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•  Off-­‐Flavor	
  Compounds	
  (OFCs)	
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  Goal	
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•  Headspace-­‐Trap	
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  Data	
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Common	
  Compounds	
  in	
  Water	
  

MIB-­‐Piney,	
  Earthy,	
  Muddy	
  
(2-­‐methylisoborneol)	
  

	
  

Geosmin-­‐Musty,	
  Earthy	
  Muddy	
  
(trans-­‐1,10-­‐dimethyl-­‐trans-­‐9-­‐decalol)	
  
	
  
	
  

	
  	
  Cyanobacteria	
  (top)	
  	
  
AcDnomycetes	
  (bo3om)	
  	
  Tucker,	
  C.S.	
  Reviews	
  in	
  Fisheries	
  Science.	
  2000;	
  Smith,	
  et	
  al.	
  Aquaculture.	
  2008.	
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Compound	
  

	
  
Chemical	
  

AbbreviaDon	
  

	
  
Threshold	
  

ConcentraDon	
  	
  
(parts	
  per	
  trillion)	
  

	
  
Odor	
  

DescripDon	
  

trans-­‐1,10-­‐dimethyl-­‐
trans-­‐9-­‐decalol	
  

Geosmin	
  
(GSM)	
  

1-­‐10	
   	
  Earthy-­‐Musty	
  (Old	
  
Books)	
  

2-­‐methylisobornol	
   MIB	
   6-­‐42	
   Muddy-­‐Piney	
  

Isobutylmethoxy-­‐
pyrazine	
  

IBMP	
  	
   1-­‐16	
   Potato-­‐Bin	
  

Isopropylmethoxy-­‐
pyrazine	
  

IPMP	
   1-­‐	
  16	
   Bell	
  Pepper	
  

Other	
  “Off-­‐Flavor”	
  Compounds	
  

Tucker,	
  C.S.	
  Reviews	
  in	
  Fisheries	
  Science.	
  2000;	
  Grimm,	
  et	
  al.	
  Aquaculture.	
  2005.	
  Ohnishi,	
  et	
  al.	
  Journal	
  of	
  Bacteriology.	
  2008	
  

Isobutylmethoxy-­‐
pyrazine	
  (IBMP)	
  

	
  

Geosmin	
  (GSM)	
  
	
  

	
  2-­‐methylisobornel	
  (MIB)	
  
	
  

Isopropylmethoxy-­‐
pyrazine	
  (IPMP)	
  

	
  

Target	
  Range	
  ≤	
  1-­‐42	
  ppt	
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Loca0ons	
  &	
  Consequences	
  of	
  OFCs	
  

Sources	
  

Oceans	
  

Lakes	
  

Reservoirs	
  
Water	
  

Treatment	
  
Plants	
  

Aquaculture	
  

UnsaDsfactory	
  odor,	
  unpalatable,	
  bothersome	
  
	
  

COST	
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Aquaculture	
  Systems	
   7 

vs 

Burt,	
  	
  et	
  al.	
  SSPP.	
  2009.,	
  EAI	
  Resource	
  Library.	
  2012.,	
  Masser,	
  et	
  al.;	
  Southern	
  Regional	
  Aquaculture	
  Center.	
  1992.	
  
	
  	
  	
  
	
  	
  

Caged	
  Net	
  	
  
Pen	
  

TradiDonal	
  Aquaculture	
  Systems	
   RecirculaDng	
  Aquaculture	
  Systems	
  (RASs)	
  

Waste	
  

Biological	
  	
  
Filtra0on	
  

Mechanical	
  
Filtra0on	
  



Tucker,	
  C.S.	
  Reviews	
  in	
  Fisheries	
  Science.	
  2000	
  	
  

Economic	
  Impact	
  of	
  Aquaculture	
  
Aquaculture-­‐	
  culturing	
  of	
  aqua0c	
  organisms	
  (finfish,	
  mollusks,	
  aqua0c	
  plants,	
  turtles,	
  etc.)	
  in	
  a	
  large	
  scale	
  capacity.	
  

	
  	
  

Research	
  QuesDon-­‐Can	
  a	
  method	
  be	
  developed	
  to	
  profile/map	
  the	
  OFCs	
  within	
  fully-­‐contained	
  recirculaBng	
  
aquaculture	
  systems?	
  

	
  

	
  
Overall	
  Loss	
  	
  

$10	
  -­‐	
  $60	
  million	
  (annually)	
  
or	
  	
  3-­‐17%	
  Total	
  Revenue	
  
Example:	
  Ca\ish	
  Industry	
  	
  

	
  
	
  

Delayed	
  
Harvest	
  

Decreased	
  
Long-­‐Term	
  

Quality	
  Product	
  

8 

Aquaculture-­‐	
  culturing	
  of	
  aqua0c	
  organisms	
  (finfish,	
  mollusks,	
  aqua0c	
  plants,	
  turtles,	
  etc.)	
  in	
  a	
  large	
  scale	
  capacity.	
  
	
  -­‐challenge	
  to	
  control	
  off-­‐flavors	
  
	
  -­‐absorpDon	
  followed	
  by	
  deposiDon	
  



Goal	
  of	
  Study	
  

Develop	
  and	
  opDmize	
  a	
  sensi0ve	
  GC-­‐MS	
  method	
  for	
  
the	
  quan0ta0on	
  of	
  specific	
  off-­‐flavor	
  compounds	
  in	
  

water.	
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Gas	
  Chromatography-­‐Mass	
  Spectrometry	
  
(GC-­‐MS)	
  Instrumenta0on	
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Syringe	
  
Injector	
  

GC	
  Oven	
  

Heated	
  

Transfer	
  Line	
  

Ion	
  Source	
  
Single-­‐Quad	
  
Analyzer	
  

Mass	
  Spectrometer	
  

Detector	
  
Data	
  Processor	
  

GC	
  	
  

Column	
  

	
  

Ion	
  Op0cs	
  



	
  
	
  
	
  
	
  
	
  
	
  

Total	
  Ion	
  Chromatogram	
  (TIC)	
  of	
  a	
  standard	
  mixture	
  via	
   	
  GC-­‐MS	
  Direct	
  InjecDon.	
  1)Isopropylmethoxy-­‐pyrazine,	
  2)Isobutylmethoxy-­‐pyrazine,	
  3)2-­‐
methyliosborneol,	
   4)	
   Geosmin.	
   	
   Experimental	
   CondiDons:	
   	
   1	
   μL	
   OFC	
   standard	
  mixture	
   in	
  methanol;	
   Injec0on	
   Port	
   Temp:	
   260°C;	
   Temperature	
  
Program:	
  Ini0al	
  60°C	
  (2	
  minutes),	
  200°C	
  (8°C/min);	
  Flow	
  Rate	
  :	
  1.43	
  mL/min.	
  (0.09	
  in3/min.);	
  Carrier	
  Gas:	
  Helium.	
  	
  

	
  

	
  

2	
  
3	
  

4	
  

Re
la
Dv

e	
  
In
te
ns
ity

	
  (%
)	
  

1	
  

Ini0al	
  Chromatographic	
  Condi0ons	
  	
  
	
  	
  

Total	
  Analysis	
  Time:	
  
19.5	
  minutes	
  

Time	
  (min.)	
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Extracted	
  Ion	
  Chromatogram	
  (EIC)	
  of	
  a	
  standard	
  mixture	
  via	
   	
  GC-­‐MS	
  Direct	
  InjecDon.	
  1)Isopropylmethoxy-­‐pyrazine,	
  2)Isobutylmethoxy-­‐pyrazine,	
  
3)2-­‐methyliosborneol,	
  4)	
  Geosmin	
  (GSM).	
  	
  	
  

	
  

Re
la
Dv

e	
  
In
te
ns
ity

	
  (%
)	
  

	
  

Extracted	
  Ion	
  Chromatogram	
  of	
  Standard	
  
Mixture	
  via	
  Direct	
  Injec0on	
  
	
  	
  

Time	
  (min.)	
  

1-­‐IPMP	
  

2-­‐IBMP	
  

3-­‐MIB	
  

4-­‐GSM	
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137	
  m/z	
  

124	
  m/z	
  

95	
  m/z	
  

112	
  m/z	
  



	
  
Compound	
  Detec0on	
  &	
  Spectral	
  Matching-­‐	
  Geosmin	
  

RespecDve	
  Mass	
  Spectrum.	
  Comparison	
  to	
  Na0onal	
  Ins0tute	
  of	
  Standards	
  and	
  Technology	
  	
  (NIST)	
  Library	
  spectra	
  	
  

Re
la
Dv

e	
  
Ab

un
da

nc
e	
  

m/z 

NIST	
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GSM	
  
182	
  m/z	
  

	
  



	
  
	
  
	
  
	
  
	
  
	
  

Total	
   Ion	
  Chromatogram	
  (TIC	
  of	
  a	
  standard	
  mixture	
  via	
   	
  GC-­‐MS	
  Direct	
   InjecDon.	
  1)Isopropylmethoxy-­‐pyrazine,	
  2)Isobutylmethoxy-­‐pyrazine,	
  3)2-­‐
methyliosborneol,	
  4)	
  Geosmin	
  (GSM).	
  	
  Experimental	
  CondiDons:	
  	
  1	
  μL	
  OFC	
  standard	
  mixture	
  in	
  methanol;	
  Injec0on	
  Port	
  Temp:	
  260°C;	
  Temperature	
  
Program:	
  Ini0al	
  60°C	
  (2	
  minutes),	
  200°C	
  (8°C/min);	
  Flow	
  Rate	
  :	
  1.43	
  mL/min.	
  (0.09	
  in3/min.);	
  Carrier	
  Gas:	
  Helium.	
  	
  

	
  

	
  

2-­‐IBMP	
  
3-­‐MIB	
  

4-­‐GSM	
  

Re
la
Dv

e	
  
In
te
ns
ity

	
  (%
)	
  

1-­‐IPMP	
  

	
  	
  

Co-­‐Elu0on	
  from	
  Ini0al	
  Chromatographic	
  
Condi0ons	
  	
  
	
  	
  

Total	
  Analysis	
  Time:	
  
19.5	
  minutes	
  

Time	
  (min.)	
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Temperature	
  Ramp	
  at	
  2°C/minute	
  

	
  72	
  minutes	
  
(TIC)	
  1	
  

2	
   3	
   4	
  

Re
la
Dv

e	
  
In
te
ns
ity

	
  (%
)	
  

Time	
  (min.)	
  

Extracted	
  Ion	
  	
  
Chromatogram	
  

(EIC)	
  

1-­‐IPMP	
  

2-­‐MIB	
  

3-­‐IBMP	
  

4-­‐GSM	
  

Re
la
Dv

e	
  
In
te
ns
ity

	
  (%
)	
  

Time	
  (min.)	
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Temperature	
  Ramp	
  at	
  50°C/minute	
  

(EIC)	
  

5	
  minutes	
  	
  
(TIC)	
  

1	
  
2	
   3	
  

Re
la
Dv

e	
  
In
te
ns
ity

	
  (%
)	
  

Time	
  (min.)	
  

1-­‐IPMP	
  

2-­‐IBMP	
  

3-­‐MIB	
  

Re
la
Dv

e	
  
In
te
ns
ity

	
  (%
)	
  

Time	
  (min.)	
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Method	
  Op0miza0on	
  of	
  Temperature	
  Ramp	
  
	
  	
  

§  Range	
  2-­‐50	
  °C/min	
  Temperature	
  Ramp	
  Cycle	
  

§  Total	
  Analysis	
  Times:	
  72	
  minutes	
  –	
  5	
  minutes	
  	
  

SelecDvity	
  Factor:	
  	
  α 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  α	
  	
  =	
  	
  	
  	
  	
  k’B	
  	
  	
  	
  	
  	
  	
  	
  =	
  	
  	
  (tR)B	
  	
  –	
  	
  t0’	
  	
  

	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  k’A	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (tR)A	
  	
  –	
  	
  t0’	
  	
  

Co-­‐EluDon	
  

GC	
  OpDmizaDon	
  

0.995	
  

1.000	
  

1.005	
  

1.010	
  

1.015	
  

1.020	
  

1.025	
  

0	
   10	
   20	
   30	
   40	
   50	
   60	
  

Se
le
cD
vi
ty
	
  (α

)	
  F
ac
to
r	
  

	
  

Temperature	
  Ramp	
  (°C/min.)	
  

GC	
  OpDmizaDon	
  

Previous	
  

	
  
OpDmal	
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Total	
  Ion	
  Chromatogram	
  (TIC)	
  of	
  a	
  standard	
  mixture	
  via	
  	
  GC-­‐MS	
  Direct	
  InjecDon.	
  1)Isopropylmethoxy-­‐pyrazine,	
  2)Isobutylmethoxy-­‐pyrazine,	
  3)2-­‐methyliosborneol,	
  4)	
  Geosmin	
  	
  

	
  

2-­‐IBMP	
   3-­‐MIB	
   4-­‐GSM	
  

1-­‐IPMP	
  

Re
la
Dv

e	
  
In
te
ns
ity

	
  

Op0mal	
  Separa0on	
  Method	
  at	
  40°C/minute	
  	
  
	
  	
  

	
  
Total	
  Analysis	
  Time:	
  	
  
6.5	
  minutes	
  (TIC)	
  

α=	
  1.02	
  
	
  

Time	
  	
  
(min.)	
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2-­‐IBMP	
   3-­‐MIB	
   4-­‐GSM	
  

1-­‐IPMP	
  

Re
la
Dv

e	
  
In
te
ns
ity

	
  

IPMP	
  

Op0mal	
  Separa0on	
  Method	
  at	
  40°C/minute	
  	
  
	
  	
  

GSM	
  

IniDal:	
  1,500	
  amu/sec	
  
50	
  to	
  300	
  m/z	
  

Final:	
  11,000	
  amu/sec	
  
75	
  to	
  185	
  m/z	
  

7	
  pts	
   8	
  pts	
  
	
  	
  50	
  pts	
   55	
  pts	
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Total	
  Ion	
  Chromatogram	
  (TIC)	
  of	
  a	
  standard	
  mixture	
  with	
  insets	
  of	
  peak	
  shapes.	
  Isopropylmethoxy-­‐pyrazine	
  (IPMP)	
  and	
  Geosmin	
  (GSM)	
  	
  

	
  

Time	
  	
  
(min.)	
  



	
  
	
  
	
  
	
  
	
  
	
  

Addi0onal	
  Compounds	
  for	
  Standard	
  Ladder	
  
	
  	
  

20 

Total	
  Ion	
  Chromatogram	
  (TIC)	
  of	
  a	
  standard	
  mixture	
  via	
  DI-­‐GC-­‐MS	
  

•  Dimethyl-­‐trisulfide	
  (DMTS)-­‐	
  MW:	
  126.3	
  g/mol;	
  BP:	
  177°C;	
  TOC:	
  10	
  ppt	
  
•  β-­‐Ionone	
  (BI)-­‐	
  MW:	
  192.3	
  g/mol;	
  BP:	
  239°C;	
  TOC:	
  7	
  ppt	
  	
  
•  Poten0al	
  Internal	
  Standards	
  

Re
la
Dv

e	
  
In
te
ns
ity

	
  (%
)	
  

DMTS	
  

IP
M
P	
  

IB
M
P	
  

M
IB
	
  

G
SM

	
   BI	
  

Time	
  	
  
(min.)	
  



	
  
	
  
	
  
	
  
	
  
	
  

Headspace	
  Pre-­‐concentra0on	
  Technique	
  
	
  	
  

Principle	
  of	
  Headspace	
  Sampling:	
  
•  Equilibrium	
  of	
  Sample	
  	
  Matrix	
  &	
  Headspace	
  	
  	
  
•  Factors:	
  Temperature,	
  Sample	
  Size,	
  Salt	
  

Addi0on	
  
•  Advantages:	
  Trace	
  Analysis,	
  Simplicity,	
  Analytes	
  

Independent	
  of	
  Matrix	
  

 

Gas	
  

Sample	
  
sample	
  and	
  dilu0on	
  

solvent	
  

sampling	
  syringe	
  

air-­‐0ght	
  vial	
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Exis0ng	
  Pre-­‐concentra0on	
  	
  Methods	
  

Headspace	
  -­‐Solid	
  Phase	
  
Microextrac0on	
  
(HS-­‐	
  SPME)	
  

58-­‐120	
  min	
  	
  
(Pre-­‐concentra0on)	
  

	
  

19-­‐37	
  min	
  	
  
(Chromatography)	
  

	
  

•  Poor	
  Reproducibility	
  
•  Mul0ple	
  steps	
  	
  	
  
•  Sample	
  loss	
  	
  
•  Internal	
  Standard	
  

Complica0ons	
  

Lloyd,	
  et	
  al.	
  (1998);	
  
Watson,	
  et	
  al.	
  (2000)	
  
Guqman,	
  et	
  al.	
  (2012);	
  
Ding,	
  et	
  al.	
  	
  
(2014)	
  
	
  

Headspace	
  Purge	
  &	
  Trap	
  (PT)	
   36-­‐65	
  min	
  	
  
(Pre-­‐concentra0on)	
  

	
  
29-­‐56	
  min	
  	
  

(Chromatography)	
  
	
  

•  Prone	
  to	
  Carryover	
  
•  Mul0ple	
  steps	
  
•  Interference	
  from	
  Water	
  Vapor	
  
•  Required	
  Cleaning	
  steps	
  

Peterson,	
  et	
  al.(2011);	
  
Salemi,	
  et	
  al.	
  
(2006);	
  Manickum,	
  et	
  al.	
  	
  
(2012)	
  

*Current*	
  
Headspace	
  w/	
  Inline	
  Adsorbent	
  
Trap	
  (HST)	
  

23	
  min	
  	
  
(Pre-­‐concentraDon)	
  

	
  
7	
  min	
  	
  

(Chromatography)	
  

•  Prone	
  to	
  Carryover	
  
•  Peak	
  Distor0on	
  
	
  

	
  

GC-­‐MS	
  
Pre-­‐ConcentraDon	
  

Method	
  

Analysis	
  
Time	
  

Drawbacks	
   Ref.	
  

22 

Advantages:	
  
•  Minimal	
  Steps	
  
•  Decreased	
  	
  Leaks	
  
•  Decreased	
  Analysis	
  Times	
  



Headspace	
  w/	
  Inline	
  Adsorbent	
  Trap	
  (HST)	
  Specifics	
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Adsorbent	
  Trap	
  
Material	
  

Carbonaceous	
  
Sorbents	
   PneumaDc	
  Control	
   PPC	
  

Length	
   132	
  mm	
  
Water	
  
Management	
   Dry	
  Purge	
  

Outer	
  Diameter	
   3.5	
  mm	
  
Transfer	
  Line	
  
System	
  

Deac0vated	
  Fused-­‐
Silica	
  

Inner	
  Diameters	
   2.8/0.7	
   Transfer	
  Line	
  Temp	
   210˚C	
  

1)	
  Thermostatng	
  Oven	
  

Needle	
  
Cylinder	
  

2)	
  Pressuriza0on	
  

GC	
  	
  
Column	
  

	
  

Helium	
  
Carrier	
  Gas	
  

GC	
  	
  
Column	
  

	
  

Needle	
  
Cylinder	
  

Ad
so
rb
en

t	
  T
ra
p	
  

3)	
  Trap	
  Load	
  

OperaDonal	
  Parameters	
  for	
  HST	
  Instrument	
  

SchemaDc	
  of	
  Automated	
  HST	
  System	
  	
  

	
  



	
  
	
  
	
  
	
  
	
  
	
  

Headspace	
  w/	
  Inline	
  Adsorbent	
  Trap	
  
Preliminary	
  Data	
  

	
  	
  

24 

SelecDve	
  Ion	
  Monitoring	
  (SIM)	
  
	
  

S/N	
  RaDo:	
  
300	
  

	
  

2-­‐IBMP	
  

1-­‐	
  IPMP	
  

BI	
  

4-­‐GSM	
  

Total	
  Ion	
  Chromatogram	
  (TIC)	
  of	
  a	
  standard	
  mixture	
  via	
  	
  HST-­‐GC-­‐MS	
   SIM	
  of	
  a	
  100ppt	
  standard	
  mixture	
  via	
  HST-­‐GC-­‐MS	
  GC-­‐MS	
  	
  

	
  

Re
la
Dv

e	
  
In
te
ns
ity

	
  (%
)	
  

Time	
  (min.)	
  

3-­‐MIB	
  

DMTS	
  



Conclusions	
  &	
  Future	
  Work	
  

§  Op0miza0on	
  of	
  chromatography	
  &	
  detec0on	
  methods	
  using	
  direct	
  injec0on	
  
experimental	
  parameters	
  

§  Representa0ve	
  spectrum	
  appropriate	
  for	
  future	
  trace	
  analysis	
  
§  Preliminary	
  confirmatory	
  HST	
  pre-­‐concentra0on	
  in	
  water	
  standards	
  
§  Future	
  studies	
  to	
  op0mize	
  trapping	
  parameters	
  
§  Extension	
  of	
  applica0on	
  to	
  prepare	
  water	
  and	
  alterna0ve	
  samples	
  from	
  

aquaculture	
  systems	
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Development	
  of	
  a	
  Sensi0ve	
  Headspace	
  Gas	
  
Chromatography-­‐Mass	
  Spectrometry	
  Method	
  for	
  

Off-­‐Flavor	
  Compounds	
  in	
  Water	
  

Overall	
  Impact:	
  
§  Eliminate	
  Hurdle	
  of	
  OFCs	
  
§  Support	
  the	
  Development	
  of	
  Aquaculture	
  
§  Extension	
  to	
  Other	
  Water	
  Monitoring	
  Analyses	
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