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▪The catalytic cycle is generally composed of absorption/desorption steps, and surface reaction 
processes.  
▪The 1st step is the activation of the reacting molecules by adsorption. Thus, the study of ads. 
phenomena play an important role.  
▪The knowledge about heat of adsorption of reactant on the surface of a catalyst at reaction 
temperature can contribute to a better understanding of the complex microkinetics.  
▪Since perhaps only a minor fraction of all surface atoms form active centers, the determination of 
their number, strength and energy distribution requires a sensitive analytical method.  

 We focus on: Adsorption Microcalorimetry at Reaction Temperature [1] 

     and present two projects:  
➢the dynamics of Ag-O system depending on time/temperature/pressure studied by oxygen 
adsorption at 150°C and 230°C (Treact.)  
➢1-hexyne adsorption at 80°C (Treact.) on supported ceria, being unexpectedly active in the three-
phase semi-hydrogenation of 1-hexyne. 
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Adsorption Isothermal MicrocalorimetryINTRODUCTION

Dynamics of Ag-O system depending on time/temperature/pressure studied by oxygen adsorption at 150°C and 230°C (Treact.) 

1-hexyne ads. at 80°C=Treact. on supported ceria, active in the three-phase semi-hydrogenation of 1-hexyne [9]

Sample cell + catalyst

HT1000 (rt-1000°C) and MS70 (rt-100°C) Tian-Calvet 
calorimeter of SETARAM combined with a custom-
designed high vacuum and gas dosing apparatus. [2] 
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Calorimetric Element  
Thermopile made of more than 400 conductive  
thermocouples in series;  the thermopile has 2 functions:  
1. heat transfer     2. signal generation

The heat-flow detector gives an electrical signal “U” which is 
proportional to the heat transferred per time unit.

Calorimetric Block

Cell chamber
Isolation

Δ ϑ !  U

time

U  ! Q int 

C
al

or
im

et
ric

 L
ab

Adsorption microcalorimetry allows to determine: 
Adsorption isotherm

Adsorption enthalpy

Energetic distribution  
of ads. sites

Adsorption constant

Specific surface area
nads. / saturation  ·  Avogadro const.Se.g.Pt = Surface sites density   Γfcc lattice,  Pt

Se.g.VxOy/  =  nads. ·  Avogadro const. ·  S1:1 ·  cross-section area 39Å2 for propane  [3]
assumed

nads 

Silver:       is used as a catalyst for the ethylene epoxidation and methanol oxidation.  
Goal:      is to safely translate the electronic signatures obtained by X-ray spectroscopies into structural information, 
which can be used to construct reaction mechanisms. The energetic data provided by calorimetry is essential to any 
reaction mechanism. 
Catalyst:  Ag powder  <45micron #10519

Initial State 
Cleaning of the silver surface observed by calorimetry 

Differential heat of O2 ads. at 150°C

10-3, 10-2, 10-1 mbar

10-3,10-2,10-1 mbar

1st run

Note:   mild pre-treatment  (150°C , 0.1 mbar, 2h) is enough 
to clean the samples also observed by NAP-XPS 

References:  
- 200 to 400 kJ/mol: combustion of impurities [4] 

- 50 to 420 kJ/mol : combustion of  contaminants [5] 

- 171 kJ/mol at 170°C: combustion of impurities  [6] 

2nd run

Steady State 
Differential heat of O2 ads. on the 

 clean Ag surface at 230°C = Treaction 

qdiff↑  is due to the 
exothermic  reaction of 
oxygen atoms with the 
carbon contaminants 
(CHx/CO3) and initial 
f o r m a t i o n o f t h e 
surface reconstruction.

nads.  ·  Avogadro constant
S Ag = Surface sites density   Γfcc lattice,  Ag

2·10-6 mol   ·   6.022·1023 particles · cm2

g   ·  1.4·1015 atoms  ·  mol 

S Ag-O  =   0.86 m2/g 

BETN2, 77K = 0.72 m2/g 

10-3,10-2,10-1 1,                                                   4,    10 mbar

nads. = nsaturation ~ 2µmol/g  

re-adsorption

Ag-O dynamics depend on  
temperature and pressure

10-3,10-2,        10-1mbar

1,  4,  10 mbar

p ↑ via time due to chemisorption p ↓ via time due to physisorption

Corresponding integral heats and pressures of O2 

Specific surface area of Ag for O2 at Treaction = 230°C

Goal:       Does calorimetry offers the possibility to distinguish between catalysts of similar characteristic properties? 

Catalyst: The 20wt%CeO2/TiO2-WI (wet impregnation; # 17380) shows a much higher alkyne conversion (XC6H10) than the   20wt
%CeO2/TiO2-DI (dry impregnation; # 17378) . In both cases, the olefin selectivity (SC6H12) is constant at 100%. 

ΔH ads.        < 200 - 900 kJ/mol      10 µmol/g   ! very strong irreversible adsorption 
                                                                      ! multiple dehydrogenation steps [10]  
                                                                           formation of stable surface intermediate [11] 

ΔH ads.      ~ 200 kJ/mol               60 µmol/g   !dissociative homolytic adsorption of C6H10  

                                                                       ! single dehydrogenation step  [10] 

1-hexyne adsorption at 80°C = Treaction
     active     in C6H10 hydrogenation   20wt%CeO2/TiO2-WI     
 less active  in C6H10 hydrogenation   20wt%CeO2/TiO2-DI 
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ΔHads<50kJ/mol   physisorption 

reversible

ΔHads>50kJ/mol - chemisorption - irreversible 
190 µmol/g reacted 1-hexyne molecules 
130 µmol/g reacted 1-hexyne molecules
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Corresponding integral heats 
The temporal evolution of the thermo signal during 1-hexyne ads.

1st ads. step = 0.00023 mmol/g 
1st ads. step = 0.00039 mmol/g

4st ads. step = 0.0031 mmol/g 
3rd ads. step = 0.0029 mmol/g

5st ads. step = 0.0053 mmol/g 
4st ads. step = 0.0050 mmol/g

7st ads. step = 0.0153 mmol/g 
7st ads. step = 0.0166 mmol/g

Regeneration   
H2 at 150°C

SBA-15

DFT calculations [10] 

The reaction profile of 
C 2 H 2 o n C e O 2 ( 111 ) 
d e t e r m i n e d b y D F T 
calculations show that  the 
initial step of the  C2H2 
hydrogenation to C2H4 is 
the dissociative homolytic 
adsorption of C2H2 . This 
p r o c e s s i s s t r o n g l y 
exothermic (-1.77eV) .

initial stage

plateau

Ce3+

Ce4+

surface O

subsurface O

C2H

H

T 
°C

pO2 

mbar

n ads. 

mmolO2/gAg 

q diff 

kJ/mol
Ag-O dynamics 

Tcleaning 
150

< 10-1 0.5 > 120 - 260 ➢ dissociative adsorption  
➢ cleaning the surface from CHx/CO3  
➢ initial formation of the surface reconstructions  [7]  

Treaction 
230

10-1 - 1 1.5 > 50 - 120 ➢ extensive structural changes * 
➢ oxygen  begins to dissolve to subsurface ** 
➢ chemisorbed oxygen modified by a subsurface 

oxygen *** 
➢ Surface oxide growth = 60 -80 kJ/mol [8]

Treaction 
230

> 1 - 10 1 < 50 ➢ molecular oxygen adsorbed on surface vacancies 
**** 

➢ formation of electrophilic oxygen (weakly bound) *****

References:   
“Microkinetic modeling of ethylene oxidation over silver”  [12] 

 H is the standard enthalpy of formation for model adsorbates 
at 298.15 K 
▪  Oads. :       H =    −63.0 kJ/mol   
▪  O2 ads. :    H  =   −44.5 kJ/mol 
▪  O / Oads. : H = −103.0 kJ/mol       

          “The energetics of oxygen adatoms, hydroxyl species 
and water dissociation on Pt(111)”  [13] 

▪ enthalpy of O2,g adsorption on Pt(111)    200 -230 kJ/mol 
▪ Standard enthalpies of formation at 298 K (ΔHo

f) of O adatoms 
on Pt(111)    109 – 99 kJ/mol

*       Ag atoms moving from defects and edges to form the reconstructions. Island formation at low coverages. 
**      Formation of oxide like reconstruction and/or surface oxide layer. 
***     Depends on time/temperature because its formation is limited by oxygen diffusion to subsurface. 
****    Proposed by theory and calorimetry. In this case the time/temperature dependence is related to the defect formation. 
*****  The active site for epoxidation!  Two interpretations are believed: O2 stabilized on defects on O covered surface  
         (DFT)  or surface oxygen modified by sub-surface species (XPS)

 =
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The adsorption signature is composed of two main contributions: 
 physisorption / fast-signal     &    reaction / delayed signal  
The most active catalyst has such sites that will hold 1-hexyne 
very weakly until the molecule chemisorb stronger. 
In the less active catalyst the physisorbed molecule undergoes 
much faster side reactions or strong chemisorption.

Yes, calorimetry is a useful tool to distinguish between catalysts of similar characteristic 
properties.  

Key-note 
under reaction conditions a significant portion of the surface sites is covered by 
dehydrogenated species and is not available for hydrogenation. Nevertheless, the 
remaining small number of surface sites are active and selective in alkyne hydrogenation. 
This is in line with DFT calculations [10] 

The ads. of 1-hexyne at  Treact. is composed of  2 main processes: 
 1)  unspecific adsorption   (physisorption <50kJ/mol)  

 2) time-consuming secondary process is due to single or multiple dehydrogenation steps 
and potentially oligomerization. [10]      (>50 – 900 kJ/mol) 

The most active catalyst is characterize by: 
 - higher amount of adsorption places for 1-hexyne   190 µmol/g   
 - slightly easier regeneration of the surface after 1-hexyne contact at Treaction 

 - dynamic surface: pronounced trapped and phys. state of the adsorbates to find the most 
suitable place for reaction  

ΔS Calorimetry / BET  =   0.14 m2/g

The excess can be due 
to dissolving of oxygen 
into the Ag subsurface.


