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TiO2	
  surfaces	
  are	
  well	
  known	
  photo-­‐catalysts	
  
Surfaces	
  incorporaOng	
  TiO2	
  nanoparOcles	
  increasingly	
  used	
  for	
  removal	
  of	
  NOx	
  and	
  
volaOle	
  organic	
  compounds	
  (VOCs)	
  	
  	
  
	
  
Nitrous	
  acid	
  (HONO)	
  known	
  to	
  be	
  formed	
  in	
  the	
  atmosphere	
  by	
  heterogeneous	
  
processes,	
  including	
  mineral	
  dust	
  containing	
  TiO2	
  (mechanism?)	
  
	
  
(HONO	
  photolysis	
  can	
  provide	
  an	
  addi5onal	
  source	
  for	
  atmospheric	
  OH)	
  

Photocataly;c	
  NOx	
  removal	
  in	
  the	
  urban	
  environment	
   Methodology:	
  Cavity	
  Enhanced	
  AbsorpOon	
  
Spectroscopy	
  (CEAS)	
  –	
  ultra	
  sensiOve	
  spectroscopy	
  

Welsh	
  Air	
  Quality	
  Forum,	
  25-­‐9-­‐2014	
  

•  Unambiguous	
  spectral	
  detecOon/a[ribuOon	
  of	
  HONO	
  and	
  NO2	
  

•  HONO	
  detecOon	
  limit	
  ~	
  0.25	
  ppb	
  in	
  15s	
  (NO2	
  ~	
  0.5ppb)	
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Experimental	
  Arrangement	
  

• Substrate	
  area	
  105	
  cm2	
  (Pilkington	
  	
  self	
  cleaning	
  glass)	
  
• IlluminaOon	
  at	
  λ	
  =	
  370	
  nm,	
  ~	
  6Wm-­‐2	
  (<	
  20%	
  of	
  solar	
  intensity)	
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Typical	
  Results:	
  good	
  news	
  
IniOal	
  condiOons:	
  ~80	
  ppb	
  NO2	
  /	
  44%	
  RH	
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Clear	
  evidence	
  of	
  photo-­‐catalyOc	
  reducOon	
  of	
  NO2	
  
(under	
  laboratory	
  condiOons	
  ~	
  5%	
  of	
  sunlight)	
  

NO2	
  converOon	
  to	
  HONO	
  observed	
  (45-­‐75%	
  yield)	
  	
  

NO2	
  

HONO	
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Typical	
  Results:	
  hang	
  on……..	
  
IniOal	
  condiOons:	
  ~80	
  ppb	
  NO2	
  /	
  44%	
  RH	
  

Why	
  is	
  HONO	
  producOon	
  an	
  issue?	
  
	
   	
   	
   	
  HONO	
  +	
  sunlight	
  →	
  OH	
  +	
  NO	
  
	
  	
   	
   	
   	
   	
   	
   	
   	
   	
  (+O3)	
   	
  →	
  NO2	
  

	
  ⇒	
  HONO	
  formaOon	
  makes	
  the	
  photocatalyOc	
  
NOx	
  removal	
  process	
  less	
  efficient	
  

	
  
⇒ 	
  increases	
  OH	
  (the	
  main	
  oxidant)	
  
⇒	
  Increases	
  in	
  OH	
  concentraOons	
  accelerate	
  
polluOon	
  chemistry	
  

	
  

Welsh	
  Air	
  Quality	
  Forum,	
  25-­‐9-­‐2014	
  



01/10/2014	
  

3	
  

Box	
  model	
  results:	
  UK	
  summer	
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Control	
  
TiO2	
  surface	
  

NOx	
  

OH	
  

• 	
  	
  	
  ~	
  25%	
  reducOon	
  in	
  NOx	
  (NO	
  +	
  NO2)	
  –	
  about	
  half	
  of	
  what	
  expected	
  

• 	
  	
  	
  ~	
  2	
  fold	
  enhancement	
  in	
  OH,	
  including	
  morning	
  peak	
  (accelerates	
  
	
   	
  the	
  ozone	
  producOon	
  	
  

	
  

Conclusions	
  

•  PhotocatalyOc	
  removal	
  of	
  NO2	
  on	
  TiO2	
  
surfaces	
  does	
  work…..	
  

•  But,	
  HONO	
  is	
  produced,	
  reducing	
  the	
  
NOx	
  reducOon	
  yield	
  and	
  producing	
  OH	
  

	
  

⇒	
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Development of sensors and sensor networks 
•  Cost/ease of deployment 
•  Information content (location) 
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Prime	
  QuesOons:	
  

•  Can	
  you	
  measure	
  NO2	
  with	
  low	
  cost	
  sensors?	
  

•  Can	
  you	
  measure	
  PM	
  with	
  low	
  cost	
  sensors?	
  

•  CerOficaOon	
  and	
  ‘equivalence’?	
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Illustrative low cost sensor performance 
(electrochemical sensor, NO2) 

Improvements in: hardware, control 
electronics and analysis 

 
- need to carefully consider data  

post-processing (cross sensitivities) 
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Example of issues: characterisation of NO2 
cross sensitivity to O3 

Can correct for it, but….. 
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NO	
  and	
  NO2	
  (electrochemical	
  vs	
  reference)	
  

Cambridge	
  Heathrow	
  network	
  sensors	
  (Christoph	
  Huelgin,	
  EMPA)	
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Low	
  cost	
  

Reference	
  

‘NO2’	
  sensor	
  measures	
  NO2	
  +	
  O3	
  (~	
  100%)	
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Low	
  cost	
  sensors	
  really	
  are	
  measuring	
  at	
  ppb	
  level……	
  

Developments in NO2/O3 cross sensitivity 
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Latest	
  variant	
  low	
  cost	
  NO2	
  sensors	
  vs	
  reference…..	
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Validation of low cost OPC  

Welsh	
  Air	
  Quality	
  Forum,	
  25-­‐9-­‐2014	
  

Prime	
  QuesOons:	
  

•  Can	
  you	
  measure	
  NO2	
  with	
  low	
  cost	
  sensors?	
  
– ppb	
  (µgm-­‐3)	
  sensiOvity	
  achievable…..	
  
– cross	
  interferences	
  close	
  to	
  resoluOon…..	
  

•  Can	
  you	
  measure	
  PM	
  with	
  low	
  cost	
  sensors?	
  
– Yes…..	
  

•  ‘Equivalence’?	
  
– ????	
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Philosophy of Approach: 
 

information content vs instrument precision  

High precision measurement in the wrong place 
has less value than a poor/indicative measurement 

in the correct place……  
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(But actually they’re not that bad……..) 

vs	
  

Low cost electrochemical/optical sensor 
networks 

Short term mobile 
(CO, NO, NO2) 

Medium  term static 
(CO, NO, NO2) 

Long  term static (CO, 
NO, NO2, O3, SO2, 

CO2, VOCs, PM 

Welsh	
  Air	
  Quality	
  Forum,	
  25-­‐9-­‐2014	
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Multi-species real time mobile measurements 
of air quality in complex environments 

NO ( ÷ 4)	



CO ( ÷ 20)	



NO2	



(20 ppb of NO2 ~ 40µg/m3) 

400 ppb NO 
100 ppb NO2 
2 ppm CO 
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Static Sensor Deployment, Cambridge (UK) 
 
 
>2 month deployment (May-July 2010) 
>40 sensors (CO, NO, NO2) , T, RH 
Lamp post mounted, GPRS (GPS) 
 
Inner city, mixed urban, rural 
Real time GPRS transmission 
 
 
>25,000,000 measurements 
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1	
  month	
  

1	
  week	
  

1	
  day	
  

4	
  hours	
  	
  
(individual	
  polluOon	
  events)	
  

Static deployments 	
  
(carbon monoxide) 

Grid	
  
(46 sites) 

vs	
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Street canyon effects: ventilation 

Not	
  a	
  surprise	
  in	
  
terms	
  of	
  canyon	
  
effects	
  
	
  
but…	
  	
  
	
  
readily	
  observed	
  
using	
  low	
  cost	
  
devices……..	
  

University	
  of	
  Birmingham	
  	
  15th	
  	
  May	
  2013	
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Street canyon effects: re-circulation 
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ADMS-­‐Urban	
  model	
  v	
  measurement	
  comparison	
  
•  Measurements and ADMS-Urban model comparison 
•  CO adjustment of emissions to optimise model 
•  Removal of CO baselines to give local hourly emissions 

Traffic	
  queuing	
  included	
  in	
  model	
  

No	
  queues	
  included	
  in	
  model	
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Measurement	
  vs	
  ADMS	
  model	
  comparison	
  (CO)	
  

Model	
  

Measurement	
  

CO	
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Measurement	
  vs	
  ADMS	
  model	
  comparison	
  (NO)	
  

Model	
  

Measurement	
  

NO	
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Sensor network system at Heathrow airport 
 

•  40 sensor nodes 

•  Real time data transfer (GPRS) 

•  NO, NO2, CO, CO2, SO2, O3, VOCs, PM. 

•  Software sensor network calibration 

(Electrochemical,	
  NDIR,	
  
PID,	
  OpOcal)	
  

(c) 

•  40 sensor nodes  
  (airside/landside) 

 
•  >20 billion records…. 

Example LHR results …….1 month 

anO-­‐cyclonic…	
  
PBL	
  trapping	
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Real observations: near /far field emissions,  
LHR: diurnal operations, runway use…. 

Welsh	
  Air	
  Quality	
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  25-­‐9-­‐2014	
  

Source attribution: SNAQ17 at the west-end 
of southern runway (09R) , 1 month data 

CO NO NO2 
CO2 

< 0.5  µm > 0.5  µm > 1  µm 0.3 to 17.4  µm 

OPC	
  	
  (number	
  /	
  cc)	
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Direct determination of transport activities 

CO NO NO2 
CO2 

High	
  CO2,	
  high	
  NOx,	
  medium	
  CO	
  –	
  take	
  offs	
  
Medium	
  CO2,	
  low	
  NOx,	
  medium	
  CO	
  –	
  taxiing	
  

< 0.5  µm > 0.5  µm > 1  µm 0.3 to 17.4  µm 

OPC	
  	
  (number	
  /	
  cc)	
  

Also	
  PM	
  apporOonment……	
  
Welsh	
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Cluster 1 in the 5-cluster solution Cluster 3 in the 5-cluster solution 

CO 
Heathrow airport 

CO 
Heathrow airport 

Cluster 4 in the 5-cluster solution 

CO 
Heathrow airport 

CO 
Cambridge roadside 

CO source 
apportion: aircraft vs 
roadside sources… 

Airside/roadside source attribution:  
diurnal signatures 

5-cluster solution 
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Inferences from NOx/CO 
ratios: 
1.  Take-off 
4.  Taxiway 
5.  Perimeter road traffic 
 

Source attribution: Sensors at the west-end 
of southern runway (09R)  

N
O

 / 
C

O
 ra

tio
 

(c) 

1	
  

4	
  
5	
  

NOx/CO	
  raOos	
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QuanOtaOve	
  source	
  a[ribuOon…..	
  

Low	
  emissions 	
   	
   	
   	
   	
  High	
  emissions	
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Direct determination of LHR average absolute 
emissions for NOx and CO using CO2: 

(1	
  week	
  of	
  data)	
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Direct determination of LHR average absolute 
emissions for NOx and CO: 

CorrelaOon	
  of	
  CO2	
  
with	
  other	
  species	
  
allows	
  absolute	
  
emissions	
  of	
  NOx	
  
and	
  CO	
  (PM	
  etc.)	
  to	
  
be	
  derived…	
  
..	
  

ΔCO2	
  ~	
  50	
  ppm,	
  ΔCO	
  ~	
  1000	
  ppb,	
  ΔNOx	
  ~	
  100ppb	
  

NO	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  NO2	
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Bottom line 
•  Low cost sensors/sensor networks viable for A/Q monitoring – 

gases, PM 

•  Some outstanding issues….. 

•  Source attribution (gas phase, PM) 

•  Optimised approaches for model constraint/comparison/validation 

•  Moving towards real time personal exposure (another story) 
 

Low cost sensors, sensor networks emerging as 
effective tools for environmental monitoring/model 
validation. 
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