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Abstract 
 

 

Humankind is living in a world of rapid changes. Facts and situations that today seem to 

be permanent may be history tomorrow. Accordingly, in the future, energy sources may 

be different, new, and more sustainable. Oil derived from microalgae is one of those 

promising options. Microalgae have been getting increasing attention during the past 

decade and especially in the most recent years as a result of their numerous advantages. 

Industrialization of microalgae is still in its early stages since microalgal processes 

possess diverse challenges that require further improvement. As a result, microalgal 

culture optimization is one area where plenty of work can be done. With this in mind, 

indisputably, a feasible, quick, and reliable monitoring system of the cultivation process 

is essential. 

Spectroscopy is a widely employed technique for online monitoring of a variety of 

chemical processes due to its capability to quickly gather information. This work explores 

the feasibility of monitoring the course of microalgal cultures using near infrared (NIR) 

spectroscopy. It is important to realize that in order to achieve this objective, several 

limitations intrinsic to microalgal processes need to be overcome.  

NIR spectroscopy reflectance was evaluated as a potential technique to monitor 

microalgal cultures. A NIR Specular Reflectance Flow Cell was successfully developed 

to allow for continuous monitoring, taking on account the technical requirements of the 

procedure and the distinctive characteristics of microalgal cultures. The capability of the 

flow cell to monitor microalgal cultures was investigated by determining glucose 

concentrations (10 – 100 g/L) in aqueous solutions and culture media (non-sterile and 
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sterile) and quantifying biomass density (5 - 50 g/L, dry weight). Linear relationships 

between NIR absorbance and the concentrations of both biomass (dry weight) and 

glucose were observed.  Oil estimation using whole algal cells was also explored but 

unfortunately, the response to the range of the evaluated oil concentration (0.4 – 0.9 g/L) 

was very small.  To finalize the evaluation of the flow cell, the monitoring of 60 

independent microalgal cultures was conducted to determine biomass density and 

possibly glucose. Simultaneous determination of biomass and glucose was not successful 

due to the large influence that biomass has on the NIR spectra.  
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“Everything should be made as simple as possible but not simpler” 
 

- Albert Einstein 
  



	
   v	
  

 

 

 

 

 

 

 

I dedicate this thesis to my children, Saúl and Sofía. 

I’ll hold you in my heart forever.  



	
   vi	
  

Acknowledgements	
  
 

 

I appreciate the opportunity to express my gratitude to all the people that have 

accompanied me during my studies at the university and in my life. 

 

I am grateful to my supervisor Dr. William McCaffrey for giving me the opportunity to 

join his research group as well as for all his support and encouragement to develop and 

complete my research.  

I recognize the invaluable help of Elliot Cameron, Vinay Bavdekar, Kassandra McLean, 

and Andrew Volk. Elliot you are always willing to lend a helping hand. Thank you for all 

your assistance.  

 

I value the friendship that I found and shared with some of my peers during these years. 

You always put a smile on my face. I treasure as well all the support and encouragement 

from the friends that Canada has gifted to me. Thank you. 

 

Gonzalo thank you for your help and believing in me. I give special thanks to my family 

for being with me despite the distance. My deep appreciation also goes to all my friends 

that are away from me.   



	
   vii	
  

Contents 
 

 

1	
   INTRODUCTION	
  ..............................................................................................................................	
  1	
  
1.1	
   PROBLEM	
  STATEMENT	
  ..................................................................................................................................	
  1	
  
1.2	
   STATEMENT	
  OF	
  PURPOSE	
  .............................................................................................................................	
  2	
  
1.3	
   THESIS	
  OVERVIEW	
  .........................................................................................................................................	
  2	
  

2	
   BACKGROUND	
  ..................................................................................................................................	
  3	
  
2.1	
   MICROALGAL	
  CULTIVATION	
  .........................................................................................................................	
  3	
  
2.1.1	
   Microalgal	
  cell	
  ........................................................................................................................................	
  6	
  
2.1.2	
   Microalgal	
  kinetics	
  ................................................................................................................................	
  7	
  
2.1.3	
   Microalgal	
  cultures	
  optimization	
  ................................................................................................	
  16	
  
2.1.4	
   Monitoring	
  of	
  microalgal	
  cultures	
  ..............................................................................................	
  18	
  

2.2	
   INFRARED	
  AND	
  RAMAN	
  SPECTROSCOPY	
  .................................................................................................	
  23	
  
2.2.1	
   Basic	
  principles	
  ....................................................................................................................................	
  24	
  
2.2.2	
   Raman	
  spectroscopy	
  .........................................................................................................................	
  25	
  
2.2.3	
   Near	
  infrared	
  spectroscopy	
  ............................................................................................................	
  26	
  

2.3	
   FIBER	
  OPTIC	
  CHEMICAL	
  SENSORS	
  ............................................................................................................	
  31	
  
2.4	
   CHEMOMETRICS	
  ..........................................................................................................................................	
  32	
  
2.5	
   CAPILLARY	
  OPEN	
  CHANNEL	
  FLOW	
  ...........................................................................................................	
  34	
  
2.5.1	
   Classification	
  .........................................................................................................................................	
  35	
  
2.5.2	
   Velocity	
  distribution	
  ..........................................................................................................................	
  38	
  
2.5.3	
   Resistance	
  equation	
  ...........................................................................................................................	
  39	
  
2.5.4	
   Continuity	
  equation	
  ...........................................................................................................................	
  39	
  
2.5.5	
   Surface	
  tension	
  ....................................................................................................................................	
  39	
  
2.5.6	
   Capillarity	
  ..............................................................................................................................................	
  40	
  
2.5.7	
   Unsteady	
  flow	
  .......................................................................................................................................	
  41	
  

3	
   MATERIALS	
  AND	
  METHODS	
  ......................................................................................................	
  44	
  
3.1	
   SPECTROMETRIC	
  SETUP	
  .............................................................................................................................	
  44	
  
3.1.1	
   Spectrometer	
  ........................................................................................................................................	
  44	
  
3.1.2	
   Light	
  source	
  ...........................................................................................................................................	
  44	
  
3.1.3	
   Software	
  ..................................................................................................................................................	
  45	
  
3.1.4	
   Reflectance	
  probe	
  ...............................................................................................................................	
  45	
  

3.2	
   REFERENCE	
  ANALYTICAL	
  METHODS	
  ........................................................................................................	
  46	
  
3.2.1	
   Cell	
  count	
  and	
  cell	
  size	
  distribution	
  ............................................................................................	
  46	
  
3.2.2	
   Cell	
  dry	
  weight	
  .....................................................................................................................................	
  47	
  
3.2.3	
   Glucose	
  quantification	
  ......................................................................................................................	
  47	
  
3.2.4	
   Neutral	
  lipids	
  quantification	
  .........................................................................................................	
  48	
  

3.3	
   MICROALGAL	
  CULTURES	
  ............................................................................................................................	
  49	
  
4	
   DEVELOPMENT	
  OF	
  THE	
  FLOW	
  CELL	
  ......................................................................................	
  51	
  
4.1	
   FLOW	
  CELL	
  MATERIAL	
  ...............................................................................................................................	
  52	
  
4.2	
   SUBSTRATE	
  ..................................................................................................................................................	
  53	
  
4.3	
   UNIFORMITY	
  OF	
  THE	
  FILM	
  (SURFACE	
  ROUGHNESS)	
  .............................................................................	
  57	
  
4.3.1	
   Flow	
  rate	
  ................................................................................................................................................	
  57	
  
4.3.2	
   Slit	
  and	
  level	
  guides	
  ...........................................................................................................................	
  58	
  
4.3.3	
   Dampener	
  ...............................................................................................................................................	
  62	
  



	
   viii	
  

4.3.4	
   Thickness	
  of	
  the	
  film	
  ..........................................................................................................................	
  63	
  
4.4	
   FLOW	
  CELL	
  INCLINATION	
  ..........................................................................................................................	
  67	
  
4.5	
   BARRIER	
  AGAINST	
  BUBBLES	
  .....................................................................................................................	
  67	
  
4.6	
   ANGLE	
  OF	
  INCIDENCE	
  .................................................................................................................................	
  67	
  
4.7	
   SPECTROMETER	
  ACQUISITION	
  PARAMETERS	
  .........................................................................................	
  69	
  
4.7.1	
   Integration	
  time	
  ..................................................................................................................................	
  69	
  
4.7.2	
   Scans	
  to	
  average	
  .................................................................................................................................	
  71	
  
4.7.3	
   Generation	
  of	
  a	
  spectrum	
  ................................................................................................................	
  71	
  

4.8	
   TEMPERATURE	
  ............................................................................................................................................	
  72	
  
4.9	
   SENSOR	
  SETUP	
  .............................................................................................................................................	
  73	
  

5	
   ASSESSMENT	
  OF	
  THE	
  FLOW	
  CELL	
  ...........................................................................................	
  76	
  
5.1	
   EVALUATION	
  OF	
  THE	
  NIR	
  SPECULAR	
  REFLECTANCE	
  FLOW	
  CELL	
  ....................................................	
  76	
  
5.1.1	
   Glucose	
  Determination	
  .....................................................................................................................	
  77	
  
5.1.2	
   Biomass	
  Determination	
  ...................................................................................................................	
  82	
  
5.1.3	
   Simultaneous	
  determination	
  of	
  glucose	
  and	
  biomass	
  ........................................................	
  86	
  
5.1.4	
   Oil	
  determination	
  ...............................................................................................................................	
  94	
  

5.2	
   VALIDATION	
  OF	
  THE	
  NIR	
  SPECULAR	
  REFLECTANCE	
  FLOW	
  CELL	
  .....................................................	
  97	
  
5.2.1	
   Simultaneous	
  monitoring	
  of	
  glucose	
  and	
  biomass	
  ..............................................................	
  97	
  

6	
   CONCLUSIONS	
  AND	
  RECOMMENDATIONS	
  .........................................................................	
  104	
  
6.1	
   CONCLUSIONS	
  ............................................................................................................................................	
  104	
  
6.2	
   RECOMMENDATIONS	
  ................................................................................................................................	
  105	
  

 

  



	
   ix	
  

List of tables	
  
 

 

Table	
  2-­‐1	
  Frequencies	
  of	
  bond	
  absorptions	
  for	
  generic	
  functional	
  groups	
  ...................	
  28	
  
Table	
  2-­‐2	
  Classification	
  of	
  flows	
  according	
  to	
  Reynolds	
  number	
  .......................................	
  36	
  
Table	
  3-­‐1	
  Beckman	
  Coulter	
  Z2	
  particle	
  counter	
  and	
  size	
  configuration	
  .........................	
  47	
  
Table	
  3-­‐2	
  HPLC	
  Glucose	
  quantification	
  method	
  specifications	
  ...........................................	
  48	
  
Table	
  3-­‐3	
  Culture	
  media	
  composition	
  ............................................................................................	
  50	
  
Table	
  4-­‐1	
  Mean	
  flow	
  velocity	
  and	
  dimensionless	
  parameters	
  of	
  the	
  flow	
  in	
  the	
  cell	
  58	
  
Table	
  5-­‐1	
  Characteristic	
  absorption	
  bands	
  of	
  oils	
  in	
  the	
  NIR	
  range	
  ..................................	
  97	
  
  



	
   x	
  

List of figures 
 

 

Figure	
  2-­‐1	
  Self-­‐shading	
  effect	
  is	
  overcome	
  through	
  adequate	
  mixing	
  in	
  phototrophic	
  
cultures	
  .................................................................................................................................................	
  9	
  

Figure	
  2-­‐2	
  Mixotrophic	
  batch	
  microalgal	
  culture	
  (July	
  2013)	
  .............................................	
  11	
  
Figure	
  2-­‐3	
  Stokes	
  and	
  Anti-­‐Stokes	
  lines	
  produce	
  by	
  inelastic	
  scattering	
  .......................	
  25	
  
Figure	
  2-­‐4	
  Cross-­‐sectional	
  diagram	
  of	
  a	
  rectangular	
  channel	
  .............................................	
  36	
  
Figure	
  2-­‐5	
  Three	
  phase	
  contact	
  line	
  of	
  a	
  liquid	
  drop	
  on	
  a	
  solid	
  substrate	
  .....................	
  41	
  
Figure	
  2-­‐6	
  Diagram	
  of	
  an	
  open	
  channel	
  flowing	
  in	
  direction	
  of	
  the	
  coordinate	
  x	
  .......	
  43	
  
Figure	
  3-­‐1	
  Spectrometer	
  NIR-­‐512	
  and	
  lamp	
  LS-­‐1	
  .....................................................................	
  45	
  
Figure	
  3-­‐2	
  Six	
  cones	
  of	
  light	
  overlap	
  and	
  generate	
  reflected	
  light	
  .....................................	
  46	
  
Figure	
  4-­‐1	
  Final	
  setup	
  of	
  the	
  experiment	
  ......................................................................................	
  52	
  
Figure	
  4-­‐2	
  Specular	
  reflection	
  is	
  obtained	
  from	
  three	
  interfaces	
  ......................................	
  53	
  
Figure	
  4-­‐3	
  NIR	
  Specular	
  Reflectance	
  Flow	
  Cell	
  Prototype	
  I	
  ..................................................	
  54	
  
Figure	
  4-­‐4	
  Spectra	
  of	
  glucose	
  solutions	
  in	
  media	
  (23,	
  50,	
  and	
  76	
  g/L)	
  Prototype	
  I	
  ...	
  54	
  
Figure	
  4-­‐5	
  NIR	
  Specular	
  Reflectance	
  Flow	
  Cell	
  Prototype	
  II	
  ................................................	
  55	
  
Figure	
  4-­‐6	
  Glucose	
  is	
  not	
  detected	
  when	
  light	
  is	
  absorbed	
  by	
  substrate	
  (Prototype	
  II)

	
  ................................................................................................................................................................	
  56	
  
Figure	
  4-­‐7	
  Interference	
  due	
  to	
  high	
  specular	
  reflection	
  (Prototype	
  II)	
  ...........................	
  56	
  
Figure	
  4-­‐8	
  A	
  black	
  matte	
  paper	
  reduces	
  the	
  specular	
  component	
  of	
  the	
  light	
  

reflected	
  from	
  the	
  substrate	
  .....................................................................................................	
  57	
  
Figure	
  4-­‐9	
  Diagram	
  showing	
  the	
  arrangement	
  of	
  the	
  slit	
  and	
  level	
  guides	
  in	
  the	
  

capillary	
  channel	
  ............................................................................................................................	
  58	
  
Figure	
  4-­‐10	
  Velocity	
  profile	
  (m/s)	
  of	
  water	
  (80	
  mL/min)	
  while	
  being	
  delivered	
  into	
  

the	
  capillary	
  channel	
  ....................................................................................................................	
  59	
  
Figure	
  4-­‐11	
  Absorbance	
  variation	
  as	
  a	
  result	
  of	
  variation	
  in	
  the	
  surface	
  of	
  the	
  film	
  

(Prototype	
  II)	
  ...................................................................................................................................	
  60	
  
Figure	
  4-­‐12	
  Improvement	
  in	
  absorbance	
  variation	
  with	
  the	
  help	
  of	
  a	
  surfactant	
  

(Prototype	
  II)	
  ...................................................................................................................................	
  61	
  
Figure	
  4-­‐13	
  Baseline	
  obtained	
  in	
  the	
  final	
  model	
  of	
  the	
  flow	
  cell	
  every	
  time	
  the	
  flow	
  

was	
  stopped	
  .....................................................................................................................................	
  61	
  
Figure	
  4-­‐14	
  Final	
  model	
  of	
  the	
  dampener	
  used	
  during	
  the	
  experiments	
  .......................	
  62	
  
Figure	
  4-­‐15	
  Effect	
  of	
  damped	
  flow	
  on	
  the	
  standard	
  deviation	
  of	
  absorbance	
  during	
  

the	
  transient	
  startup	
  and	
  in	
  the	
  fully	
  developed	
  flow	
  ...................................................	
  64	
  
Figure	
  4-­‐16	
  Improvement	
  in	
  the	
  variation	
  of	
  the	
  baseline	
  during	
  the	
  transient	
  

startup	
  ................................................................................................................................................	
  65	
  
Figure	
  4-­‐17	
  Improvement	
  in	
  the	
  variation	
  of	
  the	
  baseline	
  of	
  fully	
  developed	
  flow	
  ...	
  66	
  
Figure	
  4-­‐18	
  Barrier	
  prevented	
  bubbles	
  from	
  reaching	
  the	
  reflectance	
  probe	
  .............	
  68	
  
Figure	
  4-­‐19	
  Angle	
  of	
  the	
  probe	
  with	
  respect	
  to	
  the	
  surface	
  of	
  the	
  film	
  ...........................	
  68	
  
Figure	
  4-­‐20	
  Diagram	
  showing	
  the	
  arrangement	
  to	
  collect	
  specular	
  reflectance	
  from	
  

the	
  film	
  ................................................................................................................................................	
  69	
  
Figure	
  4-­‐21	
  Front	
  view	
  diagram	
  of	
  the	
  experiment	
  set	
  up	
  ...................................................	
  70	
  
Figure	
  4-­‐22	
  Illuminated	
  surface	
  area	
  of	
  the	
  sample	
  in	
  the	
  capillary	
  open	
  channel	
  ...	
  71	
  



	
   xi	
  

Figure	
  4-­‐23	
  Variation	
  of	
  the	
  flow	
  rate	
  (80	
  mL/min)	
  &	
  periodicity	
  of	
  the	
  pulses	
  given	
  
by	
  the	
  peristaltic	
  pump	
  used	
  during	
  acquisition	
  of	
  spectra	
  ........................................	
  72	
  

Figure	
  4-­‐24	
  Glucose	
  solutions	
  (30	
  g/L)	
  at	
  14,	
  24,	
  and	
  34	
  °C	
  spectra	
  ...............................	
  73	
  
Figure	
  4-­‐25	
  Maximum	
  intensity	
  set	
  up	
  at	
  50,000	
  counts	
  for	
  water	
  ..................................	
  74	
  
Figure	
  4-­‐26	
  Working	
  baseline	
  obtained	
  from	
  a	
  stable	
  surface	
  of	
  the	
  film	
  of	
  the	
  

reference	
  sample	
  ............................................................................................................................	
  74	
  
Figure	
  4-­‐27	
  NIR	
  Specular	
  Reflectance	
  Flow	
  Cell	
  final	
  model	
  ...............................................	
  75	
  
Figure	
  5-­‐1	
  Aqueous	
  glucose	
  solutions	
  (20	
  -­‐	
  100	
  g/L)	
  spectra	
  .............................................	
  77	
  
Figure	
  5-­‐2	
  Glucose	
  concentration	
  in	
  water	
  as	
  determined	
  by	
  HPLC	
  &	
  absorbance	
  at	
  1	
  

449	
  nm	
  ................................................................................................................................................	
  78	
  
Figure	
  5-­‐3	
  Media	
  spectrum	
  using	
  water	
  as	
  reference	
  .............................................................	
  78	
  
Figure	
  5-­‐4	
  Glucose	
  solutions	
  in	
  non-­‐sterile	
  media	
  (10	
  -­‐	
  100	
  g/L)	
  spectra	
  ....................	
  79	
  
Figure	
  5-­‐5	
  Glucose	
  concentration	
  in	
  non-­‐	
  sterile	
  media	
  as	
  determined	
  by	
  HPLC	
  &	
  

absorbance	
  at	
  1	
  449	
  nm	
  ..............................................................................................................	
  79	
  
Figure	
  5-­‐6	
  Glucose	
  solutions	
  in	
  sterile	
  media	
  (20	
  -­‐	
  100	
  g/L)	
  spectra	
  ..............................	
  80	
  
Figure	
  5-­‐7	
  Glucose	
  concentration	
  in	
  sterile	
  media	
  as	
  determined	
  by	
  HPLC	
  &	
  

absorbance	
  at	
  1	
  225	
  nm	
  ..............................................................................................................	
  81	
  
Figure	
  5-­‐8	
  Glucose	
  concentration	
  in	
  sterile	
  media	
  as	
  determined	
  by	
  HPLC	
  &	
  

absorbance	
  at	
  1	
  449	
  nm	
  ..............................................................................................................	
  81	
  
Figure	
  5-­‐9	
  Spectra	
  of	
  water	
  used	
  as	
  reference	
  (blue	
  line),	
  heterotrophic	
  (red	
  line),	
  

and	
  mixotrophic	
  microalgae	
  (green	
  line)	
  (Prototype	
  I)	
  ...............................................	
  82	
  
Figure	
  5-­‐10	
  Spectrum	
  of	
  broth	
  using	
  media	
  as	
  reference	
  .....................................................	
  83	
  
Figure	
  5-­‐11	
  Microalgal	
  cultures	
  spectra	
  (18	
  -­‐	
  53	
  g/L)	
  ............................................................	
  84	
  
Figure	
  5-­‐12	
  Dry	
  weight	
  of	
  microalgal	
  cultures	
  &	
  absorbance	
  at	
  1	
  225	
  nm	
  ...................	
  84	
  
Figure	
  5-­‐13	
  Dry	
  weight	
  of	
  microalgal	
  cultures	
  &	
  absorbance	
  at	
  1	
  449	
  nm	
  ...................	
  85	
  
Figure	
  5-­‐14	
  Four	
  consecutive	
  readings	
  of	
  one	
  microalgal	
  sample	
  CV	
  =	
  0.5	
  %	
  (1	
  449	
  

nm)	
  .......................................................................................................................................................	
  86	
  
Figure	
  5-­‐15	
  Microalgal	
  cultures	
  9	
  g/L	
  (20	
  -­‐	
  100	
  g/L	
  glucose	
  concentration)	
  ..............	
  87	
  
Figure	
  5-­‐16	
  Glucose	
  in	
  microalgal	
  cultures	
  as	
  determined	
  by	
  HPLC	
  &	
  absorbance	
  at	
  

1	
  225	
  nm	
  ............................................................................................................................................	
  87	
  
Figure	
  5-­‐17	
  Glucose	
  in	
  microalgal	
  cultures	
  as	
  determined	
  by	
  HPLC	
  &	
  absorbance	
  at	
  

1	
  449	
  nm	
  ............................................................................................................................................	
  88	
  
Figure	
  5-­‐18	
  Microalgal	
  cultures	
  (9	
  -­‐	
  48	
  g/L)	
  with	
  1	
  g/L	
  glucose	
  concentration	
  

spectra	
  ................................................................................................................................................	
  89	
  
Figure	
  5-­‐19	
  Microalgal	
  cultures	
  (18	
  g/L)	
  with	
  varying	
  glucose	
  concentrations	
  (1,	
  31,	
  

and	
  61	
  g/L)	
  spectra	
  ......................................................................................................................	
  89	
  
Figure	
  5-­‐20	
  Microalgal	
  cultures	
  dry	
  weight	
  &	
  absorbance	
  at	
  1	
  225	
  nm	
  .........................	
  90	
  
Figure	
  5-­‐21	
  Microalgal	
  cultures	
  dry	
  weight	
  &	
  absorbance	
  at	
  1	
  449	
  nm	
  .........................	
  90	
  
Figure	
  5-­‐22	
  Residuals	
  graph	
  for	
  data	
  presented	
  in	
  Figure	
  5-­‐21	
  .........................................	
  91	
  
Figure	
  5-­‐23	
  Slopes	
  of	
  each	
  regression	
  line	
  with	
  different	
  glucose	
  concentration	
  ......	
  92	
  
Figure	
  5-­‐24	
  Microalgal	
  cultures	
  18	
  g/L	
  (1,	
  31,	
  and	
  61	
  g/L	
  glucose	
  concentration)	
  ..	
  92	
  
Figure	
  5-­‐25	
  Size	
  distribution	
  of	
  microalgal	
  cultures	
  (18	
  g/L)	
  .............................................	
  93	
  
Figure	
  5-­‐26	
  Microalgal	
  cultures	
  9	
  -­‐	
  10	
  g/L	
  (4	
  -­‐	
  9	
  %	
  oil	
  concentration)	
  spectra	
  ..........	
  95	
  
Figure	
  5-­‐27	
  Oil	
  in	
  microalgal	
  cultures	
  as	
  determined	
  by	
  fluorometric	
  method	
  &	
  

absorbance	
  at	
  1	
  449	
  nm	
  ..............................................................................................................	
  96	
  
Figure	
  5-­‐28	
  Microalgal	
  cultures	
  9	
  -­‐	
  10	
  g/L	
  (6.8	
  %	
  oil	
  concentration)	
  spectra	
  .............	
  96	
  



	
   xii	
  

Figure	
  5-­‐29	
  Dry	
  weight	
  of	
  the	
  microalgal	
  batch	
  cultures	
  ......................................................	
  98	
  
Figure	
  5-­‐30	
  Glucose	
  concentration	
  of	
  the	
  microalgal	
  batch	
  cultures	
  as	
  determined	
  by	
  

HPLC	
  ....................................................................................................................................................	
  99	
  
Figure	
  5-­‐31	
  Absorbances	
  of	
  each	
  sample	
  at	
  1	
  225	
  and	
  1	
  449	
  nm	
  ......................................	
  99	
  
Figure	
  5-­‐32	
  Dry	
  weight	
  of	
  microalgal	
  cultures	
  &	
  absorbance	
  at	
  1	
  225	
  nm	
  ................	
  100	
  
Figure	
  5-­‐33	
  Dry	
  weight	
  of	
  microalgal	
  cultures	
  &	
  absorbance	
  at	
  1	
  449	
  nm	
  ................	
  100	
  
Figure	
  5-­‐34	
  Measured	
  versus	
  predicted	
  dry	
  weight	
  concentration	
  and	
  identity	
  line

	
  .............................................................................................................................................................	
  101	
  
Figure	
  5-­‐35	
  Glucose	
  in	
  microalgal	
  cultures	
  as	
  determined	
  by	
  HPLC	
  &	
  absorbance	
  at	
  

1	
  225	
  nm	
  .........................................................................................................................................	
  102	
  
Figure	
  5-­‐36	
  Glucose	
  in	
  microalgal	
  cultures	
  as	
  determined	
  by	
  HPLC	
  &	
  absorbance	
  at	
  

1	
  449	
  nm	
  .........................................................................................................................................	
  103	
  
  



	
   xiii	
  

Nomenclature	
  
 

 

Greek symbols 

ν  Kinematic viscosity 

α  Inclination angle of the flow 

ρ  Density 

ϒ  Surface tension 

τo  Boundary shear stress 

γ  Specific weight 

σ  Interfacial tension 

θ  Contact angle 

λ  Wavelength 

π  Pi 

 

Roman symbols 

NIR  Near infrared 

CCU  Carbon capture and utilization 

EPA  Environmental Protection Energy 

GHG  Greenhouse gas 

GM  Genetically modified 

DNA  Deoxyribonucleic acid 

EDTA  Ethylenediaminetetraacetic acid 

WSSE  Weighted sum of squared errors 

AIC  Akaike information criteria 

BIC  Bayesian information criteria 

HPLC  High performance liquid chromatography 

EPS  Extracellular polymeric substance 

DO  Dissolved oxygen 

TSS  Total suspended solids 



	
   xiv	
  

PCV  Packed cell volume 

FAME  Fatty acid methyl esters 

TLC  Thin layer chromatography 

MS  Mass spectrometry 

HPAEC High performance anion exchange chromatography 

VOCs  Volatile organic compounds 

GC  Gas chromatography 

IR  Infrared 

EN  Electric noses 

pO2  Partial pressure of oxygen 

RTD   Resistance temperature detectors 

OD  Optical density 

PAM  Pulse amplitude modulated 

MIR  Mid infrared 

IRS  Infrared reflectance spectroscopy 

A  Absorbance 

I0  Intensity of incident optical radiation 

I  Intensity remaining after interaction with the sample 

T  Transmittance 

R  Reflectance 

As  Relative absorbance of the sample 

As*  Absolute absorbance of the sample 

Ar*  Absolute absorbance of the reference 

e  Molar extinction coefficient 

d  Path length 

C  Molar concentration 

Re  Reynolds number   

V  Mean flow velocity 

L  Characteristic length 

RH  Hydraulic radius 

A  Flow area 



	
   xv	
  

WP  Wetted perimeter 

W  Width 

D  Depth 

Fr  Froude number 

y  Hydraulic depth 

g  Standard acceleration due to gravity 

We  Weber number 

Q  Volumetric flow 

G  Gibbs free energy 

s  solid 

l  liquid 

v  vapor 

k  wavenumber 

lϒ  Capillary length 

P  Pressure 

Pa  Air atmospheric pressure 

Pl  Liquid phase pressure 

R  Radius 

PLS  Partial least squares 

RMSE  Root mean square error 



	
   1	
  

1 
1 Introduction 

 

 

In this chapter the problem statement and the purpose of this work are presented. In 

addition, a general overview of the breadth of the thesis is described. 

 

1.1 Problem statement 
 

Microalgae are a potential source of renewable fuels. They can be easily cultivated under 

a broad range of conditions, and many species are able to accumulate an abundant 

amount of oil. These are only a couple of the many advantages of microalgae. However, 

microalgal cultures typically have low densities. Thus, it is necessary to optimize their 

culture conditions in order to realize their full potential. An extensive understanding of 

their non-linear growth dynamics is essential to achieve feasible processes. 

Unfortunately, the data needed for optimization is very difficult to obtain. Microalgal 

cultures are hard to monitor due to the complex and time-consuming nature of the 

required analytical techniques.  

 

Real-time measurements enable efficient and economical monitoring of biochemical 

processes but they are dependent on the use of online analyzers. The development of 

better analytical technologies is the foundation of an effective process analysis system, 

where the analytical information may be used in a closed loop control within the process 

control system (1) . Spectroscopy is a valuable monitoring process tool with the potential 

to replace slow and cumbersome off-line analytical techniques, because it makes possible 

to gather data in a fraction of seconds rather than hours or days. 
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1.2 Statement of purpose 
 

The general aim of this research work was the use of NIR Spectroscopy for online 

monitoring of microalgal cultures. The specific parameters to be determined were 

biomass, glucose, and lipid concentration.  

 

1.3 Thesis overview 
 

During this thesis a NIR Specular Reflectance Flow Cell for online monitoring of 

microalgal cultures was developed. 

 

Chapter 2 provides a general description of microalgae, microalgal processes, and how 

they are currently monitored. Infrared and Raman spectroscopy are also introduced, with 

reference to the work previously realized in my research group with Raman spectroscopy. 

The specific spectroscopy technique used in the flow cell (specular reflectance) is 

described as well. An overview of optical sensors and chemometrics is presented. To 

finish, an introduction to the regimens and characteristics of capillary open channels is 

provided. 

Chapter 3 describes the instrumentation and the reference analytical methods used 

throughout this work. It also contains the methodology followed to cultivate the 

microalgae used during the flow cell assessment. 

Chapter 4 describes how the flow cell was developed. It details how the different 

operating parameters were established, adjusted, and refined in order to obtain a 

functioning flow cell. All the methods used to improve its performance are described as 

well. 

Chapter 5 contains all the research trials used to evaluate the functionality of the flow 

cell. It also includes the final validation of the performance of the flow cell during the 

monitoring of microalgal cultures. 

Chapter 6 includes the conclusions of the thesis and a series of recommendations for 

future work.  
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2 
2 Background 

 

 

This chapter offers a brief description and highlights different benefits and peculiarities 

of microalgal cultures. Knowledge of the growth and dynamics of microalgal cultures is 

essential to develop suitable and reliable online sensors that report on key cultivation 

parameters. These sensors are crucial for real-time optimization and control of microalgal 

cultures to successfully produce biofuels or other specialty chemicals. 

 

2.1 Microalgal cultivation 
 

Microalgae are the original source of crude oil. Millions of years ago, microalgae 

bloomed, died, and settled in the sea floors. After a series of physicochemical processes, 

these microalgal deposits became oil (2) . Today microalgal cultivation is considered one 

of the carbon capture and utilization (CCU) technologies by transforming carbon dioxide 

emissions into valuable products, while reducing greenhouse gases, and providing 

economic benefits (3) . 

Indeed, microalgal cultures are important not only from an environmental and economic 

point of view but also for national energy security reasons. Only those countries, which 

find and develop new energy sources, will no longer depend on the resources of other 

countries (4) . It is crucial to acknowledge that during the current decade the United 

States, Europe Union, and big emerging economies, like China or Brazil, will demand 

more energy (5) . In addition, according to the United Nations by 2050 agricultural 

production should double in order to feed more than 9 billion people around the world (6) 

. This increasing demand for food and energy will open the opportunity for microalgal 

producers to play a key role in the economy. 
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Many strains of microalgae produce and accumulate oil, which is easily refined into 

gasoline, diesel, and jet fuel. Additionally, they have the potential to be a high-yield 

source of biomass and high-value co-products, such as antioxidants, proteins, and 

carbohydrates, along with other benefits like bio-remediation without compromising food 

supplies, rainforest or arable land. As a result, they are attracting increasing interest and 

investment from biofuels, petroleum, pharmaceutical, and agribusiness industries (2, 7-

10) . In 2010, just in San Diego California, four important microalgal laboratories were 

working with $1 billion in funding from private and public sectors (8) . To illustrate the 

potential value of microalgal metabolites, astaxanthin, one antioxidant with numerous 

benefits on human health, was been sold up to $12,000/kg in 2013 (11) . Furthermore, 

microalgae-based molecules can be of higher quality compared to the corresponding 

synthetic alternatives, when these are only available in specific isomers (12) . 

There are 80,000 to 100,000 different microalgal species. Currently, several companies 

are cultivating around 200 species worldwide. Algenol, which is producing ethanol, 

diesel, jet fuel, and gasoline for around $1.3/gallon, got a certification from the 

Environmental Protection Energy (EPA) in January 2015, given that, its fuels meet the 

requirements of the Renewable Fuel Standard. Therefore, fuel blenders and refiners can 

now use these microalgal fuels to meet the requirements of the Clean Air Act, since they 

are able to achieve up to 69% reduction in greenhouse gas (GHG) emissions compared 

with gasoline (12-14) . Additionally, Sapphire Energy is producing Green Crude Oil in 

desert climates from microalgae, using sunlight, CO2, and salt water. This crude oil is 

compatible with existing refinery infrastructure (15) . Another example of successful 

microalgae production and commercialization is shown by Solazyme, a San Francisco 

based company. Solazyme has a broad range of functional products for industrial, fuel, 

food, and personal care applications (16) .	
  

 

Some of the main benefits of microalgal cultures are:  (2, 6, 17-19)  

a) Their versatility, e.g., certain species of microalgae are salt-tolerant and can grow 

in saltwater, while others have the ability to grow in sewage or hot spring water. 

b) Their great metabolic adaptability depending on their physiological state, i.e., 

externally stressed or non-stressed. 
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c) Since they can use waste streams, such as carbon dioxide emissions or sewage to 

grow, they have the potential of being environmentally sustainable. 

d) They are a steady source of biomass, because it is not a seasonal crop. 

e) They can be grown in different climates. 

f) No need of fertilizers or pesticides 

 

When planning to grow microalgae for biofuels production, the first task microalgal 

producers have, is the identification of strains with high lipid yields and fast growth rates.  

For the selected strains, producers also need to determine the best cultivation and 

harvesting systems along with strategies to reduce water and energy consumption (10, 19, 

20) . Use of strains from culture collections is advantageous because much of the growth 

requirements characterization has been done. In contrast, use of indigenous strains, which 

have an inherent adaptability to changes in environment and climate, require isolation as 

well as determination of optimal culture conditions and feasibility of their production. 

This time consuming, labor intensive, and costly process may be worthwhile, if 

adaptability of indigenous strains give favorable results in the long term (21) . 

 

There are three pathways to obtain microalgal products: i) processing the whole biomass; 

ii) processing of extracts and residual biomass; and iii) direct recovery of metabolites 

from the culture (19) . Indeed, microalgal technology has evolved to a great extent. 

Nowadays, through the use of synthetic biology, it is possible to use microalgal cells as 

mini-refineries by making them able to consume carbon dioxide and excrete 

hydrocarbons like kerosene and ethanol directly (10, 22) .  

 

Finally, it is important to mention that microalgae products may be enhanced through 

genetic modification. A major concern with this approach is the production of genetically 

modified (GM) microalgae with the potential of being stable in nature, representing a risk 

to the environment and ultimately human health (23) . Fortunately, the probability of 

environmental release of these modified microalgae decreases depending on the 

cultivation system used. Enclosed bioreactors represent low risk and could be regulated 

under existing laws. However, release of GM microalgae may be inevitable if microalgae 
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are cultivated in open pond reactors. In that case, a stepwise sequence from small scale to 

larger scale with adequate risk assessments and more stringent regulations are required 

(24, 25) . Sapphire Energy received approval for the first experimental outdoor use of 

GM microalgae in 2013 by EPA (25) . At the present time no harmful release of GM 

microalgae is known. 

 

2.1.1 Microalgal cell 
 

Microalgae are photosynthetic microorganisms (i.e., prokaryotic cyanobacteria and 

eukaryotic protists), found either in marine or fresh water environments (19, 23) . 

Although cyanobacteria, also known as blue-green algae, belong to the bacterial domain, 

they have the ability to perform photosynthesis and assimilate inorganic nutrients (26) . 

Since cyanobacteria lacks of nucleoid, its DNA is not organized in chromosomes and lies 

free in the cytoplasm with the photosynthetic membranes. In contrast, eukaryotic 

microalgae possess nucleus, and their cytoplasm is divided into compartments and 

membrane bounded organelles (e.g., Golgi body, mitochondria, endoplasmic reticulum, 

vacuoles, and plastids). The cell wall of eukaryotes is usually composed by a 

microfibrillar layer of cellulose and sometimes surrounded by an amorphous layer that is 

either silicified or calcified. There are a variety of ways that are used to characterize 

microalgae. A commonly used categorization of eukaryotic microalgae is: green algae 

(Chlorophyta), red algae (Rhodophyta), and diatoms (Bacillariophyta) (7, 27) . 

Microalgae usually reproduce by cell division, but other types of asexual reproduction 

occur, such as fragmentation, and production of spores. Microalgae also have different 

types of cell organization: unicellular, colonial, and filamentous (7) .  

Microalgae are characterized by having a fast uptake of nutrients from the medium. 

Indeed, nutrient uptake rate may be faster than growth rate. In addition, microalgae may 

accumulate large amounts of specific metabolites under unfavorable growth conditions. 

These characteristics make impractical to consider microalgal biomass as a pseudo-

chemical component with a relatively defined empirical chemical formula (28) . 
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2.1.2 Microalgal kinetics 
 

Microalgal metabolisms 
 

Microalgae are well adapted to grow in a variety of environments, including 

photoautotrophic, heterotrophic, photoheterotrophic, and mixotrophic (29) .  

Photoautotrophic cultivation occurs when microalgae use light as energy source, and CO2 

as a carbon source  (29) . When a culture reaches elevated cell density, self-shading is 

one of the main factors that can ultimately limit its growth rate. Nevertheless, most 

microalgae species are photoautotrophs (28) .  

Heterotrophic cultivation takes place when microalgae are able to grow using organic 

compounds as source for both energy and carbon, i.e., microalgae have the ability to 

grow under dark conditions (29) . Growth in these cultures is limited by nutrient 

availability or accumulation of inhibitory compounds in media (28) . In addition, not all 

microalgae or metabolites of interest can be produced under dark conditions (30) . 

Photoheterotrophic cultivation is when microalgae use light as an energy source and 

organic compounds as a source of carbon in order to propagate (29, 31) .  

Finally, mixotrophic cultivation happens when microalgae grow through a combination 

of photoautotrophic, heterotrophic, and photoheterotrophic growth modes  (29, 32) .  

 

Cultivation systems 
 

Microalgae are cultivated using either open or closed growth systems, briefly described in 

the following section (7, 12, 18, 27, 28, 30, 33-36) : 

Open growth systems include un-stirred ponds, lakes, and lagoons as well as stirred 

ponds (circular or raceway). Raceways ponds, which are widely used for production of 

Spirulina and Dunaliella, usually are between 0.2 and 0.5 m deep. They are operated in a 

continuous production cycle with simple regular maintenance and cleaning. Open 

systems are relatively inexpensive but processing conditions are not optimal, and their 

consumption of water is elevated. Indeed, microalgae able to grow in these systems are 
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generally extremophiles. In other words, they require highly selective conditions (e.g., 

extreme pH, temperature or brackish to saline water), which prevent contamination. 

Regardless, a variety of open microalgal growth systems are being used at commercial 

scale worldwide.  

Closed ponds are an alternative to open ponds. Although closed ponds have an increasing 

cost, they are still substantially cheaper than closed growth systems, with the advantage 

of countering several drawbacks present in open systems, such as restriction to specific 

strains, evaporation, and temperature fluctuation in the growth media. 

On the other hand, closed systems include a variety of photo-bioreactors and bioreactors 

configurations, like tubular (vertical, horizontal, and helical), flat panels, stirred tanks as 

well as airlift or bubble columns. Closed systems not only reduce the risk of 

contamination and evaporation; they also have better operating control conditions (i.e., 

temperature, pH, aeration, mixing, CO2 concentration along with light intensity and 

regime), which make them more efficient in terms of productivity and quality of the final 

product. However, closed systems present higher costs and some drawbacks like 

biofouling. So far the easiest reactors to scale up, by increasing the number of modules, 

are the horizontal or helical tubular designs, along with vertical flat panels and bubble 

columns (12, 18) . Unquestionably, more room for innovation in bioreactor design still 

exists.  

 

It is crucial for large-scale microalgal production to develop cheaper and more efficient 

cultivation systems. 

 

Reactor operation mode 
 

Batch culture is the simplest microalgal culture mode, since it is cheap, easy to 

manipulate, and requires relatively low volumes of media. At the beginning of a batch, all 

of the necessary nutrients are added to the vessel.  No further nutrients are added during 

the cultivation. This means that food supply is limited, since nothing is added or 

removed. Once the desired cell concentration or the final product concentration is 

reached, the culture is harvested (28, 31, 37) . 
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In fed-batch cultures, nutrients are continuously added until the reactor reaches its 

maximum operating volume, at which point cells are harvested (28) .  

In semi-continuous cultures, the culture is diluted regularly by removing a fraction of the 

reactor volume and adding fresh medium at a given time. This procedure is followed in 

order to maintain cells in nutrient replete exponential growth phase and to restrict 

biomass density (28, 37) . 

In continuous cultures, cells are harvested while fresh medium is constantly added at 

balanced rate, in order to achieve a constant dilution rate. If total reactor volume is kept 

steady and optimum concentrations maintained, an indefinite exponential growth phase is 

reached (28, 31, 37, 38) . 

In perfusion cultures, spent medium is removed while fresh medium is added. Therefore, 

microalgal cells are retained in the reactor to overcome the low density present in 

continuous systems (28) . 

 

Mixing 
 

In photoautotrophic cultures, agitation rate, within specific limits, enhances biomass 

productivity by reducing the length of the dark period at which cells are exposed, thus 

improving light regimen (see Figure 2-1) (39) .  

 

	
  
	
  

Figure	
  2-­‐1	
  Self-­‐shading	
  effect	
  is	
  overcome	
  through	
  adequate	
  mixing	
  in	
  phototrophic	
  cultures 

Light	
  

Microalgal culture 

Supersaturation zone 
(Photoinhibition) 

Optimum zone 

Dark zone 
(Respiration in darkness) 

CO2 O2 
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Adequate mixing guarantees satisfactory mass transfer, prevents cell sedimentation, and 

biofilm formation as well as clumping. In addition, mixing reduces gradients of nutrients, 

light, and temperature during microalgal culture, which is essential to produce 

consistently high yields of biomass. However, excessive bubbling, micro eddies close in 

size to microalgal cells, and particularly shear stress can produce cell damage, affecting 

the culture performance. The extent of damage will depend on the species of microalgae 

(i.e., size, morphology as well as composition and thickness of the cell wall) and the 

growth environment. Use of carboxymethyl cellulose, for example, has a protective effect 

on microalgal cultures due to a reduction in the friction factor and therefore in the shear 

rate (30, 31, 40) . 

In many photoautotrophic reactor configurations, mixing is achieved by the injection of 

CO2 into the system. Since CO2 is a major nutrient, mixing and gas transfer are 

particularly interconnected in those cases, given that the main resistance to CO2 transport 

lies in the liquid film (30) .  

When pumping is used in microalgal cultures, different pumps, such as centrifugal, 

positive displacement, peristaltic or diaphragm, are often used. Each type of pump can 

impact the maximum observable specific growth rate for a given culture system. One of 

the main factors influencing the performance of microalgal cultures is the number of 

passes through the pumps (30) . 

 

Microalgal growth phases 
 

Microalgae undergo the following growth phases during a simple homogeneous batch 

culture: lag, log, deceleration, stationary, and death phases (see Figure 2-2). These phases 

represent the response of microalgae to changes in culture conditions and depend on the 

inoculum. Inoculum size should be between 5 and 10% by volume. A biomass density vs. 

time graph follows an S shaped curve (31, 38) . 
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Figure	
  2-­‐2	
  Mixotrophic	
  batch	
  microalgal	
  culture	
  (July	
  2013) 

 

In the lag or adaption phase, minimal growth is observed. The duration of this phase 

could be reduced, if young cells adapt to new growth medium and environmental 

conditions before inoculation, and also if those young cells are taken from a culture that 

is currently growing in the log phase (31, 38) . 

Log phase or exponential growth occurs when cell density increases exponentially with 

time while cells are dividing at a constant rate (31, 38) . This phase usually only occurs in 

a non-nutrient limited culture. Deceleration or linear growth happens when a decrease in 

logarithmic growth starts, as a consequence of the beginning of nutrient limited 

conditions or self-shading in systems using light as an energy source  (31) . 

When equilibrium between the maximum concentration of microalgal biomass and loss 

by degradation processes is reached, stationary phase takes place. The maximum viable 

concentration in a closed system is achieved at the start of this phase (31) . The stationary 

phase ends when the microalgal cell death rate becomes dominant, usually as 

consequence of limited nutrient conditions or accumulation of toxic metabolites. 

Eventually death rate becomes exponential (7, 31) . 
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Nutrient requirements 
 

The main elements required for microalgae are carbon, nitrogen, phosphorous, sulfur, 

potassium, and magnesium. Iron is important but required in small amounts. In addition, 

basic minerals, such as manganese, nickel, vanadium, cobalt, zinc, boron, copper, and 

molybdenum are essential trace elements (31) . 

Carbon constitutes about 50% of microalgal biomass. Its supply will depend on the type 

of microalgal metabolism. When algae require an inorganic carbon source, usually CO2 

enriched air or waste emissions are supplied, unless microalgae is able to utilize 

carbonate or bicarbonate supplied as salts. Sugars, molasses, acetic acid or even some 

hydrocarbons may be supplied in case microalgae is able to assimilate organic carbon 

sources (31) .  

Ammonia, urea, amino acids, nitrate, and sometimes nitrite are some of the nitrogen 

sources used by algae. Urea has been reported to be the optimum nitrogen source for 

mass cultivation of Chlorella. Nitrogen assimilation and respiration, are interacting 

processes, thus they share common metabolites and enzymes (28, 31) . 

Phosphorous is used for most cellular microalgal processes and is usually acquired as 

inorganic phosphate (H2PO4
- or HPO4

2-). Sulfur is part of some essential amino acids. It 

is generally provided as inorganic sulfate, which is usually reduced before being 

incorporated into cellular material. Potassium is necessary for the activity of several 

enzymes, protein synthesis, and osmotic regulation. Magnesium occupies a strategic 

position in photosynthesis, being the central atom of the chlorophyll molecule (31) . 

Iron helps microalgae to assimilate nitrates and nitrites, deoxidize sulfate, fix nitrogen, 

and synthetize chlorophyll. Chelating agents, like EDTA, are used to enhance its 

solubility. Since trace elements play an important role during nutrient uptake and 

subsequently on microalgal growth by competitive mechanisms as well as by synergistic 

or antagonist reactions, the effect of one metal ion should consider the influence of the 

others (18, 31) .  

 

Nutrient uptake and toxin production is influenced, for example, by the effect of 

detrimental shear forces on dinoflagellates. García Camacho et al. observed an increase 
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in nitrate and phosphate uptake as well as enhancing of toxin production with increased 

cell damage and suppressed growth in view of changes in cell metabolic activity (41, 42) 

. However, Leupold et al. found that morphologically robust species benefit from 

increasing tip speed and friction velocity, up to an optimum value, by having a positive 

effect on metabolic activities (43) . Clearly, cultivation conditions affect nutrient uptake 

of microalgae (26) .  

 

 Growth dynamics 
 

Biochemical composition of microalgal biomass is greatly dependent on the cultivation 

conditions. Thus, understanding the dynamic behavior of microalgal growth is the first 

step to improve process design, scale-up, optimization, and control (44, 45) . 

 

Microalgal systems have two important characteristics: first, the uncoupling between 

nutrient uptake and growth, and second, their exceptional capacity to produce specific 

metabolites during stress conditions. The latter may be a metabolic strategy of microalgae 

to survive during unfavorable conditions (28, 46) . In other words, during the stationary 

phase of growth, microalgal cultures can exhibit secondary metabolism, i.e., specific 

metabolites can be produced after the growth phase is complete. Stationary phase may be 

induced, by limiting one or more variables that control growth rate. For instance, H. 

pluvialis is first cultivated continuously under nutrient replete conditions in photo-

bioreactors. Later a portion of the culture is transferred to open ponds under nutrient 

limited conditions to induce astaxanthin production (19, 21) . 

 

Microalgal cultures have different metabolic responses depending upon which nutrient is 

limiting. Nitrogen limiting conditions, for example, have been used to increase lipid 

content, since microalgae have the ability to produce and store large amounts of oil in 

lipid bodies under those conditions. Thus, most of the carbon available is bound into 

lipids. In eukaryotic algae, the most common store lipids are triglycerides (nonpolar or 

neutral lipids), accounting for almost 80% of the total lipid fraction. The oil stored can be 

used to support microalgal growth, either as an energy supply under light limited 
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conditions or to build membranes for the next generation. Nitrogen deficient cultures, 

however, will grow slower than cultures that are replete with nitrogen. It has been 

demonstrated that growth can be maximized when there is an intermediate availability of 

nitrogen. In contrast, high nitrogen concentrations inhibit microalgal growth. Therefore, 

kinetics of nitrogen uptake and its effect on microalgal growth is very important to 

optimize microalgal culture growth (7, 28, 29, 31) . 

 

Specifically, De la Hoz Siegler et al. observed that during a single nitrogen limited batch 

growth of Auxenochlorella protothecoides, there are significant variations of oil content 

in microalgal cells, as a result of the balance between growth and oil production. 

Moreover, it was demonstrated that oil production or consumption is independent of 

growth despite that both processes occur simultaneously. In other words, for nitrogen-

limited cultures, the initial concentration of the carbon source did not have a significant 

effect on the final biomass and oil concentrations; nor was the final oil concentration 

dependent on the initial availability of the nitrogen source. On the other hand, the lowest 

oil content was obtained from carbon-limited cultures. This result is expected, since lipids 

are composed solely of carbon, hydrogen, and oxygen. However, initial nitrogen 

availability affected growth and also the carbon source consumption. An intermediate 

level of nitrogen availability was optimal to maximize growth rate, while high nitrogen 

content inhibited it. Furthermore, low nitrogen concentration resulted in limited growth. 

This reduction in growth was the result of a nonlinear dependence of the growth rate on 

the initial nitrogen concentration. A simple model able to describe this effect was a pure 

quadratic model. Moreover, while carbon consumption occurred with an increase in 

biomass, depletion of nitrogen in media was observed within the first quarter of the 

experiment (40 h) without an immediate variation in biomass. Therefore, an uncoupling 

between growth and nitrogen uptake was observed. This luxury uptake prevented the use 

of classical unstructured models to describe the growth dynamics. As a consequence of 

this uncoupling, about a fivefold temporary intracellular accumulation of nitrogen 

compounds was registered despite a residual nitrogen concentration in media. This 

residue increased at the last stage of the culture, displaying how microalgal cells export 

amino-compounds, such as proteins and oligopeptides to the media. With the information 
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described above and using a structured compartmentalized cell approach that divided the 

cell into three main compartments (i.e., metabolically active biomass, lipid body, and 

nitrogen pool) a model was developed to describe the effect of nitrogen and carbon 

substrate concentrations on biomass growth and oil production rates. The kinetic 

expressions that best represented the experimental observations were chosen, by 

considering the minimized weighted sum of squared errors (WSSE) and the Akaike and 

Bayesian information criteria (AIC and BIC). To build the model, it was first 

demonstrated that growth rate follows a hyperbolic profile with respect to the actual and 

the past content of intracellular nitrogen. In addition, there is a time delay between events 

that trigger the metabolic variation and the change itself. Therefore, the best fitting of the 

experimental data was obtained when an equation considering inhibition by the historical 

average of nitrogen content in cells was used to model the growth rate kinetics. Secondly, 

a Haldane inhibition model was chosen to describe the effect of glucose concentration on 

growth rate kinetics. Thirdly, a Michaelis-Menten kinetic expression was selected to 

model the nitrogen uptake rate kinetics. Finally, the best kinetic expression to illustrate 

oil production rate kinetics was determined to be a Michaelis-Menten type kinetic 

expression involving saturation by lipid content (i.e., oil production rate decreases as 

intracellular oil content increases due to a finite storage capacity of the cell). At the end, 

the best fitting model was obtained when the specific growth rate was considered to 

follow a sigmoidal function of the external glucose concentration and the internal 

nitrogen concentration. This model was initially determined from batch reactor 

experimental data and then validated by obtaining good agreement between model 

predictions and experimental observations from a fed-batch culture, even when glucose 

and biomass concentrations were above the range used for the model calibration (44) . 

 

It is relevant to emphasize that all the experimental data (i.e., biomass density, glucose 

content in media, oil content in cells as well as total nitrogen in media and dry cells) used 

to calibrate and validate the model, was obtained offline. Traditional analytical methods 

were used, such as total suspended solids, high performance liquid chromatography 

(HPLC), elemental analysis, and fluorospectrometry. 
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2.1.3 Microalgal cultures optimization 
 

Low yields and high production costs are two of the major drawbacks of microalgal 

cultures, particularly, when talking about production of bulk chemicals and biofuels (7, 

28, 44) . By 2010, microalgal companies had to demonstrate that they have the 

technology to produce more than 1 000 tonnes of algal biomass or at least 440 liters of 

algal oil per year to their investors, in order to attract capital and grow into a commercial 

enterprise (5) . To achieve these targets economically, microalgal companies need to 

improve their processes (reactor design, process control, harvesting, and extraction). In 

2014, large-scale commercial production of microalgae was still considered an infant 

industry (12) .  

 

Understanding of the immediate and delayed reactions of microalgal culture dynamics to 

changes in environmental conditions is essential for appropriate optimization (47) . For 

example, it is important to optimize the overall microalgal process performance, taking 

into account the uncoupling of nutrient uptake and growth (18, 28) . Unfortunately, 

microalgal productivity and their biochemical configurations are highly affected not only 

by medium composition and nutrient profile, but also by the cultivation mode and its 

operating conditions. In addition, microalgae cultivation kinetics has an inherent 

nonlinear and time varying nature. Consequently, optimization of strain specific 

microalgal cultures depends on the informed and accurate manipulation of many 

interconnected factors, i.e., an optimal control strategy for various nutrient streams, etc. 

This process requires the development of reliable dynamic models that satisfactorily 

describe and if necessary, simulate microalgal systems. Indeed, possessing the capability 

to continuously monitor microalgal systems is essential to develop a robust production 

system  (18, 19, 28, 44) .  

 

To illustrate, the model developed by De la Hoz Siegler et al. was used to optimize 

productivity of A. protothecoides in fed-batch cultures. It was demonstrated that high oil 

content for heterotrophic cultures is viable while maximizing growth rate. Regardless the 



	
   17	
  

findings in autotrophic cultures that led to the conclusion that maximization of growth 

rates is more important than oil accumulation in microalgae (28) . 

The objective of the optimization was to find the optimal feeding strategy for maximizing 

productivity of microalgal cultures. Assuming the model provided a satisfactory 

representation of the system, the problem was formulated as a model-based optimization. 

Two different approaches were used: open-loop model predictive control and adaptive 

model predictive control. The former implies that once the batch is finished, process data 

is analyzed to calculate the optimal feeding profile, which is later implemented for the 

duration of the next batch. The latter means that the optimal feeding profile is updated by 

re-estimating the model parameters as soon as new data is available, using as initial 

conditions the current ones (28) .  

Adaptive model predictive control is especially suitable to reduce the possibility of 

mismatch when working with models whose parameters represent the sum of various 

interacting phenomenon. Unfortunately, this approach is absolutely dependent on the fast 

and accurate acquisition of the current estimated values of the process output, which 

ideally should be acquired through online monitoring of the process (28) . 

Although sampling and estimation of the current values were done offline, the optimized 

heterotrophic microalgal culture reached a biomass production of 144 g/L and lipid 

productivity of 20.2 g/L×d compared to 20 g/L and 0.94 g/L×d for the non-optimal fed-

batch culture. This significant increase in biomass production and lipid productivity was 

achieved by adjusting both the nitrogen availability, to intermediate deficient conditions, 

and the carbon to nitrogen ratio as well as by manipulating the feeding profiles into the 

bioreactor using an adaptive model predictive control strategy (28) .  

  

When optimal growth is achieved, the culture has the benefit of minimum growth stress, 

which usually results in changes in the intracellular composition. During the work of De 

la Hoz Siegler et al. described above, it was demonstrated that high biomass productivity 

promotes accumulation of unsaturated fatty acids, which are more suitable for biodiesel 

production (28) . Indeed, fatty acid composition varies not only quantitatively but also 

qualitatively, according to the physiological status and culture conditions of microalgae 

(19) . In another example, Angelis et al., (46)  optimized biomass and exopolysaccharides 
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(i.e. extracellular polymeric substances, EPS) production in co-cultures of microalgae and 

macromycetes. EPS production was enhanced during co-cultures in comparison with 

monocultures, and a different type of EPS was even produced. Furthermore, when 

glucose concentration, agitation speed, and initial pH, were further optimized, an increase 

of 61% in biomass and 33% in EPS production was registered. EPS are important for 

medical applications because they are able to stimulate the immune system. In a final 

example, oxidative stress, triggered either by the addition of specific chemicals or 

prolonged exposure to intense illumination, was deliberately induced to increase 

antioxidant content of microalgal cultures (18) . 

 
2.1.4 Monitoring of microalgal cultures 
 
Model based predictive control of microalgal cultures is dependent on the quality of the 

limited available measurable factors that influence culture composition, growth rate, and 

the physiological state of microalgae. Measurable parameters include temperature, 

pressure, pH, dissolved oxygen (DO), flow and agitation rates, liquid level, nutrient 

availability as well as biomass and metabolites produced (31, 37, 48, 49) .  

Until 2012, only few technological advances to monitor algal composition were available. 

Indeed, biomass characterization was still in its infancy. Most algal samples were 

analyzed by conventional wet chemical methods with the help of gas and liquid 

chromatography and far from being standardized (50, 51) . On the other hand, by 2014, 

the analytical methods used to accurately determine chemical composition of microalgae-

based feedstocks for biofuels production were critical for commercialization of 

microalgae. Efficient production of biodiesel, for example, requires suitable analysis of 

all microalgal products, including carbohydrates, lipids, and proteins (52, 53) . 

 

Process monitoring has been classified according to the following categories (54) :  

a) Offline monitoring, which happens when sampling is manual, and the sample is 

analyzed in a remote location. 

b) At-line monitoring occurs when sampling is also manual but the sample is 

analyzed using an analyzer within the manufacturing area. 
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c) Online monitoring takes place when the sensor is connected to a process, and 

sampling is automatic. Therefore, the sensor continuously monitors a portion of 

the process stream.  

d) In inline monitoring the whole process stream is continuously monitored, as the 

sample interface is located in the process. 

 

Offline monitoring procedures 
 

The standard process monitoring approach in bioprocess industries has been the use of 

traditional offline measurements. Unfortunately, they are time consuming and expensive. 

In addition they generate chemical waste and usually require qualified staff (28, 50, 55) . 

 

The standard measure of any culture is usually the biomass concentration. Dry-weight is 

estimated using the common total suspended solids (TSS) method. It does not 

differentiate between microalgal biomass and suspended non-biological solids. On the 

contrary, it includes all particles collected by filtration or centrifugation. To minimize 

errors, it is important to wash microalgal cells with buffer in order to remove salts and 

contaminants, ensure that the culture is homogeneous when sampling, and execute the 

analysis by duplicate. Microalgae cells should be dried avoiding excess heat, usually 

between 80 and 110 °C. Finally, to avoid absorption of moisture, always weigh samples 

immediately after drying and cooling (31) . 

Packed cell volume (PCV) is a variant of the TSS method. Here solids settle in a 

graduated capillary tube at the bottom of special centrifuge tubes. It is expressed as 

percentage of the total sample volume (31) . 

Turbidity is a fast and nondestructive procedure for characterizing culture density. It is 

carried out by visual observation using a Secchi disk when water is not colored by itself. 

Otherwise, it is conducted by measuring absorption with a colorimeter or 

spectrophotometer at a given wavelength (e.g., 550 nm). When a colorimeter or 

spectrophotometer is used, measurement is based on the scattering coefficient, which is a 

complex function of cell size and shape, along with the presence of any other scattering 

substances. Unfortunately, these circumstances can lead to erroneous results (31) . 



	
   20	
  

Microscopic examination is used to quantify microalgae. The main disadvantages of this 

procedure include incorrect sampling, dilution estimation, filling of the chamber, and an 

extremely small sample analyzed (1 ml). It is unsuitable for microalgae that grow in 

colonies or with a complex morphology (31) . 

Chlorophyll content is a complex but more selective method to estimate phototrophic 

microalgal biomass. After pigments are extracted from cells using a solvent (e.g., 80% 

acetone, ethanol or diethyl ether) an absorption measurement is taken using a pure 

solvent as blank. The wavelength utilized depends on the solvent used. Care should be 

exercised to protect pigments from light in order to avoid bleaching. Cyanobacteria 

contain water-soluble pigments not present in other microalgal species. Therefore, 

determination of these pigments is an excellent qualitative and quantitative method for 

detecting cyanobacteria. Pigments are extracted with 0.15 M NaCl by sonication and 

separated by centrifugation. Absorbance is measured at 565, 620, and 650 nm (31) . 

 

Microalgal cultures produce different kinds of lipids, such as triglycerides, diglycerides, 

phospholipids, glycolipids, and hydrocarbons. The most common approach to quantify 

lipid content is the macro-gravimetric method. Here lipids are extracted with the help of a 

suitable solvent, which is later evaporated, allowing the quantification of lipid content as 

the retained material. Unfortunately, this method requires a relatively large sample. It is 

time consuming and labor-intensive, especially when many analyses are needed (56) . 

Accuracy is dependent on the choice of the extracting solvent because algal lipids are a 

complex mixture of polar and nonpolar molecules. Thus, the polarity of the solvent will 

affect the yield of extracted lipids (51) . 

Staining methods in combination with fluorospectrophotometry are also common 

methods for in vivo quantification of neutral lipids. They are also the most suitable for oil 

estimation of different microalgal strains (56) . 

 

Determination of lipids as total fatty acid methyl esters (FAME) is one option to quantify 

the potential of algal biomass for biofuels production. An in situ trans esterification of the 

microalgal biomass with an acid catalyst (hydrochloric acid in methanol) is the first step 

in this procedure. Later the calibration of a gas chromatograph with most of the fatty 
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acids usually found in microalgae is required for the analysis by external standard of the 

sample (57) . 

HPLC, thin layer chromatography (TLC), and mass spectrometry (MS) are techniques 

also used for lipid analysis but definitely not suitable for large-scale sampling (56) . 

 

Total carbohydrates in algal biomass are determined as monosaccharides, after inorganic 

acid hydrolysis of the complete biomass. The monosaccharide concentration is quantified 

by HPLC, high performance anion exchange chromatography (HPAEC) or a suitable 

spectrophotometric method (57) . 

On the other hand, storage carbohydrates are determined as starch. After enzymatic 

degradation, the released glucose is measure using either two spectrophotometric assays 

or one HPLC-based method (57) . 

 

The recommendation to obtain the most reliable results is the simultaneous use of several 

methods to avoid the compromise of specificity, precision or detection limit (31) . 

 

Online and inline monitoring procedures 
 

Process analysis is used to determine physical and chemical properties during a process to 

enable dynamic process changes, process monitoring, and quality control. Indeed, 

adequate monitoring of microalgal cultures enables the efficient control of variables 

influencing the process performance. Moreover, utilization of analytical data for control 

strategies makes online and inline monitoring an integral part of process engineering and 

control systems (1, 58) . 

 

Due to the complexity of bioprocesses, monitoring of the gas and liquid phases are 

necessary. With current technologies, physicochemical variables can be monitored online 

in both phases. Only some biological variables like biomass, chlorophyll, and other 

pigments concentrations can be monitored as well (58) . Usually monitoring of the liquid 

phase is the most challenging.  
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Process state of the bioreactor can be determined by the online analysis of gases in the 

headspace of the bioreactor, for example, CO2, O2, H2, and volatile organic compounds 

(VOCs). Pressure control is crucial for correct measurements. Techniques used for this 

kind of analysis include: mass spectroscopy (MS), gas chromatography (GC), infrared 

(IR) spectroscopy, dielectric constant measurement, semiconductor gas sensors, and 

electronic noses (EN) (59) . 

 

Autoclavable inline sensors for temperature, pH, and partial pressure of oxygen (pO2) are 

routinely used in laboratory and industrial bioreactors (49) . 

 

In microalgal cultivation, pH is very important. It influences directly and indirectly the 

microalgal metabolism (e.g., it determines solubility of carbon dioxide and minerals in 

media). Different species of microalgae have a specific pH value or range for optimum 

growth. In contrast, it is influenced by composition and buffering capacity of media, 

amount of CO2 dissolved as well as temperature and metabolic activity of microalgal 

cells  (31) . Supply of CO2 to microalgal cultures, is usually controlled by pH monitoring, 

i.e., a nonspecific control procedure. Measurements are performed with a standard 

potentiometric ion selective glass electrode. Undoubtedly, there is a risk of error because 

different dissolved ions may influence pH values (30, 49, 60) .  

Platinum resistance temperature detectors (RTD) are used as temperature sensors, which 

are based on measurements of the electrical resistance of a Pt wire proportional to 

temperature (49) . 

Dissolved oxygen measurements are made using Clark amperometric electrodes (49) . 

 

Biomass concentration is estimated online using optical density (OD), which is calibrated 

by offline dry weight or microscopic cell counts. However, pigments and organelles of 

microalgae affect light absorbance significantly. OD can be combined with fluorescence 

measurements. Software sensors and in situ microscopy have also been used (58) . 

 

Chlorophyll fluorescence measurements are performed in situ using pulse amplitude 

modulated (PAM) fluorometry (58) .  
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Appropriate integrated systems for online and inline monitoring of microalgal reactors 

are essential to understand complex and particular biological processes like microalgal 

metabolism. Allowing not only the creation of mathematical models to describe the 

influence of several operating parameters on the non-linear behavior of microalgal 

cultures, but also permitting the generation of suitable control strategies. These strategies 

will enable online optimization of the mentioned operating parameters (e.g., mixing, 

gassing, diluting) while improving process efficiency and productivity as well as 

reducing cost and environmental pollution  (28, 48, 49, 61) . However, these advance 

control strategies, which represent an engineering challenge, are still not very common in 

process plants (62, 63) . 

In some microalgal cultures, for example, knowing oil content as well as cell and nutrient 

concentration at any given moment, may allow an appropriate process control (55)  

NIR spectroscopy has the potential of providing a quick monitoring of microalgal 

cultures because it collects data easily. Therefore, it will compliment traditional methods, 

which will greatly contribute to bioprocess monitoring and control in both the research 

laboratory and the industrial production of microalgae (56) . 

 

Enhanced process monitoring will lead to efficient bioconversions (i.e., decreased costs 

of production, separation, and purification). These improvements are needed to achieve a 

competitive large-scale microalgal production with conventional processes (7, 18, 64) .  

 

2.2 Infrared and Raman spectroscopy 
 

Spectroscopic methods offer a noninvasive and nondestructive method to monitor 

continuous biological processes, where multivariate chemical information is obtained 

(28) . As described in the previous section, many of the traditional methods for 

characterizing the chemical composition of biomass are laborious, expensive, and 

destructive.  More modern analytical techniques often involve the measurement of optical 

phenomena, since optical measurements obtained from the interaction between radiation 

and matter enable a rapid acquisition of a variety of analytical information. Optical 

properties of liquids, for example, depend on their composition (65) . 
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2.2.1 Basic principles 
 

Infrared and Raman spectroscopy are complementary techniques. Their simultaneous 

application can be highly advantageous when characterizing a molecular structure 

because for a complete description of the vibrational motion of a molecule both 

techniques are needed (60, 66) .  

 

In IR spectroscopy, the infrared light absorbed by the sample is measured as a function of 

the frequency of IR-active vibrational transitions. On the other hand, in Raman 

spectroscopy, an intense laser beam irradiates the sample, and the light scattered by a 

Raman-active vibration is observed. In both cases the associated energy depends on the 

structure of the molecule. IR-active vibrational transitions are those which dipole moment 

changes (i.e., sensitive to polar functionalities, C=O) while Raman-active vibrational 

transitions are those in which polarizability changes (i.e., sensitive to vibrations of 

homonuclear bonds, C=C). Indeed, symmetric vibrations are Raman-active, and anti-

symmetric vibrations are IR-active. This effect is known as the mutual exclusion 

principle, and it is applicable to any symmetric molecule. Therefore, vibrations of 

covalent bonds are strong in Raman spectra. In contrast, ionic bonds are strong in IR 

spectra. Indeed, Raman spectroscopy is suitable for analysis of biological compounds in 

aqueous solutions because water is a weak Raman scatterer. However, water has strong 

absorption when using IR spectroscopy, interfering with the absorption signal from other 

compounds (67) . 

 

IR spectroscopy comprehends far infrared (25 – 100 mm), mid infrared (MIR 2.5 – 25 

mm), and near infrared (0.8 – 2.5 mm) ranges of the electromagnetic spectrum. In the 

MIR range fundamental vibrations are excited, and characteristic features as well as 

peaks can be assigned to specific chemical groups. MIR spectroscopy is a powerful tool 

for qualitative analysis, compound identification, and structure analysis. It is usually 

referred to as the fingerprint region. On the other hand, in the NIR range detection of 

overtones and combinations of molecular vibrations result in complex spectra, 

characterized by broad and overlapping features (68-70) . 
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2.2.2 Raman spectroscopy 
 

It is possible to identify specific compounds (e.g., lipids) using Raman spectroscopy, as 

the spectrum created by inelastic scattering, it is determined by molecular bonds of the 

compounds in the sample, generating a fingerprint (55, 71) .  

 

Inelastic scattering occurs when the molecule is excited to a virtual energy state by 

exposing it to a monochromatic laser light of specific frequency (from the visible to the 

near infrared region), resulting in two possibilities. First, the molecule may return to the 

first excited vibrational level, instead of its original ground state, emitting a Raman line 

(Stokes line) of lower frequency. Second, the molecule may return to the ground state 

after starting from the first excited vibrational level, emitting a Raman line (anti-Stokes 

line) of higher frequency (see Figure 2-3). In either case the frequency difference 

corresponds to the fundamental transition. Stokes lines are usually used for Raman 

spectroscopy (67) .  

 

 

Figure	
  2-­‐3	
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  lines	
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  scattering 

 

Raman scattering is very weak in comparison with the incident beam and is measured in 

the UV-visible region (67) .  
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Previous work 
 

In a previous work within my research group, an online multivariate sensor, using Raman 

spectroscopy, was developed. This sensor was designed to monitor biomass, oil, and 

glucose concentrations in microalgal cultures. The Raman spectra generated were 

convoluted as a consequence of the high number of compounds present. An immersion 

probe with excitation wavelength of 785 nm was used to collect the data. Although, it 

was demonstrated that fluorescent background was present in the sample causing 

interference with glucose determination, the model built for glucose concentration was 

acceptable. Likewise, the sensor was robust for biomass determination but it was 

suggested to exercise caution for oil content estimation. This uncertainty was comparable 

to the one of the experimental procedures existing at that point, since all of them were 

prone to a considerable error. Given these points, the model built was validated, by 

comparing the model predictions for fed-batch cultures, using the set of parameters 

estimated from batch experiments, during online estimation in the bioreactor. It was 

found that there was a good match between Raman predictions and experimental 

measurements overall. Nevertheless, during the first 50 h of the culture, high variance 

was observed in glucose and oil determinations. Probably, as a result of the significant 

number of changes, both in the culture media and in the microalgal cell, during that lapse 

of time (55) .  

 

Fluorescence is one disadvantage of using Raman spectroscopy in biological samples. It 

is generated when the incident beam wavelength is closer to the electrical excitation 

wavelength of compounds in the sample than to their vibrational excitation. The 785 nm 

red laser reduces fluorescent background and improves the signal in comparison with a 

532 nm green laser (71) . 

 

2.2.3 Near infrared spectroscopy 
 

NIR spectroscopy is a fast, accurate, and nondestructive analytical technique, which often 

does not require sample preparation. If the analyte exceeds around 0.1 %, NIR 
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spectroscopy will usually offer acceptable results. In routine analysis, it is not a 

requirement to have specialized training; however, previous work may be needed for data 

interpretation, such as a chemometric method. Without a doubt, chemometric methods 

together with fiber optics, probes, and miniaturization are making NIR spectroscopy a 

valuable tool for industrial quality control and process monitoring, even when overlapped 

bands strongly decrease the specificity of NIR spectroscopy (60, 67, 72) . The 

petrochemical industry was a pioneer in recognizing the value of the NIR technique as an 

online tool and implementing it, which has led to improve process stability, pollution 

control, and more accurate blending procedures (54) . 

 

Some of the main advantages of process analyzers based on NIR spectrometers are (54) : 

· Frequent and touchless online analysis of multicomponent systems. 

· Applicable for remote analysis. 

· Operable in hostile environments. 

· Appropriate for liquids and any morphology of solid samples. 

· Pollution free, since no solvents are required. 

 

In NIR spectroscopy, the sample absorbs specific frequencies from a polychromatic 

source, corresponding to overtone (i.e., transition between energy levels) or combination 

vibrations (67) . Spectra of agricultural samples, for example, are composed of broad 

peaks as a consequence of the overlapping absorptions caused by overtones and 

combinations of vibrational modes involving C-H, O-H, and N-H molecular bonds (54, 

72) . See Table 2-1 (73) . Overtone and combination vibrations generally have lower 

intensities (by a factor of 10 to 100 for each step) than their correspondent fundamental 

vibrations in the MIR range. This characteristic allows an adjustment on sample thickness 

(from millimeters up to centimeters) or volume when working with NIR spectroscopy. In 

addition, occurrence, frequency, and intensity of overtone and combination bands depend 

directly on the anharmonicity of the vibrating atoms. Polytetrafluoroethylene is used as 

NIR non-absorbing standard material (Spectralon®) as a result of the small 

anharmonicity constant despite the large dipole moment of the C-F bond (60, 67) .  
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Table	
  2-­‐1	
  Frequencies	
  of	
  bond	
  absorptions	
  for	
  generic	
  functional	
  groups	
  

Wavelength (nm) Bond vibration Structure 

1 143 C-H second overtone Aromatic 

1 160 C=O stretch fourth overtone C=O 

1 170 C-H second overtone .HC=CH 

1 195 C-H second overtone .CH3 

1 215 C-H second overtone .CH2 

1 225 C-H second overtone .CH 

1 360 C-H combination .CH3 

1 395 C-H combination .CH2 

1 410 O-H first overtone ROH, Oil 

1 415 C-H combination .CH2 

1 417 C-H combination Aromatic 

1 420 O-H first overtone ArOH 

1 440 C-H combination .CH2 

1 446 C-H combination Aromatic 

1 450 O-H stretch first overtone Starch, H2O 

1 450 C=O stretch third overtone C=O 

1 460 Sym N-H stretch first overtone Urea 

1 463 N-H stretch first overtone .CONH2 

1 471 N-H stretch first overtone CONHR 

1 483 N-H stretch first overtone .CONH2 

1 490 N-H stretch first overtone CONHR 

1 490 O-H stretch first overtone Cellulose 

1 490 Sym N-H stretch first overtone Urea 

1 492 N-H stretch first overtone ArNH2 

1 500 N-H stretch first overtone .NH 

1 510 N-H stretch first overtone Protein 

1 520 N-H stretch first overtone Urea 

1 530 N-H stretch first overtone RNH2 

1 540 O-H stretch first overtone Starch 
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Table	
  2-­‐1	
  (cont’d)	
  Frequencies	
  of	
  bond	
  absorptions	
  for	
  generic	
  functional	
  groups	
  

Wavelength (nm) Bond vibration Structure 

1 570 N-H stretch first overtone CONH 

1 620 C-H stretch first overtone =CH2 

1 685 C-H stretch first overtone Aromatic 

1 695 C-H stretch first overtone .CH3 

1 705 C-H stretch first overtone .CH3 

1 725 C-H stretch first overtone .CH2 

  

In the near infrared range (780 to 2 500 nm), water absorbance peaks are less broad and 

strong than in MIR range, which reduces the risk of missing valuable spectral information 

related to low concentration analytes. However, in biological applications where high 

water concentrations are present (above 80%), NIR determinations are strongly 

influenced by the spectral signature of water with peak absorptions at 970, 1 190, and 1 

450 nm (72, 74) . It is also important to remember that the hydrogen-bonding network of 

water molecules is not only sensitive to temperature changes but also to changes in 

concentration of dissolved salts and biopolymers, such as proteins or carbohydrates as 

well as to changes in pH. As a result, the overtone and combination bands show large 

variance when aqueous samples with wide variation in composition are analyzed (54) .  

 
Reflectance 
 
The return of radiation by a surface or specifically an interface, without a change in 

wavelength, is called reflection (75) . Reflectance spectroscopy has the potential to reveal 

compositional information, by detecting the wavelengths of light that are reflected. 

Depending upon the wavelength, light that is not reflected from the sample is absorbed, 

scattered, or transmitted according to the chemical composition of the sample (76) .  

If a surface absorbs at specific wavelengths of light, the relative intensity of the light 

decreases. Generally, the intensity of the light reflected depends on the angle of incidence 

as well as the refractive index, surface roughness, and of course, absorbability of the 

sample  (77) . Therefore, reflectance spectroscopy is a convenient tool for qualitative and 

quantitative analysis. It is widely used to determine optical properties of turbid materials 
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(e.g., milk and fruit juices) and to characterize films as well as surfaces (78-80) . One of 

the main benefits of reflectance spectroscopy is the absence or minimal sample 

preparation. With adequate calibration, infrared reflectance spectroscopy (IRS) is able to 

provide accurate concentration estimates for multiple components (50) . 

 

For a thin layer (0.5 – 20 mm) the reflectance spectrum is similar to a transmission 

spectrum, while for a monomolecular layer, the spectrum is predominantly a function of 

the refractive index. The refractive index is defined as the ratio of speed of light in 

vacuum to the speed of light in the material of interest and depends on the solution 

composition (65, 81) .  

 

In general, there are two types of reflection: specular (where the angle of incidence is 

equal to the angle of reflection) and diffuse (where the angles of incidence and reflection 

are different). While most surfaces return both specular and diffuse reflections, some may 

return mostly specular reflections and others predominantly diffuse reflections (75) .  

 

Specular reflectance spectroscopy is a nondestructive method where the mirror-like 

reflection, which is proportional to the amount of gloss on a shiny surface, is used for the 

characterization of surfaces as well as coatings or thin films deposited on or pressed 

against a solid reflective surface (substrate) (75, 77) . Testing of lubricated surfaces, 

degradation studies of protective coatings, and analysis of polymers on the surface of 

food containers are only some of the different uses of specular reflection. To illustrate, it 

was observed that specular reflection of plastic encoder wheel samples, a component in a 

motor that is used for monitoring rotation and speed, decreased significantly (up to 84%) 

when sandblasting was applied on them (76) . On the other hand, the specular reflection 

from a thin film of aluminum chrome alloy on cured powder-coated wheels was observed 

to increase proportionally to deposition time  (82) . These experiments show how smooth 

surfaces have higher specular reflection because most of the incident light is reflected in 

the same direction while rough surfaces increase the amount of diffuse reflectance (83) . 
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When working with thin films on a reflective substrate, specular reflectance is similar to a 

“double-pass transmission”. Any wavelength not absorbed or scattered by the surface of 

the film or molecules within the film will reach the substrate making possible to collect 

specular reflection from the interfaces at the surface and also at the substrate after the 

beam has passed twice through the film. Both reflections may add together constructively 

or destructively, depending on the difference in their optical path lengths, which are 

determined by the film thickness, optical constants, and the wavelength of light used. 

These kind of specular reflectance spectra are usually of high quality and similar to the 

ones obtained from transmission measurements (72, 84, 85) .  

 

An example of reflectance spectroscopy is the analysis of blood. Quantitative 

determination of the absorption of blood volume fractions in turbid media was 

successfully achieved by noncontact reflectance spectroscopy using a QR400-7-UV-BX 

probe, fixed at 17 mm and 13 ° angle from the sample. Baseline for these experiments 

was recorded using media without absorbers. The effective photon path range determined 

for this experiment was from 0.5 mm, at the maximum absorption, to 4 mm for the 

minimum adsorption of the solution (78) . 

 

2.3 Fiber optic chemical sensors 
 

According to the Cambridge definition, “Chemical sensors are miniaturized devices that 

can deliver real-time and online information on the presence of specific compounds or 

ions in even complex samples” (86) .  

Analytical results of chemical sensors should be validated according to the following 

expressions: accuracy and precision. While chemical sensor performance can be 

characterized using the following criteria: Sensitivity, detection limit, dynamic range, 

selectivity, linearity, resolution, response time, stability, and life cycle (65) . 

 

Optical methods are non-invasive and non-destructive (49) . The ideal optical sensor 

should also be highly sensitive and selective. For complex systems, interference should 

be minimized, and the optical signal deconvoluted (87) . In addition, it should be 
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developed to achieve maximum mobility and minimal dimensions (65) . Finally, the 

appropriate sensor should be rapid, robust, automated, and inexpensive while delivering 

versatile intracellular information (50, 63) . Unfortunately, major problems concerning 

optical methods include sensitivity to fouling, and also to the presence of turbidity and 

gas bubbles. Measurement noise is also usually higher than in other methods (49) . 

 

One of the major application fields of fiber optic based sensors is bioprocess control 

where the sensor should also have the ability to endure sterilization as well as long-term 

stability (49, 86) . The adequate bioprocess sensor has to be developed in agreement with 

the specific demands of the process (49) . 

 

2.4 Chemometrics 
 

Chemometrics is a discipline that combines math with statistics to extract the most 

important information within huge data sets from samples of varying complexity. It was 

first introduced in 1972. It represents an opportunity to upgrade analytical and control 

functions in industrial processes with real time chemical analysis and control. In other 

words, chemometrics has addressed the challenge of moving from data to information to 

knowledge of the process. It is applied in two different ways for bioprocess monitoring, 

either to predict key process variables or to picture the course of the culture by 

identifying the response patterns of the used sensor systems to specific characteristics. 

Accordingly, one important component of chemometrics is multivariate data analysis, 

which is the core of qualitative and quantitative determinations of multicomponent assays 

on NIR spectroscopy. Multivariate calibration converts several wavelengths into precise 

and relevant information (54, 63, 88-91) .  

 

Even NIR spectra of chemically simple substances have numerous broad bands that 

usually overlap (see Table 2-1). Therefore, identification of these bands, and their 

assignment to specific chemical bonds can be very difficult. Furthermore, spectra may be 

perturbed by the interaction of radiation with the physical structure of the sample which 

results in diffuse reflection (54, 92) . 
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In NIR spectroscopy, quantitative analysis is based on Beer’s Law. According to this law 

the amount of light transmitted through a material decreases exponentially. As a result, 

Beer’s Law states that there is a linear relationship between molar concentration of a 

substance and its absorbance, at a given wavelength. Absorbance is equal to the 

difference between the logarithms of the intensity of the light entering the sample and the 

intensity of the remaining light (54, 70, 92) : 

 

A = log I0 – log I = -log(I/I0) 

Where: 

A = Absorbance 

I0= Intensity of incident optical radiation 

I= Remaining intensity after interaction (transmission or reflection) with the sample  

 

The ratio I/IO is called transmittance (T) when radiation is transmitted through the sample 

or reflectance (R) when radiation is reflected by the sample. Therefore, absorbance can 

also be written as (54) : 

A = log(1/T) = log(1/R) 

 

It is important to note that relative absorbance is usually measured by using a reference 

material. In the first place, the intensity of light transmitted through the reference is 

measured, later the same type of measurement is performed using the sample. Relative 

absorbance is obtained from the following equation (54) : 

 

As(l) = As*(l) – Ar*(l) 

Where: 

As(l) =  Relative absorbance of the sample at l nm 

As*(l) = Absolute absorbance of the sample at l nm 

Ar*(l)= Absolute absorbance of the reference at l nm 

 

Note: Ar*(l) should be constant during the length of the work. 
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Beer’s Law then relates concentration to absorbance in the following equation (54) : 

 

A = e(d)C 

Where: 

e = molar extinction coefficient (mol/L)-1cm-1 

d = path length (cm)  

C = molar concentration 

 

If concentration is stated as a function of the absorbance (inverse model), a linear 

calibration model is obtained: 

C = A(b1) + b0 

 

Here parameters b1 and b0 are determined by calibration, where at least two samples with 

known concentrations and absorbances are required. 

 

Very often NIR spectra contain variation from numerous sources that are not of a 

predictive nature. Therefore, the typical approach for the evaluation of NIR data is first to 

pre-process the spectra (smoothing or standardization) and then to calibrate a model. 

Thus, data is usually split in two subsets. One subset is used for calibration modeling 

while the second is used for prediction testing with independent data (54, 68) . 

 

2.5 Capillary open channel flow 
 

One method to develop a robust sensor is to employ a noninvasive approach that uses a 

fiber optic sensor imaging a free flowing liquid surface.  

 

If liquids are transported from one location to another, using structures open at the top 

(i.e., open channels), the flow is referred to as open channel flow. The free surface is 

usually exposed to atmospheric pressure. This kind of flow is, in general, more 

complicated than flow in pipes (93, 94) .  
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2.5.1 Classification 
 

When describing a flow field, it is convenient to think of individual particles. Each 

particle is considered a small mass of fluid, which consists of a large number of 

molecules, occupying a small volume, and moving with the flow (95) .  

 

Open channel flows are classified into various types (93-98) : 

 

Steady flow: when the flow velocity and the liquid depth at a given point do not change 

with respect to time, thus local acceleration is zero.  

Unsteady flow: if flow velocity and depth at a given point change with respect to time. Its 

analysis is usually more complex.  

 

Uniform flow: if flow velocity at a given instant of time does not vary within a given 

length of the channel (either in magnitude or direction), i.e., velocity profile and depth at 

all cross-sections along the length of the channel remains the same. In other words, the 

accelerating (component of the weight of the fluid in the downstream direction) and 

resistive (shear stress at the bottom and sides of the channel) forces are equal along the 

length of the channel. 

Non-uniform flow: when the flow velocity at a given time varies with respect to distance, 

i.e., depth of the liquid continuously varies from one section to another. 

 

Laminar flow: when fluids flow with no significant mixing of neighboring fluid particles, 

showing a smooth and regular pattern of movement in definite paths so that the flow 

apparently moves as thin layers on top of each other. Viscous forces dominate. 

Turbulent flow: if liquid particles move in irregular paths so that quantities such as 

velocity and pressure vary with respect to time and space. Inertial forces dominate. 

 

Table 2-2 shows the classification for each regime depending on the geometry used for 

the flow. 
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Table	
  2-­‐2	
  Classification	
  of	
  flows	
  according	
  to	
  Reynolds	
  number	
  

 Pipe flow Channel flow 

Laminar flow < 2,000 < 600 

Turbulent flow > 4,000 > 2,000 

 

Reynolds number is the ratio of inertial and viscous forces: 

 

Re = (VL)/ν 

Where: 

V = mean flow velocity (m/s) 

L = characteristic length (m) 

ν = kinematic viscosity (m2/s) 

 

In free surface flows, either hydraulic depth (i.e., the flow area divided by the top width) 

or hydraulic radius RH (i.e., the flow area divided by the wetted perimeter) may be used 

as the characteristic length. Flow area (A) is the cross-sectional area of flow normal to the 

direction of the flow. Top width is the width of the channel section at the free surface. 

The wetted perimeter (WP) is the length of the intersection line of the wetted channel 

surface with a cross-sectional plane normal to the flow direction (see Figure 2-4). In the 

case of Reynolds number, hydraulic radius was used as characteristic length. 

 

 

Figure	
  2-­‐4	
  Cross-­‐sectional	
  diagram	
  of	
  a	
  rectangular	
  channel 
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Laminar open channel flows are very unusual in real life applications. Smooth and glassy 

flow surfaces may be the result of the surface velocity being less than that required to 

form capillary waves. Small depths may produce laminar flows in open channels. 

 

The key dimensionless parameters responsible for the free surface regime are the Froude 

and Weber numbers.  

 

Froude number (Fr) is the ratio of inertial and gravitational forces. It is used to classify 

open channel flows into subcritical, critical, and supercritical flows, depending on the 

value of the critical velocity. Critical velocity is the velocity of a gravity wave having 

small amplitude. In a subcritical flow (Fr < 1), flow velocity is less than the critical 

velocity (i.e. the velocity of the liquid is small, which allows a small disturbance in the 

flow to travel against the flow and affect the conditions upstream), and depth is greater 

than the critical depth. In a critical flow (Fr = 1), flow velocity is equal to the critical 

velocity. Finally in a supercritical flow (Fr > 1), flow velocity is greater than the critical 

velocity (i.e. a small disturbance cannot propagate upstream), and depth is less than the 

critical depth.  

 

For a rectangular channel, Froude number is defined as: 

 

Fr = V/(gy)1/2 

Where: 

y = hydraulic depth (m) 

g = standard acceleration due to gravity (9.8066 m/s2) 

 

The effective Froude number increases as the inclination angle of the flow (α) increases, 

since the component of gravity perpendicular to the free surface vary as gI = g cos α.  

 

The Weber number is important when the surface curvature is comparable in size to the 

liquid depth (e.g. droplets, capillary flows, ripple waves and small hydraulic models). It is 

the ratio between inertial forces and surface tension forces. 
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We = (ρV2L)/ϒ 

Where: 

ρ = density (kg/m3) 

L = characteristic length (m) 

ϒ = surface tension (N/m) 

 

In the case of Weber number, mean flow thickness was used as characteristic length. In 

the regime of weak turbulence, Fr and We are small (<<1), which means that there is 

little or no surface disturbances due to the stabilizing effect of the capillary and gravity 

forces. In strong turbulence (Fr >>1 and We>>1) neither surface tension nor gravity can 

restrain fluctuating eddies. In between there is a transitional region where the free surface 

is substantially disturbed but not broken. There are two more regions where surface is not 

disintegrated, for each one either gravity or surface tension is dominant. 

 

2.5.2 Velocity distribution 
 

Flow velocity in the channel varies from one point to another due to shear stress (at the 

bottom and at the sides of the channel) and to the presence of the free surface. Therefore, 

series of boundary layers are formed successively, which leads to a parabolic distribution 

of the velocity of motion. Velocity profiles are quite complex, with a maximum velocity 

in the mid-plane about 20 percent below the surface. Components of velocity in the 

vertical and transverse directions are usually neglected owing to its minimal contribution. 

Thus, only the flow velocity in the direction of the flow is considered. Since the flow 

velocity is parallel to the channel bottom, there is no acceleration in the vertical direction 

(93, 99) .  
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2.5.3 Resistance equation 
 

Flow at the center of the channel is influenced by side-wall effects, if the flow aspect 

ratio (W/D) is lower than 40. The boundary shear stress is defined in the following 

equation for a steady uniform flow down an inclined plane.  

 

τo = γ sin α RH 

Where: 

γ = specific weight of the liquid (ρg) 

 

If the channel flow is not uniform, the previous equation holds only approximately; the 

error introduced depends on the degree of uniformity (98, 100) . 

 

2.5.4 Continuity equation 
 

When working with incompressible liquids (i.e., mass density of the liquid is constant), 

the law of conservation of mass implies that volumetric flow rates at all sections are 

equal, provided that no inflow or outflow exists (93) .  

 

V1A1 = V2A2 

Q1 = Q2 

 

2.5.5 Surface tension 
 

The surface tension coefficient of a liquid is defined as the ratio of the surface free energy 

(Gibbs free energy, G) with respect to the surface area of the liquid. It represents the 

mechanical features of attractive interaction among the molecules on the surface of the 

liquid. Surface molecules are more attracted to molecules within the liquid (i.e., 

cohesion) than to molecules of the gas at the surface, which causes the maximum number 

of surface molecules to enter the bulk of the liquid, minimizing the surface area. 
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Surfactants, some salts, and many organic molecules lower the surface tension of water 

because they sit in the surface attracting the surface water molecules. For all liquids, 

surface tension decreases as temperature rises (94, 99) . 

Surface tension forces are important when capillary waves appear, and in the flow of a 

thin sheet of liquid over a solid surface (94) . 

 

Surfactants 
 

Surface tension of liquids can be modified by the addition of surfactants. A surfactant is a 

molecule with two parts. One part has an affinity to nonpolar media, and the other has an 

affinity to polar media. The hydrophobic part is usually formed, by one or more aliphatic 

chains. On the other hand, the hydrophilic part can be an ion (polar head), which has an 

affinity to liquids like water. Surfactants will remain at surfaces or interfaces forming 

oriented monolayers, so that each part can be in contact with the environment for which 

has the greatest affinity. When they accumulate at the liquid–vapor interface, surface 

tension decreases. The same behavior is observed with respect to contact angle, i.e. as the 

surfactant concentration increases, the contact angle decreases. Increase in concentration 

does not change the state of the surface, all additional surfactant molecules aggregate in 

micelles (101-103) .  

 

2.5.6 Capillarity 
 

Young’s equation is the basic equation to describe capillary phenomena at surfaces. It 

relates the interfacial tensions (σ) between a solid (s), a liquid (l), and a vapor (v) phase 

using the contact angle that the liquid-vapor interface forms with the solid wall, following 

a mechanical equilibrium at the point where the three phases meet (104) .  

 

cos θ = (σsv - σsl)/ σlv 

 



	
   41	
  

Contact angle (θ) is used to determine the wettability of a solid material by a liquid. If it 

is less than 90°, the liquid wets the solid; if θ > 90°, the liquid is designated nonwetting 

(see Figure 2-5) (105, 106) . 

 

 

Figure	
  2-­‐5	
  Three	
  phase	
  contact	
  line	
  of	
  a	
  liquid	
  drop	
  on	
  a	
  solid	
  substrate	
  

 

When a three-phase contact line (the line that separates wet regions from dry regions) is 

present, the speed at which a liquid can move over a solid surface is strongly affected (i.e. 

a macroscopic flow can be highly affected by physicochemical interactions with the 

substrate at molecular scales. If the liquid is forced to flow over a surface that it does not 

spontaneously wet in thermodynamic equilibrium, an interesting situation arises because 

it is energetically favorable for the liquid to leave most of the surface dry. In other words, 

if an external driving push the system away from the equilibrium, it undergoes a 

dynamical wetting transition (107) . 

Fluctuations of the contact line around its average position are affected by roughness of 

the surface. Usually the contact line moves very slowly when it remains pinned on some 

defects (108) .  

 

2.5.7 Unsteady flow 
 

Unsteady conditions may be produce by waves. A wave is defined as a variation of the 

flow depth and the rate of discharged. It can be a temporal variation (when wave varies 

with respect to time) or a spatial variation (if the wave varies with respect to distance). In 

a shallow channel, the entire flow depth is disturbed as a wave passes a section. In this 

case, the ratio of the wavelength to the depth is greater than 20. When the scale is small, 

σsv	
  

σsl	
  

σlv	
  Drop 

Solid 

θ	
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velocity of propagation of any surface wave is greatly governed by surface tension forces. 

The velocity of waves with wavelength (λ) around 3 mm is affected by gravity by only 

1.5%. Here the significant force ratio is inertia force/surface tension force. Surface 

tension force is tangential to the surface. Its presence drastically changes the dynamic 

boundary condition. The presence of pressure forces needs to be separately considered  

(93, 94, 109) .  

If dissipation is neglected and flow is assumed two-dimensional, waves approach uniform 

wave trains, travelling at constant velocity. If a frame of reference moving with the wave 

is chosen, the flow can be considered steady. Waves with λ < λmin are dominated by 

surface tension and can be approximated by pure capillary waves for λ small (109) .  

 

λmin = 2π/kmin 

 

kmin = (ρg/ ϒ)1/2 

Where: 

kmin  = minimum wavenumber (m-1) 

 

It is also useful to look at waves from a fixed point of view, where waves pass at constant 

velocity.  

 

In open channels of small sizes (e.g., 4 mm), a vapor liquid interface (meniscus) 

establishes through the free surface. The equilibrium shape of the meniscus results from 

the balance between surface tension and gravity. This balance is governed by the 

capillary length lϒ. 

 

lϒ = ( ϒ/ ρg)1/2 

 

When the width of the channel is much larger than the water capillary length (~2.7 mm) 

the effect of gravity is predominant on the capillary force. The common criterion to 

differentiate between small and conventional size channels in engineering applications is 

3 mm.  
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The interface is affected by surface tension and channel wall wettability, where the 

velocity profile is influenced by the surface-shape. The pressure generated by the surface 

tension, which tends to reduce the surface, is equilibrated by the capillary pressure (acting 

in direction of the coordinate z, see Figure 2-6), which tends to increase the surface.  

The interplay of these forces explains the capillary rise or depression. Unless these forces 

are equivalent the boundary becomes curve with a resultant force towards the concave 

side. This resultant must be balance by a greater pressure at the concave side of the 

surface. The Young-Laplace formula links the pressure difference (ΔP) with the two main 

radii of curvature (Ryz and Rxz) and the surface tension of the air/liquid interface (94, 107, 

110-112) . 

ΔP = Pa – Pl = σ (1/Ryz + 1/Rxz) 

Where: 

Pa = Air atmospheric pressure  

Pl = Liquid phase pressure 

Ryz = Radius lying on the plane yz 

Rxz = Radius lying on the plane xz 

 
Figure	
  2-­‐6	
  Diagram	
  of	
  an	
  open	
  channel	
  flowing	
  in	
  direction	
  of	
  the	
  coordinate	
  x	
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3  
3 Materials and Methods 

 

 

This chapter describes the materials required, and the analytical methods used to estimate 

process variables of interest.  

 

3.1 Spectrometric setup 
 

3.1.1 Spectrometer 
 

The spectrometer used was a NIR-512 with a Hamamatsu detector G9204-512 InGaAs 

linear array and a wavelength range from 900 to 1 700 nm. The detector was operated at 

ambient conditions (113) .  

 

3.1.2 Light source 
 

The light source used was a LS-1 Series tungsten halogen white-light lamp with a VIS-

Shortwave NIR range from 360 to 2 000 nm and equipped with a 10 000 hour, 2 800 K 

bulb. The lamp was allowed to warm up at least 30 minutes before it was used. In order 

to generate a dark spectrum, light was blocked, by inserting a metallic barrier in the 3 mm 

slot located between the lamp and the fiber coupler, as can be seen in Figure 3-1 (114) .  
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Figure	
  3-­‐1	
  Spectrometer	
  NIR-­‐512	
  and	
  lamp	
  LS-­‐1 

 

3.1.3 Software 
 

SpectraSuite® Spectrometer Operating Software by Ocean Optics was used for control of 

the spectrometer, real-time display, and collection of spectral data. 

 

3.1.4 Reflectance probe 
 

The probe used to collect data was a sterilizable premium reflection probe (QR400-7-

VIS-BX from Ocean Optics). It is ideal for measuring diffuse or specular reflectance 

because it collects light from the same angle at which the sample is illuminated. This 

probe has seven optical fibers. Six of them are illumination fibers located around one read 

fiber, all placed in a stainless steal ferrule. Light travels through the illumination fibers to 

project six cones of light, which form a zone where the light overlaps in the center at the 

sample. This zone is exactly the place where the read fiber collects the reflected light to 

take it back to the spectrometer (see Figure 3-2). The reflection probe has precision SMA 

905 connectors to attach it to the spectrometer  (115, 116) . 

 



	
   46	
  

	
  
Figure	
  3-­‐2	
  Six	
  cones	
  of	
  light	
  overlap	
  and	
  generate	
  reflected	
  light 

 

3.2 Reference analytical methods 
 

In the following section, the analytical methods used to determine biomass, glucose, and 

oil content are described. 

 

3.2.1 Cell count and cell size distribution 
 

Beckman Coulter Z2 Particle Count and Size Analyzer, was used to determine cell count 

and cell size distribution. The instrument was calibrated with a standard within the range 

of the typical cell size of A. protothecoides (3 to 6 µm). The standard used was Coulter 

CC Size Standard L5. The instrument configuration is shown in Table 3-1. Samples were 

diluted with Isoton® II solution using dust free Beckman Coulter Counter® Accuvette 

ST 25 mL vials and caps.	
  

	
   	
  

Reflectance 
probe 
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Table	
  3-­‐1	
  Beckman	
  Coulter	
  Z2	
  particle	
  counter	
  and	
  size	
  configuration 

Parameter Value Units 

Select aperture 100 µm 

Range 3 – 9 µm 

Resolution 256  

Gain 128  

Current 1 mA 

 

3.2.2 Cell dry weight 
 

Total suspended solids method was used to determine biomass concentration. Graduated 

microcentrifuge tubes (1.5 mL) were brought to constant weight after 48 h drying at 75 

°C, and their weight was recorded. All dried centrifuge tubes were weighed 20 min after 

they were removed from the drying oven. An aliquot of 1.4 mL from a thoroughly mixed 

sample was transferred to a microcentrifuge tube and centrifuged at 10 000 rpm during 10 

min. The pellet was re-suspended, washed with 50x diluted saline phosphate buffer 

solution, and centrifuged again. After the final pellet in the microcentrifuge tube was 

dried at 75 °C for 48 h, the final weight was recorded. The average relative standard 

deviation was 3.2% for duplicate determinations of samples with biomass concentrations 

ranging from 3 to 13 g/L. 

 

3.2.3 Glucose quantification 
 

The supernatant obtained when samples from microalgal cultures were centrifuged at      

10 000 rpm, was filtered using 0.2 mm syringe filters, and analyzed in an Agilent 1200 

Series HPLC. The chromatograph was equipped with guard column and a SupelcoGel Pb 

carbohydrate column, at 70 °C. The eluent was Milli-Q® water. A refractive index 

detector operated at 35 °C was used. Specifications of the method are listed in Table 3-2. 

The method was calibrated by external standard method using a curve built with glucose 

solution standards from 0.1 to 60 g/L with a correlation coefficient of 1.000 
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Table	
  3-­‐2	
  HPLC	
  Glucose	
  quantification	
  method	
  specifications	
  

Parameter Value Units 

Column internal diameter 7.8 mm 

Column length 30 cm 

Injection volume 10 mL 

Flow rate 0.5 mL/min 

Stop time 30 min 

Post time 10 min 

 

 

3.2.4 Neutral lipids quantification  
 

Gravimetric method  
 

Neutral lipids from microalgal cultures can be extracted using hexane. Since there are 

health concerns associated with hexane, all the steps involving this solvent were handled 

in a fume hood. Materials utilized were cleaned using a hexane rinse before the analysis. 

In a pre-weighed aluminum dish (42 mL), 50 mg of homogeneous, dried, and preferably 

pre-ground microalgae were weighed, and the mass was recorded. Microalgae was then 

transferred to a mortar together with 5 mL of hexane. This mixture was thoroughly 

ground for 5 minutes, starting with a gentle grinding and gradually increasing the strength 

and pace. Using a Pasteur pipette, the hexane and cell debris were transferred to a 

centrifuge tube with additional 10 mL of hexane that was used to carefully rinse the 

mortar and pestle. Extracted microalgae was centrifuged at 10 000 rpm and 4 °C for 10 

min. The clear supernatant was recovered with a clean Pasteur pipette and taken back to 

the pre-weighed aluminum dish. The residue in the centrifuge tube was rinsed with extra 

10 mL of hexane, and centrifuged again. This rinsing and centrifuging process was 

completed twice. Each time, the clear supernatant was recovered. The pre-weighed 

aluminum dish was then placed in a fume hood for the solvent to evaporate. Later, the 

aluminum dish was weighed to calculate the final neutral lipid content. 
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Fluorometric method  
 

When numerous samples need to be analyzed, fluorospectrophotometry in combination 

with a staining method is a more practical option than the gravimetric method. Dry and 

ground microalgal samples and at least two microalgal standards within the lipid content 

range expected for the samples were prepared at a concentration of 5 g/L in water. In a 

multi-well plate, 10 mL of microalgal solution, 10 mL of 10 mg/mL Nile red solution, 

and 80 mL of 30 % v/v ethanol solution were added to each plate. Every sample was 

analyzed by triplicate. Using a fluorescence reader (Fluoroskan Ascent, Thermo 

Labsystems) each multi-well plate was incubated at 40 °C, and fluorescence was 

recorded. The excitation, and emission wavelengths were 530 and 604 nm respectively. 

The fluorescent measurements were converted to oil percentage using as external 

standard microalgal samples whose oil content was previously determined 

gravimetrically. 

 

3.3 Microalgal cultures 
	
  
Culture media composition is presented in Table 3-3. In addition glycine (used as 

nitrogen source) was added as required. If sugar is autoclaved together with other nutrient 

components, its degradation is enhanced (117) . In order to avoid precipitation and 

coloring during culture media preparation, three different working solutions were 

prepared, autoclaved at 121 °C for 30 minutes, and later mixed in a biological safety 

cabinet.  

First, a Fe-EDTA complex stock solution was prepared by dissolving 12 g of 

FeSO4⋅7H2O and 16 g of EDTA (disodium salt dihydrate) in 800 mL of deionized boiling 

water. Once the solution was at room temperature, it was brought to 1 000 mL. A second 

stock solution was prepared with most of the trace elements (H3BO3, MnCl2⋅4H2O, 

ZnSO4⋅7H2O, CuSO4⋅5H2O, and Na2MoO4⋅2H2O).  

Glucose solution (working solution no.1) was placed from the beginning in Erlenmeyer-

flasks, while working solution no. 2 (containing Glycine, FeSO4⋅7H2O, KH2PO4 and 

K2HPO4) and working solution no. 3 (containing H3BO3, MnCl2⋅4H2O, ZnSO4⋅7H2O, 
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CuSO4⋅5H2O, Na2MoO4⋅2H2O, MgSO4⋅7H2O, CaCl2⋅2H2O and Thiamine hydrochloride) 

were in media storage bottles. Please note that components of working solution no. 2 

were added in the same order as they are mentioned to avoid precipitation. The ratio to 

prepare culture media was two parts of glucose solution by one part of each working 

solutions no. 2 and 3. 

 
Table	
  3-­‐3	
  Culture	
  media	
  composition	
  

Component Concentration Units 

Glucose 

KH2PO4 

30 

2.8 

g/L 

g/L 

K2HPO4 1.2 g/L 

FeSO4⋅7H2O 12 mg/L 

H3BO3 11.6 mg/L 

MnCl2⋅4H2O 7.2 mg/L 

ZnSO4⋅7H2O 0.88 mg/L 

CuSO4⋅5H2O 0.32 mg/L 

Na2MoO4⋅2H2O 0.12 mg/L 

MgSO4⋅7H2O 1.2 g/L 

CaCl2⋅2H2O 100 mg/L 

Thiamine hydrochloride 40 mg/L 

 

 

A. protothecoides cultures used during the evaluation of the flow cell were cultivated 

mixotrophically in cotton stoppered, narrow-mouth Erlenmeyer flaks (1 L) with 400 mL 

culture media. Inoculum size was 2.5% by volume. All cultures were kept at 25 °C in a 

shaker incubator at 100 rpm. 
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4  
	
  

4 Development of the Flow Cell 
 

 

This chapter illustrates how the NIR Specular Reflectance Flow Cell was conceived, 

developed, and built. The principle behind the development of the NIR Specular 

Reflectance Flow Cell was to create a continuous film of culture media that could be 

monitored in real-time with a reflectance probe using NIR Spectroscopy. The flow cell 

was developed considering the angle of incidence, surface roughness, and absorbability 

of the sample, since they affect the reflectance measurement. Thickness of the film (path 

length) as well as distance between the probe and the film were identified as crucial 

elements during the flow cell development. It was also evaluated how the adsorption and 

reflectance characteristics of the substrate play a key role in the reflectance 

determination. In addition, two important decisions were made with respect to materials 

of construction and inclination of the flow cell in order to have the most favorable setup 

for the analysis. Finally, integration time and the number of scans to average, used to 

collect data, were tuned to the flow cell operating conditions. 

 

The sample was actively transported through the flow cell (i.e. a peristaltic pump was 

used to recirculate the fluid back to the container of the sample).  

In order to have a homogeneous and representative sample during the spectra acquisition, 

agitation of the sample was set to 220 rpm while the culture was being recirculated.  

Figure 4-1 shows the final setup of the experiment. 

 

 



	
   52	
  

 
Figure	
  4-­‐1	
  Final	
  setup	
  of	
  the	
  experiment 

 

4.1 Flow cell material 
 

Polycarbonate was chosen as the material used to construct the NIR Specular Reflectance 

Flow Cell in view of its thermal properties and ease of modification. Sterilization of the 

flow cell is possible because polycarbonate has a melting point of 155 °C. However, with 

a contact angle with water close to 90° (118) , polycarbonate has intermediate wettability. 

This characteristic brought additional challenges to our development, because together 

with the pulses caused by the peristaltic pump, they made difficult to create an even 

surface of the water film travelling on the polycarbonate surface. An even surface was 

required to obtain high quality specular reflectance that is needed to obtain good NIR 

data.  
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4.2 Substrate 
 

A continuous thin film was formed on a reflective substrate in order to allow the 

collection of specular reflection from the interfaces at the surface of the film and at the 

substrate (see Figure 4-2). If light reflected from the substrate interface is high, a low 

maximum absorbance value is reached. To enable measurement of higher maximum 

absorbance levels, light reflected from the substrate should be minimized (116) . 

Therefore, a compatible substrate was carefully chosen during the flow cell development. 

 

 

	
  

Figure	
  4-­‐2	
  Specular	
  reflection	
  is	
  obtained	
  from	
  three	
  interfaces 

 

Black surfaces are commonly used to minimize light reflected from the substrate. In 

theory, all wavelengths of light should be absorbed by a black surface; however, there are 

many shades of black with their own absorbance and reflectance properties. Sharp J. 

(116) , for example, used three different black paints to determine specular and diffuse 

reflectance. It was demonstrated that glossy black paint has the highest specular 

reflectance, while “chalkboard” black has higher diffuse reflectivity than flat and glossy 
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black paints. Curiously, flat and glossy black paints give similar diffuse reflectivity in the 

visible range, which means that they may look very similar in color to the eye, even when 

one reflects more light.  

The first prototype of the flow cell in this study was constructed with a small piece of 

black matte paper under the plastic used to create the capillary open channel. With this 

configuration glucose was effectively determined (see Figures 4-3 and 4-4).  

 

 
Figure	
  4-­‐3	
  NIR	
  Specular	
  Reflectance	
  Flow	
  Cell	
  Prototype	
  I 

 

 
Figure	
  4-­‐4	
  Spectra	
  of	
  glucose	
  solutions	
  in	
  media	
  (23,	
  50,	
  and	
  76	
  g/L)	
  Prototype	
  I 
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Several substrates were tested with the flow cell prototype II (Figure 4-5), which had a 

base of stainless steel. Substrates tested were: black polycarbonate, clear polycarbonate 

by itself, and also using white paper, white plastic, black plastic, black matte paper, and 

ethylene-vinyl acetate between the clear polycarbonate sheet and the stainless steel base.  

 

 
Figure	
  4-­‐5	
  NIR	
  Specular	
  Reflectance	
  Flow	
  Cell	
  Prototype	
  II 

 

Figure 4-6 shows how glucose could not be detected in the NIR Specular Reflectance 

Flow Cell, when the substrate was absorbing most of the light (black polycarbonate). 
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Figure	
  4-­‐6	
  Glucose	
  is	
  not	
  detected	
  when	
  light	
  is	
  absorbed	
  by	
  substrate	
  (Prototype	
  II) 

In contrast, Figure 4-7 shows the interference obtained when the substrate was 

considerable shiny (black plastic) and giving high specular reflection as a consequence. 

 

 
Figure	
  4-­‐7	
  Interference	
  due	
  to	
  high	
  specular	
  reflection	
  (Prototype	
  II) 

 

In order to reduce the specular component of the light reflected from the substrate in the 

final model of the flow cell, a small piece of black matte paper was encapsulated between 

two 1/8” sheets of clear polycarbonate (see Figure 4-8).  
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Figure	
  4-­‐8	
  A	
  black	
  matte	
  paper	
  reduces	
  the	
  specular	
  component	
  of	
  the	
  light	
  reflected	
  from	
  the	
  substrate 

	
  
4.3 Uniformity of the film (Surface roughness) 
 

4.3.1 Flow rate 
 

Flow rate was set at 80 mL/min (1.33 x 10-6 m3/s) because this was the lowest flow rate at 

which an even film was formed in a 6 mm width channel with polycarbonate walls and 

floor. Table 4-1 shows the value of the mean flow velocity and dimensionless parameters 

in the tubing delivering the flow into the open channel and in the open channel as well. 

 
Flow in the open channel was non-uniform (i.e. velocity and depth of the liquid 

continuously varies from one section to another), unsteady (i.e., velocity and depth at a 

particular point varies with time), periodic, and isothermal. The periodicity was due to the 

peristaltic pump used to recirculate the flow. 
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Table	
  4-­‐1	
  Mean	
  flow	
  velocity	
  and	
  dimensionless	
  parameters	
  of	
  the	
  flow	
  in	
  the	
  cell	
  

 Mean flow 

velocity 

Re number 

(water) 

Fr 

number 

We 

number 

Tubing 0.1767 m/s 613 

Laminar flow 

  

Open 

channel 

0.4444 m/s 213 

Laminar flow 

7.25 

Supercritical 

flow 

1.4 

 

 

4.3.2 Slit and level guides 
 

Figure 4-9 shows the arrangement of two important features of the flow cell: the slit 

through which the flow was delivered into the open channel, and the position of the lines 

that were inscribed in the walls of the channel to pin the contact line of the flow.  

 

 
Figure	
  4-­‐9	
  Diagram	
  showing	
  the	
  arrangement	
  of	
  the	
  slit	
  and	
  level	
  guides	
  in	
  the	
  capillary	
  channel	
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Making the channel as wide as the external diameter of the tubing (Masterflex platinum-

cured silicone HV-96410-16) delivering the flow into the channel was the first measure 

required to ensure a uniform spreading of the film within the walls of the channel.  

	
  
The second measure taken was forcing the flow through a slit at the moment it was being 

delivered into the polycarbonate channel. The slit was formed between the edge of the 

tubing that was delivering the flow, and the bottom of the channel itself (see Figure 4-9).  

 

When the flow passed through the slit, its velocity increased (see Figure 4-10), which 

resulted in a consistent dissemination of the liquid throughout the width and length of the 

channel by overcoming capillary forces that favored corner flow. 

 

	
  
	
  

Figure	
  4-­‐10	
  Velocity	
  profile	
  (m/s)	
  of	
  water	
  (80	
  mL/min)	
  while	
  being	
  delivered	
  into	
  the	
  capillary	
  channel	
  

 

Flow within the delivering tubing 

Flow in the open channel 

Slit 
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Since capillary forces were present between water and polycarbonate, the uniformity of 

the surface of the film was guaranteed by inscribing a line on each wall of the channel at 

about 0.5 mm from the bottom of the channel. This change in the geometry of the wall 

favored the consistent formation of an even surface of the film, under the assumption that 

the contact line of the flow was pinned along the lines inscribed. 

 

The decision to inscribe a line to pin the contact line was taken after it was observed the 

effect of the addition of a surfactant (Antifoam O-30) to water on the variation of the 

baseline of the reference (water) during absorbance measurements. 

 

Figure 4-11 shows the variation in absorbance obtained as a consequence of the different 

surfaces formed during the transient startup every time the flow was stopped and 

restarted. Flow was interrupted and continued either by pulling the tubing outside of the 

sample (water_tubing) and placing it back, as well as by turning the pump off 

(water_pump) and turning it on again. 

 

	
  
Water_tubing 

	
  
Water_pump 

Figure	
  4-­‐11	
  Absorbance	
  variation	
  as	
  a	
  result	
  of	
  variation	
  in	
  the	
  surface	
  of	
  the	
  film	
  (Prototype	
  II)	
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Figure 4-12 shows the improvement obtained when a surfactant (Antifoam O-30 at 5 

ppm) was used. 

 

 
Figure	
  4-­‐12	
  Improvement	
  in	
  absorbance	
  variation	
  with	
  the	
  help	
  of	
  a	
  surfactant	
  (Prototype	
  II)	
  

 

The NIR Specular Reflectance Flow Cell was developed to achieve a uniform and 

consistent surface of the film every time the flow was stopped and restarted. Figure 4-13 

shows the stability of the baseline during our regular experiments. 

 

 
Figure	
  4-­‐13	
  Baseline	
  obtained	
  in	
  the	
  final	
  model	
  of	
  the	
  flow	
  cell	
  every	
  time	
  the	
  flow	
  was	
  stopped	
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4.3.3 Dampener 
 

In order to minimize the effect of the pulses generated by the peristaltic pump, one small 

dampener (13.7 mL) was built (see Figure 4-14). Tubing connectors with an outside 

diameter similar to the inside diameter of the tubing were used to obtain the maximum 

unrestricted flow. The exit was slightly raised to create a small amount of back pressure, 

in order to partially fill the body of the dampener. The dead volume of the dampener was 

approximately 3.26 mL. The dampener was installed in an inclined position to avoid the 

accumulation of cells within it when working with microalgal cultures. 

 

 
Figure	
  4-­‐14	
  Final	
  model	
  of	
  the	
  dampener	
  used	
  during	
  the	
  experiments 

 

When working with microalgal cultures, the volumetric flow was reduced from 80 

mL/min to 20 mL/min, while the front of the culture flow entered, partially filled, and left 

the dampener to avoid the formation of bubbles inside. Once the front of the flow reached 

the capillary channel, the volumetric flow was gradually brought back to the working 

volumetric flow (80 mL/min) by increments of 10 mL/min. 
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Previously, water was used to evaluate three different setups, since it was necessary to 

reduce the presence of pulses in the flow but not to the point to considerably affect the 

transient startup of the flow in the open channel. 

 

The three different setups were: in the absence of a dampener, with a 137 mL dampener, 

and with a 13.7 mL dampener. The transient startup and the stability of the fully 

developed flow were evaluated with all setups. Six spectra were collected for each case. 

 

When no dampener is used the base line is fairly stable, however the effect of the pulses 

is present. With the help of the 137 mL dampener the pulses are significantly reduced but 

variation of the base line is increased as a result of the effect on the transient startup of 

the flow when capillary forces predominate. The use of the 13.7 mL dampener helps to 

reduce the effect of the pulses without a substantial effect on the transient startup of the 

flow. A consistent film is formed due to the right combination of inertia and capillary 

forces during the transient startup of the flow in the open channel. This effect and the 

effect on the fully developed flow can be observed in Figures 4-15, 4-16, and 4-17. 

 

4.3.4 Thickness of the film 
 

Thickness of the film was not actually adjusted, as it was mostly determined by the 

volumetric flow in the channel and lastly the level guides carved in the walls of the 

channel at about 0.5 mm from the bottom of the channel. Pulses from the peristaltic pump 

generated the formation of small waves in the flow. These waves were causing a non-

uniform and unsteady flow in the capillary open channel of the flow cell. With the help of 

the dampener and the impact of the capillary and surface tension forces present, the effect 

of the peristaltic pump was reduced to the formation of ripples that seemed to travel 

under the surface of the film. 

 

Since water was used as reference during our determinations, it was essential to attain the 

most uniform surface film of water in order to have a reproducible path length. 
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Figure	
  4-­‐15	
  Effect	
  of	
  damped	
  flow	
  on	
  the	
  standard	
  deviation	
  of	
  absorbance	
  during	
  the	
  transient	
  startup	
  

and	
  in	
  the	
  fully	
  developed	
  flow 
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No dampener 

 
13.7 mL dampener 

Figure	
  4-­‐16	
  Improvement	
  in	
  the	
  variation	
  of	
  the	
  baseline	
  during	
  the	
  transient	
  startup	
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No dampener 

 
13.7 mL dampener 

Figure	
  4-­‐17	
  Improvement	
  in	
  the	
  variation	
  of	
  the	
  baseline	
  of	
  fully	
  developed	
  flow 
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4.4 Flow cell inclination 
 

Precipitation of microalgal cells inside the flow cell should be avoided. The NIR Specular 

Reflectance Flow Cell was developed with an inclination of 40°, in order to increase the 

boundary shear stress according to the resistance equation. Since the flow aspect ratio is 

< 40, flow at the center of the channel is influenced by side-wall effects. 

 

Flow aspect ratio: 12 

Boundary shear stress: 2.7 Pa 

 

The angle was arbitrary chosen, and no other angles were tested.  

 

4.5 Barrier against bubbles 
 

One of the difficulties encountered during the development of the NIR Specular 

Reflectance Flow Cell was the presence of bubbles in the capillary channel. If bubbles 

touch the probe, residual sample will cause interference. Two combined measures were 

put in practice in order to avoid the presence of bubbles. First, one spiky barrier was 

placed at the top of walls of the channel to disrupt relatively large bubbles, only one cm 

from the place where the liquid was been delivered (see Figure 4-18); and second, the 

reflectance probe was positioned slightly above of the walls of the channel. Therefore, 

“small’’ bubbles that were not disrupted by the barrier, travelled downstream without 

contacting the probe. Bubbles are a particular problem with high cell density cultures. 

 

4.6 Angle of incidence 
 

In order to collect only specular reflectance, the probe was positioned at 90 degrees 

relative to the sample surface (see Figures 4-19 and 4-20) (116) . This parameter was not 

modified during experimentation. 
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Figure	
  4-­‐18	
  Barrier	
  prevented	
  bubbles	
  from	
  reaching	
  the	
  reflectance	
  probe 

 

 

 
Figure	
  4-­‐19	
  Angle	
  of	
  the	
  probe	
  with	
  respect	
  to	
  the	
  surface	
  of	
  the	
  film 

 

90 °C 
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Figure	
  4-­‐20	
  Diagram	
  showing	
  the	
  arrangement	
  to	
  collect	
  specular	
  reflectance	
  from	
  the	
  film 

 

 
4.7 Spectrometer acquisition parameters 
 

4.7.1 Integration time 
 

Integration time is the time the detector monitors incoming photons. In the scope mode 

(the operating mode where raw data is displayed on the screen) of the SpectraSuite® 

Spectrometer Operating Software, integration time was adjusted to ensure the highest 

intensity obtained for the reference would be around 50,000 counts, which is 

approximately 85% of the detector saturation for the NIR512 spectrometer. These counts 

are impacted by a variety of factors including: the intensity of the light source, the 

reflectivity of the grating and mirror in the spectrometer, the transmission efficiency of 

the fibers, the response of the detector, and lastly the specific spectral characteristics of 

the reference. Integration time is particularly affected by distance between the probe and 

the film as well as the nature of the film and the substrate (75) . This value was set to 400 

milliseconds. 
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Distance of the probe 
 

All measurements were taken with the probe tip at the same distance from the sample 

during an experiment. This distance was adjustable, in order to allow for careful tuning to 

obtain a maximum intensity of 50,000 counts for the reference in the scope mode. This 

measured maximum intensity is very sensitive to the distance between the probe and the 

sample.  It was found that the tip of the probe should be around 5 mm from the surface of 

the film in order to obtain the desired intensity (see Figure 4-21).  

 

 
Figure	
  4-­‐21	
  Front	
  view	
  diagram	
  of	
  the	
  experiment	
  set	
  up	
  

 

The diameter of the sample area, where the read fiber collects the reflected light, is 

around half of the distance between the probe tip and the sample (116) . Thus in the NIR 

Specular Reflectance Flow Cell, the diameter of the monitored sample area was 

approximately 2.5 mm (see Figure 4-22). 
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Figure	
  4-­‐22	
  Illuminated	
  surface	
  area	
  of	
  the	
  sample	
  in	
  the	
  capillary	
  open	
  channel	
  

	
  

4.7.2 Scans to average 
 

The number of scans to average is the discrete spectral acquisitions accumulated by the 

device driver before the software receives a spectrum. The signal-to-noise ratio will 

improve with the number of scans to average (75) . The number of scans to average was 

set to 9. 

 

4.7.3 Generation of a spectrum 
 

An appropriate combination of integration time and the number of scans to average, made 

it possible to minimize the variation in the uniformity of the surface of the film given by 

the periodic pulses of the peristaltic pump. The chosen values (integration time of 400 

milliseconds and 9 scans to average) were picked using a methodology of trial and error. 

With these values a spectrum was generated every 3 600 milliseconds (3.6 s) as can be 

seen in Figure 4-23. 
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The peristaltic pump gives 90.5 rpm for the working volumetric flow (80 mL/min). The 

pump has 3 rollers, which means that we had 4.53 pulses/s or 16.29 pulses/3.6 s. Ideally a 

spectrum should be generated capturing a cycle with a complete number of pulses. 

Capturing a cycle every 3 600 milliseconds gave an error of 1.8 %. 

 

	
  
Figure	
  4-­‐23	
  Variation	
  of	
  the	
  flow	
  rate	
  (80	
  mL/min)	
  &	
  periodicity	
  of	
  the	
  pulses	
  given	
  by	
  the	
  peristaltic	
  

pump	
  used	
  during	
  acquisition	
  of	
  spectra	
  	
  

 

4.8 Temperature 
 

NIR spectra are affected by sample temperature (67) . Regular experiments were 

conducted at ambient temperature, which was maintained at 24 °C with a maximum 

variation of + 2 °C. Particular experiments were conducted using glucose solutions with 

temperatures varying from 14 to 34 °C in order to evaluate the impact of temperature 

changes during our regular determinations. Three samples were stabilized at 4 °C in a 

fridge, three more at 24 °C (room temperature), and three more at 40 °C in an oven. Their 

spectra were obtained at 14, 24, and 34 °C respectively (see Figure 4-24). 
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Figure	
  4-­‐24	
  Glucose	
  solutions	
  (30	
  g/L)	
  at	
  14,	
  24,	
  and	
  34	
  °C	
  spectra	
  

 

The effect of the temperature in the spectra obtained is mainly observed as the effect 

caused by different heights of the surface of the film, being higher the surface of the film 

with lower temperature. This effect could be explained considering that surface tension 

decreases with increasing temperature. From these experiments, it was found that a 

temperature variation of 1 °C resulted in a coefficient of variation of 10 %.  

Figure 4-27 shows the final set up of the NIR Specular Reflectance Flow Cell. 

 

4.9 Sensor setup 
 

For each experiment, the spectrometer was first set up according to the following 

procedure. First, a dark spectrum was stored in the scope mode window while light was 

blocked. Next, the corresponding reference sample was recirculated through the NIR 

Specular Reflectance Flow Cell at 80 mL/min. Considering that the integration time (400 

milliseconds) and the number of scans to average (9) were fixed as well as the substrate, 

the distance between the probe and the surface of the film was adjusted in order to get a 

maximum signal of 50,000 counts in the scope mode (see Figure 4-25). This distance was 

(as mentioned before) usually around 5 mm. Then a reference spectrum, which equals to 

100% reflection, was stored and saved. 
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Figure	
  4-­‐25	
  Maximum	
  intensity	
  set	
  up	
  at	
  50,000	
  counts	
  for	
  water	
  

 

Finally the scope mode window was switched into absorbance mode. Here, it was 

verified that a stable surface of the film was being obtained in the capillary open channel 

as discussed before. Figure 4-26 shows the variation of the baseline of 6 consecutives 

spectra during our regular experiments. 

 

 
Figure	
  4-­‐26	
  Working	
  baseline	
  obtained	
  from	
  a	
  stable	
  surface	
  of	
  the	
  film	
  of	
  the	
  reference	
  sample	
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Figure	
  4-­‐27	
  NIR	
  Specular	
  Reflectance	
  Flow	
  Cell	
  final	
  model	
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5  
5 Assessment of the Flow Cell 

 

 

This section presents and discusses all the results from the tests used to evaluate the flow 

cell biosensor. The evaluation of the individual sets presented was not realized with the 

objective to calibrate a model for future determinations. The objective of this work was to 

determine the functionality of the flow cell apparatus. Each trial was conducted with a 

slightly different configuration of the device. Caution should be used when comparing the 

results from different tests. 

Results are also presented for the application of this sensor for the monitoring of A. 

protothecoides cultures.  

Two wavelengths were chosen during the length of this research work due to their 

significant contributions to the spectra obtained. The suitable wavelengths chosen were 

the corresponding to the C-H second overtone (1 225 nm) and the corresponding to the 

O-H stretch first overtone (1 449 nm). 

 

5.1 Evaluation of the NIR Specular Reflectance Flow Cell 
 

Three different sets of measurements were performed to corroborate the functionality of 

the NIR Specular Reflectance Flow Cell. First, determination of glucose in water and 

culture media was explored. Later microalgal cultures were used to estimate glucose and 

biomass concentrations, independently and simultaneously. Lastly oil determination was 

assessed using nitrogen limited microalgal cultures. 
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5.1.1 Glucose Determination 
 

Glucose in water 
 

NIR specular reflectance of aqueous glucose solutions with five different concentrations 

(20, 40, 60, 80, and 100 g/L) was determined in the flow cell. Water was used as 

reference. Each sample was prepared in triplicate. Six spectra were obtained for each 

sample (see Figure 5-1).  

 

 
Figure	
  5-­‐1	
  Aqueous	
  glucose	
  solutions	
  (20	
  -­‐	
  100	
  g/L)	
  spectra	
  

 

Wavelength of the maximum observed absorbance shifted from 1 478.79 to 1 458.08 nm 

with increasing glucose concentration. This region corresponds to the O-H stretch first 

overtone. Figure 5-2 shows the linear relation between glucose concentration determined 

by HPLC, and absorbance at 1 449 nm in aqueous glucose solutions.  

 

100 g/L 
 
 
20 g/L 



	
   78	
  

	
  
Figure	
  5-­‐2	
  Glucose	
  concentration	
  in	
  water	
  as	
  determined	
  by	
  HPLC	
  &	
  absorbance	
  at	
  1	
  449	
  nm 

 

Glucose in non-sterile media 
 

NIR specular reflectance of glucose solutions in non-sterile media with six different 

concentrations (10, 20, 40, 60, 80, and 100 g/L) was determined in the flow cell. Media 

was used as reference (Figure 5-3 shows the spectrum of media using water as reference). 

Each sample was prepared in triplicate. Six spectra were obtained for each sample (see 

Figure 5-4).  

 

 
Figure	
  5-­‐3	
  Media	
  spectrum	
  using	
  water	
  as	
  reference 
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Figure	
  5-­‐4	
  Glucose	
  solutions	
  in	
  non-­‐sterile	
  media	
  (10	
  -­‐	
  100	
  g/L)	
  spectra 

 

Wavelength of the maximum observed absorbance shifted from 1 464.98.79 to 1 447.74 

nm with increasing glucose concentration. This region corresponds to the O-H stretch 

first overtone. Figure 5-5 shows the linear relation between glucose concentration 

determined by HPLC, and absorbance at 1 449 nm in glucose solutions of non-sterile 

media.  

 

	
  
Figure	
  5-­‐5	
  Glucose	
  concentration	
  in	
  non-­‐	
  sterile	
  media	
  as	
  determined	
  by	
  HPLC	
  &	
  absorbance	
  at	
  1	
  449	
  nm 
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Glucose in sterile media 
 

NIR specular reflectance of glucose solutions in sterile media with five different 

concentrations (20, 40, 60, 80, and 100 g/L) was determined in the flow cell. Water was 

used as reference. Each sample was prepared in triplicate. Six spectra were obtained for 

each sample (see Figure 5-6).  

 

 
Figure	
  5-­‐6	
  Glucose	
  solutions	
  in	
  sterile	
  media	
  (20	
  -­‐	
  100	
  g/L)	
  spectra 

 

Wavelength of the maximum observed absorbance (1 458.08 nm) did not shift with 

increasing glucose concentration. This region corresponds to the O-H stretch first 

overtone. 

 

Figures 5-7 and 5-8 show the relation between glucose concentration determined by 

HPLC, and absorbance at 1 225 and 1 449 nm respectively, in glucose solutions of sterile 

media.  
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Figure	
  5-­‐7	
  Glucose	
  concentration	
  in	
  sterile	
  media	
  as	
  determined	
  by	
  HPLC	
  &	
  absorbance	
  at	
  1	
  225	
  nm 

 

	
  
Figure	
  5-­‐8	
  Glucose	
  concentration	
  in	
  sterile	
  media	
  as	
  determined	
  by	
  HPLC	
  &	
  absorbance	
  at	
  1	
  449	
  nm 

 

The shift of wavelength of the maximum observed absorbance, in the aqueous and non-

sterile solutions, was noticed during the work of R. Giangiacomo (119) . However, in that 

study the shift was opposite, moving towards longer wavelengths with increasing sugar 

concentration at the water combination band (1 800 – 2 100 nm) as a result of the sugar – 
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water interactions. NIR spectra were collected in the transflectance mode from 1 100 to   

2 500 nm, using a liquid sample cell with 0.25 mm thickness at 25 + 1 °C. 

 

The different behavior (non shifting of wavelength of the maximum observed 

absorbance) of the spectra obtained from glucose in sterile media may be caused by the 

presence of heat induced sugar breakdown, which is a well-known degradation effect of 

autoclaving (e.g., the formation of 5-hydroxymethyl-2-furaldehyde (HMF), one of the 

major heat-induced decomposition products of hexoses) (117, 120) . 

 

5.1.2 Biomass Determination 
 

Fresh water green microalgae A. protothecoides was used to test and validate the ability 

of the NIR Specular Reflectance Flow Cell to measure biomass concentration. Figure 5-9 

shows the spectra from heterotrophic and mixotrophic microalgae. 

 

 
Figure	
  5-­‐9	
  Spectra	
  of	
  water	
  used	
  as	
  reference	
  (blue	
  line),	
  heterotrophic	
  (red	
  line),	
  and	
  mixotrophic	
  

microalgae	
  (green	
  line)	
  (Prototype	
  I) 
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As reviewed in chapter 2 during the growth dynamics of microalgal cultures, microalgae 

export organic compounds into the culture broth. Figure 5-10 shows the spectrum of 

broth after cells were separated by centrifugation. Media was used as reference. 

 

 
Figure	
  5-­‐10	
  Spectrum	
  of	
  broth	
  using	
  media	
  as	
  reference	
  

 

NIR specular reflectance of microalgal cultures with five different biomass densities (18 - 

53 g/L) was determined in the flow cell. Water was used as reference. Duplicates were 

used for each sample. Six spectra were obtained for each sample (see Figure 5-11). 

 

The required biomass densities were obtained using 2 600 mL of microalgal cultures in 

the stationary phase (~15 g/L). These cultures were first centrifuged, then supernatant 

was removed as needed, and samples were re-suspended. 
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Figure	
  5-­‐11	
  Microalgal	
  cultures	
  spectra	
  (18	
  -­‐	
  53	
  g/L)	
  

 

Figures 5-12 and 5-13 show the linear relation between dry weight and absorbance at      

1 225 and 1 449 nm respectively, in microalgal cultures. As a matter of fact, a linear 

relation is present practically along all the spectrum range up to 1 650 nm. 

 

	
  
Figure	
  5-­‐12	
  Dry	
  weight	
  of	
  microalgal	
  cultures	
  &	
  absorbance	
  at	
  1	
  225	
  nm	
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Figure	
  5-­‐13	
  Dry	
  weight	
  of	
  microalgal	
  cultures	
  &	
  absorbance	
  at	
  1	
  449	
  nm 

 

The sensor has the potential to perform online measurements of dense microalgal cultures 

(~50 g/L) without needing dilution or any other sample preparation.  

 

Sandnes et al. used transmittance in the NIR region of the spectrum (880 nm) for online 

estimation of dry cell mass in photoautotrophic cultures of Nannochloropsis oceanica, 

using an optical density sensor mounted externally on one of the horizontal tubes where 

microalgae was being cultivated (47) . The path length was 10 mm. The instrument 

sensitivity was suitable for a culture density range from 0.5 to 2 g/L, showing a maximum 

error of 8%. The data collected was used to maintain a constant culture density, by 

pumping a water/nutrient mix into the culture every 10 minutes while harvesting, in order 

to maintain an optimal population density (OPD) to maximize yields and reduce costs. 
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5.1.3 Simultaneous determination of glucose and biomass 
 

Fix biomass and different glucose concentration 
 

NIR specular reflectance of microalgal cultures (~9 g/L) with five different 

concentrations of glucose (20 - 100 g/L) was determined in the flow cell. Water was used 

as reference. Each sample was prepared in triplicate. Four spectra were obtained for each 

sample. Figure 5-14 shows the spectra obtained for the four consecutive readings of one 

microalgal sample. The coefficient of variation is 0.5 % at 1 449 nm wavelength. 

 

 
Figure	
  5-­‐14	
  Four	
  consecutive	
  readings	
  of	
  one	
  microalgal	
  sample	
  CV	
  =	
  0.5	
  %	
  (1	
  449	
  nm) 

 

The required glucose concentrations were obtained using 1 500 mL of microalgal cultures 

in the stationary phase. These cultures were first centrifuged.  Supernatant was removed, 

mixed with the corresponding amount of glucose, and returned to the samples before 

being re-suspended. Figure 5-15 shows the spectra obtained.  
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Figure	
  5-­‐15	
  Microalgal	
  cultures	
  9	
  g/L	
  (20	
  -­‐	
  100	
  g/L	
  glucose	
  concentration) 

 

It is possible to observe the variation in the spectra as a result of different glucose 

concentrations. An increment in absorbance is detected along the entire spectrum, but 

especially around the region that corresponds to the O-H stretch first overtone. 

 

	
  
Figure	
  5-­‐16	
  Glucose	
  in	
  microalgal	
  cultures	
  as	
  determined	
  by	
  HPLC	
  &	
  absorbance	
  at	
  1	
  225	
  nm 
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Figures 5-16 and 5-17 show the linear relation between glucose concentration increment 

in microalgal cultures and absorbance at 1 225 and 1 449 nm respectively, for the average 

of the three sets of samples. 

 

 
Figure	
  5-­‐17	
  Glucose	
  in	
  microalgal	
  cultures	
  as	
  determined	
  by	
  HPLC	
  &	
  absorbance	
  at	
  1	
  449	
  nm	
  

 

Different biomass and glucose concentrations 
 

NIR specular reflectance of microalgal cultures with six different biomass densities (9 - 

48 g/L) was determined in the flow cell. Each biomass density was evaluated using three 

different concentrations of glucose (1, 31, and 61 g/L). Water was used as reference. Four 

spectra were obtained for each sample. 

 

The required biomass densities and glucose concentrations were obtained using 2 400 mL 

of microalgal cultures in the stationary phase (~20 g/L). These cultures were first 

centrifuged and supernatant was removed or added as needed. The corresponding amount 

of glucose was added as well (if required) and all the samples were re-suspended. 
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Figure 5-18 shows the spectra obtained for different biomass densities with glucose 

concentration of 1 g/L. 

 

 
Figure	
  5-­‐18	
  Microalgal	
  cultures	
  (9	
  -­‐	
  48	
  g/L)	
  with	
  1	
  g/L	
  glucose	
  concentration	
  spectra	
  

 

Figure 5-19 shows the spectra obtained for microalgal cultures with similar biomass 

density (18 g/L) and different glucose concentration (1, 31, and 61 g/L). 

 

 
Figure	
  5-­‐19	
  Microalgal	
  cultures	
  (18	
  g/L)	
  with	
  varying	
  glucose	
  concentrations	
  (1,	
  31,	
  and	
  61	
  g/L)	
  spectra	
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61 g/L 
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Figures 5-20 and 5-21 show the relation between dry weight, glucose concentration, and 

absorbance at 1 225 and 1 449 nm in microalgal cultures.  

 

	
  
Figure	
  5-­‐20	
  Microalgal	
  cultures	
  dry	
  weight	
  &	
  absorbance	
  at	
  1	
  225	
  nm 

 

	
  
Figure	
  5-­‐21	
  Microalgal	
  cultures	
  dry	
  weight	
  &	
  absorbance	
  at	
  1	
  449	
  nm 
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Data obtained for absorbance at 1 449 nm was evaluated to remove the apparent outlier 

present (9.3 g/L, -0.3455). Since the standardized residual for this point (-3.1) is out of + 

2 standard deviations, and that according to the residuals graph it is not consistent with its 

neighbors (see Figure 5-22), this point was confirmed as an outlier and removed from the 

data set. 

 

	
  
Figure	
  5-­‐22	
  Residuals	
  graph	
  for	
  data	
  presented	
  in	
  Figure	
  5-­‐21 

 

Once the outlier was removed from the data set, the slopes of the three regression lines 

corresponding to a different glucose concentration were tested to evaluate if they were 

significantly different from the slope of the overall regression using an analysis of 

covariance (see Figure 5-23).  

 

According to the analysis of covariance, there is not a significant difference between the 

slopes of the three regression lines corresponding to a different glucose concentration and 

the slope of the overall regression, which indicates that the sensibility of the sensor to 

changes in glucose concentration in microalgal cultures is limited. 
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Figure	
  5-­‐23	
  Slopes	
  of	
  each	
  regression	
  line	
  with	
  different	
  glucose	
  concentration 

 

In order to verify that the variation obtained in the spectra of samples with similar 

biomass density and different glucose concentrations, was not the result of different size 

of the present cells, samples were observed under the microscopy, and evaluated using 

the size analyzer (see Figures 5-24 and 5-25). 

 

 
Figure	
  5-­‐24	
  Microalgal	
  cultures	
  18	
  g/L	
  (1,	
  31,	
  and	
  61	
  g/L	
  glucose	
  concentration)	
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Figure	
  5-­‐25	
  Size	
  distribution	
  of	
  microalgal	
  cultures	
  (18	
  g/L)	
  

 

Initial efforts to develop an optical glucose sensor were unsuccessful (92) . Eventually, 

NIR and MIR spectroscopy were used for glucose and fructose measurements in 

bioprocess media (49) . In that early work, one of the main drawbacks for the optical 

determination of glucose was the lack of sensitivity and/or specificity due to the influence 

of several factors in optical measurements. Therefore, adequate calibration of optical 

glucose measurements was essential for a correct determination (92) . 

 

Noninvasive monitoring of blood glucose has been widely explored using NIR diffuse 

reflectance. The challenge faced during this kind of determination is the reduced 

concentration of the compound of interest compared to the vast and varying background. 

The main disadvantages encountered by Heise et al., who obtained spectra of mucous lip 

tissue, using Spectralon® reflectance standards, were the reproducibility of the tissue 

measurement as well as the positioning and contact pressure of the accessory used to 

collect the spectra (121) . Although Malin et al. used a fiber optic system and a support to 

take measurements from forearms, sample to sample variability remained, mainly due to 

variations in the skin surface roughness and hydration. Therefore, the need for a 
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comprehensive temperature control as well as compensation for variables intrinsic to the 

tissue sample was identified. Complexity of the NIR spectra made the identification of 

glucose absorbance very difficult. However, common sources of false correlation (e.g., 

instrument drift and major blood analytes) were eliminated. An 80% Spectralon® 

reflectance standard was used during these determinations as well (122) .  

 

In less complex systems, optical methods were successfully used to determine sugar 

content. Rambla et al. successfully determined total sugar, glucose, fructose, and sucrose 

content in fruit juices, employing partial least squares (PLS) treatment of first order 

derivative transmittance measurements. The wavelength ranges used were from 1 325 to 

1 800 nm and from 2 020 to 2 390 nm. Samples were previously centrifuged and filtered 

before being evaluated utilizing a 1 mm path length (123) . 

 

5.1.4 Oil determination 
 

NIR specular reflectance of two microalgal cultures with different oil concentrations, and 

mixed in six different ratios was determined in the flow cell. Water was used as 

reference. Each sample was prepared in triplicate. Four spectra were obtained for each 

sample. Figure 5-26 shows the spectra obtained for one set of the six different mixtures. 

 

There is a trend in the value of absorbance obtained. This value tends to decrease with 

increasing oil content at 1,449 nm as can be observed in Figure 5-27. 

 

In contrast it was possible to obtain the same absorbance (-0.106) at 1 449 nm for 

triplicates of the same mixture (see Figure 5-28). 
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Figure	
  5-­‐26	
  Microalgal	
  cultures	
  9	
  -­‐	
  10	
  g/L	
  (4	
  -­‐	
  9	
  %	
  oil	
  concentration)	
  spectra	
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Figure	
  5-­‐27	
  Oil	
  in	
  microalgal	
  cultures	
  as	
  determined	
  by	
  fluorometric	
  method	
  &	
  absorbance	
  at	
  1	
  449	
  nm 

 

 
Figure	
  5-­‐28	
  Microalgal	
  cultures	
  9	
  -­‐	
  10	
  g/L	
  (6.8	
  %	
  oil	
  concentration)	
  spectra 

 

It is important to note that bands in the region between 1 380 – 1 500 nm contain 

contributions from the overtones of C-H vibrations and the first overtone of an O-H 

stretching mode, present in the monomeric specie of oleic acid, for example (54) . Table 

5-1 presents the characteristic absorption bands of oils in the NIR range (124) . 
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Table	
  5-­‐1	
  Characteristic	
  absorption	
  bands	
  of	
  oils	
  in	
  the	
  NIR	
  range	
  

Bond vibration Wavelength (nm) 

First overtones of C-H stretching vibrations (1 600 – 1 900 nm) 

Second overtones of C-H stretching vibrations (1 100 – 1 250 nm) 

Combinations of C-H stretching vibrations (1 350 – 1 500 nm) 

(2 000 – 2 200 nm) 

 

Laurens et al. obtained accurate NIR reflectance models to predict exogenous lipid 

content and composition in microalgal biomass (previously lyophilized and ground in 

liquid nitrogen) of four phylogenetic species. Since one triglyceride and one phospholipid 

were used as references, it was demonstrated they have reasonably different NIR spectral 

fingerprints (124) . On the other hand, Brown et al. assessed NIR reflectance 

spectroscopy to determine potential fatty acid methyl esters (FAME) yield and biomass 

content of whole cells in a filter cake. The biomass was collected from microalgal 

cultures at late-logarithmic and stationary phases (125) . Samples were only filtered 

through 25 mm diameter glass fiber filters before being scanned, using as a reference a 

clean and dry glass fiber filter. Although very good predictability was obtained, spectra 

were dominated by strong absorption bands, which were related to the high moisture 

content.  

 

5.2 Validation of the NIR Specular Reflectance Flow Cell 
 

Actively growing cultures of A. protothecoides cultures were monitored to validate the 

usefulness of the NIR Specular Reflectance Flow Cell to monitor the dynamics of 

microalgal cultures. 

 

5.2.1 Simultaneous monitoring of glucose and biomass 
 

Variation between different batches, cultivated under apparently identical conditions, is 

an intrinsic characteristic of biological cultures (28) .  
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Ten microalgal batch cultures were conducted by sextuplicate (100 mL each). Each batch 

was inoculated every 48 hours. Media was refreshed for the first 5 batches after 300 

hours. All batch cultures were stopped on the same day, and monitored in the NIR 

Specular Reflectance Flow Cell. Water was used as reference. Four spectra were used for 

each sample. Figure 5-29 shows the dry weight of the cultures. It was possible to reach up 

to 25 g/L. 

 

	
  
Figure	
  5-­‐29	
  Dry	
  weight	
  of	
  the	
  microalgal	
  batch	
  cultures	
  

 

Figure 5-30 shows the glucose concentration of the microalgal cultures. 
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Figure	
  5-­‐30	
  Glucose	
  concentration	
  of	
  the	
  microalgal	
  batch	
  cultures	
  as	
  determined	
  by	
  HPLC 

 

Figure 5-31 shows the values of absorbance obtained for each sample at 1 225 and 1 449 

nm. 

 

	
  
Figure	
  5-­‐31	
  Absorbances	
  of	
  each	
  sample	
  at	
  1	
  225	
  and	
  1	
  449	
  nm	
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Figures 5-32 and 5-33 show the relation between dry weight and absorbance at 1 225 and 

1 449 nm, respectively. 

 

	
  
Figure	
  5-­‐32	
  Dry	
  weight	
  of	
  microalgal	
  cultures	
  &	
  absorbance	
  at	
  1	
  225	
  nm 

 

	
  
Figure	
  5-­‐33	
  Dry	
  weight	
  of	
  microalgal	
  cultures	
  &	
  absorbance	
  at	
  1	
  449	
  nm 
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Although, a relation can be observed between dry weight and absorbance at 1 225 nm, 

there is a high variation present when biomass concentration is below 10 g/L. This 

behavior is similar to that previously observed with Raman spectroscopy where high 

variance in biomass determination was observed during the first hours of a culture (55) . 

This error at low biomass concentration was attributed to interferences due to the 

significant number of changes in the culture media and in the microalgal cells during the 

lag phase.  

 

In this work, a model was calibrated using the value of absorbance obtained at 1 225 nm 

for a training set of 30 of the 60 samples evaluated (odd samples from each of the 10 

batches were arbitrarily chosen for the training set). The remaining samples (even 

samples) were used as a validation set to test the accuracy of the model. Figure 5-34 

shows the measured versus predicted values of dry weight for the validation set. The root 

mean square error (RMSE) value was 1.3. The model will predict reliable, accurate, and 

reproducible values of dry weight for samples within the calibration range. 

 

	
  
Figure	
  5-­‐34	
  Measured	
  versus	
  predicted	
  dry	
  weight	
  concentration	
  and	
  identity	
  line 

 

Since a nonzero bias is not observed, it can be concluded that there is no background 

interference or scattering whiting the range of the calibration line (91) . 
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Another model was calibrated using the two wavelengths utilized during this work (1 225 

and 1 449 nm) to determine dry weight. However, the quality of the model calibrated 

using only one wavelength (1 225 nm) was better. 

 

Figures 5-35 and 5-36 show the relation between glucose concentration and absorbance at 

1 225 and 1 449 nm, respectively. Please note that graphs are conventionally presented.  

 

In practice, glucose concentration decreases with time while biomass increases as can be 

observed in Figures 5-30 and 5-29, respectively. 

 

	
  
Figure	
  5-­‐35	
  Glucose	
  in	
  microalgal	
  cultures	
  as	
  determined	
  by	
  HPLC	
  &	
  absorbance	
  at	
  1	
  225	
  nm 

 

In both graphs, the strong effect that biomass concentration has on the spectra can be 

observed. Even when glucose concentration is decreasing, absorbance keeps increasing in 

accordance with increasing biomass density. In agreement with the results obtained at the 

beginning of chapter 5 when addressing glucose determination, absorbance values should 

decrease with decreasing glucose concentrations. 
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Figure	
  5-­‐36	
  Glucose	
  in	
  microalgal	
  cultures	
  as	
  determined	
  by	
  HPLC	
  &	
  absorbance	
  at	
  1	
  449	
  nm 

 

We now have an overall picture of the performance and potential of the NIR Specular 

Reflectance Flow Cell to monitor microalgal cultures. The sensor has the capacity to 

continuously determine glucose concentrations in aqueous solutions as well as in non-

sterile and sterile media. In addition, fast and continuous determination of biomass 

density of microalgal cultures can be performed using the sensor. Simultaneous 

evaluation of biomass and glucose concentration in microalgal cultures is not possible 

with the existing configuration as a result of the large influence that biomass has on the 

spectra. Oil estimation was also evaluated, however, only a weak response was observed. 
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6 
6 Conclusions and Recommendations 

 

 

6.1 Conclusions 
 

The ability to continuously monitor critical process parameters and quality attributes of 

microalgal cultures is necessary to understand the physiological effects that culture 

conditions have on the mechanisms that govern the natural cycles of microalgal 

productivity. In consequence, these observations are essential to optimize the 

performance of complex processes like microalgal cultures in order to achieve optimal 

productivity. To reach this goal, it is essential to develop quality instrumentation that 

enables the online acquisition of data during microalgal processes. Measurement devices 

for microalgal cultivation should ideally be: on-line, rapid, sterilizable, stable, and 

selective with minimal need of calibration (58) . Some of the most promising analytical 

procedures to develop robust, real time analytical tools are those based on NIR 

spectroscopy. 

With this in mind, the general objective of this research work was the use of NIR 

Spectroscopy for online monitoring of microalgal cultures. The specific purpose was the 

evaluation of biomass, glucose, and lipid concentration.  

In order to achieve this objective, a NIR Specular Reflectance Flow Cell was developed. 

It was proved that this device has the potential to provide fast and automatic 

determination of biomass density of microalgal cultures, without the need to remove cells 

from the sample. Unfortunately, determination of glucose concentration is not possible 

with the present configuration due the large impact that biomass has on the spectra 

obtained. In the case of oil determination, the response obtained is very weak, and in 

consequence oil determination is not possible with the present configuration as well.  
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This flow cell is an online monitoring dispositive that requires less than 40 mL of sample 

volume to fill the loop of the system. Since measurements are determined by specular 

reflection, suspended solids or other scattering material do not have an effect on the 

determination as in the case of diffusive reflectance measurements (126) . This 

characteristic is very important taking on account that, significant changes in cell size, 

shape, and color can occur during microalgal cultivation (58) . Once the sample is 

recirculating through the NIR Specular Reflectance Flow Cell, a spectrum is obtained 

every 3.6 seconds. 

An efficient monitoring of microalgal processes in one of the key pieces to satisfactorily 

understand their complex growth dynamics. As a result, the effective optimization of 

different microalgal processes being developed around the world will be possible. 

 

6.2 Recommendations 
 

Since the NIR Specular Reflectance Flow Cell is a novel technique for online monitoring 

of microalgal cultures, there is plenty of room for improvement.  

 

Evaluation of the determination of oil concentration using instrumentation with a 

complete range of NIR spectroscopy (0.8 - 2.5 mm) is advisable due to the presence of 

characteristic absorption bands of oils within the missing part of the range in the present 

instrumentation. 

 

Preprocessing of the raw data such as the obtainment of first or second derivatives in 

order to deconvolute possible overlapped peaks is recommended. This procedure may be 

especially helpful to improve glucose determination. In addition, determination of 

glucose concentration in the culture broth once microalgal cells have been removed 

should be addressed. According to the results obtained during the length of this work, this 

procedure may be a possibility for a continuous quantification of glucose in microalgal 

cultures.  

 

 



	
   106	
  

Further work will involve the inclusion of measures to ensure sterility inside the NIR 

Specular Reflectance Flow Cell, and to overcome different drawbacks derived from 

encapsulating the flow cell. Blowing of nitrogen gas could be one strategy to prevent 

water condensation inside the flow cell, which will definitely affect the performance of 

the reflectance probe. 

 

Since monitoring of microalgal cultures will be a prolonged determination, it is advisable 

to monitor the light source and take the actions required to correct for any drift that may 

occur in order to achieve optimal results. Nevertheless, for tungsten lamps, the drift 

associated is often spectrally uniform. 

 

It will also be important to evaluate the effect on the spectra of additional factors that 

could be potentially present during the length of the culture, such as turbidity caused by 

small bubbles trapped in the culture media. 

 

Physicochemical surface properties of microalgae are relevant when it comes to 

biofouling of surfaces due to cell to substrate interactions. Evaluation of the effect of 

possible biofouling of the channel due to extended use should be addressed. For instance, 

according to Ozkan et.al Chlorella vulgaris (green alga, UTEX 2714) has a hydrophilic 

surface. Differences in surface properties of microalgae can be attributed to their cell wall 

structures, and the surface groups present on them. Hydrophilic species do not form flocs 

easily but rather form planktonic cultures. In contrast, species known to form colonies 

have markedly hydrophobic surfaces, where surface-surface interactions are stronger than 

surface-water interactions. This characteristic usually leads to biofouling, because 

hydrophobic alga attached at higher density and with higher strength of adhesion to 

surfaces, especially to the hydrophobic ones. Desorption experiments to quantify the 

adhesion strength were performed by varying flow rates in a parallel-plate flow chamber, 

which resulted in an increment in wall shear rates, where cells experienced lift and 

mainly drag forces (127, 128) . In a further study, after the evaluation of cell-substratum 

and cell-cell interactions, of 10 different microalgal species and 6 different substrates 

(including polycarbonate), the use of hydrophilic algae and hydrophilic surfaces was 
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suggested to minimize biofouling. In conclusion, since cell size is also an important 

factor in the mentioned interactions, to inhibit the adhesion of algal cells, both surface 

interaction energies and hydrodynamic effects should be taken into account to select 

algae and substrata pairs (129) . An in situ cleaning procedure or self- cleaning surface 

materials would be ideal for online optical sensors (58) .  

 

Further work to ensure enough reliability and stability of the NIR Specular Reflectance 

Flow Cell, will guarantee its appropriate use as an on-line analyzer of microalgal cultures. 
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