
Measurement of dissolved gases in anaerobic biogenic media M . S c h e l t e r , J . Z o s e l , F . B e r t h o l d , W . O e l ß n e r , U . G u t hM e i n s b e r g K u r t � S c h w a b e R e s e a r c h I n s t i t u t eK u r t � S c h w a b e � S t r a ß e 4 ,D � 0 4 7 2 0 Z i e g r a � K n o b e l s d o r f , G e r m a n y
Outline of the problem T h e a n a e r o b i c p r o d u c t i o n o f b i o g a s f r o m b i o m a s s i s o n e o f t h e m o s t i m p o r t a n t p i l l a r s o f r e n e w a b l ee n e r g y s o u r c e s w o r l d w i d e . T h i s t r a n s f o r m a t i o n , s t a r t i n g w i t h t h e h y d r o l y s i s o f t h e i n p u t m a t e r i a l a n de n d i n g u p a f t e r s e v e r a l i n t e r m e d i a t e s t e p s w i t h t h e m e t h a n o g e n e s i s [ 1 ] , i s b a s e d o n t h e c o m p l e xt e a m w o r k o f t h o u s a n d s o f d i f f e r e n t m i c r o b e s . T h e r e f o r e , t h e p a r a m e t e r w i n d o w o f o p t i m u m p r o c e s sc o n d i t i o n s i s r e l a t i v e l y n a r r o w a n d h a s t o b e c o n t r o l l e d c a r e f u l l y . T h e c o n c e n t r a t i o n o f d i s s o l v e d h y d r o g e ni s o n e o f t h e k e y p a r a m e t e r s k n o w n t o i n d i c a t e p r o c e s s s t a b i l i t y l i m i t a t i o n s [ 2 ] . I n t h i s w o r k a m e a s u r i n gs y s t e m f o r d i s s o l v e d h y d r o g e n i n a n a e r o b i c b i o g e n i c m e d i a w i t h h i g h s e l e c t i v i t y a n d s e n s i t i v i t y i sp r e s e n t e d , w h i c h p r o v i d e s h i g h l o n g � t e r m s t a b i l i t y a n d m a i n t e n a n c e f r e e o p e r a t i o n .
Innovation of solution D u e t o t h e f a c t t h a t a l o n g � t e r m s t a b l e a n d s e l e c t i v e m e a s u r e m e n t o f d i s s o l v e d h y d r o g e n w i t h m e m b r a n ec o v e r e d a m p e r o m e t r i c s e n s o r s i s c o n n e c t e d w i t h s o m e i n e v i t a b l e d i f f i c u l t i e s [ 3 ] , a n e w a p p r o a c h w a st a k e n i n t o a c c o u n t , w h i c h i s b a s e d o n a m e m b r a n e f r e e e x t r a c t i o n o f s m a l l a m o u n t s o f d i s s o l v e ds u b s t a n c e s b y a c a r r i e r g a s f l o w . A f t e r c h r o m a t o g r a p h i c s e p a r a t i o n t h e c o m p o n e n t s o f t h i s g a s m i x t u r ea r e m e a s u r e d i n a h i g h t e m p e r a t u r e s o l i d e l e c t r o l y t e c e l l m a d e o f y t t r i a s t a b i l i z e d z i r c o n i a ( Y S Z ) . T h e c e l li s o p e r a t e d i n a c o u l o m e t r i c r e g i m e , r e s u l t i n g i n t h e i m m e d i a t e t o t a l t i t r a t i o n o f h y d r o g e n a n d o t h e rr e d u c i n g g a s e s b y o x y g e n i o n s p u m p e d t h r o u g h t h e Y S Z . T h i s m e t h o d e n a b l e s h i g h l y s e n s i t i v e a n dc a l i b r a t i o n � f r e e m e a s u r e m e n t s w i t h o u t b a s e l i n e d r i f t i n g . T h e l i m i t o f d e t e c t i o n i s l o w e r t h a n 1 v o l . � p p m H 2 .
Technical realisation T h e n e w l y d e v e l o p e d s y s t e m , g i v e n i n f i g u r e 1 , c o n t a i n s a n e x t r a c t o r , a g a s c h r o m a t o g r a p h a n d a n Y S Zc e l l a c t i n g a s d e t e c t o r . A n o x y g e n f r e e g a s f e d i n t o t h e e x t r a c t o r a t 1 5 m L / m i n c o n t a c t s t h e b i o g a sm e d i u m a t t h e m e m b r a n e f r e e b o u n d a r y b e l o w t h e e x t r a c t o r c a u s i n g t h e p e r m e a t i o n o f d e f i n e d a m o u n t so f d i s s o l v e d g a s e s . T h i s m i x t u r e i s f o r w a r d e d t h e n t o t h e s a m p l e l o o p o f t h e g a s c h r o m a t o g r a p h . Ac o l u m n p a c k e d w i t h m o l e c u l a r s i e v e p r o v i d e s t h e s e p a r a t i o n o f h y d r o g e n a n d m e t h a n e w i t h i n 1 0 m i n a t5 0 ° C c o l u m n t e m p e r a t u r e i n a r g o n c a r r i e r g a s f l o w a t 2 0 m L / m i n . S i t u a t e d a t t h e c o l u m n e n d t h ec o u l o m e t r i c d e t e c t o r Y S Z c e l l i s o p e r a t e d a t 7 5 0 ° C .

Fig. 1:
Principle of dissolved gas 
measurement,
a extraction gas supply with mass 

flow control,
b extractor providing interface 

between extraction gas and 
aqueous medium,

c gas chromatograph with silica gel 
and molecular sieve column,

d coulometric detector with YSZ 
cell,

e computer for control and 
evaluation

New results T h e c u r v e i n f i g u r e 2 s h o w s l i n e a r r e s p o n s e o f t h e c o u l o m e t r i c d e t e c t o r t o h y d r o g e n c o n c e n t r a t i o n sb e t w e e n 1 . . . 1 0 0 v o l . � p p m . T h e s l o p e o f t h e c u r v e i s e q u a l t o t h a t c a l c u l a t e d b y F a r a d a y ’ s l a w . A s m a l lo f f s e t c o m e s w i t h r e s i d u a l o x y g e n i n t h e c a r r i e r g a s .
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Fig. 2: 
Electrolysis current through the 
coulometric detector cell, 
comparison between the 
measured values and the current 
necessary for complete titration of 
hydrogen, calculated by Faraday ’ s
law, carrier gas N2 at 2.6 mL/minT h e c o m p l e t e m e a s u r i n g s y s t e m c o n s i s t i n g o f e x t r a c t o r , g a s c h r o m a t o g r a p h a n d c o u l o m e t r i c d e t e c t o rw a s i n v e s t i g a t e d o v e r t h r e e d a y s i n d i s t i l l e d w a t e r w i t h d e f i n e d a m o u n t s o f d i s s o l v e d h y d r o g e n a n dm e t h a n e a s s h o w n i n f i g u r e 3 . T h e c u r v e s i n d i c a t e c o n s t a n t t r a n s f e r o f b o t h g a s e s i n t o t h e e x t r a c t i o n g a sf l o w a s w e l l a s l o n g � t e r m s t a b l e p e r f o r m a n c e o f t h e c h r o m a t o g r a p h i c m e a s u r e m e n t .
Fig. 3:
Concentrations of hydrogen 
and methane measured in the 
extracted gas over 48 hours at 
different dissolved gas partial 
pressures in distilled water 
(values at top of graph) at 
25 °C, extraction gas N2 with 
flow rate 2 mL/minF u r t h e r m o r e , t h e m e a s u r i n g s y s t e m w a s t e s t e d o n s e n s i t i v i t y , t e m p e r a t u r e d e p e n d e n c e a n d e x t r a c t i o ng a s f l o w r a t e w i t h d i f f e r e n t e x t r a c t o r g e o m e t r i e s .E x a m i n e d t w i c e i n a b i o g a s l a b p l a n t , t h e m e a s u r i n g s y s t e m d e l i v e r e d c h r o m a t o g r a m s o v e r t w o d a y s w i t hm a n u a l o p e r a t i o n a n d o v e r f o u r t e e n d a y s o p e r a t i n g a u t o m a t i c a l l y . T h e e x t r a c t o r p l u n g e d a b o u t 5 c m i n t ot h e f e r m e n t a t i o n m e d i u m w h i l e n i t r o g e n a s e x t r a c t i o n g a s w a s p u m p e d t h r o u g h i t .S h o w n i n f i g u r e 4 , t h e c o l l e c t e d p a r t i a l p r e s s u r e c o u r s e s o f h y d r o g e n a n d m e t h a n e d u r i n g t h e f i r s tm e a s u r i n g c a m p a i g n p r o v e f a s t r e s p o n s e t o c o n c e n t r a t i o n c h a n g e s . A f t e r f e e d i n g t h e f e r m e n t e r w i t hm a i z e s i l a g e b o t h p a r t i a l p r e s s u r e s i n c r e a s e d t o t h e t h r e e � t o f o u r f o l d a n d w e n t b a c k t o s t a r t i n g v a l u e sw i t h i n t h r e e h o u r s .F i g u r e s 5 t o 7 s h o w t h e r e s u l t s o f t h e s e c o n d m e a s u r i n g c a m p a i g n i n t h e b i o g a s l a b p l a n t . T h e c o u r s e o fe x t r a c t e d a m o u n t s o f h y d r o g e n i n c o m p a r i s o n t o s i m u l t a n e o u s l y t a k e n h y d r o g e n c o n c e n t r a t i o n s i n b i o g a sa r e d i s p l a y e d i n f i g u r e 5 . T h e b a s i s c o n c e n t r a t i o n o f d i s s o l v e d h y d r o g e n i n c r e a s e s w i t h t h e a m o u n t o fa d d e d f e e d , h i g h l i g h t e d b y t h e t h i c k n e s s o f b l a c k a r r o w s . T h i s e f f e c t c a n n o t b e s e e n i n t h e h y d r o g e nc o n c e n t r a t i o n i n b i o g a s , s o t h e m e a s u r e m e n t o f d i s s o l v e d h y d r o g e n i s m u c h m o r e s e n s i t i v e a n d t h e r e f o r ei t i s a m u c h b e t t e r i n d i c a t o r f o r t h e s t a b i l i t y o f t h e f e r m e n t a t i o n p r o c e s s . T h e d e t a i l o f a f e e d i n g p e a k
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s h o w n i n f i g u r e 6 p o i n t s o u t a n u l t r a f a s t r e s p o n s e o f d i s s o l v e d h y d r o g e n a f t e r f e e d i n g t h e r e a c t o r ,w h e r e a s t h e h y d r o g e n c o n c e n t r a t i o n p e a k i n t h e b i o g a s i s d e l a y e d b y o n e h o u r .

M e t h a n e w a s a l s o e x t r a c t e d a n d q u a n t i f i e d a s s h o w n i n t h e r e s u l t s i n f i g u r e 7 . S i m i l a r t o h y d r o g e n , i t c a nb e f i g u r e d o u t a n i n c r e a s i n g b a s i s c o n c e n t r a t i o n o f d i s s o l v e d m e t h a n e w i t h g r o w i n g f e e d i n g a m o u n t s a n da l s o a m u c h f a s t e r i n c r e a s i n g o f d i s s o l v e d m e t h a n e c o n c e n t r a t i o n c o m p a r e d t o t h e b i o g a s c o n c e n t r a t i o n .
Fig. 5:
Results of both dissolved 
hydrogen and hydrogen in biogas 
during the second measuring 
campaign in a biogas lab plant, 
black arrows pointing to moments 
of feeding the fermenter with 
maize silage and liquid manure 
whereas the arrow thickness is 
proportional to the amount fed

Fig. 6:
Detail of figure 5, the arrow points 
to the exact feeding time

Fig. 4:
Results of the first measuring 
campaign in a biogas lab plant
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Fig. 7:
Results of both dissolved 
methane and methane in biogas 
during the second measuring 
campaign in a biogas lab plant, 
black arrows pointing to moments 
of feeding similar to figure 5A n e w e x t r a c t o r d e v e l o p e d f o r u s a g e i n a b i o g a s p l a n t w a s i n t r o d u c e d t h r o u g h a n o z z l e i n a d i g e s t e r a sp i c t u r e d i n f i g u r e 8 . D u r i n g t h e m e a s u r e m e n t s t h e d i g e s t e r w a s f e d w i t h m a i z e s i l a g e , c o w d u n g a n dl i q u i d m a n u r e . A l l c o m p o n e n t s b e s i d e s t h e e x t r a c t o r w e r e p l a c e d i n a c o n t a i n e r s h o w n i n f i g u r e 9 .O p e r a t e d m a n u a l l y , t h e m e a s u r i n g s y s t e m d e l i v e r e d c h r o m a t o g r a m s e v e r y 2 0 m i n u t e s o v e r 5 0 h o u r s .
Fig. 8:
Measuring system for dissolved gas 
analysis in a biogas plant:
A control unit,
B mass flow controller,
C manometer,
D extractor in fermentation medium,
E H2S-filter,
F gas chromatograph,
G coulometric detector,
H counter-pressure adjustment,
argon as extraction gas and carrier gas 
for the gas chromatograph

Fig. 9:
Container with measuring 
system in front of the fermenterF i g u r e 1 0 s h o w s t h e p r o g r e s s o f t h e c o n c e n t r a t i o n s o f m e t h a n e , o x y g e n a n d h y d r o g e n i n t h e e x t r a c t i o ng a s . T h e o b t a i n e d m e t h a n e c o n c e n t r a t i o n s f l u c t u a t e o v e r s e v e r a l o r d e r s o f m a g n i t u d e s h o w i n g t h a t t h em e t h a n e f o r m a t i o n p o t e n t i a l o f t h e d i g e s t e r s l u d g e n e a r t h e e x t r a c t o r v a r i e s i n a w i d e r a n g e .T h e b a s i s h y d r o g e n c o n c e n t r a t i o n i n t h e e x t r a c t i o n g a s i s a b o u t 1 … 2 . 5 v o l . � p p m w h i l e s i n g l e p e a k s o fu p t o 6 v o l . � p p m a r i s e e s p e c i a l l y a f t e r t h e f e e d i n g o f c o w d u n g . A t t h e s a m e t i m e t h e r e i s n o i n c r e a s i n gS E N S O R + T E S T C o n f e r e n c e s 2 0 1 1 R S E N S O R P r o c e e d i n g s 6 5 7



h y d r o g e n a m o u n t i n b i o g a s , w h e r e a s i t w a s o b s e r v e d m o n t h s b e f o r e a f t e r f e e d i n g l a r g e a m o u n t s o f c o wd u n g . T h e r e f o r e t h i s i s a n o t h e r e v i d e n c e o f t h e h i g h s e n s i t i v i t y o f t h e d e s c r i b e d d i s s o l v e d g a s a n a l y s i ss y s t e m a n d a l s o t h e p r o o f � o f � p r i n c i p l e o f l o n g � t e r m s t a b l e o n � s i t e m e a s u r e m e n t o f h y d r o g e n i n b i o g a s .

Fig. 10: 
Results of dissolved gas 
analysis in a biogas plant, 
black arrows: feeding of 
maize silage, red arrows: 
feeding of maize silage and 
cow dung, grey arrows: 
feeding of liquid manure

Conclusions A m e a s u r i n g s y s t e m w a s d e v e l o p e d t o m e a s u r e l o w c o n c e n t r a t i o n s o f d i s s o l v e d g a s e s i n a n a e r o b i cb i o g e n i c m e d i a b y c o u l o m e t r i c d e t e c t i o n a f t e r e x t r a c t i o n a n d c h r o m a t o g r a p h i c s e p a r a t i o n . T e s t s u n d e rr e a l c o n d i t i o n s p r o o f l o n g � t e r m s t a b l e p e r f o r m a n c e w i t h h i g h s e n s i t i v i t y a n d s e l e c t i v i t y . T e s t i n g t h e s y s t e mi n a b i o g a s l a b p l a n t a n d a b i o g a s p l a n t p r o v e s t h e s t a b l e p e r f o r m a n c e a n d t h e r e l i a b l e r e s o l u t i o n o fd i s s o l v e d h y d r o g e n w i t h h i g h s e l e c t i v i t y .
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