Calibration
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Calibration
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I Time (h) i
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technical solutions are not available, it can be useful to combine sensor signals
within a mathematical framework in order to estimate unknown parameters.

a priori knowledge

Process
> Hardware

Sensor
Software
Sensor

state variables
- • and
estimated parameters

Software sensors in WWTPs : Internal observers

Known inputs
Classical observers

fey,, exponential observers) Estimated state

Known boundary
input region

Interval observer
(the system's cooperativity

property is required)

\.
Guaranteed
state interval

If the observer is cooperative, the estimated state are guaranteed to live within the estimated bounds
56
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Hypothesis about the innuts of the process
(knowledge of the bounds)
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mi ipplication (3) :: Advanced Control of A B processes
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On-line instrumentation

Hi allows lar?»e benefits

Reliability h coming

In the near future : spectral measurements

IIn the ton/* future:: molecular tools
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