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1.1 Motivation 

Industrial processes involving highly exothermic reactions, such as -selective- oxidations 

and hydrogenations, cause a significant adiabatic temperature rise. The heat release 

during the reaction can cause an increase in temperature in the catalyst if it is not removed 

adequately. [1] The temperature rise will cause the reaction rate to increase, leading to 

even more significant heat production. In the presence of unreacted products, the reaction 

will continue to accelerate in this positive feedback loop leading to a runaway reaction. The 

increased reaction temperature generally favours the formation of undesired by-products 

and thus yield losses as well as catalyst deactivation. In the worst case, a run-away reaction 

can even lead to a melt-down or explosion of the reactor. [2] Heat removal, from these 

processes is therefore essential since the rate of heat generation increases exponentially 

with temperature, while the removed heat increases only linearly with temperature. 

Consequently, these processes are generally operated at overall mild temperature and low 

conversion, thus mitigating the risk of a run-away and hotspot formation.[3] The risk of a 

run-away event is more prominent in gas phase reactions, due to the lower heat capacity 

of gasses and higher diffusion coefficients compared to liquids. Nevertheless, temperature 

control in liquid phase reactions could be challenging in highly exothermic reactions due 

to larger thermal inertia of the system. Nowadays, there are no conventional means to 

control the reaction rate and consequently the temperature at the catalyst particle level. 

Instead, the reaction temperature of the bulk is controlled by an external control loop 

based on the reactor temperature, feed composition, and pressure, that uses active 

quenching in the reactor.[4] In this approach, the temperature increments at the catalyst 

particle typically exceed the measurable temperature in the bulk of the reactor. 

To tackle this issue, the flow pattern inside the reactor can be manipulated to obtain a 

turbulent behaviour and, in this way, maximise thermal mixing. Or to increase the heat 

exchange capacity, shell and tube reactors are implemented. Here, the physico-chemical 

properties of the catalyst also play an important role on the heat removal efficiency. This 

has led to the development of catalysts with high thermal conductivity and optimized 

geometric structures, such as monoliths (e.g. aluminium foam) that can favour isothermal 

operation. [5] The present thesis proposes a way to control the reaction rate based on the 

temperature at the individual catalyst particles, theoretically yielding intrinsically safer 

and atom-efficient operation. This will consequently alleviate the need of using these 

external measures since the reaction rate will be intrinsically manipulated. Even though 

run-away behaviour is more prominent in gas phase reactions, there are currently no 
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materials available that can operate at the high temperatures required in gas phase 

reactions. A more feasible approach for the first steps of developing a catalyst capable of 

self-regulating the reaction rate is to perform experiments in the liquid phase. Here, the 

lower operating temperatures facilitate the use of organic-based functionalities that can 

act as regulating valves, in the same manner that biological systems do, without major 

deactivation issues. In this line, this thesis lays down the foundation for creating a self-

regulating catalyst. 
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1.2 Adaptive catalysis 

To achieve a catalyst with intrinsic reaction control or self-regulation, one proposal is to 

render a conventional catalyst with “nano-valves" that adjust the molecular diffusion in a 

dynamic fashion to control the reaction rate, maintaining the reaction conditions in the 

desired temperature range. This concept implies a discontinuous behaviour, where the 

catalytic activity can be switched ON and OFF above or below a certain threshold value of 

the trigging variable (e.g. temperature).[6] The catalyst activity could be regulated by 

exposing or blocking the access to a metal active site by autonomously adapting to small 

changes in the reaction medium. In this way, the catalysts could locally change from active 

to inactive in response to an internal stimulus and thus self-regulate the reaction-rate. 

 

1.3 Stimulus-responsive materials on the catalyst 

surface 

A potential candidate for controlling the molecular diffusion and thus tune catalyst 

selectivity are stimulus-responsive polymers. The development of these bio-inspired 

materials have become relevant due to their ability to reversibly undergo conformational 

changes in response to small environmental stimulus (e.g., temperature, pH, ionic change, 

light radiation, electric field).[7–10] These polymers, hydrogels, and gels can undergo 

large conformational transitions from swollen to collapsed states upon reaching a specific 

critical solubility point.[11,12] For instance, if one considers a thermo-responsive polymer 

as the temperature starts to increase, due to the release of reaction heat, the polymer 

responds to this perturbation via the conformational collapse onto the pore entrance, 

creating a barrier for the molecular transport towards the active site (see Figure 1.1).  
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Figure 1.1: Schematic illustration of a negative feedback loop in which the collapse of the 

polymer coating leads to a mass transport limitation that switches OFF the catalyst. 

 

 

Achieving a dynamic behaviour where the activity can be switched “ON” and “OFF” is 

rather challenging because it requires similar time scales for the heat released from the 

reaction occurring at the catalyst surface and the response of the stimulus-responsive 

polymer. So far, no one has demonstrated this self-regulating mechanism in 

heterogeneous catalysis. Only the group of Prof. J. Aizenberg has reported self-regulating 

behaviour on macroscopic devices.[13,14] The macro device consists of a hydrogel pillars 

with a catalyst on the tips that reversible actuate as the gel swells or contracts in response 

to a chemical stimulus (C) (see Figure 1.2a). To control the reaction activity the system is 

immersed in a liquid bilayer, where the hydrogel moves in or out of the top layer containing 

the reaction solution. As shown in Figure 1.2b, upon an increase of the temperature 

generated during hydrogen peroxide decomposition, the hydrogel contracts causing the 

reaction to slowdown. This mechanical action (M) stops the heat generation from the 

exothermic reaction, causing the gel to reversibly swell again. This experiment 

demonstrates that stimulus-responsive polymers have a reversible and relatively fast 

change in conformation. 

OFFON
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Figure 1.2: Schematic of the temperature-regulating device showing a chemomechanical 

(C→M) and mechanochemical (M←C) feedback loop, in which mechanical action of 

temperature-responsive gel is coupled with an exothermic reaction (hydrogen peroxide 

decomposition). The side view schematic and top view microscope images depict ON/OFF 

states of the reaction in the top layer (a), temperature evolution for a control sample with 

catalyst-functionalized microstructure tips with a gel where the Low Critical Solution 

Temperature (LCST) was 27 °C (b).[13] 

 

 

This self-regulation mechanism has never been demonstrated for heterogeneous catalysts. 

Therefore, the focus of this thesis is to understand the interplay between polymeric 

brushes, molecular transport, solvation effects, catalytic activity, and selectivity in aqueous 

phase. This knowledge will be crucial to develop designing rules to achieve a catalyst with 

(a)

(b)
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self-regulating behaviour, which is crucial for practical application in industrial catalysis. 

The next sections describe all the key techniques and concepts that are involved in the 

synthesis, characterization of mass transfer, kinetics and modelling studies that are 

required to stablish fundamentally relevant polymer-catalyst-performance relationships. 

This is followed by a non-exhaustive literature review on the key developments on adaptive 

catalysts. 

 

1.4 Synthesis of polymeric brushes 

Polymer brushes belong to the class of surface tethered polymers, which can be anchored 

on a flat or curved surface by covalent chemical bonds. Chemical grafting can be done by 

“grafting to”, where the pre-synthesized polymeric brush is immobilized on the surface or 

by “grafting from”, where the polymer chain grows from polymerization initiating sites on 

the substrate.[15,16] The properties of the polymeric brushes anchored to the surface can 

be tuned depending on the physical and chemical properties of the immobilized polymer, 

the number of anchoring points, grafting density, topology, chemical composition, and 

functionality.[17] There are several polymerization techniques such as reversible addition-

fragmentation chain transfer (RAFT), nitroxide-mediated polymerization (NMP), living 

anionic polymerization, and atom transfer radical polymerization (ATRP). Here, ATRP 

ensures a well-controlled growth of the polymeric chain[18] due to an equilibrium between 

active and dormant states of a growing polymeric chain, which is regulated by a reversible 

activation-deactivation mechanism (see Eq.1.1). [19] The reversible redox process is 

catalysed by a transition metal complex (L/Mtn-X, where X is the counterion (Cl, Br), Mtn 

the transition metal complex (Cu, Ru) and L the ligand). The transfer of a halide (X) occurs 

between the dormant chain (Pn-X) and the transition metal complex, which results in a 

radical (Pn*) for propagation by addition of a new monomer and the transition metal 

complex in a different oxidation state (X-Mtn+1-Y/Ligand).[18,19] The uniform growth of 

the polymer brushes is guaranteed due to the fast rate constant of activation (ka) together 

with a rapid reversible deactivation. To manipulate the thickness of polymeric brushes the 

time of the polymerization can be varied as longer polymerization times lead to larger 

polymeric brushes. 

 

 

Eq. 1.1 
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1.5 Properties of stimulus-responsive polymers 

When using these materials to control the reaction activity it is important to determine the 

polymer swelling and deswelling characteristics. The polymeric chain mobility/swelling is 

dependent on the brush grafting density (σ, grafted chains per unit of surface) and polymer 

thickness (H).[20,21] Figure 1.3 shows the mushroom-to-brush transition, where higher 

grafting density leads to stretching of the polymeric brushes (brush regime). The stretch 

of the polymeric brush results from increasing the osmotic pressure among the chains, due 

to increasing the steric hindrance between individual polymer chains. In this situation the 

thickness of the swollen polymer brush layer is larger than the radius of gyration (Rg) of 

the swollen free polymer chain and of the polymer chain in the mushroom regime. In the 

mushroom regime, the polymer chains maximize the contact between the polymer 

segments. while keeping chain stretching to a minimum.[22] 

 

 

Figure 1.3: Schematic of brush wet thickness (H) and grafting density (σ) on a polymeric 

brush polymerized on a surface, where D represents the distance between grafting sites, ν 

is dependent of solvent quality (good solvent ν ≈1/3 and in a poor solvent ≈0.5) and Rg 

radius of gyration. [23] 
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1.6 Conformational changes in stimulus-responsive 

polymers 

Stimulus-responsive polymers can respond to different external or internal triggers such 

as chemical (e.g. pH and ionic strength) and physical (e.g. temperature, light and pressure) 

triggers thanks to the vast possibilities of chemical functionalities. One of the most studied 

thermo-responsive polymers is Poly(n-isopropylacrylamide) (p-NIPAM) with an abrupt 

conformational transition at its lower critical solution Temperature (LCST), which in water 

is around 32 °C (see Figure 1.4). The LCST depends on the functional groups (type of 

polymer) on the polymeric chain, molecular weight, concentration in the solution, and 

composition of the liquid phase. Therefore, the type of polymer can be adjusted depending 

on the transition temperature desired. For instance, poly(2-isopropyl-2-oxazoline) (PIOZ) 

is another thermo-responsive polymer with a LCST of around 48 °C.[24] These 

conformational changes are caused by a change in solubility of the polymeric chain, where 

below the LCST, the Gibbs free energy of the polymer in liquid water is primarily 

dominated by the H-bonding between the -NH motive in the polymer chains and water 

molecules (i.e. enthalpic contributions dominate).[25] As temperature increases above the 

LCST, the hydrogen bonds are destabilized and Van der Waals forces between polymer-

chains drive the Gibbs free energy of the system (i.e. entropic contributions dominate), 

leading to the collapse of the polymer brushes.[25,26] The stretching of the polymeric 

chain and LCST can change in the presence of salts and different solvents by disrupting 

the water-polymer bonds.[27] Humphreys et al. [26] reported the effect of anions on the 

LCST of p-NIPAM brushes, where concentrations higher than 10 mM of potassium 

thiocyanate lowered p-NIPAM LCST with a maximum decrease of ~ 6 °C with a 

concentration of 250 mM). Y. Yu et al.[28] reported the effect of ethanol concentration in 

water-ethanol mixtures on a p-NIPAM brushes swelling, where by the presence of 30% 

ethanol/water the swelling ratio decreased from 4 to 1. These examples show the 

complexity of combining stimulus-responsive polymers to different environmental 

conditions, highlighting the importance of characterizing these materials under reaction 

conditions. 

 



Chapter 1 
 

 
10 

  

Figure 1.4: Equilibrium thermo-responsive behaviour of p-NIPAM brushes in water as a 

function of temperature monitored by ellipsometry on a silicon wafer, adapted from [26]. 

Blue represents temperatures below LCST and red above LCST. 

 

 

1.7 Application on catalysis 

1.7.1 Transport effects 

The majority of the research into the application of this approach in heterogeneous 

catalysis has been focussed on using an external stimulus to trigger the polymer 

conformation change to alter the molecular transport towards the catalyst.[29–34] 

Combining catalytic materials with polymers that respond to external stimulus has been 

demonstrated as a powerful tool for precise control of selectivity, stability, and recyclability 

in liquid environments.[6,35–37] Z. Chen et al.[32] reported that in the presence of a 

thermo-responsive core-shell nano-reactor the conversion of 4-nitrophenol was reduced 

upon an increase of temperature due to the collapse of the polymeric chains, as shown in 

Figure 1.5. The catalyst consists of a p-NIPAM hydrogel coated on the external pore mouth 

of mesoporous silica hollow spheres with gold nanoparticles inside the silica spheres. By 

separating the polymeric chain and the metal nanoparticles it was possible to avoid any 

interaction of the p-NIPAM brushes on the active site. While it was clear that the 

functionalized catalyst had a tremendous effect on the reaction at high temperatures, the 

results using a catalyst without a p-NIPAM coating were not included in this study. 

Essentially, the authors assumed no significant effect on the reaction rate by the polymer 

80

100

120

140

160

180

5 15 25 35 45

Th
ic

kn
es

s (
nm

)

Temperature (°C)



Chapter 1 
 

 
11 

addition at temperatures below the LCST (32 °C) in comparison to an un-functionalized 

catalyst. 

 

 

Figure 1.5: Conversion of 4-nitrophnol runs at 30 °C and 50 °C obtained by UV-vis 

adsorption spectrum of p-NIPAM/Au@meso-SiO2 with 250 nm particle size catalyst and 

a schematic illustration of p-NIPAM coated on a core-shell catalyst, that consist of a core 

of Au nanoparticles loaded onto carbon nanospheres to form Au/C and the shell consists 

of mesoporous silica with 40 nm thickness. The stimuli-responsive polymer is coated into 

the outside surface of the shell.[32] 

 

 

M. Ballauff and J. Dzubiella reported yolk-shell nano-reactors consisting of gold 

nanoparticles surrounded by a p-NIPAM hydrogel.[33,38–41] Figure 1.6 shows the effect 

of temperature on the reaction kinetics by these nano-reactors on the conversion of 4-

nitrophenol. Where at low and high temperatures the curve follows Arrhenius-like 

behaviour, i.e. the temperature enhances the reaction rate. However, in the transition 

regime where the polymer shifts from a swollen to a collapsed state there is a drop in the 

activity, implying non-Arrhenius behaviour. These results agree with the trend observed 

by Z. Chen et al.[32], as shown in Figure 1.5, where the polymer collapse caused a drop in 

the reaction rate. 

 

The authors made a theoretical description of the polymer-controlled reaction, to explain 

the non-Arrhenius behaviour of this system, where the inverse of the apparent kinetic 

constant (kapp-1) of the nano-reactor is defined as the summation of the inverse of the 
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kinetics of mass transport (𝑘𝑘𝑑𝑑) and surface reaction (𝑘𝑘𝑟𝑟). The intrinsic catalytic activity of 

the catalyst (𝑘𝑘𝑟𝑟) is assumed to be the same as that observed on a non-coated catalyst. Here, 

the transport constant (𝑘𝑘𝑑𝑑) was assumed to follow a Debye-Smoluchowski permeability-

dependent diffusion, where the transport depends on both the effective diffusion of the 

reactants in the polymeric matrix and the Gibbs free energy change of solvation (ΔGsol) 

between reactant-polymer and reactant-solvent. This demonstrates that transport through 

a polymeric matrix cannot be explained by simple diffusion coefficient theory.  

 

 

Figure 1.6: Influence of temperature on the pseudo-first order rate constant, kobs (filled 

squares) measured in the presence of Au@p-NIPAM particles, compared with the 

corresponding hydrodynamic diameters (DH) (open circles). The solid line shows the 

fitting of the kinetic data.[42] 

 

1.7.2 Solvation effects 

Catalytic reactions depend on the atomic structure and electronic properties of the active 

site, as well as the chemical environment surrounding the active site. These surrounding 

molecules interact with the bare active site as well as with adsorbed reactants, 

intermediates, and products, influencing the catalytic performance by altering the energy 

landscape of the catalytic reaction. Recently, major research has been developed to 

understand the effect of solvents on catalyst activity and selectivity.[43–47] Solvents can 

influence reactant solubility and transport, enhance protons transfer, compete with the 

reactant for adsorption sites, and change the binding and reactivity of surface species.[48] 
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H. Zhao et al.[49] showed the influence of polar solvents on furfural hydrogenation 

selectivity towards furfuryl alcohol (FOL) on a palladium catalyst, where selectivity is 

dictated by the adsorption configuration of furfural. The authors obtained different 

reaction orders in hydrogen for furfural hydrogenation in water and cyclohexane due to 

changes in the rate determining step. Similar effects were observed by N. Singh et al.[50] 

during phenol hydrogenation, where decreasing the pH increased the hydrogenation rate. 

The authors argue that, when H-insertion is the rate determining step (RDS) the pH effect 

is determined by the Hydrogen Binding Energy (HBE). At high coverage of hydrogen, the 

hydrogen adsorption strength increased with increasing pH. Consequently, the reaction 

rate decreased due to a higher activation energy barrier caused by stabilization of hydrogen 

chemisorbed at the metal surface. Using molecular dynamic (MD) simulations, the authors 

showed that the adsorption/desorption of hydrogen is significantly influenced by both the 

presence of ions (OH-, H+) and the corresponding orientation of water molecules at the 

metal surface. In addition, pH variations altered the electrochemical potential at the metal 

surfaces influencing the H-insertion rate.  

 

In this context, the addition of stimulus-responsive polymers might also influence catalyst 

activity and selectivity due to so called “solvation effects”, where the energy landscape of 

the catalytic reaction can be modified by the presence of functional groups on the 

polymeric chain, similar to the effects observed in enzymes. Even though the literature on 

the solvation effects caused by stimulus-responsive polymers is rather scarce, some reports 

on polymer-hybrid catalysts are available. For instance, A. R. Riscoe et al.[51] showed that 

on polymer-palladium nanocrystal hybrid catalysts the activity for CO oxidation increased 

due to the presence of microporous cavities near the metal site. CO has a strong interaction 

with palladium and competes for open sites with molecular oxygen, making CO desorption 

and dissociative adsorption of oxygen the rate determining step. Authors argue that the 

nitrogen lone electron pairs on the amino groups of the polymer interacts with the metal 

surface affecting the transition state enthalpy and entropy for the rate limiting step.  
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1.8 Transport studies using ATR-IR spectroscopy in 

aqueous phase 

In-situ Attenuated Total Reflection Infrared (ATR-IR) spectroscopy is often implemented 

to gain insights into reaction kinetics and catalytic mechanisms on gas and liquid-phase 

reactions.[52–54] This technique allows the monitoring of the molecular vibrations at the 

solid-liquid interface in a time-resolved mode to obtain structure-activity 

relationships.[55–57] In this technique, a thin catalyst layer is coated on the top surface 

of an optical element (typically ZnSe trapezoidal prism) where the infrared light is 

propagated by multiple internal reflections (see Figure 1.7a-b).[58] At the reflection 

points, an evanescent wave is formed at the interface between the optical element and the 

solid. The penetration depth (dp) of the evanescent wave is defined as the distance required 

for the amplitude of the electric field to fall to e-1 compared to the surface. As shown in 

Eq.1.2, the penetration depth depends on the optical constants, where n1 and n2 denote 

the refractive index of the sample and IRE, respectively, ϴ the angle of incidence and λ the 

wavelength.[59]  

 

 𝑑𝑑𝑝𝑝 =
𝜆𝜆

2𝜋𝜋𝑛𝑛1�(𝑠𝑠𝑠𝑠𝑛𝑛2𝛳𝛳 − (𝑛𝑛2𝑛𝑛1
)2)

 
Eq.1.2 

 

The refractive index of the samples (n1) of a porous layer of e.g. Al2O3 is calculated based 

on Eq.1.3, where φ is the relative porosity and nc and nd are the refractive index of the 

phases c (dense solid alumina) and d (medium filling the pores, e.g. air or water), 

respectively.[60]  

 

 𝑛𝑛1 =  �(1 − 𝛷𝛷)𝑛𝑛𝑐𝑐2 + 𝛷𝛷𝑛𝑛𝑑𝑑2  

 

Eq.1.3 

By restricting the evanescence wave to the catalyst surface, limiting the penetration depth 

(dp) to only a few microns, the absorption contribution of liquid solvents as well as 

dissolved molecules is minimized.[59,61] This allows facile probing of chemisorbed 

reaction intermediates with sufficient intensity allowing the study of reaction kinetics. 
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Figure 1.7: Schematic representation of an IRE used on ATR-IR spectroscopy, (a) 

evanescent wave formed at the catalyst layer, (b) flow-through cell employed for ATR-IR 

spectroscopy, where the arrows represent the direction of the IR light and (c) relative 

absorbance of chemisorbed species. 

 

 

By measuring the IR absorbance of chemisorbed species as a function of time of exposure 

to a solvent containing molecules that chemisorb on the catalyst, it is possible to obtain 

the saturation curve, where the curve profile depends on the catalyst properties, ATR-IR 

cell fluid dynamics, and reaction kinetics. Figure 1.7c shows a typical saturation curve in 

the presence of CO bonding to the palladium surface, where the plateau indicates the time 

at which all the palladium surface was saturated with CO. Considering this analogy, ATR-

IR spectroscopy could be used as a tool to study the effect on mass transfer created by the 

addition of stimulus-responsive polymers. To avoid any kinetic effect on the reaction the 

polymeric brushes should be decoupled from the metal active site. This can be achieved by 

employing a model catalyst on the ATR crystal with polymeric brushes that are physically 

separated from the catalyst. For these reasons, ATR-IR is a powerful technique to study 

both kinetics and well as transport in idealized catalytic systems. Since this technique is at 

the core of the herein presented thesis, the following sub-sections describe in detailed the 

fundamental background and potential uses of ATR-IR spectroscopy.  
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1.8.1 Fundamentals  

By measuring the IR absorbance of chemisorbed species as a function of time of exposure 

to a solvent containing molecules that chemisorb on the catalyst, it is possible to obtain 

the saturation curve, where the curve profile depends on the catalyst properties, ATR-IR 

cell fluid dynamics, and reaction kinetics. Figure 1.7c shows a typical saturation curve in 

the presence of CO bonding to the palladium surface, where the plateau indicates the time 

at which all the palladium surface was saturated with CO. Considering this analogy, ATR-

IR spectroscopy could be used as a tool to study the effect on mass transfer created by the 

addition of stimulus-responsive polymers. To avoid any kinetic effect on the reaction the 

polymeric brushes should be decoupled from the metal active site. This can be achieved by 

employing a model catalyst on the ATR crystal with polymeric brushes that are physically 

separated from the catalyst. For these reasons, ATR-IR is a powerful technique to study 

both kinetics and well as transport in idealized catalytic systems. Since this technique is at 

the core of the herein presented thesis, the following sub-sections describe in detailed the 

fundamental background and potential uses of ATR-IR spectroscopy.  

 

For a molecule to absorb IR light, the energy of the photons of the incident radiation must 

be equal to that of the molecular vibration in the sample under analysis. In ATR these 

molecular vibrations are probed by the evanescent waves generated upon reflection of the 

light within the IRE.[62] The spectrum of molecules in gas phase is characterized with a 

series of vibrational and rotational transitions, due to the rotational freedom these 

molecules. Figure 8a shows the infrared absorption spectra of carbon monoxide (CO) in 

the gas phase, where the purely vibration transition is at 2143 cm-1.[63] The overall 

intensity of the spectral lines is proportional to the change in the dipole moment. 

Therefore, species with polar bonds, such as CO, exhibit strong infrared bands, in contrast, 

less polar covalent bonds, such as C-C bonds, absorb infrared light only weakly.[63] 

Moreover, molecules with no dipole moment, such as di-hydrogen, di-nitrogen and di-

oxygen, cannot be detected by IR light.  

 

When a CO molecule forms a chemical bond with a metal surface, such as a Pd metal 

cluster, only the vibrational transitions are observed due to the loss in rotational freedom. 

In addition, in liquid phase molecular rotations are partially blocked by interactions with 

solvent molecules. Figure 1.8a shows the effect of chemisorption on metal surface on the 

CO infrared adsorption bands, observing a shift to lower frequency compared to CO in the 
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gas phase. For the adsorption to occur on Pd, the CO donates σ electrons to the empty 

states of the d-band of the metal and the metal donates electrons to the anti-bonding 

molecular orbitals (2π*) of CO.[64] This electron-transfer strengthens the metal-carbon 

bond and weakens the C-O bond due to electron back-donation, explaining the shifts 

observed in the CO spectrum. The extent of weakening of the CO bond depends on the 

extent of back donation from the metal and other surrounding molecules.[65] Molecules 

bind to specific sites at the metal surface in geometries that correspond to a minimum 

energy configuration, either by binding to a single surface atom or group of atoms.[66] The 

typical in-situ CO-chemisorption spectrum consists of three main adsorption bands, 

corresponding to linear (2000-2130 cm-1), bridge (1880-2000 cm-1) and multi (1800-1880 

cm-1) bonded CO (see Figure 1.8a-b). Ebbesen et at.[67] performed CO adsorption in gas 

phase and aqueous phase to study the effect of the solvent on the CO infrared adsorption 

bands (see Figure 1.8a), using the same catalyst layer for both measurements. Here, major 

changes can be observed in the presence of the solvent, including a red shift (i.e. to lower 

energy and lower wave number) for all adsorption bands, an increase of the signal intensity 

and a decrease of the linear-to-bridge ratio when compared to chemisorption in gas phase. 

This phenomenon is attributed to increased π-back donation from the metal and a direct 

effect of water on the dipole moment of adsorbed CO.[67,68] 

 

 

Figure 1.8: Infrared absorption spectrum for different systems: (1) vibration-rotation line 

spectrum of CO in gas phase [63], and (2) in-situ ATR-IR spectra at full CO coverage 

(saturation) on pre-reduced Pd/Al2O3 catalyst containing 5 wt. % Pd at 25 °C on a 5 µm 

catalyst layer for dry CO (1 % CO/Ar) and CO dissolved in water 1.4x10-6 mol l-1 (pH=7), 

for comparison of bands intensities the spectra in dry gas and in CO-saturated in water 
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were measured on the same catalyst layer to ensure that the same amount of palladium 

sites is available for adsorption, reproduced from [67] with permission from the Royal 

Society of Chemistry (a). Schematic representation of the CO free in gas phase and CO 

adsorbing into a metal surface where three coordinates are identified linear, multi and 

bridged (b).  

 

 

1.8.2 Practical aspects for the study of solid-liquid interfaces via ATR-IR 
spectroscopy 

Experimental results of in-situ and operando ATR-IR experiments are determined by both 

chemical reaction steps at the surface (e.g. adsorption, surface reaction, and desorption) 

as well as mass transfer processes (e.g. convective flow and molecular diffusion) 

determining the concentration of species in liquid phase close to the active sites. In this 

section, we will review key practical issues that must be considered, including quality of 

the spectrum, cell design, deposition and stability of the catalyst layer, and decoupling of 

mass transfer effects and surface chemistry dynamics using experiments and theoretical 

modelling. 

 

 Practical aspects for the study of solid-liquid interfaces via ATR-IR 

spectroscopy 

Performing ATR-IR experiments with powder catalysts can be rather challenging as the 

quality of the IR spectra is affected by the chemistry of the liquid phase, the optical 

properties of the IRE, and catalyst coating. For instance, Ebbesen et al.[60] reported that 

water is a problematic IR light absorber with two intense bands over the full mid infrared 

region, at 3500 cm-1 and 1635 cm-1 caused by OH-stretching and O-H-O scissors bending. 

Consequently, this region may not be used for analysis of species unless proper water 

subtraction is performed during data processing. In addition, homonuclear diatomic 

molecules, like hydrogen, nitrogen and oxygen, cannot be detected by IR light.[63] When 

these are inert (e.g. N2) it is possible to conduct ATR-IR spectroscopy without major 

complications. The challenge arises when these molecules are part of the reaction under 

study as direct observation is not feasible. Furthermore, spectra collected at the solid-

liquid interface comprises signals from all molecules that possess a polarizable bond. 

Therefore, the presence of both solvated and adsorbed species (e.g. reactants, reaction 
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intermediates, products and spectators at the metal surface or support) can lead to a 

complex IR spectrum [69], complicating reliable identification of the reactive species. 

Consequently, extra experiments or computational modelling are needed to discriminate 

between the different species. Coupling the outlet flow of an ATR-IR cell with analytical 

techniques, such as UV-Vis spectroscopy or gas- and liquid- chromatography, can 

potentially be employed to conduct so-called operando experiments. Here, the reactant 

disappearance and product formation rates are coupled with the IR data to investigate the 

reaction mechanism. However, this can be challenging as ATR-IR experiments are usually 

performed with reactor cells with rather short residence time (high flow rates and small 

reactor volume) and with small amounts of catalyst, causing low conversion. Therefore, 

the changes in concentration in the outgoing flow are often below the detection limit of 

analytical techniques. 

 

Achieving high signal to noise ratio for adsorbed species in the liquid-solid systems can 

also be a major issue of the technique. A way to improve the spectrum intensity is to 

optimize the material of the internal reflection element (IRE) as the spectra depend on 

refractive index of the IRE and samples (see Eq.1.2 and Eq.1.3). For total reflection to 

occur, the refractive index of the IRE needs to be higher than that of coated sample. An 

IRE with low refractive index, like zinc selenide (R.E. of 2.4) compared to germanium (R.E. 

of 4), will lead to larger penetration depth of the evanescence wave and consequently 

increases the signal to noise ratio of surface species when the catalyst layer is sufficiently 

thick.[70]  

 

 Design of ATR-IR cells 

The ATR-IR cell designs vary depending on the shape of the optical element and the 

conditions required to study the reaction of interest.[70] For batch reactor experiments, 

immersed ATR probes with fiber optics are available to monitor concentrations of 

dissolved species in the liquid.[71,72] However, information on adsorbed species is 

usually not obtained. In contrast, horizontal cell reactors are used to study thin films or 

porous catalyst layers.[67,73–75] The optimal size and number of reflections of the IRE 

depend on the strength of absorption of IR light. Metal layers, such as Pt, Pd or Au strongly 

absorb IR light, so that single-bounce elements can be used, especially when using ATR 

surface enhanced infrared absorption spectroscopy (ATR-SEIRAS).[76] Multi-bounce 
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elements improve signal to noise ratio in case of weakly adsorbing samples, since 

absorption of IR light takes place at every point of total reflection. These elements are 

suitable for studying adsorbed species on metal particles dispersed on a porous support 

layer such as alumina or silica, which are weak IR absorbers. The high surface area of such 

supports allows significant metal loading and dispersion, improving the signal-to-noise 

ratio of adsorbed species. A possible disadvantage is that increasing the metal loading in 

the supports usually comes at the expense of the metal dispersion (i.e. larger metal clusters 

are formed during catalyst synthesis), which is not desired in the case of structure-

sensitive reactions.[77] Furthermore, when considering multi bounce elements, the IR 

spectrum is an average of IR absorption at all individual points of total reflection. If the 

catalyst layer is not homogeneous, i.e. that sections of the IRE surface are exposed directly 

to the liquid phase, then IR absorption of the solvent might dominate the spectra. In 

addition, concentration gradients along the ATR-IR cell and within the catalyst layer may 

develop due to the catalytic reaction. In such cases, hydrodynamic and molecular diffusion 

studies are needed for proper interpretation of results of ATR-IR experiments.  

 

 Catalyst deposition 

Thin metal coatings, e. g. Pt or Pd [78,79], can be deposited on the ATR-IR crystal by 

physical vapor deposition methods. This technique can be carried out in vacuum (e.g. 

1.5x10-5 mbar for Pt) and the thickness of the film is can be measured by a sputtering 

quartz crystal sensor.[79] As a typical example, Moradzaman et al.[80] reported the 

formation of a copper (Cu) film with a thickness of 12 nm by magnetron sputtering. 

Alternatively, metal can be deposited by evaporating a solution containing the metal 

precursor on an IRE surface, e.g. obtaining platinum clusters up to 30 nm as reported by 

Ebbesen et al.[81]. Removing such coatings from the IRE surface can be challenging. 

Reutilizing the IRE requires polishing with e.g. diamond paste, decreasing the longevity of 

the IRE.[79] In addition, proper quantification of the number of metal active sites 

available is rather difficult. 

 

In contrast to metal coatings, thin layers of catalysts on a porous support, can be 

characterized in detail by characterizing the original catalyst in powder form, prior to 

deposition on the IRE. Consequently, the structure of the catalyst, i.e. metal loading, 

dispersion, porosity, can be systematically varied and the influence of structure on the 
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ATR-IR results can be determined. Furthermore, the deposited catalyst layers can be easily 

removed from the IRE by rinsing the surface with organic solvents, facilitating reuse of the 

expensive ATR-IR crystals. 

 

In a typical preparation procedure, the supported catalyst particles are dispersed in a 

solvent (e.g. isopropanol or acetone) followed by ultra-sonication or ball milling to obtain 

very small catalyst particles. The slurry containing the catalyst particles is then wet-coated 

on the surface of the crystal and dried at room temperature for 24h.[82–84] Another 

alternative is to deposit the catalyst via spray coating, where the IRE is placed on a heating 

element and spray coated until reaching the desired loading.[85–88] The layer thickness 

is preferably similar or slightly larger than the penetration depth to minimize the 

contribution of the liquid to the IR spectra. In addition, a solvent with low boiling point 

(b.p.) is preferred, such as isopropanol (b.p. 82.6 °C), as fast evaporation of the solvent 

will facilitate the formation of a homogeneous coating.  

 

 Catalyst stability 

Obtaining quantitative and reproducible experimental data with ATR-IR requires stable 

catalyst layers on the IRE. Therefore, easy removal of the layer as discussed above can also 

be a disadvantage.  Essentially, any catalyst losses during the experiment will decrease the 

signal of absorbed species in the infrared spectrum, possibly causing misinterpretation. 

Unfortunately, avoiding metal loss during dynamic experiments has been proven to be 

rather challenging.[89] To mitigate these effects on porous catalyst layers, immobilization 

strategies haven been developed using colloidal particles that can act as binders during 

spray coating onto the IRE crystals.[81] The resulting layers are sufficiently stable to allow 

multiple experiments with one sample. This is required when studying surface 

intermediates at different reactant concentrations or temperatures, keeping the catalyst 

properties unchanged during the experiments. Additional thermal treatment can be done 

to densify the layer as well as to remove excess solvent and/or contaminants from the pores 

in the catalyst layer. This step is often conducted at temperatures ranging from 250 to 270 

°C, below the upper operational limit of most common IRE, e.g. 300 °C for zinc-selenide 

as well as silicon.[90] 
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In addition, heterogeneity in the thickness of the catalyst layer will lead to differences in 

the dynamic behavior caused by molecular diffusion across the catalyst layer, influencing 

the time required to achieve a steady state. For this reason, a homogeneous distribution of 

the catalyst layer is required. This is key, particularly, when molecular transport is the step 

controlling the catalyst behavior.  

 

For catalytic materials that are temperature sensitive, e.g. polymer-coated inorganic 

catalysts, the maximum temperature of any thermal treatment is obviously limited. To 

solve this issue, one can use a porous membrane placed on top of the catalyst layer to 

ensure the layer stability by mechanical immobilization, as shown in Figure 1.9. In this 

case, a 12 µm thick membrane had pores with a diameter of 200 nm preventing catalyst 

detachment, while allowing fast diffusion of reactants. The main challenge with this 

approach is to achieve complete removal of bubbles in the membrane pores, as bubbles 

would block diffusion of molecules to the catalysts layer. Fortunately, this can be prevented 

by pre-wetting the membrane with a solvent with low-surface tension, e.g. isopropanol or 

ethanol.[91] Afterwards, the ethanol is slowly removed by placing the membrane in a large 

volume of water with slow agitation for several hours. Brittle ceramic membranes (e.g. 

silicon membranes) are less suitable for this approach because of mechanical failure 

during assembly of the cell. Notably, the membrane has no effect on the ATR-IR spectra 

as it is located above the catalyst layer beyond the penetration depth of the evanescent 

waves (see Figure 1.9b). 

 

 

Figure 1.9: Schematic representation of the ATR-IR assembly in the case of catalyst layer 

(a), catalyst layer with a membrane on top (b). 
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 Mass transfer effects on ATR-IR cells 

The transport in a flow-through ATR-IR cell involves convection and diffusion processes. 

Choosing the proper cell architecture and operating conditions is essential to decouple 

transport effects from the dynamic behavior of the surface chemistry during the catalytic 

reaction. The external mass transfer (convection and diffusion) is defined as the transport 

of the reactants from the bulk of the liquid fed to the cell to the catalyst surface.[57] 

Therefore, to minimize the presence of mass transfer limitations, experiments are 

preferably conducted at high flow rates in small volumes of analysis, i.e. small ATR-IR 

cells. The internal mass transfer process, on the other hand, is related to the diffusion of 

the reactants inside the porous catalytic layer.[57,92] To minimize the diffusion 

limitations in the catalyst layer, the layer thickness is usually below 10 µm. External mass 

transfer limitations become relevant when multiple internal reflection elements with high 

geometrical surface areas are used in the ATR-IR experiments, possibly causing 

concentration gradients along the length of the flowthrough cell. A concentration gradient 

inside the ATR cell can be misleading in dynamic experiments as the evolution of the IR 

peaks of key surface reaction intermediates can be dictated by the rate of transfer rather 

than the intrinsic reaction kinetics.  

 

Design of experiments can be improved based on basic numerical calculations to 

determine if the system is under mass transfer limitations.[92–94] For instance, the 

Sherwood number (see Eq. 1.4) describes the ratio between convective mass transfer and 

mass transfer by diffusion. The mass transfer coefficient (kl) can be obtained by Eq. 1.4 

when Sh is known from correlations between the Reynolds number and Schmidt number, 

to estimate the stagnant layer thickness (δ) of the liquid on top of the catalyst layer 

according δ = Da/ kl. This information is key when determining the possible impact of 

increasing the flowrate of the liquid phase in the flow through cell. Similarly, the Peclet 

number (Pe) (see Eq. 1.5) determines the ratio of the convection rate and diffusion rate in 

the liquid in the cell. When Pe is larger than unity one can assume that transport in the 

ATR-IR cell is dominated by molecular diffusion. Furthermore, the Thiele modulus (𝜑𝜑) 

number (see Eq. 1.6) is defined as the ratio between the rate of reaction and the rate of 

transport by diffusion inside the porous catalyst layer. In this case, for values of φ 

significantly lower than unity, internal mass transfer limitations can be neglected.  
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 𝑆𝑆ℎ =
𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡𝑚𝑚𝑛𝑛𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑚𝑚𝑡𝑡𝑟𝑟

𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑡𝑡𝑛𝑛 𝑡𝑡𝑚𝑚𝑡𝑡𝑟𝑟 =
𝑘𝑘𝑙𝑙𝑏𝑏
𝐷𝐷𝑎𝑎

 
Eq.1.4 

 

 𝑃𝑃𝑟𝑟 =
𝑐𝑐𝑡𝑡𝑛𝑛𝑐𝑐𝑟𝑟𝑐𝑐𝑡𝑡𝑠𝑠𝑡𝑡𝑛𝑛 𝑡𝑡𝑚𝑚𝑡𝑡𝑟𝑟
𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑡𝑡𝑛𝑛 𝑡𝑡𝑚𝑚𝑡𝑡𝑟𝑟 =

ℎ 𝑐𝑐
𝐷𝐷𝑎𝑎

 
Eq.1.5 

 

 𝜑𝜑 =  
𝑡𝑡𝑟𝑟𝑚𝑚𝑐𝑐𝑡𝑡𝑠𝑠𝑡𝑡𝑛𝑛 𝑡𝑡𝑚𝑚𝑡𝑡𝑟𝑟
𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑡𝑡𝑛𝑛 𝑡𝑡𝑚𝑚𝑡𝑡𝑟𝑟 = 𝑏𝑏�

𝑘𝑘𝑎𝑎
𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒,𝑎𝑎

(
𝑛𝑛 + 1

2 )𝐶𝐶𝑎𝑎𝑛𝑛−1 
Eq.1.6 

 

 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒,𝑎𝑎 =  𝐷𝐷𝑎𝑎
𝜀𝜀
𝜏𝜏 Eq.1.7 

 

Here, the Sherwood number is Sh, the Peclet number is Pe, the Thiele modulus for an 

irreversible nth order reaction is φ, the external mass transfer coefficient is kl, the catalyst 

height is denoted as b, Deff,a is the effective diffusion coefficient of the specie a in the porous 

catalyst layer (see Eq. 1.7), Da is the diffusion coefficient of the specie a, ε is the catalyst 

porosity obtained from N2 physisorption, τ is the catalyst tortuosity,  v the local flow 

velocity, h is the height of the ATR-IR cell, ka is the intrinsic reaction rate constant of specie 

a, Ca is the initial concentration of the specie a and nth the reaction order. 

 

In addition, experimental tests can be done to determine the extent of mass transfer 

limitations. For instance, if the flowrate of the liquid phase reactant does not affect the rate 

of IR signal saturation it is safe to assume that external mass transfer limitations are 

negligible. Similarly, internal mass transfer limitations in the catalyst coating on the IRE 

is ruled out when increasing the catalyst layer thickness has no effect on the time needed 

to reach saturation of the IR peak(s). Finally, varying the particle size of the catalyst and/or 

pore-size probes intraparticle diffusion limitations.  

 

To obtain more accurate information about the dynamics of the ATR cell, one can employ 

finite element analysis of the flow through system. The fluid dynamic modelling allows us 

to determine the interplay between geometry, volumes, flowrates, liquid properties (e.g. 

viscosity, surface tension, solubility of gaseous species) and the evolution of IR peaks as a 
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function of time and stimuli employed in the ATR-IR experiment (e.g. temperature, pH, 

concentrations or pressure).  

 

The timescales of the mass transfer processes depend on the geometry of the cell. A flow 

through cell with a cylindrical shape has usually higher reactor volumes compared to a flat 

cell (see Figure 1.10). As a result, the space velocity achieved in the cylindrical systems is 

lower, which negatively affects the convective transport of the molecules inside the ATR-

IR cell. For instance, the geometric volume of a flat cell is c.a. 0.06 mL, while in the case of 

the cylindrical one this volume is c.a. 2 mL, resulting residence times of 1.6 and 59 s, 

respectively, for a flow rate of ~ 2 mL min-1 (see Table 1.1). Here, one can immediately 

recognize that selecting a flat cell will be preferred for the study of relatively fast reaction 

processes. This choice comes at the expense of more complex sealing of the reaction cell 

and thus operate at milder temperature and pressures, when compared to the cylindrical 

ones.  

 

 

Figure 1.10: Scheme of a flat cell (a) with a ZnSe IRE with the dimensions of 5 cm length 

and 2 cm width where catalyst is deposited on top surface of the crystal, a cylindrical cell 

(b) with a ZnSe IRE with the dimensions of 8.25 cm length and diameter of 0.63 cm with 

catalyst coated on the cylindrical surface of the IRE. The pink layer represents the catalyst 

layer and the arrows the IR light going in and out of the IRE. The blue layer represents the 

fluid inside the cell. 
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The transport phenomena inside an ATR-IR cell can be monitored by following the IR 

signals of a probe molecule in the bulk of the liquid solution on changing the composition 

of the feed. As can be noticed in Figure 1.11b, the observed time to reach full saturation 

(steady state) in the ATR-IR was 14 s and 180 s for flat and cylindrical cells, respectively 

(see Table 1.1). The large difference is mostly due to the difference in residence time. Note 

that in these experiments no catalyst layer is present. Adding the porous catalyst to the 

IRE interface will add an extra delay in the saturation curve as molecules have to travel 

inside the pores of the catalyst particles to reach the active sites.  

 

Table 1.1: Comparison between flow rate, volume of reactor, residence time, time to reach 

full saturation of the ATR-IR cell switching from water to a new solution on a flat IRE 

switching from water to a triton X-100 solution (0.086 mol L-1 )  [94]  and a cylindrical 

IRE switching from water to a 2.5 wt.% acetone solution [95]. The time to saturate the cell 

is defined as the time at which the IR signal reaches 99% the maximum intensity. 

 Flat IRE Cylindrical IRE 

Flow rate (mL min-1) 2.2 2 

Cell volume (mL) 0.06 2 

Residence time (s) 1.6 59 

Time saturation cell (s) 14 180 

 

 

The concentration profile inside the ATR-IR cell can be calculated assuming that mass 

transfer is governed by convection and diffusion.[96,97]  Note that in this model the 

diffusion of molecules varies in the x (longitudinal) and z (distance between the surface of 

the reactor and the IRE) direction (see profile in Figure 1.11aii). Here, one assumes that 

the system can be described with Fick’s first and second laws of diffusion. This essentially 

limits the approach to ideal systems in which diffusion coefficients can be approximated 

to those at infinite dilution. In more complex cases involving concentrated multi-

component diffusion the Maxwell–Stefan diffusion model should be employed. 
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Here, the saturation curve can be modelled by averaging the concentrations across the 

length of the IRE surface, as the absorption of IR light in the evanescent wave at each point 

of total reflection contributes. As shown in Figure 1.11b, both calculated curves for flat 

and cylindrical cells agree well with the experimental data. Since this model is based on 

first principles, it is allowed predict the behavior of the system at higher flowrates, 

temperatures, and concentrations to optimize cell design and operating conditions for 

studying catalysts under reactive conditions. For instance, Aguire et al.[94] reported that 

the time to reach steady state is associated to the solute properties, demonstrating that the 

steady state can be reached earlier when the probe molecule has a higher diffusion 

coefficient. The authors observed that switching from water to an aqueous solution of 

triton X-100 (0.086 mol L-1 and diffusion coefficient of 5.5x10-7 cm2 s -1) or switching from 

water to isopropanol (0.65 mol L-1 and diffusion coefficient of 0.8x10-5 cm2 s-1), the 

saturation time is shortened from 18 to 8 seconds. Similar observations are reported by 

Urakawa et al.[97] for experiments in a flat cell with 0.077 mL and a residence time of 3 s 

(flow rate of 1.9 mL min-1). Using the same flow rate, the authors showed that a compound 

with higher diffusion coefficient (acetonitrile) filled the reactor faster when compared to a 

compound with lower diffusion coefficient (hemogoblin). Therefore, a convection-

diffusion model is needed to describe the transport inside the ATR-IR cell. 
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Figure 1.11: (a) Time solved snapshots of the convention-diffusion model after switching 

from water to triton X-100 solution (0.086 mol L-1 ) at 25 °C in a flat flow-through ATR-

IR cell (ai) [94], and from water to 2.5 wt. % acetone solution at 25 °C and 1 bar after 60 s 

in a cylindrical flow-through ATR-IR cell. [95] (bi) normalized IR signal as a function of 

time for Triton x solution (peak at 1097 cm-1) and (bii) normalized peak areas over time 

(peaks between 1150-950 cm-1) switching from water to 9.2 wt. % glycerol at 25 °C and 1 

bar. A similar saturation curve was obtained switching from water to acetone and 

switching from water to glycerol. The authors used the glycerol solution to compare the 

model results with the experimental data instead of in the presence of the acetone solution, 

shown in Figure 1.11ii. The Lines are predictions based on the convection-diffusion model. 

Details of the experimental conditions see Table 1.1. 

 

1.8.3 Application of ATR-IR in heterogeneous catalysis in liquid phase 

One of the challenges in developing fundamentally meaningful models of catalytic 

reactions is the identification of reaction intermediates, determining kinetics and 

performance of the catalyst. Rate expressions based on macro-kinetics, typically 
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represented in terms of power law expressions, provide a coarse but effective way to 

predict the rate of reaction required for reactor design and operation. Such models, 

however, do not include details of the reaction mechanism, i.e. identification of 

intermediate species on the surface and the degree of rate control of specific elementary 

steps involved in the catalytic reaction, preventing utilization of these models for operating 

the system outside the window of experimental conditions. Also, the empirical nature of 

power-law kinetics restricts the development of property-structure-performance 

relationships that can help to develop improved catalysts.[98,99] In this context, ATR-IR 

can help in deducing the reaction mechanism by detecting interactions of reactants and 

reaction intermediates with catalytic surfaces in liquid phase. On one hand, the peak 

intensity of the surface specie provides a semi-quantitative measure of their relative 

abundance on the catalyst surface. On the other hand, experiments conducted using 

operando ATR-IR, analyzing the effluent in real-time, can provide kinetic information 

simultaneously. Such information can be extracted using three modes of operation of ATR-

IR spectroscopy, including steady state, transient, and modulation or step response. Here, 

it is important to be cautious with the interpretation of the data as the surface coverage 

and thus chemistry varies with the concentration of the reactants and products in the 

direct vicinity of the active sites. For this reason, it is key to determine the extent of possible 

effects of mass transfer on the local concentrations. 

 

In the following section we briefly discuss these methods and their application in 

heterogeneous catalysis. Firstly, steady state operation mode is discussed, i.e. performing 

a reaction at the catalytic surface by feeding all reactants to the ATR cell. Next, transient 

mode will be described, in which the surface is first exposed to one reactant followed by 

exposure to the second reactant. The adsorption and formation of new species is studied 

by observing the IR peaks over the time. 

 

 Steady state 

In case of steady state operation, the catalytic performance does not change with time by 

applying constant processing conditions, provided that the catalyst does not undergo 

deactivation. This implies that reaction rates and, if present, concentration profiles across 

the reactor or within the catalyst layer do also not change over time. Obviously, 

measurements require that the system has reached the steady state. The information that 
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can be obtained from these experiments is limited to detection of reaction intermediates 

as well as spectator species and, when their extinction coefficients are available, their 

concentration at the catalyst surface.  

For instance, Ebbesen et al.[100] performed in situ ATR-IR experiments of nitrite 

hydrogenation over Pd/Al2O3. In this system, nitrite (NO2-) reacts with hydrogen (H2) on 

a metal surface forming nitrogen (N2) and ammonia (NH4+) (see Eq. 1.8 and 1.9 with Gibbs 

free energy values at 25 °C).[101] 

 

 𝑁𝑁𝑂𝑂2− + 2𝐻𝐻+ + 3𝐻𝐻2 → 𝑁𝑁𝐻𝐻4+ + 2𝐻𝐻2𝑂𝑂      𝛥𝛥𝛥𝛥298 𝐾𝐾 =  −508 𝑘𝑘𝑘𝑘 𝑚𝑚𝑡𝑡𝑙𝑙−1 Eq.1.8 

 

 𝑁𝑁𝑂𝑂2− + 𝐻𝐻+ + 1.5𝐻𝐻2 → 0.5𝑁𝑁2 + 2𝐻𝐻2𝑂𝑂     𝛥𝛥𝛥𝛥298 𝐾𝐾 =  −428 𝑘𝑘𝑘𝑘 𝑚𝑚𝑡𝑡𝑙𝑙−1 Eq.1.9 

 

Figure 1.12 shows the IR spectra and the saturation curve obtained during reaction 

between NO2- and H2 over a pre-reduced Pd/A2O3 catalyst layer (H-Pd/Al2O3) at two 

different hydrogen concentrations, approaching the steady state in typically 10 minutes. 

Note that the profiles observed in the first 10 minutes represent a typical transient 

experiment, which will be discussed in the next section.  Here, four peaks can be observed 

at 1235, 1450, 1510 and 1720 cm-1 in the steady state obtained after 10 minutes. 

Molecular nitrogen cannot be detected by IR spectroscopy, while in case of NH4+, although 

being IR active, adsorbed ammonia cannot be distinct from ammonia in bulk water, 

complicating data interpretation.[68] The latter issue, i.e. NH4+ detection, is addressed by 

conducting experiments where no metal is present to discern between surface and bulk 

species. From this experiment it was determined that the peak located at frequency 1450 

cm-1 belongs to NH4+.  

The peaks at 1510 and 1720 cm-1 were assigned to NO(ads) and NH2(ads), respectively, which 

are believed to be key intermediate species in the reaction. In the so-called steady state 

region (after 10 min), it can be observed that, under these experimental conditions, the 

NH2(ads) had higher peak intensity in comparison to NO(ads). This could be associated to 

higher metal surface coverage of NH2(ads) compared to NO(ads). The peak at 1235 cm-1 was 

attributed to NO2- in solution since it appeared in the same spectral region as in bare ZnSe 
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IRE (Figure 1.12b-d). One can notice that none of the peaks could be attributed to 

adsorbed NO2- on palladium, indicating that in the presence of hydrogen on the palladium 

surface NO2- is rapidly converted. Furthermore, it is clear that lower amounts of surface 

intermediates NO(ads), NH2(ads) and NH4+ are observed upon decreasing the hydrogen 

concentration (Figure 1.12b-d). These results suggest slower reaction of the intermediate 

surface species when decreasing the hydrogen concentration. It should be noted that the 

assignment of the 1720 cm-1 signal to NH2(ads) is still under debate as results of 

experiments with 15NO2- and D2 gave inconsistent results. Therefore, the peak is probably 

better assigned to a NHxOy(ads) species with x and y both equal to or larger than 1.[102,103] 
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Figure 1.12: Water corrected ATR-IR spectrum from 1900 to 1050 cm-1 (a, c) and 

integrated peak areas (b, d) under steady state experiments of nitrite hydrogenation with 

a NO2- concentration of 4.3x10-4 mol L-1 and H2 concentration of 2.1x10-5 mol L-1 (a, b) 

and 4.1x10-4 mol L-1 (c,d) at pH 7 over a H-Pd/Al2O3 catalyst containing 5 wt. % Pd and 

Al2O3 on a 5 µm catalyst layer coated on a ZnSe IRE.[100] 
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 Transient state 

In transient operation the surface is first exposed to one of the reactants until equilibrium 

coverage of the adsorbed species is reached. Afterwards, the feed is switched to the second 

reactant and the evolution of the surface chemistry is followed until a new final state of the 

spectra is reached. By varying the composition of the feed, it is possible to identify the 

possible surface reaction intermediates in the catalytic process. The observed rate of 

conversion can be used to distinguish between kinetically relevant intermediates from any 

spectator species. 

 

For a transient experiment, the authors performed the adsorption of NO2- on a reduced 

palladium catalyst (H-Pd/Al2O3) containing chemisorbed hydrogen, in absence of 

hydrogen in the feed. Figure 1.13 shows the observed IR spectra and the saturation curves, 

observing the same peaks as in the steady state experiments (see Figure 12) at frequencies 

1450, 1720, 1510, and 1235 cm-1. In the first 10 minutes, a peak at 1450 cm-1 dominated 

the spectrum in comparison to the peaks at 1720, 1510, and 1235 cm-1. Formation of NH4+ 

on pre-reduced palladium could be associated to the reduction of NO2- with hydrogen in 

the catalyst in the form of palladium hydride and/or chemisorbed hydrogen (H-Pd), as 

there is no other source of hydrogen available in this system. This observation is in 

agreement with experimental results in a batch reactor, where excess of hydrogen 

increased the NH4+ formation.[104] Furthermore, while the peak of NH4+ continuously 

decreased, the intensity of the NH2(ads) peak increased, stabilizing when formation of 

ammonia essentially stopped, as the ammonia concentration became insignificant after 6 

minutes by washing out the produced ammonia while flowing through the ATR cell. At 

that point, chemisorbed hydrogen becomes scarce because the reaction of NO2- to NH4+ 

requires a lot of hydrogen. The amount of NH2(ads) saturates, indicating that NH2(ads) 

formation stopped. In contrast, NO(ads) formation continued for longer time, indicating 

this reaction pathway is still significant when the surface is poor in chemisorbed hydrogen.  
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Figure 1.13: (a) water corrected ATR-IR spectra while flowing a solution of NO2-(aq) 

(4.3x10-4 mol L-1) over H-Pd/Al2O3 at pH 7, (b) integrated peak areas of observed species 

during NO2-(aq) flow over Pd/Al2O3 catalyst containing 5 wt. % Pd and Al2O3.[100] 

 

 

To study the reactivity of the reaction intermediates after NO2- adsorption with hydrogen, 

the surface at the end of the experiment discussed above was exposed to H2 dissolved in 

water. As shown in Figure 1.14, NO(ads) was immediately consumed, while the NH2(ads) 

peak remained constant and NH4+ is not formed during the first 12 min. This shows that 

NO(ads) is highly reactive with hydrogen and converts selectively to N2. The authors 

excluded the hypothesis of NO desorption from the palladium surface because of the 

strong interaction of NO with the metal site. When the surface is depleted from NO(ads) 

after typically 15 minutes, conversion of NH2(ads) to NH4+ is observed. The NH4+ peak 

disappeared at the end of the experiment, indicating that NH4+ binds weakly to the 

palladium and is again flushed out.  
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Figure 1.14: (a) water corrected ATR-IR spectra and (b) Integrated peak area during the 

flow of H2/H2O (4.1x10-6 mol L-1 H2) over Pd/Al2O3 with NO(ads) and NH2(ads) previously 

formed during the adsorption of NO2- on reduced palladium.[100] 

 

 

Figure 1.15 shows a schematic representation of the catalyst surface during both transient 

experiments, where adsorption of NO2- on H-Pd/Al2O3 forms NO(ads), NH4+ and NH2(ads). 

The addition of H2 to the covered surface leads to two independent parallel reactions, 

where NO yields to N2 formation and NH2(ads) forms NH4+. In this showcase, it becomes 

clear how powerful ATR-IR spectroscopy under transient conditions can be in unraveling 

mechanisms of catalytic reaction in aqueous phase. 

 

However, it should also be noted that complementary techniques as well as kinetic studies 

are also essential as observations are limited to those species that are detectable with IR. 

A recent rigorous kinetic study on the same catalytic system revealed that the rate 

determining step depends strongly on the concentrations of the reactants and suggested 

that N2 formation proceeds via a dimerization reaction of a partly hydrogenated NOHx 

species.[102] Furthermore, kinetic isotope experiments and DFT calculations revealed 

that the formation reactions of HNO and HNOH on the catalyst surface are co-limiting 
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and that H transfer proceeds via protons in surrounding water molecules.[103] Such 

insights obviously cannot be obtained based on ATR-IR only. 

 

 

Figure 1.15: Schematic representation of adsorption of NO2- and hydrogenation in a 

palladium alumina catalyst after steady state and transient state experiments on ATR-IR 

spectroscopy.[105] 

 

1.9 Nitrite hydrogenation as probe for transport and 

reaction kinetics 

In general, agriculture relies on two sources of nitrogen compounds mainly nitrates or 

ammonium salts. These essential plant fertilizers are produced naturally by either 

thunderstorms, that can split the bonds between atmospheric nitrogen or by nitrogen 

fixing soil bacteria (diazotroph). Historically, agriculture has been limited by deficits in 

nitrogen available to plants in the form of nitrate or ammonium. Nowadays, however, c.a. 

80 % of the ammonia produced via the Haber-Bosch (HB) process is used for synthetic 

nitrogen fertilizer production, which is estimated to feed nearly 70 % of the world 

population. The annual production of ammonia increased from 16 million tons per year in 

1961 to c.a. 160 million tons per year in 2020s.[106–108] The consequence of this huge 

production of synthetic nitrogen-based fertilizers is the uncontrolled release of nitrates 

into the groundwater, causing an impact on the biodiversity (eutrophication of water 

bodies), global warming (e.g. N2O) and consequences for the human health (e.g. Liver 

damage).[101,109] 

 

There are various methods to remove nitrates from groundwater sources the easiest 

among this is biological denitrification, which uses aerobic bacteria to convert the nitrates 

into nitrogen.[110–112] The drawback of this process are the slow reaction rates, large 
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volumes of reactor required, and the requirement of the addition of nutrients to feed the 

bacteria. Other methods for removing nitrates from drinking water includes membrane 

operations or ion exchange.[113] However, these processes are generally not selective and 

also remove other beneficial ions from the drinking water. In addition, it will resolve in a 

concentrated nitrate stream which will need to be treated downstream. Thus, catalytic 

hydrogenation is the process of choice due to its fast reaction rates and a high selectivity 

from nitrates to nitrogen. The first step in the process is the reduction of nitrates (NO3-) to 

nitrite (NO2-) over a bi-metallic catalyst, i.e. Cu/Pd.[114] The conversion of nitrites to 

nitrogen is, however, scientifically more challenging due to the undesired co-production 

of ammonia (see Eq. 1.8 and 1.9).[115,116] 

 

The hydrogenation of nitrites (NO2-) is a fast reaction where the catalytic activity and 

selectivity are dependent on the reaction temperature and concentration profile inside the 

catalyst particles, making it ideal to study the effect of thermo-responsive polymeric 

brushes. In consequence, this reaction was selected as a probe reaction to study the effect 

of polymeric brushes on catalytic systems, where transport and kinetics effects can be 

coupled. In this way, we can demonstrate if the addition of thermo-responsive polymers 

can affect transport and the micro-environment near the metal surface.  
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1.10 Scope and outline 

This thesis provides key insights in how to achieve the aforementioned self-regulating 

mechanism based on temperature by combining diffusion studies, rigorous reaction 

kinetics, in-situ ATR-IR spectroscopy, and detailed molecular transport-reaction 

modelling. 

 

Chapter 2 is intended to gain more insights on the effect of thermo-responsive polymers 

in the molecular transport. For this, an idealized catalyst was developed intended to mimic 

a core-shell nanoparticle (see Figure 1.16 (left side)). In this system, the metal active sites 

were placed in a porous alumina support, mimicking the core, and the thermo-responsive 

polymers were coated on a porous membrane with straight channels, mimicking the shell 

of the catalyst (see Figure 1.16 (right side)). In this way, the polymer has a physical 

separation from the metal active site avoiding any kinetic effect. The transport was studied 

under in-situ ATR-IR spectroscopy, a technique that allows us to study the polymers 

behaviour on a dynamic system, which is extremely relevant when considering catalytic 

reactions.  

 

Figure 1.16: (Left side) Schematic representation of a model catalyst made to study the 

molecular transport in the ATR-IR spectroscopy mimicking the structure of a polymer 

coated nanoparticle (core-shell). (Right side) System applied on the ATR-IR spectroscopy 

experiments where the core represents a palladium supported on alumina catalyst and the 

shell a porous membrane (dark green) polymerized with a thermo responsive polymer. 
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Next, we applied these thermo-responsive polymers on a more practical system, where the 

stimulus-responsive polymers are directly coated on a heterogeneous catalyst. Chapter 3 

aims to gain insights into the effect of adding polymeric brushes to a palladium alumina 

catalyst on the performance in the nitrite hydrogenation reaction. This chapter mainly 

focuses on solvation effects induced by the addition of polymers in the kinetic regime, i.e. 

free of any mass transfer limitations.  

 

Chapter 4 aims to unravel the transport effects caused by the conformational changes of 

the thermo-responsive polymers in the nitrite hydrogenation reaction. A similar catalytic 

system was used as described in Chapter 3, but with larger support particles sizes to 

induce internal mass transfer limitations.  

 

Chapter 5 summarizes the previous chapters and provides insights on future research 

directions on thermo-responsive catalyst and their ability to control reaction rates. 
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Abstract 
Molecular transport in porous membranes plays an essential role in diverse range of 

applications (food, catalysis, separation processes, etc.). Here, we have studied a Polymer-

Membrane-Catalyst Assembly (PCMA) system consisting of PET membranes with a well-

defined pore structure coated with thermo-responsive polymer (p-NIPAM) coupled to an 

in-situ ATR-IR cell containing a detection layer based on palladium nanoparticles 

supported on Al2O3. This PCMA model is designed to mimic the structure of a core-shell 

porous particle coated externally with stimulus-responsive polymer. At low temperatures 

(< 32 °C), where p-NIPAM is in its swollen state, the addition of polymer brushes (PCMA) 

caused a delay in CO chemisorption on Pd as observed with in-situ ATR-IR. Strikingly, 

when the polymer collapses due to an increase of temperature above the Lower Critical 

Solution Temperature (LCST) (>32 °C), we observed faster CO adsorption. Our multi-

physics model of the CO transport and chemisorption on the PCMA suggests that the delay 

in the molecular transport is caused by the strong affinity of the CO molecules with the 

polymer brushes. When stimulus-responsive polymers are present, a complex interplay 

between diffusion and absorption determines the dynamic behaviour of the system. 

Furthermore, we demonstrate that this behaviour could be reversed by reducing the 

amount of the polymer inside the pores with respect to the surface, in which the delay 

observed is now above the LCST. This knowledge provides new insights on the dynamics 

of transport, absorption, and chemisorption processes occurring on the so-called nano-

reactors, that consist of stimuli responsive polymers coated on nano particles, which can 

have great implications in the development of new self-regulating catalysts. 
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2.1 Introduction 

Combining catalytic materials with responsive polymers to create so-called “nano-

reactors” that respond to external stimulus, has been demonstrated as a powerful tool for 

precise control of selectivity, stability, and recyclability in liquid environments.[1] These 

soft coatings undergo fully reversible conformational transitions from solvated to 

aggregated states upon reaching a critical solubility limit, which is triggered by 

temperature, pH, magnetic field, and/or light.[2–4] In this context, thermo-responsive 

poly-n-isopropylacrylamide (p-NIPAM) is considered as the archetypal coating of 

stimulus-responsive catalysts. The first description of these catalytic materials was 

reported by the group of M. Ballauff using p-NIPAM brushes covalently attached to the 

surface of a polystyrene core decorated by silver nanoclusters for the reduction of 4-

nitrophenol (NPh) by sodium boron hydride.[5] These p-NIPAM brushes have a lower 

critical solution temperature (LCST) of c.a. 32 °C. Below this temperature the water 

molecules solvate the polymer thanks to the enthalpic H-bonding interactions with the N-

H and C=O motives of p-NIPAM. In the swollen state, the reduction of NPh could be 

conducted at similar rates as those observed over the uncoated catalyst. As the 

temperature increased, the entropic contributions to the Gibbs free energy of the system 

dominate, expelling the water from the polymer domains and triggering the polymer 

collapse into a globular-like structure.[6] At these conditions the reaction rate slowed 

down due to the lower effective diffusion coefficient of the reactants through the collapsed 

p-NIPAM layer around the catalyst. More recently, the authors reported a theoretical 

framework for describing this system in which the observed kinetic constant (𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜) was 

defined as two resistances in series (i.e. 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜−1 = 𝑘𝑘𝑟𝑟−1 + 𝑘𝑘𝑑𝑑−1).[7] The model was limited to 

first order reaction rates and the kinetic constant (𝑘𝑘𝑟𝑟) of the coated catalyst was assumed 

to be the same of that observed on the normal catalyst. The diffusion constant (𝑘𝑘𝑑𝑑) was 

assumed to follow the Debye−Smoluchowski theory, which for an egg-shell catalyst can be 

simplified to 𝑘𝑘𝑑𝑑 = 4𝜋𝜋𝑐𝑐0𝑅𝑅𝑔𝑔Ρ, where 𝑐𝑐0 was the initial concentration of the limiting reactant, 

𝑅𝑅𝑔𝑔 was the thickness of the polymer layer, and P was the permeability as defined by 𝑃𝑃 =

𝐷𝐷𝑔𝑔𝑟𝑟𝑒𝑒𝑡𝑡 �
−∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠
𝑘𝑘𝑏𝑏𝑇𝑇

�. Here, it became clear that to manipulate the reaction rates using these 

stimulus-responsive (SR) polymers in egg-shell catalysts, the system must be mass 

transfer limited in either the swollen or de-swollen states of the p-NIPAM (see Figure 2.1b 

– negative stimulus-responsive).[6] In turn, the observed kinetics in the mass transport 

limited regime were linearly affected by the effective diffusion of the reactant in the 

polymer matrix (𝐷𝐷𝑔𝑔 ), while the Gibbs free energy change of solvation exponentially 
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influenced the rate. This definition of the observed kinetic constant properly described also 

the experiments in which the reaction rate of the hydrogenation reaction of hydrophobic 

substrates increased even when the polymer collapsed at temperatures above the LCST. 

Since the ∆𝛥𝛥𝑜𝑜𝑜𝑜𝑙𝑙  was dependent on both the reactant-polymer and reactant-solvent 

interactions the “solvation” of the non-polar reactant increased in the hydrophobic 

polymer matrix. This elegant approach offered a theoretical basis for the study of more 

complex reaction systems demonstrating its robustness.[4,8–12]  

 

 

Figure 2.1: Schematic illustration of stimulus-responsive nano-reactor (a) operating under 

negative stimulus-response (b) in which the collapse of the polymer coatings leads to a 

mass transport limitation that switches OFF the catalyst, and with a positive stimulus-

responsive (c) in which the opposite occurs. 

 

 

Extrapolating the use of stimulus-responsive polymers to drug delivery, separation 

processes, wastewater treatment and bio-sensors applications has enabled precise 

regulation of the permeability and selectivity via flexible adjustment of pore sizes and 

surface properties.[13–15] In stark contrast to the responsive nano-reactor, in the case of 

polymer-coated membranes the molecular transport is hindered when the polymer is in 

the swollen state due to the reduction of the pore diameter (see Figure 2.1c – positive 

stimulus-responsive). This inverted effect has been employed to create so-called thermo-

mechanical actuation of valves across different length-scales. For instance, Y. Park et 
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al.[16] reported a reversible self-actuated membrane based on thermo-responsive 

p-NIPAM gels. The smart membranes consisted of a body frame macroscopic p-NIPAM 

polymer confined in a polytetrafluoroethylene (PTFE) assembling. The confined p-NIPAM 

at low temperatures was swollen by water, which resulted in a complete closure of the 

millimetre pores. By increasing the temperature to 40 °C the polymer was dehydrated 

shrinking the p-NIPAM polymer and opening the pores. Z. B. Zhang et al.[17] reported a 

thermo- and pH-responsive nylon membrane prepared via consecutive surface-initiated 

atom transfer radical polymerizations (ATRPs) of N-isopropylacrylamide. In this case, the 

bare Nylon micro-filtration membranes with pore sizes of ~ 5 µm showed fluxes that varied 

from 3 to 3.1 mL cm-2 min-1 as temperature increased, while the p-NIPAM coated 

counterparts showed a temperature-dependent flux with values that decreased from 0.16 

to 0.05 mL cm-2 min-1 at 45 and 25 °C, respectively. Notably, decreasing further the pore-

size of the membrane greatly impacted the observed trends. H. Alem et al.[18] 

demonstrated that in p-NIPAM coated poly(ethyleneterephthalate) (PET) membranes 

with track-etched straight channels of 330 nm the permeability monotonically increased 

as temperature increased, while in the small pore membranes with 80 nm the opposite 

trend was observed. The authors argued that in the former system the diffusion was 

primarily controlled by the effective pore size, which at low temperatures was reduced by 

the swollen state of the polymer. In the latter, however, the diffusion was speculated to be 

limited by the transport through the polymer layer at the pore-mouth, resembling the 

observed trends in micro-gels.  

 

While these results provide a broader view of the complexity of the transport processes 

occurring on stimulus-responsive membranes, very little is known about the dynamic 

behavior of these materials, which is essential when coupled to catalytic materials. The 

concept of stimuli responsive catalysts implies a discontinuous behaviour, where the 

catalytic activity can be switched ‘ON’ and ‘OFF’ above or below a certain threshold value 

of the triggering variable (e.g. temperature, pH, light, etc.).[19] By adjusting the molecular 

diffusion to the active site, the reaction rate can be regulated, consequently preventing the 

formation of by-products. In principle, one could conceive a mechanism in which the 

undesired reaction triggers the phase transition of the polymer, leading to the self-

regulating mechanism. Even though this concept has been demonstrated on microscopic 

devices by the group of J. Aizenberg[20], no one has ever shown a self-regulated catalyst 

in heterogeneous catalysis with the dynamics of the reactions and response of the 

polymeric “valve”. Clearly, to create self-regulating catalysts that use the desired output of 
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their own activity requires a fundamental understanding of the interplay between the 

polymer conformation and mass transport rates under dynamic conditions.  

 

In-situ Attenuated Total Reflection Infrared (ATR-IR) spectroscopy of heterogeneous 

catalyst allows fast and accurate monitoring of the chemical identity of chemisorbed 

species, while capturing the transience of mass transport processes.[21] In this technique 

a thin-film catalyst layer is coated on an optical element that allows internal light 

reflection. The evanescent waves generated at the reflection interface interact with their 

environment as they propagate, allowing the monitoring of the molecular vibrations at the 

solid/liquid interface. This is due to the surface restrictions of the evanescent wave to the 

solid-liquid interface, limiting the penetration depth to only a few microns (c.a. 1-3 µm). 

Consequently, the liquid contribution, which has a strong infrared absorption, is 

minimized.[22] In heterogeneous catalysis, In-situ ATR-IR spectroscopy is used to study 

the surface intermediates under reaction conditions to unravel the reaction mechanism 

[23–25] and/or disentangle the solvent interplay on the reaction rate.[26] While there are 

a few studies on the transport characteristics inside flow cells of ATR-IR to generate so-

called “spectro-kinetics” [21,27,28] as well as a few studies on polymer-solvent 

interactions determining swelling characteristics[29], there are no studies on mass 

transfer dynamics on polymeric systems in combination with kinetics on a model catalyst.  

 

In this report, we study the transport dynamics through a Polymer-Membrane-Catalyst 

Assembly (PCMA) employing in-situ ATR-IR spectroscopy of chemisorbed carbon 

monoxide on Pd-Al2O3. This model PCMA mimics a core-shell catalyst, where the 

stimulus-responsive polymer brushes are decoupled from the catalytic active site. In this 

way, it is possible to determine the kinetics of the mass transfer process without the 

interference of the polymer on the solvating environment around the Pd surface. Because 

aqueous phase CO chemisorption on reduced Pd is a well-studied irreversible process with 

a known Pd-CO stoichiometry, it was possible to quantitatively measure the rates of 

diffusion through the nano-porous membranes containing polymers by correlating the 

saturation times of the CO-Pd vibrational frequencies with the Pd surface area loaded in 

the ATR-IR crystal. Furthermore, the PCMA consisted of membranes with straight 

channels made of poly(ethyltheralpthalate) (PET) with narrow pore-size distribution and 

well controlled thickness that can be functionalized with p-NIPAM coatings via atom-

transfer radical polymerization (ATRP) in a reproducible manner. This allowed rigorous 

estimation of the transport processes in this system. By combining detailed ATR-IR CO 
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chemisorption data and multi-physics modelling of the transport and chemisorption 

processes, we demonstrate for the first time that in the transient mode the polymer content 

greatly influences the transport through the PCMA via strong molecule-polymer 

interactions (i.e. CO absorption in p-NIPAM) that leads to extended induction times, 

rather than the reduction of the diffusion coefficient (i.e. more tortuous and narrow 

pathways), as generally accepted.  

 

2.2 Materials and methods 

2.2.1 Materials and chemicals 

The poly(ethyltheralpthalate) (PET) membrane with straight channels of 200 nm pore size 

diameter was obtained from it4iP on 4A sheets(https://www.it4ip-

iontracktechnology.com). The final membranes were obtained by cutting sections of 2x5 

cm that match with the ATR-IR crystal size. For the polymerization, N-

isopropylacrylamide (NIPAM, 97 %, 2210-25-5), 3-aminopropyltriethoxysilane (APTES, 

99 %, 919-30-2), trimethylamine (Eth3N, 99%, 75-5-3), α-bromoisobutyrylbromide 

(BIBB, 98 %), 20769-85-1), copper (II) bromide (CuBr2, 99 %, 7789-45-9), 1,1,4,7,10,10-

Hexamethyltriethylenetetramine (HMTETA, 97 %, 3083-10-1), and L-ascorbic acid (99 

%, 50-81-7) were obtained from Sigma-Aldrich. The solvents Tetrahydrofuran (THF, 109-

99-9), methanol (67-56-1), ethanol (64-17-5) and n-hexane (99.4 %, 110-54-3) were 

obtained from Merck. The molecular sieves (4Å, 4-8 mesh, 70955-01-0) used to dry THF 

were obtained from Honeywell. For the catalyst synthesis gamma alumina support (γ-

Al2O3) was obtained from BASF (Al 3992E 1/8”). Palladium precursor tetra-amine-

palladium (II) nitrate solution (10 wt. % in H2O, 1360-08-6), ammonium (25% v/v water, 

1336-21-6), and sodium nitrite (99.99%, 7632-00-0) were obtained from Sigma-Aldrich. 

All the aqueous solutions were prepared using ultra purified water obtained from a water 

purification system (Millipore, synergy). The Internal Reflection Element (IRE) used was 

a zinc selenide (ZnSe) trapezoid prism (5x2x0.2 cm) with 45° incident angle and 20 000 – 

650 cm-1 wavenumber range obtained from CRYSTRAN. 

 

2.2.2 Catalyst preparation 

Palladium alumina catalyst was prepared via wet impregnation following a synthesis 

method reported elsewhere.[30,31] The γ-Al2O3 powder with particle size below 38 µm 
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was dispersed in deionized (DI) H2O. Then, the pH was adjusted to 9 by adding ammonia 

before incorporating the palladium precursor. The weight ratio used was 1/1.4/11.4/114 

for NH3/Pd/γ-Al2O3/H2O, respectively to obtain a 3.5 wt. % Pd/Al2O3 catalyst. Afterwards, 

the water was removed in a rotary evaporator under vacuum at 70 °C. Palladium supported 

on alumina was calcined in air followed by reduction in hydrogen at 400 °C. Poly(N-

isopropylacrylamide) (p-NIPAM), shown in Figure S2.1a, was directly coated at the 

catalyst surface via atom transfer radical polymerization (ATRP) method.[32] For more 

details please refer to Chapter 3. 

 

2.2.3 Surface polymerization 

P-NIPAM was synthesized with the ARGET ATRP (activators continuously regenerated by 

electron transfer atom transfer radical polymerization) method. For more details please 

refer to [33]. The “grafted from” radical polymerization started with N-

isopropylacrylamide purification by recrystallization with hexane and stored below 4 °C 

before used. The membrane was first exposed to plasma (plasma cleaner Harrick) with 

oxygen for 10 min. The coupling agent used to bind the n-NIPAM to the membrane surface 

was 3-aminopropyl)triethoxysilane (APTES, 99 %), as shown in Figure S2.1b. The 

silanization was made by exposing the surface to APTES (10 drops) under vacuum for 30 

min at room temperature before being annealed for further 30 min at 105 °C in air at 

atmospheric pressure. Subsequently, the APTES functionalized membrane was submersed 

into a sealed solution with THF (35 mL), BIBB (0.91 mL) and Eth3N (1.16 mL) in a glass 

reactor (see Figure S2.2) at room temperature. After 60 min, the bromine functionalized 

membrane was washed two times with THF, ethanol and water. Then, it was added to a 

sealed glass reactor and deoxygenated under continuous N2 gas for 15 min (see Figure 

S2.2). A solution with 23.3 g water, 9.2 g methanol, 1.7 g NIPAM, 0.006 g CuBr2 and 0.06 

g HMTETA was stirred and deoxygenated under continuous N2 atmosphere for 15 min at 

room temperature. The L-ascorbic acid (0.03 g) was added, and the solution was 

deoxygenated for further 15min, where the color changes from blue to yellow. The 

polymerization starts upon transferring the solution with a needle into the reactor 

containing the bromine functionalized membrane. Then, the polymerized membrane was 

washed with ethanol and water until the surface was clean.  
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2.2.4 Catalyst characterization 

The active metal surface area was measured with CO chemisorption at room temperature 

(Chemisorb 2750, Micrometrics, gas phase). The palladium loading was measured with µ-

XRF (Bruker Tiger S8). The support surface area was measured with N2 adsorption at -

196 °C (Micromeritics Tristar 3000 analyzer). The spatial palladium distribution was 

measured by Scanning Transmission Electron Microscope - High-Angle Annular Dark 

Field (STEM-HAADF) (Tecnai F30) in a Cs-probe corrected Titan (ThermoFischer 

Scientific, formerly FEI) with 300KV and coupled with a HAADF detector (Fischione). The 

polymer content on the catalyst surface was determined using elemental analysis (CHNS-

0 Analyzer, Thermo Scientific) and thermo-gravimetrical analysis (TGA, Mettler Toledo). 

For more details related with catalyst characterization procedure see Chapter 3. 

Homogeneity and thickness of the catalyst layer on the Internal reflective element (IRE) 

was measured with Scanning Electron Microscopy (SEM JEOL- LA6010) using a mimic 

on a glass plate. 

 

2.2.5 Polymeric membrane characterization 

The PET membrane morphology (pore density, thickness and channel structure) was 

measured with Scanning Electron Microscopy (SEM JEOL LA6010). The morphology of 

p-NIPAM brushes grafted within nanopores was imaged by TEM (Tecnai F30) with a 

Scanning Transmission Electron Microscope - High-Angle Annular Dark Field (STEM-

HAADF) in a Cs-probe corrected Titan (ThermoFischer Scientific, formerly FEI) with 

300KV and coupled with a HAADF detector (Fischione). The membrane composition and 

distribution of carbon and nitrogen was measured with X-Ray Energy Dispersive 

spectroscopy (EDS) topography with an Ultim Max detector (Oxford Instruments). The 

polymer content at the membrane surface was determined using elemental analysis 

(CHNS-0 Analyzer, Thermo Scientific) and thermo-gravimetrical analysis (TGA, Mettler 

Toledo). For the TGA experiments, the sample was heated from 25 °C to 1000 °C at a ramp 

rate of 10 °C min-1 in 100 % synthetic air with 30 mL min-1 flow. Polymerization 

homogeneity at the surface was measured by Ellipsometry in a silicon wafer on the dry 

state (Mk-2000V ellipsometer from J.A. Woollam Co. Inc.) operating with a 75° incidence 

angle and a wavelength range of 370-1000 nm. Pore coverage by P-NIPAM brushes was 

measured by Atomic Force Microscopy (AFM) on a 2 µm pore size diameter membrane by 

Nanoscope V Dimension Icon Atomic Force Microscope (AFM) in Taping mode. AFM 
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probes consisted of sharped silicon tip with Au reflecting (Scanasyst fluid probes from 

Bruker). The temperature was induced using a Lakeshore 335 temperature controller. 

 

2.2.6 ATR-IR experiments procedure 

The CO diffusion was measured with Attenuated Total Reflection Infrared Spectroscopy 

(ATR-IR) in a customized flow cell, shown in Figure S2.3a. [22] The flow-through chamber 

had a thickness of 0.15 cm and a width/length of 4x1 cm, which was created by a spacer 

placed between the Internal Reflection Element (IRE) and the polished top plate. The cell 

was mounted within the sample compartment of an infrared spectrometer (Bruker Tensor 

27) equipped with a Mercury Cadmium Telluride (MCT) detector refrigerated by liquid N2. 

The infrared spectra were recorded by averaging 128 scans with a resolution of 4 cm-1. The 

aqueous flows were pumped by a peristaltic pump downstream of the ATR-IR cell with a 

flow rate of 2 mL min-1, resulting in a residence time of 12 s. The gases were saturated in 

DI water with 10 % CO/He (Praxair), He (Praxair), or H2 (Praxair) at 1 bar with a total gas 

flow rate of 50 mL min-1. CO concentration was 0.095 mol m-3 based on Henry’s law (gases 

solubility in water at 1 atm). The temperature in the saturators was kept constant using a 

thermostatic bath. Experiments were measured at 25 °C and 40 °C controlled by a 

thermocouple placed near the liquid in the ATR cell, see supporting information Figure 

S2.4. To keep the temperature constant, a heating element was placed on top of the ATR 

cell and the inlet line. For all the experiments, before the flow-through-cell was assembled, 

the catalyst was first reduced by flushing with H2/H2O for 2 hours. Then, He/H2O is 

flushed through the system for 30 min where water background was recorded. To start the 

chemisorption experiment, the CO/He dissolved in DI water was fed to the ATR-IR cell at 

2 mL min-1. In this moment, the IR spectra was recorded every 2 min until the peak 

intensity of the CO-bonded species on Pd surface reached a plateau. Then, the flow of CO 

was switched to He dissolved in DI water to remove the CO in the system and safely 

disassemble the cell. Every experiment was made with a new palladium surface. To prevent 

any effect of polymeric brushes on chemisorbed CO molecules, polymer brushes and Pd 

particles are physically separated by limiting the presence of polymer to the PET 

membrane (see Section S2.8.8. and Figure S2.3). 
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 ATR-IR catalyst layer 

For the ATR-IR experiments a catalyst layer was deposited on the top surface of the crystal. 

For that, a suspension of Pd/Al2O3 (0.12 g) in 2-propanol (20 mL) was sonicated in an 

ultrasonic processor (Fischer Scientific – 705) for 45 min. Then, internal reflective 

element surface was cleaned with ethanol and by plasma (plasma cleaner Harrick) with 

oxygen for 10 min before each coating. [23,34] The clean zinc-selenide (ZnSe) crystal was 

placed on a hot plate at 120 °C, where the catalyst solution was spray-coated until reaching 

the desired loading of c.a. 5 mg of catalyst. To obtain a stable layer on the crystal surface, 

the coated catalyst was calcined at 300 °C (1 °C min-1) for 1 hour in N2 at 20 mL min-1. 

When p-NIPAM brushes are directly coated on the catalyst surface, the catalyst layer could 

not be calcined due to the polymer’s thermal stability. Instead, a membrane (Whatman 

Nuclepore track etched polycarbonate membrane filters with a pore size of 0.2 µm) was 

placed between the catalyst layer and the rubber from the cell chamber to guarantee the 

layer stability (see Figure S2.3b). To ensure reproducibility of the results a new catalyst 

layer was used in every ATR experiment. 

 

 Data analysis 

The ATR-IR correction of the spectra for CO adsorption was performed by subtraction of 

the water background as explained in detail in previous work.[22] To calculate the 

integrated peak area of each peak, a Gaussian line shape function was applied centred at 

the frequency ωo using equation Eq. 2.1.[35] 

 

 

𝐼𝐼(ω) =  
𝐴𝐴𝑟𝑟

−4ln(2)(ω−ω𝑐𝑐)2
𝑥𝑥2

𝑒𝑒�
𝜋𝜋

4ln (2)

 

Eq. 2.1 

 

Where 𝐼𝐼(ω) is the absorbance (a.u.) at a given frequency (ω, wavenumber cm-1), A is the 

integrated area (a.u.) and 𝑒𝑒  is the full width at half maximum intensity. The total 

integrated peak area was calculated by the area summation of the CO peaks at the 

palladium surface. 
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2.3 Results and discussion 

2.3.1 Characterization 

Figure 2.2a shows a schematic representation of the Polymer Membrane Catalyst 

Assembly (PMCA) used on the ATR-IR experiments to study CO transport. Table S2.1 

summarizes the characterization results of the prepared catalyst with a 1 wt. % and 3.5 wt. 

% Pd with a dispersion of 56 % and 36 %, respectively. The average particle size, obtained 

from dynamic CO chemisorption, was 2 and 3 nm for 1 and 3.5 wt. % Pd/Al2O3, 

respectively, assuming a uniform size distribution and hemisphere shape of the metal 

clusters. These results are in line with the palladium particle size distributions obtained 

from STEM-HAADF characterization with values of 1.6 ± 0.4 and 3.1 ± 0.5 nm for the 3.5 

and 1 wt.% Pd/Al2O3 catalysts, respectively (see Figure 2.2g). Figure 2.2f shows the 

morphology of 3.5 wt. % Pd/Al2O3 where the palladium nanoparticles are well distributed 

on an Al2O3 support. Figures 2.2di and ii show a typical Pd/Al2O3 layer of 5 ± 0.5 µm on a 

glass plate, in which a homogeneous film without any surface cracks was obtained, similar 

to the results of Ebbesen et al. [22,34]. The membrane morphology consisted of straight 

pore-channels with a well-defined pore size (Figure 2.2bi-bii). The pore diameter obtained 

was 200 ± 40 nm (see Figure 2.2c) with a thickness of 12 µm (see Figure 2.2bii) and a pore 

density of 1x108 cm-2.  
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Figure 2.2: Schematic representation of polymer membrane catalyst assembly on the ATR-

IR crystal (a), SEM images from the membrane with 200 nm pore size diameter (bi) Top 

view and (bii) cross-sectional, pore size distribution obtained from the SEM images (c), 

SEM images of the catalyst layer obtained on a glass plate for top view (di) and cross-

sectional views (dii), STEM-HAADF characterization of 3.5 wt. % Pd/Al2O3 catalyst (f) and 

the corresponding metal particle size distribution (g) of pre-reduced catalyst.  

 

 

The thermal stability of polymeric membranes was studied via thermal gravimetric 

analysis (TGA) (see Figure S2.5), where the decomposition of the membrane and p-

NIPAM brushes occurred above 350 °C. To determine the polymer distribution, STEM-

HAADF-EDS mapping characterization was conducted on the membranes after surface 

polymerization of P-NIPAM. Since nitrogen is one of the components in the chemical 

structure of p-NIPAM (see Figure S2.1a), we used it to determine the presence of polymer 

brushes on the external surface and inside the pores. As shown on Figure 2.3aii-ciii, the N 

was only detected on those samples coated by p-NIPAM brushes. These results agree with 

the elemental analysis (EA), where N was not detected on 0 min polymerization (see Table 

S2.2). Further evidence of the presence of the p-NIPAM polymer inside the pores was 

obtained from conducting cross-sectional characterization of the membranes using 

Focused Ionized Beam (FIB) SEM micro-processing followed by STEM-HAADF-SEM 

characterization. Here, we observed that N was homogeneously distributed along the 

membrane pore confirming full coverage of the wall of the pores in the membranes (see 

Figure S2.6 b-iii). 
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Figure 2.3: STEM-HAADF characterization (i) and EDS mapping for carbon (iii), nitrogen 

(iv) and both (ii) at the membrane pore containing 0 min, 5 min and 15 min 

polymerization time (a-c, respectively). 

 

 

Since P-NIPAM is a thermo-responsive polymer, i.e. it displays a reversible phase 

transition from swollen to collapsed above its Lower Critical Solution Temperature 

(LCST), we conducted in-situ ellipsometry characterization to obtain its equilibrium 

hydration transition curve as a function of the polymer content in liquid water 

environment. Direct measurements on PET membranes, however, were not possible due 

to the strong light absorption of the material. To circumvent this issue, we conducted these 

measurements on a silicon wafer (Section S2.8.4.3) in which polymer brushes were grown 

via ATRP at conditions that lead to polymer loadings similar to those obtained in the 

membranes. As shown in Figure S2.8a the coatings obtained during ATRP on silicon wafer 

showed a LCST at 32 °C, typical for P-NIPAM. These observations agreed with the pore 

coverage results obtained via in-situ AFM characterization of PET membranes coated with 

P-NIPAM. As can be noticed in Figure S2.9 (see details Section S2.8.4.4.), the polymer 

brushes in the swollen state decreases the surface area available for diffusion compared 
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with the collapsed state. The effective pore diameter increased from 1.41 µm to 1.8 µm, 

resulting in a decrease in the fraction of the surface area of the pores blocked by the 

polymer from 30 % to 10 % (see Figure S2.10). These observations agree with previous 

reports on polymer coated membranes, where the swollen state creates a smaller effective 

pore diameter. [14,36] The AFM results agree with STEM-HAADF mapping where the 

polymer brushes can be observed in the internal walls of the membrane pore (see Figure 

S2.6). Similar observations were reported on PET membrane coated with p-NIPAM 

brushes, where brushes grew on both the surface and inside the pores. [18,37] The 

thickness of the polymer brushes below and above LCST on the silicon surface obtained at 

different polymerization times (e.g., 350 nm and 70 nm for the sample with 15 min of 

polymerization below and above the LCST, respectively, see Figure S2.8) suggests a high 

surface polymer density due to the high swelling ratio.  

 

2.3.2 In-situ ATR-IR chemisorption of CO on Pd/Al2O3 films 

To derive quantitative information about the molecular transport of probe molecules in 

thin films of porous heterogeneous catalysts using in-situ ATR-IR in liquid phase, it is 

essential to identify and quantify the speciation of chemisorbed molecules on the active 

sites, while minimizing the interference of the solvent environment. For this reason, we 

employed catalyst layers that were thicker than the light penetration depth (see Section 

S2.8.5). The typical in-situ CO-chemisorption spectra on Pd/Al2O3 catalyst is presented in 

Figure 2.4a-b. As expected, three main adsorption bands can be identified in this 

spectrum, corresponding to C-O bonded linear (CO(L)), bridge (CO(b)), and multi 

(CO(M)). The CO(L) peak was found at 2060 cm-1 wavenumbers and the overlapping peaks 

at 1931 and 1895 cm-1 can be attributed to CO(B) and CO(M), respectively. These results 

are in line with previous reports on pre-reduced 5 wt.% Pd/Al2O3 conducted on a ATR-IR 

spectroscopy at room temperature with 1 % CO dissolved in water.[24] The integrated 

peak area of each CO peak was determined by Eq. 2.1 (see Figure 2.4a). In order to 

eliminate the possible effect of convective transport inside the ATR chamber we calculated 

the Peclet number (Pe>>1) and measured the ATR-CO chemisorption profiles at different 

flowrates (1 and 2 mL min-1 see Section S2.8.11). This analysis indicated that the rate of 

CO is dominated by diffusion rather than convection.  

 

By recording the relative absorbance of chemisorbed CO* as a function of time we could 

identify three distinct regions (see Figure 2.4c). Initially, there is a 2 min induction period 
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in which the derivative of the curve is zero (see Figure 2.4d), followed by a section with 

constant increase before reaching a plateau characteristic of Pd surface saturation with 

CO. Since CO can only be adsorbed onto the Pd surface and our catalyst is completely 

reduced before each experiment, the induction period is likely caused by chemisorption on 

the upper section of the catalyst layer as the penetration of the evanescent waves in the 

ATR-IR is limited to 0.87 ± 0.06 µm (see Section S2.8.5) out the 5 µm of catalyst layer. 

This would suggest that the kinetic constant of CO chemisorption on Pd is significantly 

higher than that of the diffusion, which leads to the formation of a moving front inside the 

layer that delays the ATR-IR signal (see Section S2.8.6). Notably, increasing the Pd metal 

surface area proportionally increased the induction time and thus also the total saturation 

time (see Table S2.1, Figure S2.13, and comparing Figure S2.14 to Figure 2.4b).  

 

Figure 2.4: In situ ATR-IR spectra at full CO coverage (saturation) on Pd/Al2O3 catalyst 

containing 1wt. % Pd and the peak deconvolution obtained from Eq. 2.1 (a), ATR-IR 

spectra as a function of time of CO chemisorption (b), relative absorbance (normalized 
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integrated peak area of the three CO peaks at the palladium surface, linear (2060 cm-1), 

bridge (1931 cm-1) and multi (1895 cm-1)) (c) and 1st derivative of Figure 2b (d) on 

Pd/Al2O3 catalyst containing 1 wt. % Pd coated on a ZnSe crystal containing c.a. 5 mg 

conducted at 25 °C on a flow of 10% CO/Ar dissolved in water with a flow rate of 2 mL 

min-1. 

 

2.3.3 Effect of temperature on In-situ ATR-IR chemisorption of CO on 
Pd/Al2O3 films 

Figure 2.5a shows the effect of temperature on CO transport, keeping the CO concentration 

constant by adjusting the CO/He ratio used in the liquid saturation vessels using Henry’s 

law. This allowed us to compare the results obtained at different temperatures. As shown 

on Figure 2.5a, increasing the temperature from 25 to 40 °C had no significant effect on 

the ATR-IR CO chemisorption saturation curves on the 3.5 wt. % Pd/Al2O3 catalyst (see 

Figure S2.18a and Section S2.8.9.1) as the temperature increases. The negligible change 

in saturation time can be attributed to the low activation energy barriers for molecular 

diffusion of CO at infinite dilution in water (e.g. 10-15 kJ mol-1).[39]  

 

2.3.4 Membrane-Catalyst Assemblies (MCA) 

To create the Membrane Catalyst Assembly, a nano-porous membrane with 12 µm 

thickness and 200 nm pore diameter was placed on top of the catalyst layer (See Figure 

S2.3b and Figure 2.2). Since the evanescent wave from ATR-IR is restricted to the 

catalyst/solid interface, there is no chemical interference of the PET polymer membrane 

on the CO IR spectrum. By keeping the palladium amount and CO concentration constant, 

any delay in the transport should be caused by the presence of an external resistance, i.e. 

the membrane. Notably, Figure 2.5b shows no significant delay caused by the addition of 

the membrane (see Figure S2.18b). This can be attributed to straight channels (τ=1) and 

demonstrates that the diffusion through the membrane is not the limiting step. 
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Figure 2.5: Relative absorbance (normalized integrated peak area of the three CO peaks at 

the palladium surface at different temperature (a) and membrane (b) on Pd/Al2O3 catalyst 

containing 3.5 wt. % Pd coated on a ZnSe crystal containing c.a. 5 mg conducted on a flow 

of 10% CO/Ar dissolved in water with a flow rate of 2 mL min-1. 

 

2.3.5 Polymer-Membrane-Catalyst Assemblies (PMCA) 

To investigate the interplay between molecular transport and the polymer brushes, we 

prepared PET membranes with increasing p-NIPAM polymer content by changing the 

ATRP polymerization time (see Section S2.8.10). As shown in Figure 2.6a, longer 

polymerization times increased the initial induction period from 2 minutes, in the case of 

non-coated membranes, to 15 and 35 minutes in the p-NIPAM functionalized membranes 

with polymerization times of 5 and 15 minutes, respectively. This shift in the CO saturation 

curve, however, did not change the rate of CO adsorption significantly as indicated by the 

similar slopes observed in the linear region of the saturation curve. The net effect of this 

delay in the process is a significantly longer saturation time for the PMCA systems at 25 

°C, i.e. at temperatures below LCST of p-NIPAM. Upon increasing the temperature above 

32 °C, the polymer brushes conformation changes from swollen to collapsed state. It 

appears that under these conditions the diffusion process was accelerated, leading to 

saturation curves similar to those obtained with bare membranes when 5 minutes 

polymerization was used (Figure 2.6b). This result would suggest that the swollen polymer 

suppresses diffusion more than the collapsed polymer. 

 

While it is tempting to rationalize these results exclusively in terms of changes in the 

effective pore diameter and tortuosity of the membranes coated with p-NIPAM in the 
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swollen state, it is important to realize that this could not explain the drastic increase in 

the induction period followed by a nearly identical slope of the relative absorbance as a 

function of time in the coated and uncoated systems. This, in fact, would indicate that 

another process is preventing CO reaching the detection layer in the in-situ ATR-IR 

experiments when the polymers are present. In this scenario, it is imperative to develop a 

mechanistic framework for the entangled transport and reaction processes occurring in 

such a system. In the following sections, we develop a multi-physics model aimed at testing 

two possible hypotheses, (1) diffusional resistances below p-NIPAM LCST temperature 

exclusively control the saturation curve, and (2) absorption of CO in the polymer in 

combination with diffusional resistance is responsible for the observed behavior. Finally, 

we will explore the possible conditions that could drive the process from a “negative” 

stimulus-responsive behavior (i.e. the diffusion is hindered below the polymer LCST) to a 

“positive” response one.  

 

 

Figure 2.6: Relative absorbance (normalized integrated peak area of the three CO peaks) 

at the palladium surface at 25 °C (a) and 40 °C (b) for 0 (rectangle), 5 (circle) and 15 

(triangle) minutes polymerization on Pd/Al2O3 catalyst containing 3.5 wt. % Pd coated on 

a ZnSe crystal containing c.a. 5 mg conducted on a flow of 10 % CO/Ar dissolved in water 

with a flow rate of 2 mL min-1. 

  

a) b)

0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30 40 50 60 70 80 90

Re
la

�v
e 

ab
so

rb
an

ce

Time (min)

0 min

5 min

15 min
0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30 40 50 60 70 80 90

Re
la

�v
e 

ab
so

rb
an

ce

Time (min)

0 min

5 min

15 min



Chapter 2 
 

 
72 

2.4 Methodology 

2.4.1 Modelling in-situ ATR-IR CO-chemisorption on MCA 

 Diffusion processes 

To further understand the transport on an ATR-IR cell, a one-dimensional diffusion model 

assuming Fick’s second law was developed to describe the transport of dilute CO in water 

(see Eq. 2.2). Here c is the CO bulk concentration in the solvent (mol m-3), x the vertical 

distance (m), t is the time (s), and Di is the diffusion coefficient of CO in water at infinite 

dilution (m2 s-1) at a given temperature. 

 

 𝛿𝛿𝑐𝑐(𝑒𝑒, 𝑡𝑡)
𝛿𝛿𝑡𝑡 = 𝐷𝐷𝑖𝑖

𝛿𝛿2𝑐𝑐
𝛿𝛿𝑒𝑒2 

Eq.2.2 

 

 

Figure 2.7: Schematic representation of the different segmentation of the 1D model, which 

consisted of a boundary layer and Pd/Al2O3 catalyst layer (a); boundary layer, membrane 

and Pd/Al2O3 catalyst layer (b); and boundary layer, polymeric membrane and Pd/Al2O3 

catalyst layer (c). 

 

 

The ATR-IR cell was reduced to a one-dimensional model, where gradients across z (cell 

length) are negligible since the CO molar flow rate into the ATR-IR cell is 34 times higher 

than the adsorption rate at the palladium surface (see Section S2.8.12.1.). The model 
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calculates the transport of CO from the boundary layer (x=0) until the ATR crystal surface 

(x=L) over time, as shown in Figure 2.7a. Since no delay was detected on the saturation 

curves when the flow rate through the ATR cell was increased (1 and 2 mL min-1) due to 

fast convection (Pe>>1) (see Section S2.8.12.1.), the initial CO concentration at the 

boundary layer (x=0) was assumed to be constant. This results in the two boundary 

conditions shown in Eq. 2.3 and 2.4.  

 

𝑒𝑒 = 0;  𝑐𝑐 = 𝑐𝑐𝑐𝑐𝑜𝑜𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑙𝑙 Eq. 2.3 

 

𝑒𝑒 = 𝐿𝐿;  
𝛿𝛿𝑐𝑐(𝑒𝑒, 𝑡𝑡)
𝛿𝛿𝑒𝑒 = 0 

Eq. 2.4 

 

The CO concentration at the bulk was calculated using Henry’s law, while the boundary 

layer thickness formed on top of the crystal layer was determined using the Sherwood’s 

correlation (see Section S2.8.12.1). The CO diffusion coefficient was calculated by the 

Arrhenius equation (see Section S2.8.12.3.) to determine the transport in the diffusion 

layer. The saturation curve was obtained from the integration of the evanescent wave over 

time (see Section S2.8.12.2.). 

 

 CO chemisorption on palladium 

The mass balance for CO in a porous bed catalyst was defined as shown on Eq. 2.5.  

 

 𝛿𝛿𝑐𝑐(𝑒𝑒, 𝑡𝑡)
𝛿𝛿𝑡𝑡 = 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒

𝑃𝑃𝑑𝑑/𝐴𝐴𝑙𝑙203 𝛿𝛿
2𝑐𝑐

𝛿𝛿𝑒𝑒2 −  𝑡𝑡𝐶𝐶𝐶𝐶|𝑥𝑥,𝑖𝑖 
Eq. 2.5 

 

Where DeffPd/Al2O3 is the effective diffusion coefficient of CO in the porous bed (m2 s-1) and 

rCO is the rate of CO chemisorption (mol m-3 s-1). The stoichiometry of non-dissociative CO 

adsorption on the palladium active site was assumed to be 1:1 with Pd surface atoms (See 

Eq. 2.6). Here (*) represents an empty site on the palladium surface and CO* is the 

chemisorbed specie. The palladium active sites (*) at the catalyst layer were assumed to be 

equally distributed through the catalyst bed (z and x) and calculated as shown in Eq. 2.7. 
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Here the total moles of palladium available for chemisorption are calculated from the 

metal loading, dispersion, and catalyst weight on the crystal surface (see Table S2.1), 

where ϴpd are the empty metal active sites, which are defined as a fraction between 0 and 

1, npd is the moles of palladium available to chemisorb (mol) and npd0 is the total palladium 

active sites (mol). 

 

 𝐶𝐶𝑂𝑂 +∗ ↔ 𝐶𝐶𝑂𝑂 ∗ 
Eq. 2.6 

 

 
𝛳𝛳𝑝𝑝𝑑𝑑�𝑥𝑥,𝑖𝑖

=  
𝑛𝑛𝑝𝑝𝑑𝑑�𝑥𝑥,𝑖𝑖

𝑛𝑛𝑝𝑝𝑑𝑑0 �
𝑥𝑥,𝑖𝑖

 

Eq. 2.7 

 

The CO chemisorption rate can be described as Eq. 2.8, assuming no desorption from the 

palladium active site. At temperatures below 60 °C, the rate of desorption can be neglected 

due to the strong interaction of CO with the palladium surface.[40] The CO saturation at 

the palladium site was reached when all the palladium active sites are fully covered (Eq. 

2.7, ϴpd=0). While the activation barriers for CO adsorption are negligible on single 

crystals [40], the presence of water molecules in the liquid phase and residual hydrogen 

from the catalyst reduction will increase the energy penalty for the chemisorption. In this 

case, the apparent barrier will be coupled to the surface coverage of CO. Since, 

chemisorbed CO has a strong dipole moment the heat of adsorption will decrease with 

coverage.[24] Thus, the adsorption of CO on the metal site (kads) was assumed to have an 

activation energy barrier dependent on the surface coverage [41] (see Eq. 2.9). Here, kads 

is the adsorption rate constant (s-1), cCO is the CO concentration is the bulk (mol m-3), kads0 

is adsorption rate at coverage zero (s-1), Ea is the apparent activation energy barrier (J 

mol-1), R is the universal gas constant (J mol-1 K-1) and T is the absolute temperature (K). 

 

 𝑡𝑡𝐶𝐶𝐶𝐶 =  𝑘𝑘𝑎𝑎𝑑𝑑𝑜𝑜𝑐𝑐𝐶𝐶𝐶𝐶𝛳𝛳𝑝𝑝𝑑𝑑�𝑥𝑥,𝑖𝑖
 

Eq. 2.8 

 

 𝑘𝑘𝑎𝑎𝑑𝑑𝑜𝑜 =  𝑘𝑘𝑎𝑎𝑑𝑑𝑜𝑜0 𝑟𝑟(−(𝐸𝐸𝑎𝑎)
𝑅𝑅𝑇𝑇 �1−𝛳𝛳𝑝𝑝𝑝𝑝�) 

Eq. 2.9 
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 Diffusion through the porous membrane 

The mass balance at the membrane was defined as shown in Eq. 2.10. In this domain, the 

membrane pore distribution is assumed to be homogenous throughout the entire surface 

with a regular pore size distribution (200 nm) and straight channels (τ = 1). The schematic 

representation of the ATR-IR crystal, catalyst and PET membrane is shown in Figure 2.7b, 

which can be rationalized as a sequence of resistances in series for mass transfer, where εm 

is the membrane porosity used to calculate the effective diffusion coefficient in the porous 

membrane. 

 

 𝛿𝛿𝑐𝑐(𝑒𝑒, 𝑡𝑡)
𝛿𝛿𝑡𝑡

= 𝐷𝐷𝑖𝑖  𝜀𝜀𝑚𝑚
𝛿𝛿2𝑐𝑐
𝛿𝛿𝑒𝑒2

 
Eq. 2.10 

 

 

2.4.2 Modelling in-situ ATR-IR CO-chemisorption on PMCA 

 Diffusion processes in a polymeric membrane 

The transport through a polymeric membrane was defined as a resistance in parallel 

(Eq. 2.11 and Figure S2.22), where the contribution from the polymer brushes was defined 

as Eq. 2.12 and the contribution from the membrane was defined as Eq. 2.13. The polymer 

distribution at the membrane surface and pores was considered homogeneous. 

 

 𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒
𝑖𝑖𝑜𝑜𝑖𝑖𝑎𝑎𝑙𝑙,𝑝𝑝 = 𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒

𝑝𝑝−𝑛𝑛𝑖𝑖𝑝𝑝𝑎𝑎𝑚𝑚 + 𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚  
Eq. 2.11 

 

 𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝−𝑛𝑛𝑖𝑖𝑝𝑝𝑎𝑎𝑚𝑚,𝑚𝑚 = 𝐷𝐷𝑖𝑖

𝑝𝑝−𝑛𝑛𝑖𝑖𝑝𝑝𝑎𝑎𝑚𝑚 𝜀𝜀𝑚𝑚 𝑉𝑉𝑥𝑥,𝑝𝑝(𝑇𝑇) 
Eq. 2.12 

 

 𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒
𝑚𝑚,𝑝𝑝−𝑛𝑛𝑖𝑖𝑝𝑝𝑎𝑎𝑚𝑚 = 𝐷𝐷𝑖𝑖  𝜀𝜀𝑚𝑚(1 − 𝑉𝑉𝑥𝑥,𝑝𝑝(𝑇𝑇)) 

Eq. 2.13 

 

Here Di,efftotal is the total diffusion coefficient (m2 s-1) of the specie i, Di,effm the effective 

diffusion coefficient of the membrane filled with water in the absence of polymer brushes 

(m2 s-1), Di,effp-nipam is the effective diffusion coefficient in the polymer layer grown on the 
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membrane walls (m2 s-1), Dip-nipam is the diffusion coefficient of the specie i through the 

polymeric brushes (m2 s-1), Vx,p is the volume fraction of polymer in the membrane pore. 

 

 Effective diffusion in p-NIPAM polymer brushes 

The diffusion of the solute in thermo-responsive polymeric brushes can be described by 

obstruction-hindered diffusion developed by Mackie and Mears [43], as shown in Eq. 2.14. 

This model assumes that the polymer chains impose an increase in the path length for the 

molecules in motion where the polymer blocks a fraction of the sites for transport. 

Although, this model is only valid for small sized solutes in semi dilute polymer solutions 

(φp-NIPAM < φLCST) without considering the intrinsic properties of the polymer or the solute, 

its validity has been confirmed experimentally in stimulus-responsive catalysts by several 

independent studies at moderate polymer densities. [4,43] More recently, Kanduc et al. 

[44] demonstrated using detailed molecular dynamic simulations that when the polymer 

is in the collapsed state, i.e. at the maximum density (φ>φLCST), the water distribution in 

the polymeric layer dominates the diffusion. In this state, solute molecules dissolved in 

water diffuse through the polymer matrix via a so-called “hopping” mechanism in which 

the dynamics of the soft polymer brushes controls the rate of transport.  

 

To account for those effects, we developed a piecewise function that uses the Mackie and 

Mears model to describe the system below the maximum polymer density and the hopping 

mechanism developed by Kanduc et al. [44] above φLCST. Therefore, the diffusion of 

molecules in the collapsed state was defined as shown in Eq. 2.14, where the main 

contribution comes from the molecular size of the solute (See Section S2.8.12.5.). In this 

equation, Dip-NIPAM is the effective diffusion coefficient of CO through the polymer brushes 

(m2 s-1), φp-NIPAM is the p-NIPAM volume fraction, φLCST is the p-NIPAM volume fraction 

at the transition state, Di the diffusion coefficient of CO in water at infinite dilution (m2 s-1), 

aw is the Stokes hydrodynamic radii in pure water (nm) and λ the decay length constant 

(nm) (see results Section S2.8.12.6.). 

 

 

 
𝐷𝐷𝑖𝑖
𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁

𝐷𝐷𝑖𝑖
=

⎩
⎨

⎧�
1 −𝛷𝛷𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁
1 + 𝛷𝛷𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁

�
2

, 𝛷𝛷𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁 < 𝛷𝛷𝐿𝐿𝐶𝐶𝐿𝐿𝑇𝑇

𝑟𝑟
−𝑎𝑎𝑤𝑤
𝜆𝜆                       ,            𝛷𝛷𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁 = 𝛷𝛷𝐿𝐿𝐶𝐶𝐿𝐿𝑇𝑇

  

Eq. 2.14 
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 Polymer interaction with CO molecules 

The mass balance at the polymeric layer (see Figure 2.7c) was defined as shown in Eq. 

2.15. In this scenario, the absorption of CO inside the p-NIPAM domains were assumed to 

be non-activated. Given the fact that in our experiments the concentration of the CO in 

solution is constant, the desorption was neglected as the chemical potential difference in 

the saturation state vanishes (see Section S2.8.12.6.). In this case, the absorption capacity 

was defined as shown in Eq. 2.16. Here Dip-NIPAM is the effective diffusion coefficient of a 

solute on the polymer brushes or on a polymeric membrane (m2 s-1), kads is the absorption 

rate constant (s-1) and ϴp-nipam is the free space on the polymer matrix for CO to absorb 

which is dependent on the polymer capacity (nCOmax) and defined as a fraction between 0 

and 1. 

 

 𝛿𝛿𝑐𝑐(𝑒𝑒, 𝑡𝑡)
𝛿𝛿𝑡𝑡 = 𝐷𝐷𝑖𝑖

𝑝𝑝−𝑛𝑛𝑖𝑖𝑝𝑝𝑎𝑎𝑚𝑚(𝑇𝑇)
𝛿𝛿2𝑐𝑐
𝛿𝛿𝑒𝑒2

−  (𝑘𝑘𝑎𝑎𝑜𝑜𝑜𝑜𝑐𝑐𝐶𝐶𝐶𝐶𝛳𝛳𝑝𝑝−𝑛𝑛𝑖𝑖𝑝𝑝𝑎𝑎𝑚𝑚(𝑇𝑇))𝑥𝑥,𝑖𝑖 
Eq. 2.15 

 

 
𝛳𝛳𝑝𝑝−𝑛𝑛𝑖𝑖𝑝𝑝𝑎𝑎𝑚𝑚 =

𝑛𝑛𝐶𝐶𝐶𝐶|𝑥𝑥,𝑖𝑖

𝑛𝑛𝐶𝐶𝐶𝐶𝑚𝑚𝑎𝑎𝑥𝑥|𝑥𝑥,𝑖𝑖
 

Eq. 2.16 

 

The strength of CO interaction with the polymer brushes was defined, as shown in Eq. 

2.18, where it is a function of CO solubility in the p-NIPAM polymer brushes and the 

polymer volume (Eq. 2.17 and 2.18). While the volume of the polymer (Vp) is a function of 

the polymer thickness and surface area, the partitioning of solute, which is the ratio of CO 

chemical potential in the polymeric brushes (SCO-p-NIPAM) to the bulk of the solvent 

(SCO-water), is related to the solvation free energy of the polymeric brushes as proposed by 

Dzubiela and co-workers [46] (see Section S2.8.12.6.). Here nCO are the CO moles 

absorbed (mol), Vp is the polymer volume (m3) and S is the solubility (mol m-3), ΔG is the 

difference in free enthalpy between CO interacting with solvent and CO interacting with 

polymeric brushes (J mol-1), kb is the Boltzmann constant (J K-1) and T the absolute 

temperature (K). 

 

 𝑛𝑛𝐶𝐶𝐶𝐶 = 𝑉𝑉𝑝𝑝(𝑇𝑇) 𝑆𝑆𝐶𝐶𝐶𝐶−𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁(𝑇𝑇) 
Eq. 2.17 
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 𝑆𝑆𝐶𝐶𝐶𝐶−𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁(𝑇𝑇)
𝑆𝑆𝐶𝐶𝐶𝐶−𝑤𝑤𝑎𝑎𝑖𝑖𝑒𝑒𝑟𝑟(𝑇𝑇) = 𝑟𝑟

−𝛥𝛥𝐺𝐺
𝑘𝑘𝑏𝑏𝑇𝑇  

Eq. 2.18 

 

2.5 Modelling results and discussion 

2.5.1 Diffusion on CA and MCA 

As shown in Figure S2.25 (see Section S2.8.12.7.) the one-dimensional Fick’s diffusion 

model coupled to CO-Pd surface reaction predicts well the CO chemisorption dynamics on 

a Pd/Al2O3 layer. The observed trends were in line with previous reports on oxidation 

chemistry in liquid-ATR-IR cells working in operando mode.[27,41] In particular the 

short induction period, herein observed, was also encountered when highly reactive probe 

species were employed, indicating the importance of favourable adsorption on the process 

dynamics. Notably, increasing the temperature in the case of catalyst assembly (CA) had 

negligible effect on the induction period and saturation time observed in (see Figure 

S2.26a), which is attributed to the low activation energy barriers for diffusion. As expected, 

addition of PET membrane (MCA) did not change the saturation curve, indicating 

unrestricted transport through these thin porous membranes with straight channels 

compared with the transport through the stagnant layer (see Figure S2.26b). 

 

2.5.2 Interplay between effective diffusion coefficient and saturation 
curves on PMCA in the absence of CO absorption on p-NIPAM 

To study the effect of polymer brushes on CO transport on a PMCA we employed the 

ellipsometry results corresponding to 15 minutes of polymerization with a thickness of 

350 nm on the top surface of the membrane to design our 1D model. Considering that the 

PET membranes contain pores of 200 nm in diameter, the pores were assumed to be 

completely filled by p-NIPAM in the swollen state (at temperatures below the LCST). The 

rationale is that during ATRP polymerization mass transport limitations of fresh monomer 

will restrict the growth in the confined pores, leading to a maximum polymer content equal 

to the pore volume (i.e. Vx,p is equal to 1). Figure 2.8a shows the normalized CO diffusion 

coefficient inside a p-NIPAM-water domain as a function on the polymer fraction (φp-nipam) 

at a fixed temperature (25 °C), where the increase of the polymer fraction retards CO 

diffusion in the polymeric matrix (Section 2.4.2.2.). The polymer fraction (φp-nipam) is 

coupled to the swelling state of the polymer, which can be obtained from the ellipsometry 



Chapter 2 
 

 
79 

experiments (see Section S2.8.4.3.). At 15 min polymerization the polymer fraction 

regressed from ellipsometry measurements on silicon was 0.2. Furthermore, we 

acknowledge that the swelling of the polymer brushes confined inside the PET could also 

behave differently from those on the surface, which could lead to overprediction of the 

polymer fraction inside the pores. Strikingly, our results indicate that even when large 

values of φpNIPAM (0.7), corresponding to reductions in the normalized 𝐷𝐷𝑖𝑖
𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁  of c.a. 

90%, are employed, the saturation time remained nearly constant (Figure 2.8b). In 

addition, these changes in the effective diffusion coefficient could not explain the zero 

derivative with time (i.e. induction period) experimentally observed during the first 15-30 

min of chemisorption for the PMCA (see Figure 2.6).  

 

 

Figure 2.8: Normalized diffusion coefficient of CO in p-NIPAM brushes as a function of 

the polymer fraction (φp-NIPAM) at 25 °C (a) and Palladium saturation time obtained with 

different polymer fraction of p-NIPAM varied between 0.1 to 0.7 at 25 °C with no 

absorption assuming a Vx,p of 1 and 350 nm thickness of p-NIPAM at the top of the 

membrane surface for 3.5 wt. % Pd/Al2O3 catalyst , a membrane with 200 nm pore 

diameter (b). 

 

2.5.3 CO interaction with p-NIPAM brushes 

The polymer thickness, volume fraction of polymer in the membrane pore, and polymer 

fraction were kept constant to study the effect of the CO interaction on the polymeric 

brushes. Figure 2.9 shows the modelling results for a polymeric membrane at temperature 

below LCST assuming that the pores become completely filled due to polymer swelling (15 

min polymerization), as described in Section 2.5.2. In this case, the increase in the CO 

solubility in the polymeric brushes, at a low kabs,p-NIPAM, led to shallower rates close to the 
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saturation, shifting the end of the breakthrough curve to the right (see Figure 2.9a). The 

higher solubility, however, did not explain the induction period observed in the presence 

of polymer brushes on the membrane surface, as shown in Figure 2.10a-b.  

 

Figure 2.9: Palladium saturation curve at different CO solubility on the p-NIPAM brushes 

varied from 1 to 10 mol m-3 with a kads constant of 5 s-1 (a), CO absorption rate constant 

varied from 5 to 50 s-1 with a constant CO solubility of 1 mol m-3 (b), CO absorption rate 

constant varied from 5 to 50 s-1 with a constant CO solubility of 10 mol m-3 (c) at 25 °C 

assuming a Vx,p of 1 and 350 nm thickness of p-NIPAM on the top of the membrane surface 

for 3.5 wt. % Pd/Al2O3 catalyst. The arrows indicate the increase of solubility (a) and 

kinetic constant (b and c). 

 

 

Next, we studied the effect of increasing the kabs,p-NIPAM, at low solubility (see Figure 2.9b). 

Here, it can be noted that regardless of the kinetics of the absorption process no induction 

period was observed and the saturation time was unaltered. Notably, increasing the 

kabs,p-NIPAM at a high solubility, an induction period was observed, followed by a sharp 

increase in relative absorbance of CO-Pd before approaching the regime (see Figure 2.9c). 

As shown in Figure 2.10a-b the combination of fast kinetics of absorption and high 

solubility results in good agreement between the results obtained from the ATR-IR cell 

model and experiment (relative error of 9% for 15 min polymerization) (see Section 

S2.8.12.8.).  
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Figure 2.10: Normalized integrated peak area of the CO peaks at the palladium surface at 

25 °C (c) and 40 °C (d) for 5 (circle) and 15 (triangle) minutes polymerization on Pd/Al2O3 

catalyst containing 3.5 wt. % Pd coated on a ZnSe crystal containing c.a. 5 mg conducted 

on a flow of 10% CO/Ar dissolved in water with a flow rate of 2 mL min-1, where the lines 

correspond to model based on Fick’s 2nd law of diffusion for 15 (triangle) and 5 (circle) 

polymerization time assuming values from Table S2.5. 

 

2.5.4 Polymer coverage dependency simulation 

To demonstrate the sensitivity of a polymeric system to temperature, two different 

situations were considered using our validated 1D model of the ATR-IR saturation 

experiments, including; (1) a system containing polymeric brushes inside the pores of the 

membrane as well as on its surface following the experimentally tested membranes (Figure 

2.11a) and (2) a hypothetical system containing only a dense layer of polymer on top of 

the membrane surface so-called “polymer blanket” (Figure 2.11b). The polymer was 

assumed to follow the temperature responsive behaviour obtained from independent in-

situ ellipsometry measurements of p-NIPAM on Si-wafers (see Figure S2.23). Considering 

that the absorption of CO in the p-NIPAM domains was non-activated, we assumed 

constant absorption kinetics with respect to temperature (see Section S2.8.12.8.)  
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Figure 2.11: Schematic representation of the polymer growing in a polymeric membrane, 

where the polymer grows on the top surface and inside the pore (a) and a hypothetical 

situation as nano reactor where a dense layer grows only on top of the membrane (b). 

 

 

Figure 2.12 shows the time needed to reach full saturation normalized by the saturation 

time of the non-coated membrane (at 25 °C), where (Pore) represents the polymers 

growing both on top as well as inside the membrane pores and (Top) relates to the model 

considering the “polymer blanket” (for further details see Section S2.8.12.9.). As can be 

noticed, when the polymers are located inside the membrane pores (see Figure 2.11a and 

Figure 2.12 designated as “Pore”)) the time required to achieve full saturation of the Pd 

surface with CO decreases with temperature. This can be attributed to the lower fraction 

of pore volume occupied by the polymer as the p-NIPAM brushes collapse at temperatures 

above the LCST, essentially opening the pores for molecular diffusion, resembling the 

positive stimulus-responsive behaviour shown in Figure 2.1c across the entire 

temperature. 

 

In stark contrast, when the polymer was located on top of the membrane as a blanket, the 

observed trends are more complex (see Figure 2.11b and Figure 2.12 designated as “Top”). 

At temperatures below the LCST the normalized time of saturation decreases as a function 

of temperature. Here, the diffusion of CO through the polymer layer is sufficiently fast to 

overcome the small changes in the polymer conformational structure. Above the LCST of 

p-NIPAM (32 °C), the polymer layer collapses leading to the formation of a dense layer 

that hinders diffusion leading to longer saturation times of CO-Pd. At this point, increasing 

further the temperature only causes a small reduction in the normalized saturation time, 
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which is due to the Arrhenius-like behaviour of the molecular diffusion with a small 

activation barrier of c.a. 18 kJ mol-1. These observations resemble the negative stimulus-

response behaviour (see Figure 2.1c). For further validation of this model future 

experiments need to be conducted to demonstrate the effect of polymer brushes on CO 

transport with respect to temperature and addition of a polymeric layer resembling a 

“polymer blanket”. 

 

 
Figure 2.12: Normalized Palladium saturation time (normalized by the non-coated 

membrane (at 25 °C)) as a function of temperature for polymer brushes growing inside the 

pores (situation represented on Figure 2.11a) and polymer brushes growing on top to the 

membrane as a dense layer (situation represented on Figure 2.11b) where the demarked 

zone represents the temperatures near the LCST where the polymer has a transition from 

swell to collapse state. 

 

2.6 Conclusion 

This work provides direct evidence that on stimulus-responsive polymers a complex 

interplay between the swelling behaviour of the polymeric brushes, kinetics of absorption 

in the polymer matrix, polymer-absorbate energy of interaction (i.e. solubility) and 

molecular diffusivity determine the dynamic response of these layers towards reaction in 

core-shell nano reactors and membranes. Essentially, our experimental results using 

in-situ ATR-FTIR and theoretical calculations indicate that below the LCST (i.e. swollen 

state) the saturation time shifted to higher values due to the absorption of CO inside the 
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p-NIPAM domains which occupy the entire volume of the pores. Increasing the 

temperature collapsed the polymer to smaller volumes, thus opening the pores towards 

unrestricted diffusion after a short induction period caused by absorption. Contrary to 

previous theories on diffusion-absorption, we show that the rate of transport of solutes 

through these membranes is controlled by the kinetics of the absorption in the polymer, 

the strength of the solute-polymer interaction (i.e. solubility), the polymer fraction inside 

the pores, and the diffusion coefficient inside the polymer. These new insights on the 

behaviour of thermo-responsive membranes under dynamic operation will provide new 

opportunities for catalyst design rules, separation membranes, and drug-delivery systems 

with well-controlled kinetics of solute transport. 
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2.8 Annexes 

2.8.1 Structure p-NIPAM 

 

Figure S2.1: Poly(n-isopropylacrylamide) chemical structure[34] (a) and (3-aminopropyl) 

triethoxysilane (APTES) molecular structure (b). 

  

 

Figure S2.2: Schematic of the polymerization setup with a glass reactor where the 

membrane is added. 

 

 

 

 

a) b)
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2.8.2 ATR-IR setup 

 

Figure S2.3: Home built in-situ ATR-IR flow through cell [47] (a) and schematic 

representation of the ATR-IR assembly in the case of Pd/Al2O3 containing 0 (bi) and 7 (bii) 

wt. % carbon, where a membrane was added to the top of the non-calcined catalyst layer 

and in the case of polymerized PET membranes where the polymer is decoupled on the 

palladium surface. 

 

 

Figure S2.4: Schematic representation of the experimental setup and the customized flow 

through ATR-IR cell. 
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2.8.3 Characterization on Pd alumina 

Table S2.1: Accessible metal on the Pd/Al2O3 calculated from the palladium metal loading 

and dispersion. Palladium particle size obtained from CO chemisorption and Specific 

surface area from Brunauer-Emmett-Teller (BET) method from N2-physisorption 

at -196°C. 

 Metal 

loading 

Pd wt. 

(%) 

Dispersion 

CO 

chemisorption 

(%) 

Pd diameter 

CO 

chemisorption 

(nm) 

Accessible 

metal 

(mg)/mass 

catalyst (g) 

BET 

surface 

area  

(m2 g-1) 

Pd/Al2O3 

catalyst 

0.9a 57 2 5.1 195 

3.3b 36 3 11.9 187  

a – more details refer to [30], b – more details refer to Chapter3. 

 

2.8.4 Polymer brushes characterization 

 TGA and Ea 

Figure S2.5a shows the weight loss profile from TGA, where the polymer coated membrane 

did not reach 100 % weight loss due to possible contamination of the surface with Pd/Al2O3 

after ATR-IR experiments. These p-NIPAM decomposition temperature is in agreement 

with previous results [47]. 

 

Figure S2.5: Thermal gravimetric analysis (TGA) from 25 to 800 °C (a) and 1st derivative 

(b) using synthetic air for the membrane containing 0 (blue), 5 (red) and 15 (green) min 

polymerization time, respectively. 
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Table S2.2: Carbon and Nitrogen content obtained from elemental analysis (EA). Where 5 

min and 15 min represent the polymerization time used on the synthesis of the polymer 

brushes on the membrane surface and PET is a non-polymerized membrane. 

 N % C % 

PET 0 62 

5 min PET 0.6 60 

15 min PET 0.8 58 

 

 EDS mapping 

Figure S2.6biii shows the N presence inside the pore and the membrane pore, this could 

have been caused while cutting the membrane cross section. 

 

Figure S2.6: STEM-HAADF characterization (i) and EDS mapping for carbon (ii) and 

nitrogen (iii) inside the membrane pore containing 0 min and 15 min polymerization time 

(a-b, respectively). 
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 Ellipsometry experiments 

The polymerization growth time and temperature dependence on p-NIPAM polymer 

brushes was determined by ellipsometry. Ellipsometry experiments could not be 

conducted on the membrane used on the ATR-IR measurements, due to light absorption. 

Instead, a standard silicon wafers were used with a known refractive index. Dry thickness 

measurements were done under ambient conditions. To verify surface homogeneity six 

spots were measured at the Silicon wafer. Wet thickness and temperature responsiveness 

were measured by a 5 mL heated liquid cell filled with DI H2O when polymer brush 

reached the steady state. The experiments were performed from low to high temperatures 

with an increment of 0.5 °C (20 to 40 °C). All the results were fitted using the 

CompleteEase software (J.A. Woollam Co). The polymer brush thickness and refractive 

index were determined from (Ψ,Δ) spectra. The substrate was modelled as a silicon wafer 

with 2nm native oxide. The optical dispersion (n) of the polymer was modelled with the 

Cauchy dispersion model, shown in Eq. S2.1. 

 

 𝑛𝑛(𝜆𝜆) = 𝐴𝐴 +
𝐵𝐵
𝜆𝜆2

+
𝑐𝑐
𝜆𝜆4 

Eq. S2.1  

 

Where λ is the wavelength and A/B/C are Cauchy parameters obtained from fitting the 

data to the model. To have fewer fitting parameters c was considered zero. The polymer 

brush was considered a transparent material, with the assumption that the absorption 

coefficient was close to zero (k=0) which is related to the imaginary component of the 

refractive index. For the dry thickness, the p-NIPAM film was considered uniform and 

with a neglected roughness of the polymeric layer. For the swollen brush height, a gradual 

change in polymer density as a function of the distance from the surface was incorporated, 

for more details [48]. 

 

Figure S2.7 shows the brush thickness dependence on the polymerization time measured 

by Ellipsometry. A polymerization time of 15 min polymerization resulted on a 

homogeneous dry brush thickness of 60 ± 3 nm, increasing the polymerization time led to 

an increase on the polymer brush thickness (see Figure S2.7). Similar results were reported 

by Humpheys et al. [33]  
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Figure S2.7: Average dry brush thickness with 15, 30, 60 min polymerization on a silicon 

wafer measured by ellipsometry.  

 

 

Figure S2.8: Polymer thickness at different temperatures on p-NIPAM polymer brushes 

with 15 min (a) and 30 min (b) polymerization on a silicon wafer measured by 

Ellipsometry in water. 

 

The swelling ratio, the water fraction and polymer fraction of the polymer brush can be 

calculated from the thickness obtained on Figure S2.8, as shown on Eq. S2.(2-4).  

 

 𝑡𝑡𝑜𝑜𝑤𝑤𝑒𝑒𝑙𝑙𝑙𝑙𝑖𝑖𝑛𝑛𝑔𝑔 =  
𝑑𝑑𝑤𝑤𝑒𝑒𝑖𝑖 − 𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑

𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑
  

Eq. S2.2 

 

 𝛷𝛷𝑤𝑤𝑎𝑎𝑖𝑖𝑒𝑒𝑟𝑟 =  
𝑑𝑑𝑤𝑤𝑒𝑒𝑖𝑖 − 𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑

𝑑𝑑𝑤𝑤𝑒𝑒𝑖𝑖
  

Eq. S2.3 
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𝛷𝛷𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁 =  1 −  𝛷𝛷𝑤𝑤𝑎𝑎𝑖𝑖𝑒𝑒𝑟𝑟   Eq. S2.4  

 

 AFM experiments 

The water and temperature effect on membrane pore coverage with polymer brushes was 

measured by AFM. Due to the fact of low resolution with 200 nm pore size diameter. 

Measurements were made using 2 µm pore diameter membrane with two hours 

polymerization. The polymer brush thickness cannot be extrapolated from the AFM 

measurements due to no reference to the membrane surface. 

 

The effect of the polymer brushes at the membrane pores was measured by AFM images, 

as shown in Figure S2.9. At temperatures below LCST, the H-bonding with NH motive in 

the polymer chains and water molecules dominate resulting on the swollen state of the 

polymer brush. This resulted in a decrease of the effective pore diameter by the presence 

of the polymer brushes. Upon increasing temperature above the LCST, the hydrogen bonds 

are destabilized leading to the collapse of the polymer brushes, as demonstrated in Figure 

S2.9 b-c. Subsequently, the temperature was decreased to 20 °C, demonstrating reversible 

polymer conformation upon changing temperature (see Figure S2.9d). 
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Figure S2.9: AFM images on 2 µm pore diameter PET membrane with 2 hours 

polymerization in water medium at 22 °C (a) then increased to 34 °C (b) and 37 °C (c). 

Then the polymer brush was measured again when 20 °C (d) reached again. 

 

Figure S2.10 shows the effective pore diameter, although this is not the same 

representation as in 200 nm pore diameter size, shows the expected pore coverage 

behavior during our experimental results. 

 

  
Figure S2.10: Effective pore diameter of PET (2µm) with 2h polymerization obtained from 

the AFM images, as shown in Figure S2.9. 
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2.8.5 Penetration depth and electric field decay 

Table S2.3: Refractive index values for ZnSe crystal, alumina support, Pd metal and water 

[46]. 

 ZnSe Al2O3 Pd Water 

Refractive index 2.43 1.67 3.10 1.33 

 

The penetration depth of the evanescent wave was calculated using Eq.S2.5.[49] 

 

 
𝑑𝑑𝑝𝑝 =

𝜆𝜆

2𝜋𝜋𝑛𝑛1�(𝑠𝑠𝑠𝑠𝑛𝑛2𝛳𝛳 − (𝑛𝑛2𝑛𝑛1
)2)

 
Eq. S2.5  

 

Where n2 and n1 denote the refractive index of the crystal and sample, respectively, ϴ the 

angle of incidence (ZnSe, 45 °) and λ the wavelength. The refractive index of the samples 

(n1) consisted dense material Pd/Al2O3 and the pores files with water.  

The index of reflection of a dense material like Al2O3 and palladium significantly decreases 

with increasing porosity, therefore the refractive index of a porous material can be 

calculated with Eq. S2.6.[46] 

 

 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 =  �(1 − 𝛷𝛷)𝑛𝑛𝑐𝑐2 + 𝛷𝛷𝑛𝑛𝑑𝑑2  
Eq. S2.6  

 

Where φ is the relative porosity and n are the refractive index of the phases c and d.  

In this system the values are represented on Eq. S2.7 and S2.8.: 

 

 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒,𝑝𝑝𝑑𝑑/𝐴𝐴𝑙𝑙2𝐶𝐶3 =  �(0.9989(1.67)2 + 0.00108(3.10)2  = 1.67 Eq. S2.7  

 

 𝑛𝑛1(𝑃𝑃𝑑𝑑 / 𝐴𝐴𝑙𝑙2𝑂𝑂3, 𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑠𝑠 𝑑𝑑𝑠𝑠𝑙𝑙𝑙𝑙𝑟𝑟𝑑𝑑 𝑤𝑤𝑠𝑠𝑡𝑡ℎ 𝑤𝑤𝑚𝑚𝑡𝑡𝑟𝑟𝑡𝑡 =

=  �(0.70(1.33)2 + 0.3(1.67)2  = 1.44 

Eq. S2.8  
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Figure S2.11a shows the penetration depth as a function of wavenumber for catalysts with 

different palladium loading. We can conclude that the penetration depth increases with 

decreasing the wavenumber. No significant difference was obtained with different 

palladium loading on the alumina support.  

 

 
Figure S2.11: Penetration depth for 1 and 3.5 wt. % Pd/Al2O3 on ZnSe (a) and electric field 

decay on the ATR-IR evanescent wave (b). 

 

Figure S2.11b shows the exponential decay of the evanescent field as a function of the 

distance from the surface of the crystal at 1800 and 2100 cm-1. This was calculated by Eq. 

S2.9.[49]  

 

 𝐼𝐼
𝐼𝐼𝐶𝐶

=  𝑟𝑟
(− 𝑑𝑑
𝑑𝑑𝑝𝑝

)
 

Eq. S2.9  

 

Where I/Io is the relative intensity of the electric field decay, d the distance from the surface 

of the crystal until the end of the catalyst layer (µm) and dp is the penetration depth (µm). 
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2.8.6 CO moving front 

 

Figure S12: Schematic representation of CO transport on an ATR crystal. 

 

 

2.8.7 Effect palladium surface area 

 

Figure S13: Normalized integrated area of the linear, bridge and multi peaks on Pd/Al2O3 

catalyst containing 1 (green) and 3.5 (blue) wt. % at full palladium saturation on a ZnSe 

crystal containing c.a. 5 mg conducted at 25 °C on a flow of 10% CO/Ar dissolved in water 

with a flow rate of 2 mL min-1. Based on the data in Figure 2.4b and Figure S2.14 

respectively. 
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Figure S2.14: ATR-IR spectra as a function of time of CO adsorption on 3.5 wt. % Pd/Al2O3 

catalyst on a ZnSe crystal containing c.a. 5 mg conducted at 25 °C on a flow of 10% CO/Ar 

dissolved in water with a flow rate of 2 mL min-1. 

 

 

2.8.8 Polymer coated catalyst 

 Polymer coated catalyst characterization 

Table S2.4 shows the carbon percentage at the alumina surface and the weight loss from 

TGA obtained above 350 °C. For details related with characterization and synthesis of 

polymer coated catalyst [50]. 

 

Table S2.4: Carbon content from elemental analysis (EA) and weight loss from Thermal 

gravimetric analysis (TGA) obtained from 25 to 800 °C using synthetic air atmosphere.[50] 

Pd/Al2O3 catalysts Carbon  

(wt. %) 

Weight loss  

(%) 

0 wt. % C 0  

7 wt. % C 7 10 
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 Polymer coated catalyst on ATR-IR 

When designing the experiments, we realized that to properly understand the effect of 

mass transport of polymer coatings on working catalysts it essential to avoid so-called 

“ligand or solvation effects” that can convolute the dynamics of the diffusion and 

chemisorption. In fact, as shown in Chapter 3 thermo-responsive polymer coatings on 

Pd/Al2O3 catalysts tune the reaction selectivity due to a change on the micro-solvation 

environment without altering the molecular transport next to the metal sites. Figure S2.15 

shows the ATR-IR spectrum of CO chemisorption on pre-reduced Pd/Al2O3 containing 0 

and 7 wt. % carbon as p-NIPAM. Where a red shift was observed of the CO bond on 

palladium by p-NIPAM brushes presence. This translates in the weaking of the CO bond 

to the palladium surface (see Figure S2.16 and Figure S2.17). Similar observations were 

encountered with the observations on NO2- where a red shift was observed by the addition 

of polymer brushes indicating a change in the binding strength of chemisorbed species.  

 

 

Figure S2.15: In situ ATR-IR spectra of CO chemisorption on Pd/Al2O3 catalyst containing 

0 (blue) and 7 (orange) wt. % carbon in the form of p-NIPAM at full palladium saturation 

on a ZnSe crystal containing c.a. 5 mg conducted at 25 °C on a flow of 10 % CO/Ar 

dissolved in water with a flow rate of 2 mL min-1. 
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Figure S2.16: Peak deconvolution at the saturation time for CO chemisorption on 

Pd/Al2O3 catalyst containing 0 (blue) and 7 (orange) wt. % carbon in the form of p-NIPAM 

at full palladium saturation on a ZnSe crystal containing c.a. 5 mg conducted at 25 °C on 

a flow of 10 % CO/Ar dissolved in water with a flow rate of 2 mL min-1. 

 

 

Figure S2.17: ATR-IR spectra as a function of time of CO adsorption on Pd/Al2O3 catalyst 

containing 7 wt. % carbon in the form of p-NIPAM on a ZnSe crystal containing c.a. 5 mg 

conducted at 25 °C on a flow of 10 % CO/Ar dissolved in water with a flow rate of 2 mL 

min-1. 
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2.8.9 Effect of temperature and membrane 

 

Figure S2.18: ATR-IR spectra as a function of time of CO adsorption on 3.5 wt. % Pd/Al2O3 

catalyst at 40 °C (a) and containing a membrane with a 200 nm pore diameter at 25 °C (b) 

on a ZnSe crystal containing c.a. 5 mg conducted on a flow of 10 % CO/Ar dissolved in 

water with a flow rate of 2 mL min-1. 

 

 CO distribution at the palladium surface 

The spectrum of CO on the palladium surface shows some variability in the peak 

distribution of the CO linear, bridge and multi between different palladium samples. 

However, this distribution changes do not modify the total surface coverage. The CO 

molecules bonded to the surface is constant across the different analysed samples. 

  

b)a)
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2.8.10 Effect of polymer 

 

Figure S2.19: ATR-IR spectra as a function of time of CO adsorption on 3.5 wt. % Pd/Al2O3 

catalyst containing a membrane with a 200 nm pore diameter with a polymerization time 

of 5 min (a) and 15 min (b) on a ZnSe crystal containing c.a. 5 mg conducted at 25 °C on a 

flow of 10 % CO/Ar dissolved in water with a flow rate of 2 mL min-1. 

 

 

Figure S2.20: ATR-IR spectra as a function of time of CO adsorption on 3.5 wt. % Pd/Al2O3 

catalyst containing a membrane with a 200 nm pore diameter with a polymerization time 

of 5 min (a) and 15 min (b) on a ZnSe crystal containing c.a. 5 mg conducted at 40 °C on a 

flow of 10 % CO/Ar dissolved in water with a flow rate of 2 mL min-1. 

  

a) b)

b)a)
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2.8.11 Flow rate effect 

 

Figure S2.21: Normalized integrated area of the linear, bridge and multi peaks at different 

flow rates (a) and ATR-IR spectra as a function of time with a 1mL min-1 flow rate (b) of 

CO adsorption on Pd/Al2O3 catalyst containing 3.5 wt. % Pd on a ZnSe crystal containing 

c.a. 5 mg conducted at 25 °C on a flow of 10 % CO/Ar dissolved in water. 

 

2.8.12 Modelling 

 Boundary layer 

Considering a flow rate into the ATR-IR cell of 2 mL min-1 with a CO concentration of 

0.095 mol m-3, this results on a CO molar flow rate of 3.2x10-9 mol s-1. In addition, the 

adsorption rate for 3.5 wt. % Pd/Al2O3 was calculated based on the adsorption data with a 

saturation time of 40 min and assuming a stochiometric of 1:1 CO-Pd resulting on a CO 

molar flow rate of 9.4x10-11 mol s-1. Since the flow rate of CO into the system is 34 times 

higher than the adsorption rate the gradients towards the ATR-IR cell can be considered 

negligible. From Peclet number (Pe) calculations (1.6x103), see Eq. S2.15, where Pe 

number was above 1 indicates that the ATR cell was under diffusion regime instead of 

convective regime. The boundary layer was 150 µm and calculated using the Sherwood’s 

correlation (shown in Eq. S2.10-14). Re values were below 2100 indicating laminar flow 

in the reactor cell. Eq. 11 describes the Sherwood (Sh) correlation with respect to the 

length of the plate for a laminar boundary layer, which depends on the Reynolds (Re) and 

Schmidt (Sc) number.  
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 𝑐𝑐 =   
𝑄𝑄

𝐴𝐴𝑙𝑙𝑎𝑎𝑖𝑖𝑒𝑒𝑟𝑟𝑎𝑎𝑙𝑙
   Eq. S2.10  

 

 𝑅𝑅𝑟𝑟 =  
𝜌𝜌 𝜐𝜐 𝐷𝐷

µ  
Eq. S2.11  

 

 𝑆𝑆𝑐𝑐 =
µ

𝐷𝐷𝐶𝐶𝐶𝐶/𝐻𝐻2𝐶𝐶 𝜌𝜌 Eq. S2.12  

 

 
𝑆𝑆ℎ =  

𝑘𝑘𝑐𝑐 𝐷𝐷
𝐷𝐷𝐴𝐴𝐴𝐴

= 0.664𝑅𝑅𝑟𝑟𝐷𝐷
1/2𝑆𝑆𝑐𝑐1/3 

Eq. S2.13 

 

 
𝑑𝑑 =  

𝑆𝑆ℎ  𝐷𝐷𝐴𝐴𝐴𝐴 
𝑘𝑘𝑐𝑐

 
Eq. S2.14  

 

 𝑃𝑃𝑟𝑟 =  𝑅𝑅𝑟𝑟 𝑆𝑆𝑐𝑐 Eq. S2.15 

 

Where υ is the velocity of the fluid (m s-1), Q is the flow (m3 s-1), A is the lateral area from 

the ATR cell (m2), Re is the Reynold number, ρ water density (kg m-3), υ is the velocity of 

the fluid (m s-1), D is the reactor height (m), µ dynamic fluid viscosity (Pa s), Sc is Schmidt 

number, DAB diffusion coefficient CO in water (m2 s-1), Sh is the Sherwood number, 𝑘𝑘𝑐𝑐 is 

the mass transfer coefficient (m s-1), d the boundary layer thickness (m) and Pe is the Peclet 

number. 

 

 Saturation curve 

From Beer-Lambert law, the absorbance (A) is directly proportional to the concentration 

(c), as shown in Eq. S2.16, where ε is the extinction coefficient of the attenuating specie 

and L is the optical path length. This is correlated with the integration of the evanescent 

field, where the evanescent wave follows an exponential decay as a function of the ATR-IR 

crystal surface distance shown on Section S2.8.5 (see Figure 2.7). By multiplying the total 

amount of palladium-CO bonds by the exponential decay function is assumed to 
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approximate the peak area obtained from ATR-IR spectroscopy. The modelled peak area 

is tracked over time to obtain a representation of the calculated saturation curve. Then, 

the normalized saturation curve can be determined, as shown on Eq. S2.17, where npd 

represent the total moles of the palladium, x the distance from the surface of the crystal 

until the end of the catalyst layer and dp is the penetration depth.  

 

 𝐴𝐴 =  − log �
𝐼𝐼
𝐼𝐼𝐶𝐶
� =  𝜀𝜀𝐿𝐿𝑐𝑐 

Eq. S2.16 

 

 𝐴𝐴
𝐴𝐴𝑖𝑖𝑜𝑜𝑖𝑖𝑎𝑎𝑙𝑙

=  � �
1

𝑛𝑛𝑝𝑝𝑑𝑑(𝑖𝑖𝑜𝑜𝑖𝑖𝑎𝑎𝑙𝑙) ∙  𝑟𝑟
− 𝑥𝑥
𝑑𝑑𝑝𝑝

 𝑛𝑛𝑝𝑝𝑑𝑑(𝑡𝑡) ∙ 𝑟𝑟
− 𝑥𝑥
𝑑𝑑𝑝𝑝

𝑥𝑥

0
𝑑𝑑𝑒𝑒 𝑑𝑑𝑡𝑡

𝑖𝑖𝑓𝑓𝑓𝑓𝑓𝑓𝑎𝑎𝑠𝑠

0
 

Eq. S2.17  

 

 Diffusion coefficient CO 

The diffusion coefficient of CO in water was calculated with Eq. S2.18.[38] 

 
𝐷𝐷𝑖𝑖 = 𝐴𝐴𝑟𝑟

−𝐸𝐸𝑎𝑎𝑝𝑝
𝑁𝑁𝑎𝑎𝑘𝑘𝑏𝑏𝑇𝑇  

Eq. S2.18  

 

Where Di is the CO diffusion in water (m2 s-1), A the pre- exponential factor (m2 s-1), Ead 

the activation energy for diffusion (J mol-1), Na the Avogadro constant of value 6.023x1023 

(mol-1), kb the Boltzmann constant of value 1.308x10-23 (J K-1) and T the absolute 

temperature (K). 

 

The Ead has a value of 14.5 kJ mol-1 and a pre-exponential factor of 1839 m2 s-1. Giving a 

diffusion coefficient of 2.1 nm2 s-1 and 2.8 nm2 s-1 at 25°C and 40 °C. 
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 Volume fraction at the polymeric membrane 

 

Figure S2.22: Schematic representation of the polymer volume fraction and the resultant 

resistance in parallel at the membrane pore due to the polymer brush presence at the 

membrane. 

 

 Stokes radii calculation 

This model has the assumption that the dominant factor of the diffusion is the size of the 

particles, which is calculated by the stokes Einstein equation, as shown on Eq. S2.19. 

 

 
𝑚𝑚𝑤𝑤 =

𝑘𝑘𝑜𝑜 𝑇𝑇
6 𝜋𝜋 𝜂𝜂 𝐷𝐷𝑖𝑖

 
Eq. S2.19  

 

Where kb is the Boltzmann constant (J K-1), T the absolute temperature (T), η the dynamic 

viscosity of water (Pa s-1) and Di the diffusion coefficient of CO in water (m2 s-1). 

 

 Diffusion coefficient on a polymeric membrane 

First, we employed ellipsometry data to correlate the swelling and polymer volume fraction 

as function of time. As shown in Figure S2.23a, at temperatures where the polymer brushes 

are in the swollen state a lower fraction of p-NIPAM is obtained as the volume occupied is 

dominated by water molecules. At these conditions the diffusion coefficient is reduced by 

progressively decreases as the density of the polymer layer increases. However, at 

temperatures close to the LCST of the polymer the collapse of the p-NIPAM in a dense 
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polymer layer leads to large increase in the polymer density (φp-NIPAM = φLCST, see Figure 

S2.23a).  

By coupling the evolution of the polymer conformational changes obtained from 

ellipsometry, with the diffusion coefficient model shown in Eq 2.14, one could obtain the 

relative change in the effective diffusion coefficient of CO inside the polymer. As shown in 

Figure S2.23b the normalized diffusion coefficient of CO on p-NIPAM brushes initially 

increases with temperature below the LCST. In this regime the polymer thickness and thus 

the polymer density are essentially constant. As a result, the coefficient is dominated by 

the exponential increase of the diffusion coefficient with temperature. As the temperature 

approaches the LCST the relative diffusion coefficient on the polymer decreases with 

temperature due to the collapse of the polymer. Essentially, the polymer fraction increases 

at the expense of and that of water leading to lower effective diffusion coefficients.   

 

 

Figure S2.23: Swelling and polymer fraction calculated from Ellipsometry characterization 

(a), normalized diffusion coefficient for CO on p-NIPAM brushes from Eq. 2.14 (b) as a 

function of temperature. 

 

 

CO solubility in p-NIPAM 

The CO absorption rate can be described as Eq. S2.20, where kads is the absorption rate 

constant (s-1) and kdes is the desorption rate constant (s-1). The absorption is a reversible 

process with an equilibrium constant (Kads) defined as Eq. S2.21. However, the desorption 

rate is assumed negligible due to the excess of CO in the liquid in comparison to the p-

NIPAM matrix. 
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 𝑡𝑡𝐶𝐶𝐶𝐶𝑎𝑎𝑜𝑜𝑜𝑜 = −𝑘𝑘𝑎𝑎𝑜𝑜𝑜𝑜𝑐𝑐𝐶𝐶𝐶𝐶𝛳𝛳𝑝𝑝−𝑛𝑛𝑖𝑖𝑝𝑝𝑎𝑎𝑚𝑚(𝑇𝑇)𝑥𝑥,𝑖𝑖 + 𝑘𝑘𝑑𝑑𝑒𝑒𝑜𝑜(1 − 𝛳𝛳𝑝𝑝−𝑛𝑛𝑖𝑖𝑝𝑝𝑎𝑎𝑚𝑚(𝑇𝑇))𝑥𝑥,𝑖𝑖 
Eq. S2.20  

 

 
 𝐾𝐾𝑎𝑎𝑜𝑜𝑜𝑜 =

𝑘𝑘𝑎𝑎𝑜𝑜𝑜𝑜
𝑘𝑘𝑑𝑑𝑒𝑒𝑜𝑜

, 𝑘𝑘𝑎𝑎𝑜𝑜𝑜𝑜 ≫ 𝑘𝑘𝑑𝑑𝑒𝑒𝑜𝑜 
Eq. S2.21  

 

The solubility of CO in the polymer brushes is closely related to the reactant-polymer-

solvent interactions. In this case, the solubility of CO on the polymeric brush was assumed 

to be more favourable at lower temperatures due to the high dipole moment of CO, which 

most likely favours the formation of a hydration layer around the CO facilitating 

stabilization inside the polar p-NIPAM bushes at these conditions (spontaneous process, 

ΔG<0). By increasing temperature, one expects that the relatively weak interactions 

between the water-CO-p-NIPAM is surpassed by the entropic contributions to the Gibbs 

Free energy of the system. Thus, decreasing its solubility in the p-NIPAM. To correlate this 

phenome a partitioning of the solute was used as defined on Eq. 2.18. The volume of 

polymer is dependent on temperature and independent of the solubility. In this case, the 

volume of polymer was defined as the total volume of polymer and water, which decreases 

with temperature due to the polymer collapse. Consequently, the volume available for CO 

to absorb decreases. 

 

 Transport in ATR-IR cells 

Effect of the kinetic constant and palladium mol 

The kinetic constant and β (equals to Ea/RT) were fitting parameters that define the curve 

shape. Figure S2.24 shows the effect of CO adsorption rate constant and coverage 

dependence constant (β) on CO chemisorption at the palladium alumina catalyst.  
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Figure S2.24: CO adsorption rate constant (a) varied between 10 – 1000 s-1 with beta 

equals to zero and β (b) varied between 0 - 10 with rate constant equals to 1000 s-1 on 1 

wt. % Pd/Al2O3 on the palladium chemisorption (ai-bi) and 1st derivative (aii-bii) at 25 °C 

with the diffusion coefficient calculated from Eq. S2.18. 

 

The kinetic constant of adsorption used was 1000 s-1 due to the strong Pd-CO interaction. 

The beta which better describes the coverage effect on the CO rate was 5. Figure S2.25 

shows the effect of accessible active metal surface on CO chemisorption. For these results 

the kinetic constant of adsorption and beta were kept constant, only the total moles of 

palladium were changed. The results show a good prediction from the 2nd Fick diffusion 

model, where higher palladium surface leads to longer time for the CO saturation. 
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Figure S2.25: CO rate with 1 wt. % (green) and 3.5 wt. % (blue) Pd/Al2O3 at 25 °C 2 mL 

min-1 and 10 % CO/He dissolved in water and the respective results from 2nd Fick diffusion 

modelling, where the palladium moles were calculated from the values at Table S2.1. 

 

Membrane and temperature effect on transport 

Figure S2.26a shows the effect of temperature on the palladium saturation. The diffusion 

coefficient was calculated from Eq. S2.18. Since CO chemisorption on the palladium 

surface is not an activated process, the adsorption rate constant was considered constant. 

Adding the membrane on top of the catalyst layer effects the effective diffusion coefficient 

which is obtained by the porosity and tortuosity of the membrane, as shown on Eq. 2.10. 

Tortuosity is 1 due to the straight channels, porosity is 0.03 and the membrane thickness 

is 12 µm. It is assumed an equal pore distribution on the membrane surface from the SEM 

images (see Figure 2.2). Figure S2.26 shows that the model predicts well the ATR data.  
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Figure S2.26: Pd saturation time with temperature (a) and membrane (b) results from 2nd 

Fick diffusion modelling with 10 % CO/He dissolved in water and 5 µm catalyst thickness 

of 3.5 wt. % Pd/Al2O3. 

 

 

 Transport on polymeric brushes 

Figure 2.9 shows the fitting obtained from the one-dimensional model based on 2nd Fick 

diffusion model. Considering 15 minutes polymerization, the φp-NIPAM and polymer 

thickness (on the top surface of the membrane) values were 0.2 and 350 nm, respectively, 

which were determined by ellipsometry. Consequently, this results on a Vx,p equal to 1 

(membrane pore full with polymer) at 25 °C. The polymer fraction (φp-NIPAM) is related 

with the ability of the polymer to swell, which is dependent on the surface density, polymer 

growth and temperature. In these simulations, the φp-NIPAM was assumed to be constant at 

a fixed temperature, independent of the polymeric brush being located at the top surface 

or inside the membrane pores. The kabs,p-NIPAM obtained was 50 s-1 and the CO solubility at 

the polymeric brush obtained was equals to 10 mol m-3 (see Figure 2.9c and Table S2.5). 

The order of magnitude of the absorption rate constant (kabs,p-NIPAM) is significantly lower 

than the adsorption rate constant of CO at the palladium surface, which is expected since 

the absorption process is based on a physisorption interaction instead of a chemical bond. 

Assuming an equal φp-NIPAM at 5 min polymerization, the contribution of absorption is 

significantly higher at the pores compared to the top membrane surface due to the lower 

diffusion coefficient and long membrane thickness (12 µm). The Vx,p had a decrease from 

1 to 0.5 by the decrease of the polymerization time from 15 to 5 min, respectively (see 
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Figure 2.10a). This is in line with the experimental results, that the polymerization time 

has a correlation with the polymer thickness.  

 

Upon an increase of temperature, the Vx,p, Sco,p-NIPAM and polymer thickness decrease due 

to the polymer collapse. The kabs,p-NIPAM was considered constant, since absorption is a non-

activated process and, therefore, less sensitive to temperature. Following Eq. 2.18, the 

Sco,p-NIPAM at 40 °C was determined as 8 mol m-3. Even though, the 5 minutes 

polymerization followed the ellipsometry behaviour in respect to the volume fraction 

decrease (Figure 2.10b and Table S2.5). In the case of 15 minutes polymerization at 40 °C 

the volume fraction decreased from 1 to 0.5 instead of 0.2 as determined by ellipsometry. 

This would indicate a higher polymer fraction inside the membrane pore, which could be 

a cause of the change in the shape of the surface from plane to round. 

 

Table S2.5: Values of polymer thickness at the membrane surface (nm), polymer volume 

fraction (Vx,p) at the membrane pores, absorption rate constant (kabs) and CO solubility at 

the p-NIPAM brush (Sco-p-NIPAM) obtained for the curves shown on Figure 2.10. 

 Polymer 

thickness (nm) 

Vx,p kabs 

(s-1) 

Sco-p-NIPAM 

(mol m-3) 

15 min 25 °C 350 1 50 10 

15 min 40 °C 70 0.6 50 8 

5 min 25 °C 120 0.5 50 10 

5 min 40 °C 70 0.2 50 8 

 

 

 Hypothetical situation to compare effect of polymer brushes 

on transport 

Figure S2.27a shows the effect of the polymer in respect to temperature on the CO 

molecular transport, where the collapsing of the polymer causes the opening of the 

membrane pore leading to a faster saturation time. Although, Figure S2.27b shows the 

opposite behaviour when a polymer dense layer is on the top surface of the membrane. 

The polymer collapse causes the effective diffusion coefficient to decrease due to the lower 

water molecules following a hopping mechanism. Together with a high volume for CO to 
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absorb causes the palladium saturation time to decrease in comparison with the polymer 

in the swollen state. 

 

 

Figure S2.27: Palladium saturation time as a function of temperature for polymer brushes 

growing inside the pores (a) and polymer brushes growing on top of the membrane (b) 

where polymer thickness, φp-NIPAM and Vx,p was assumed to follow ellipsometry results with 

kabs of 50 s-1 and Sco-p-NIPAM following Eq. 2.18. 
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Abstract  
Nitrite contaminants in freshwater streams, resulting from run-off of fertilizers and 

livestock farming, are a major ecological challenge. Here, we have developed a new family 

of catalysts based on Pd/Al2O3 coated with N-isopropylacrylamide polymer (p-NIPAM) 

brushes that increase N-N bond formation over N-H bond formation, promoting nitrogen 

selectivity by 3-fold, reaching > 99 % for the Pd/Al2O3 containing 20 wt. % carbon in the 

form of p-NIPAM, without significant drops in catalytic activity (TOF of c.a. 6.8 ± 1.1 

min-1). Strikingly, rigorous mass transport studies revealed that the presence of p-NIPAM 

does not limit the transfer of molecules during the hydrogenation of nitrites in aqueous 

phase. These observations were corroborated by detailed reaction kinetics in which similar 

activation barriers for nitrites disappearance of 30-34 kJ mol-1 were obtained regardless 

the polymer content. The observed reaction orders for nitrites were similar on the coated 

and un-coated catalysts, indicating that the rate determining step, most likely NOX-H bond 

formation, remained unaltered. The apparent barriers for ammonia formation, however, 

drastically increased from 41 ± 3 kJ mol-1 on Pd/Al2O3 to 63 ± 4 kJ mol-1 and 76 ± 5 kJ 

mol-1 on the 7 and 20 wt. % C counterparts, respectively. Contrary to the widely accepted 

operation mode of thermo-responsive catalysts containing p-NIPAM brushes, we 

demonstrated that these polymers modify the chemical environment near the active site 

as shown by in-situ ATR data, tunning the catalyst selectivity without altering the 

molecular transport. These results will facilitate the development of more selective 

catalysts for liquid phase reactions relevant for drinking water purification. 
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3.1 Introduction 

Intensive usage of synthetic nitrogen-based fertilizers (i.e. nitrate salts and ammonia) has 

accelerated the adventitious release of nitrates to groundwater and surface water as only 

c.a. 20 % is absorbed by plants. This has led to major issues in drinking water supply as 

prolonged consumption of nitrites can lead to diabetes, liver damage, and 

methaemoglobinemia (blue baby syndrome).[1–3] Likewise, these nitrogen species can 

have detrimental impact on biodiversity due to the eutrophication of water bodies,[4] 

global warming as N2O, released during natural denitrification, has a potent greenhouse 

effect,[5,6] and human health as NO and N2O are responsible to the formation of harmful 

tropospheric ozone.[7] For these reasons, the World Health Organisation (WHO) 

stablished stringent guidelines for the maximum level of nitrate (50 mg L-1 NO3-), nitrite 

(3 mg L-1) and ammonia (1.5 mg L-1) in drinking water.[8] Here, biological denitrification 

plays a major role in reducing nitrites to nitrogen. However, the rates of natural 

denitrification reactions are insufficient to compete with the fast rates of anthropogenic 

nitrate release.[4] While other alternatives based on membrane separation technologies 

can remove nitrates from drinking water, the highly concentrated effluents generated must 

be treated prior disposal back to natural water bodies. In contrast, electro- and thermal- 

catalytic hydrogenation of nitrites to nitrogen offers fast reaction rates at room 

temperature, high selectivity to nitrogen, and stable operation in aqueous environments 

that facilitate practical implementation in a continuous process. The first step in the 

process is the reduction of nitrates (NO3-) to nitrite (NO2-), which is relatively slow 

compared to nitrite reduction. Activation of the relatively stable nitrate ion requires a bi-

metallic catalyst, i.e. Cu/Pd.[9] The conversion of nitrite is faster and can be readily 

conducted on Pd, however, selective conversion to nitrogen is challenging due to the co-

production of ammonia (Eq. 3.1 and 3.2 with free energy values at 25 °C (298 K) [10]). 

 

 𝑵𝑵𝑶𝑶𝟐𝟐
− + 𝟐𝟐𝑯𝑯+ + 𝟑𝟑𝑯𝑯𝟐𝟐 → 𝑵𝑵𝑯𝑯𝟒𝟒

+ + 𝟐𝟐𝑯𝑯𝟐𝟐𝑶𝑶  𝜟𝜟𝜟𝜟𝟐𝟐𝟐𝟐𝟐𝟐 𝑲𝑲 =  −𝟓𝟓𝟓𝟓𝟐𝟐 𝒌𝒌𝒌𝒌 𝒎𝒎𝒎𝒎𝒍𝒍−𝟏𝟏 Eq. 3.1 

 

 𝑵𝑵𝑶𝑶𝟐𝟐
− + 𝑯𝑯+ + 𝟏𝟏.𝟓𝟓𝑯𝑯𝟐𝟐 → 𝟓𝟓.𝟓𝟓𝑵𝑵𝟐𝟐 + 𝟐𝟐𝑯𝑯𝟐𝟐𝑶𝑶 𝜟𝜟𝜟𝜟𝟐𝟐𝟐𝟐𝟐𝟐 𝑲𝑲 =  −𝟒𝟒𝟐𝟐𝟐𝟐 𝒌𝒌𝒌𝒌 𝒎𝒎𝒎𝒎𝒍𝒍−𝟏𝟏 Eq. 3.2  

 

Conversion of nitrite to ammonium is not desirable as its toxicity is even higher than that 

of nitrites. Thus, quantitative conversion of nitrates to nitrogen is essential for practical 
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implementation of catalytic reduction strategies. Hörold at al.[11] reported that Ir and Rh 

have high ammonium selectivity while Pd is more selective to N2 formation. While there is 

significant debate about the exact mechanism operating in this reaction it is generally 

accepted that NO2- quickly converts into NO* on Pd surfaces, which can either form N2 or 

fully hydrogenated NH3*. Recent kinetic studies on Pd showed that nitrite hydrogenation 

must involve multiple pre-equilibration steps of hydrogenation of surface species before 

the rate determining step (RDS).[12] This description matched previous in-situ and 

operando infrared spectroscopy that identified NO* and NOxHy* species as relatively 

stable intermediates during nitrite reduction on Pd. [13] While the kinetics of this 

structure insensitivity reaction [14] are fast even at room temperature[15,16], the strong 

dependence of the selectivity to the local chemical environments[10,17–19] greatly 

complicates the control of the undesired ammonia formation reaction.  

 

In an attempt to control the reaction micro-environment near the active site, so-called 

nano-reactors consisting in a catalyst metal cluster encapsulated in a small cage, have 

gained increasing attention due to the fine tunability of the nano-reactor shell and metal 

clusters.[20,21] When applying polymer shells as responsive hosts for metal 

catalysts,[22-26] it is possible to regulate the transport towards the catalyst according to 

the solvation state of the polymer shell, mimicking the exquisite selectivity and catalytic 

activity found in enzymes.[20,26,35,36,27–34] In stimulus-responsive nano-reactors the 

coating is composed of a polymer that can undergo reversible phase transitions. In the 

swollen state molecular transport through the membrane is unrestricted allowing the 

reaction to occur. Upon reaching a critical solubility point, the polymer collapses forming 

a dense polymer layer that strangles molecular diffusion to the active site.[37,38] The 

transition between swollen and de-swollen states can be tuned by modifying the chemistry 

of the polymer vesicle.[39–41] Here, poly-n-isopropyl acrylamide (p-NIPAM) is one of the 

most widely studied stimulus-responsive polymer employed in the fabrication of nano-

reactors.[23] This temperature responsive polymer leverages the enthalpic H-bonding 

interaction between the -NH and C=O motives in the polymer chains and water molecules 

to stay solvated at low temperatures (low critical solubility point-LCST is 32 °C).[42,43] 

As temperature increases above the LCST, the hydrogen bonds are destabilized due to the 

increase in entropic contributions to the Gibbs free energy. In the absence of solvating 

water molecules the Van der Waals forces between polymer chains leads to the collapse of 

the polymer forming a globular-like structure.[44] 
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The theoretical description of stimulus-responsive nanoreactors with a so-called yolk-shell 

architecture was recently developed by Ballauff and Dzubiella.[25,45,46] In this 

description the authors argued that the experimentally measured reaction kinetics will be 

analogous to electrical transport through two resistances in series as long as the kinetics 

are first order. That is that the inverse of the apparent kinetic constant of the nano-reactor 

is the summation of the inverse of the rate constants of mass transport (𝑘𝑘𝑑𝑑) and surface 

reaction (𝑘𝑘𝑟𝑟) (𝑘𝑘𝑎𝑎𝑝𝑝𝑝𝑝−1 = 𝑘𝑘𝑑𝑑−1 + 𝑘𝑘𝑟𝑟−1). In essence, as the rate of diffusion decreases due to the 

conformational change of the polymer shell from the swollen to the collapsed states, the 

contribution of the mass transport to the observed reaction kinetics becomes more 

prominent. The intrinsic catalytic activity of the catalyst (𝑘𝑘𝑟𝑟) is assumed to be the same as 

that observed on a non-coated catalyst, while the transport constant (𝑘𝑘𝑑𝑑) was assumed to 

follow a Debye-Smoluchowski permeability-dependent diffusion.[45] However, in this 

description the authors did not consider the solvation effects that these complex polymeric 

environments can exert on the surface reaction intermediates and, consequently, 

transition state energetics of catalytic reactions. This is particularly relevant in the absence 

of mass transfer effects (i.e. 𝑘𝑘𝑑𝑑>> 𝑘𝑘𝑟𝑟). In this case, the authors argued that the reaction 

rates and product selectivity observed on the coated catalyst are essentially unaltered by 

the presence of the polymer. Furthermore, this description has been limited to model yolk-

shell systems consisting of well-defined polymer gels containing catalytic metal 

nanoparticles. As a result, extrapolating this theory to more practical systems relevant for 

industrial catalysis, typically consisting of metal nanoclusters supported on porous metal 

oxides, remains highly unexplored.  

 

In the present contribution, we explore the utilization of p-NIPAM brushes covalently 

attached to the surface of porous alumina supporting palladium clusters (Pd/Al2O3). Atom 

transfer radical polymerization (ATRP) synthesis strategies are used to create micro-

solvation environments for tuning the selectivity of nitrite hydrogenation to nitrogen and 

ammonia. Our detailed mass transport studies, rigorous kinetics, and in-situ infrared 

spectroscopy demonstrate that polymer brushes can induce local changes on the surface 

adsorbed species during the reduction of nitrites on Pd that lead to increased nitrogen 

selectivity without altering the reaction kinetics. More importantly, these results suggest 

that polymer brushes do not affect the mass transport of reactive species when bonded to 

amorphous Al2O3 support. These observations pave the way towards the utilization of 

polymeric-catalyst modifiers on industrially scalable catalysts for precise tuning the 



Chapter 3 
 

 
124 

reaction selectivity of hydrogenation reactions relevant for pollution control and 

production of fine-chemicals. 

 

3.2 Materials and methods 

3.2.1 Materials 

For the catalyst synthesis gamma alumina support (g-Al2O3) was obtained from BASF (Al 

3992E 1/8”). Palladium precursor tetra-amine-palladium (II) nitrate solution (10 wt. % in 

H2O, 1360-08-6), sodium nitrite (99.99 %, 7632-00-0), ammonium (25 % v/v water, 

1336-21-6) were obtained from Sigma-Aldrich. For the polymerization N-

isopropylacrylamide (NIPAM, 97 %, 2210-25-5), 3-aminopropyltriethoxysilane (APTES, 

99 %, 919-30-2), trimethylamine (Eth3N, 99 %, 75-5-3), α-bromoisobutyrylbromide 

(BIBB, 98 %, 20769-85-1), copper (II) bromide (CuBr2, 99 %, 7789-45-9), 1,1,4,7,10,10-

Hexamethyltriethylenetetramine (HMTETA, 97%, 3083-10-1), L-ascorbic acid (99 %, 50-

81-7) were also obtained from Sigma-Aldrich. The solvents n-hexane (99.4%, 110-54-3), 

Tetrahydrofuran (THF, 109-99-9), ethanol (64-17-5) and methanol (67-56-1) were 

obtained from Merck. The molecular sieves (4Å, 4-8 mesh, 70955-01-0) used to dry THF 

were procured from Honeywell. All the aqueous solutions were prepared using ultra 

purified water obtained from a water purification system (Millipore, Synergy). 

 

3.2.2 Catalyst preparation 

 Palladium supported on alumina synthesis 

Palladium on alumina catalyst was prepared by wet impregnation. First, γ-Al2O3 powder 

was sieved with a particle size of 0-38 µm (Figure S3.8 shows the γ-Al2O3 powder with a 

mean size of 27 µm) and calcined at 600 °C for 4 hours to remove any organic 

contaminants. For a typical synthesis of 3.5 wt. % Pd/Al2O3, 10 g of γ-Al2O3 were dispersed 

in 100 mL of DI H2O and 4 ml ammonium hydroxide solution was added dropwise to 

adjust the pH to 9. Then, 12 g of tetra-amine-palladium (II) solution (10 wt. %) were added 

dropwise to the suspended solution and stirred for 1 hour at room temperature. 

Afterwards, the water was removed with a rotary evaporator in vacuum at 70 °C. Palladium 

supported on alumina was calcined in air for 3 hours at 400 °C (flow rate of 30 mL min-1). 

After calcination, the system was purged with nitrogen for 30 min at 400 °C (30 mL min-
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1) before conducting a reduction in a mixture of 50 % hydrogen in nitrogen at 400 °C for 3 

hours.[12,47].  

 

 Polymer brushes growth on Pd/Al2O3 

Poly(n-isopropylacrilamide) (p-NIPAM), shown in Figure S3.1a, was chemically bonded 

to Pd/Al2O3 catalyst surface via atom transfer radical polymerization (ATRP) method, 

which typically results in a well-defined structure and controlled molecular weight of the 

polymer chain.[48] The polymerization was made on a bromide functionalized Pd/Al2O3 

catalyst, where the reactants NIPAM/CuBr2/HMTETA/ ascorbic acid in the molar ratios 

900/1.5/15/10 were dissolved in a solvent mixture of methanol/ water (4: 1 v/v).[49] The 

“grafted from” radical polymerization started with the N-isopropylacrylamide purification 

by recrystallization with hexane followed by storage below 4 °C. For the surface 

functionalization, the surface coverage of OH groups needed to be maximized. Therefore, 

the palladium alumina catalyst (5 g) was dispersed in water and the pH was adjusted to 10 

by adding 0.1 M NaOH and stirred for 30 min. Then, the particles were rinsed three times 

with ethanol. 3-aminoprupyl)triethoxysilane (APTES), as shown in Figure S3.1b, was used 

as the coupling agent to bind the n-NIPAM monomer to the -OH at the alumina surface. 

For that, the Pd/Al2O3 particles were dispersed in 100 mL ethanol and submersed in a 

water bath at 40 °C with a condenser to avoid ethanol evaporation. The reaction started by 

adding 2.5 g APTES into the mixture and stirred for 3 hours. Then, particles were rinsed 

with ethanol followed by two sequential washings with THF. For the initiation, the APTES 

modified Pd/Al2O3 catalyst was dispersed on 60 mL of THF, where 2.5 mL of BIBB and 3 

mL of Eth3N was added to start the reaction. The reaction was proceeded for 30 min under 

rigorous stirring. At the end, the bromide functionalized Pd/Al2O3 were rinsed with THF 

followed by four sequential washings with ethanol and methanol. For the polymerization, 

NIPAM/CuBr2/HMTETA/ ascorbic acid in the molar ratios 900/1.5/15/10, dissolved in a 

solvent mixture of methanol/ water (4: 1 v/v) was used. The procedure consists of 

preparing two solutions under continuous stirring and N2 atmosphere at room 

temperature. Solution (1) containing CuBr2, HMTETA, methanol, and water. After 15 min 

under N2 atmosphere L-ascorbic acid was added. Solution (2) containing NIPAM, bromide 

functionalized Pd/Al2O3 particles and the same water/methanol ratio as the other 

container. After 30 min, the solution (1) was added to the solution (2) starting the 

polymerization. After 6 hours, the polymerization was stopped by adding the mixture to a 

methanol and water solution (4:1 v/v) and rinse the particles four times with DI water. To 
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increase the polymer brush content, the polymerization was continued for 24h and the 

reactants concentrations were increased three times. 

 

3.2.3 Catalyst characterization 

 Palladium alumina and polymer coated catalyst 

The active metal surface area was measured by CO chemisorption at room temperature 

(Chemisorb 2750, Micrometrics, gas phase). After reduction in H2 for 1 hour, the catalyst 

was flushed in He at room temperature during 20 min, followed by adsorption of CO in 

pulses. The palladium loading was measured by X-ray micro-fluorescence spectroscopy 

under helium atmosphere (Bruker S8 Tiger 4 kW wavelength dispersive µ-XRF 

spectrometer). The powder sample was measured as-received without any further pre-

treatment and analysed using the Quantexpress program. N2 physisorption at -196 °C was 

employed to determine the textural properties of the catalysts using a Micromeritics 

Tristar 3000 analyzer. Prior the N2 adsorption experiments the palladium alumina catalyst 

was degassed at 300 °C for one day. In the case of the p-NIPAM polymer coated catalysts 

the degassing was conducted at 180 °C for one day. TEM (Tecnai F30) images were taken 

by Scanning Transmission Electron Microscope - High-Angle Annular Dark Field (STEM-

HAADF) in a Cs-probe corrected Titan (ThermoFischer Scientific, formerly FEI) with 

300KV and coupled with a HAADF detector (Fischione). The catalyst composition and 

distribution of carbon, alumina, oxygen and palladium was measured with X-Ray Energy 

Dispersive spectroscopy (EDS) topography with an Ultim Max detector (Oxford 

Instruments).  

 

The atomic surface concentration and oxidation state of the different elements in the 

catalyst was determined using X-ray Photoelectron Spectroscopy (XPS). A Kratos AXIS 

Supra spectrometer using a monochromatized AlKa source at a power of 15 kV and 8mA 

(120 W) and a pressure of 1x10-9 Torr was employed to analyse the catalysts without any 

pre-treatment. High resolution narrow scans were performed at constant pass energy of 

20 eV, while wide scans were performed at analyser pass energy of 160 eV. The C 1s (C-C) 

peak from the carbon-based contaminant with a literature value of 284.8 eV was used as a 

reference to calibrate the XPS spectra and eliminating charging effects.[50] Fitting has 

been carried out using Casa XPS software. The catalyst support particle size distribution 

was measured by Dynamic Light Scattering (DLS) using a Malvern Mastersizer 2000 with 
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hydro 2000s module. The polymer content on the catalyst surface was determined using 

elemental analysis (CHNS-0 Analyzer, Thermo Scientific) and thermo-gravimetrical 

analysis (TGA, Mettler Toledo). For the TGA experiments the sample was first purged in a 

mixture of 50 % synthetic air in Ar (total flow rate 50 mL min-1) until the sample reached 

25 °C (10 min). Then, the composition was changed to 100 % synthetic air with a 30 mL 

min-1 flow and heated up to 1000 °C at a ramp rate of 10 °C min-1. The NO2- adsorption on 

the palladium surface was measured with Attenuated Total Reflection Infrared 

spectroscopy, ATR-IR, in a home build setup (shown in Figure S3.2a). [51–54] The cell 

was mounted within the sample compartment of an infrared spectrometer (Bruker Tensor 

27) equipped with a Mercury Cadmium Telluride (MCT) detector, cooled with liquid N2. 

To stabilize the ATR equipment, two hours were needed before any experiment. Each 

spectrum was acquired by averaging 62 scans with a resolution of 4 cm-1. The liquid 

flowing through the cell and over the catalyst layers were pumped by with a peristaltic 

pump downstream of the ATR-IR cell. All aqueous flow rates were 2 mL min-1, resulting 

in a residence time of 12 s. The solutions were saturated with He (Praxair), or H2 (Praxair) 

at 1 bar and 25 °C with gas flow rates of 50 mL min-1. The temperature was kept constant 

by having the saturators in a water bath controlled via feed-back thermocouple placed in 

the water bath. For all experiments, after the flow-through-cell was assembled, the catalyst 

was firstly reduced by flushing with H2/H2O for 2 hours. Then, He/H2O was flushed 

through the system for 30 min to remove hydrogen from the cell and the water background 

spectrum of the reduced catalyst exposed to water only was recorded. Subsequently, the 

solution containing 15 mM NO2-, which is purged in He overnight, was fed to the cell. At 

this point, IR spectra were recorded until the peak intensities reached steady state after 

typically 30 minutes. To prepare the catalyst layer at the crystal surface, 0.12 g of catalyst 

was dispersed in 20 mL 2-isopopanol and sonicated in an ultrasonic processor (Fischer 

Scientific – 705) for 45 min. Then, the solution was spray- coated on a zinc-selenide (ZnSe) 

crystal resulting in a thin catalyst film of c.a. 5 mm thickness at the crystal surface, 

containing typically 5 mg catalyst.[51–54] To obtain a stable layer at the crystal surface, 

the coated catalyst was calcined at 300 °C (1 °C min-1) for 1 hour in N2 at 20 mL min-1. 

Because p-NIPAM is temperature sensitive, the polymer coated catalyst was not calcined. 

Instead, a membrane (Whatman Nuclepore track etched membrane filters with a pore size 

of 0.2 µm) was placed between the catalyst layer and the rubber from the cell chamber to 

guarantee the layer stability (see Figure S3.2b).  
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3.2.4 Catalytic test 

The experiments were performed in a semi batch reactor (0.3 L) with continuous feed of 

gases (CO2, H2 and He) at atmospheric pressure. The pH was kept constant at 5.5 by 

continuous addition of 0.1 bar partial pressure of CO2 in order to avoid both influence on 

the conformation of p-NIPAM polymer brushes [55] as well as on NH4+ formation [10,56]. 

In a typical experiment 15 mg of catalyst were mixed with 300 mL of DI water at a stirring 

speed of 500 rpm. The reduction of palladium consisted of flushing hydrogen for one hour 

at room temperature (0.5 bar H2 in a gas mixture of 0.1 bar CO2 and 0.4 bar He with a total 

flow rate of 100 mL min-1). Then, 3 mL of a specific concentration of NaNO2- was added to 

the reactor, starting the reaction time. Samples were taken and analyzed by Ion 

chromatography, as described in detail elsewhere. [12] Temperature was varied between 

20 and 55 °C using a thermal bath controlled via feed-back thermocouple placed in the 

reaction solution. The initial NO2- concentration was varied between 1 and 4 mM and H2 

partial pressures between 0.1 to 0.7 bar.  

 

The concentration of nitrite (NO2-) and ammonium (NH4+) ions were measured as a 

function of time. Figure S3.3 (see Section S3.7.3.) shows a typical experimental result for 

NO2- concentration (Figure S3a) and NH4+ concentration (Figure S3.3b) over time. From 

these plots the reaction rate was determined based on the initial activity at a low NO2- 

conversion to regress the instantaneous reaction rate at time zero. The rates were 

calculated as reaction rate per mass of palladium as well as the normalized rate per surface 

atoms of palladium as determined with CO chemisorption, resulting in a Turnover 

Frequency (TOF, min-1). The NO2- conversion and the integral NH4+ selectivity was 

calculated with Eq. 3.3 and 3.4. 

 

 
𝑵𝑵𝑶𝑶𝟐𝟐

− 𝒄𝒄𝒎𝒎𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒎𝒎𝒄𝒄 =  
[𝑵𝑵𝑶𝑶𝟐𝟐

−]𝟓𝟓 − [𝑵𝑵𝑶𝑶𝟐𝟐
−]𝒕𝒕

[𝑵𝑵𝑶𝑶𝟐𝟐
−]𝟓𝟓

× 𝟏𝟏𝟓𝟓𝟓𝟓 
Eq. 3.3  

Where [NO2-]0 is the initial nitrite concentration, [NO2-]t concentration nitrite at time t. 

The initial concentration NO2- was measured immediately after addition of nitrite to the 

reactor. 

 In Figure S3.3 the NO2- concentration decreased from 3 mM to 0.5 mM resulting in 82% 

conversion after 120 minutes with an NH4+ selectivity of 7% as calculated according to Eq. 

3.4 (Integral selectivity) when the bare Pd/Al2O3 catalyst was employed. It is well known 
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that N2 and ammonia are the only two products formed under these conditions and the 

selectivity to N2 is calculated based on the mass balance. 

 
𝑵𝑵𝑯𝑯𝟒𝟒

+ =
[𝑵𝑵𝑯𝑯𝟒𝟒

+]𝒕𝒕
[𝑵𝑵𝑶𝑶𝟐𝟐

−]𝟓𝟓 − [𝑵𝑵𝑶𝑶𝟐𝟐
−] × 𝟏𝟏𝟓𝟓𝟓𝟓 

Eq. 3.4  

Where [NH4+]t is the concentration of ammonium (mmol L-1) at time t. The apparent 

activation barrier was calculated according to the Arrhenius Eq. 3.5. 

 𝒍𝒍𝒄𝒄(𝑻𝑻𝑶𝑶𝑻𝑻) = −
𝑬𝑬𝑬𝑬
𝑹𝑹  

𝟏𝟏
𝑻𝑻 + 𝒍𝒍𝒄𝒄(𝑨𝑨) 

Eq. 3.5  

Where TOF (min-1) is the normalized rate per mol surface-Pd, Ea (kJ mol-1) the activation 

energy barrier, R (8.31 kJ mol-1 K-1) the universal gas constant, T (K) absolute temperature 

and A the pre-exponential factor. 

 

3.3  Results 

3.3.1 Catalyst characterization 

As shown in Table 3.1, BET analysis of the N2-physisorption data indicated the addition of 

chemically bonded polymer brushes led to a decrease of the surface area and pore volume. 

This is not surprising as the polymer brushes are grown from the -OH moieties on γ-Al2O3 

(see Section S3.7.4.1. and S3.7.4.2.). While no reports were found on p-NIPAM polymer 

brushes on heterogeneous porous metal oxides, similar observations have been reported 

by Xu et al.[47] when using a fluorinated carbon silane agent with hydrophobic character 

(perfluorinated-octyltrichlorosilane, FOTS) covalently bonded to the surface of γ-Al2O3. In 

that case, the drop in the surface area and pore volume upon hydrophobization even at low 

carbon-contents (few percent) was attributed to partial pore entrance blockage in the dry 

state.  
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Table 3.1: Specific surface area and pore volume from Brunauer-Emmett-Teller (BET) 

method from N2-physisorption at -196 °C, carbon content from elemental analysis (EA) 

and weight loss from Thermal gravimetric analysis (TGA) obtained from 25 to 800 °C using 

N2 as inert atmosphere. 

Pd/Al2O3a 

catalysts 

Carbon  

(wt. %) 

Weight loss  

(%) 

Specific 

surface area  

(m2 g-1) 

Pore volume  

(cm3 g-1) 

0 wt. % C 1 & 2 0  193 0.65 

7 wt. % C 7 10 170 0.47 

20 wt. % C 20 24 104 0.23 

a-The surface area of bare γ-Al2O3 is around 196 m2 g-1 indicating no decrease on support 

after palladium deposition.  

 

 

The thermal stability of p-NIPAM brushes was studied via thermal gravimetric analysis 

(TGA), (see Section S3.7.4.3.). Above 350 °C a significant weight loss was observed on the 

polymer coated catalysts samples, both with 7 wt. % C and 20 wt. % C. This can be 

attributed to the decomposition of p-NIPAM brushes in air, which is in agreement with 

previous observations.[57] To determine the catalysts nanostructure and composition, 

STEM-HAADF and EDS mapping characterization were conducted on the Pd/Al2O3 with 

different p-NIPAM content (see Figure 3.1). As shown in Figure 3.1ai –ci, the Al2O3 

support has an amorphous topology with the palladium nanoparticles well distributed on 

the surface, regardless of the polymer content. This is further confirmed by inspecting the 

Pd EDS mappings in Figure 3.1aii – cii. The distribution of polymer on the surface, 

however, was not possible to address by STEM-HAADF due to the low contrast between 

carbon in p-NIPAM and alumina. Similarly, EDS mappings of C and B were inconclusive. 

This is due to the overlap between Lacey carbon films present in the Cu-TEM grid and the 

low concentrations of B-terminated p-NIPAM present in the system (see Figure S3.6).  
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Figure 3.1: STEM-HAADF characterization (i), palladium EDS mapping, where the purple 

spots represent the palladium particles, (ii), and metal particle size distribution (iii) of the 

pre-reduced Pd/Al2O3 catalysts containing 0, 7, and 20 wt. % carbon (a-c, respectively).  

 

As can be noted in Table S3.2, the polymer coated catalysts have lower metal loadings, 

decreased to 2.3 and 1.4 % for the catalyst containing 7 wt. % C and 20 wt. % C Pd/Al2O3, 

respectively, in comparison with uncoated catalyst. This drop could be caused by partial 

dissolution of small metal clusters during the p-NIPAM radical polymerization process. 

During the synthesis, ascorbic acid (pKa of 4.7) is employed as reducing agent to activate 

the copper catalyst. At this pH, Pd could partly lixiviate into the aqueous media.[58] This 

is consistent with the small shift of the Pd metal particle size distribution towards larger 

diameters with increasing polymer content (see Figure 3.1a-c-iii). Additionally, metal 

surface areas were measured using CO chemisorption, as presented in Table S3.2. This 
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information was used to estimate the mean metal particle size assuming uniform size 

distribution and a hemispherical shape. For the parent catalyst (Pd/Al2O3), the palladium 

metal particle size based on CO chemisorption and on STEM-HAADF have similar values, 

for both batches. In contrast, the metal particle sizes of the polymer coated catalysts 

obtained from CO chemisorption were different from those estimated from STEM-

HAADF. These differences could be associated to partial coverage of the surface of metal 

nanoparticles as well as to pore-blockage in the dry state. These artifacts could mask CO-

chemisorption underestimating the actual metal dispersion of the catalyst in comparison 

to STEM-HAADF.  

 

Atomic composition analysis of the catalyst surface, obtained via XPS, indicated that 

nitrogen and carbon content monotonically increased with the concentration of polymer 

in the catalyst (see Table S3.3). Notably, no copper was detected on the polymer coated 

catalysts demonstrating that all the copper catalyst used during polymerization was 

efficiently removed. In all catalysts, palladium was detected on the surface. Detail analysis 

of the 3d peak of palladium was conducted to determine the metal oxidation state. Figure 

S3.7ai-ci shows the deconvolution of the Pd 3d peak into the corresponding 5/2 and 3/2 

contributions obtained for Pd/Al2O3 containing 0, 7 and 20 wt. % carbon. Figure S3.7aii - 

cii and aiii – ciii shows the deconvolution of the C 1s and Al 2p peak as a reference for the 

calibration in energy[59] (see Table S3.4 and S3.5). Pd/Al2O3 catalyst had a binding energy 

of 335.7 (Pd 3d5/2) and 341.0 (Pd 3d3/2) corresponding to palladium in the metal form. 

On the polymer coated catalyst, the binding energy were 335.3 (Pd 3d5/2) and 340.6 (Pd 

3d3/2). These results indicate that the electronic configuration of palladium was preserved 

regardless of the polymer content as no significant peak shifts were encountered (see Table 

S3.6).[50]  

 

3.3.2 Catalytic performance of p-NIPAM coated Pd/Al2O3 

Catalysts coated with thermo-responsive polymer brushes, such as p-NIPAM (LCST = 32 

°C), are expected to display a stimulus-responsive behaviour during reaction (so-called 

nano-reactors). In this reasoning, the polymer is assumed to not tinker the energetics of 

surface reaction intermediates.[23] To challenge this concept, we conducted a detailed 

kinetic study on porous Pd/Al2O3 catalysts with increasing loadings of p-NIPAM at 

different initial concentrations of hydrogen and nitrites at temperatures above and below 

the LCST of the polymer. 
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As shown in Section S3.7.5., external and internal mass transfer limitations are negligible 

under the reaction conditions herein used. The fact that TOF rates are the same on the 

parent Pd/Al2O3 and polymer coated catalysts indicates that p-NIPAM brushes do not 

change the mass transport towards the active sites (see Table 3.2 and Section S3.7.6.). 

However, significant differences in the ammonium selectivity, measured at the same level 

of conversion (c.a. 10 %), were observed on the polymer coated catalysts (see Table 3.2 

and Figure S3.11). Here, it can be noted that at temperatures below (25 °C) and above 

(45 °C) the LCST of p-NIPAM (32 °C) the NH4+ selectivity for Pd/Al2O3 was 2.8 ± 0.2 and 

3.8 % ± 0.3, respectively. The higher selectivity to NH4+ with increasing temperature is in 

agreement with previous research on nitrite hydrogenation on supported Pd 

catalysts.[60,61] In stark contrast, on the catalysts containing polymer, the selectivity to 

ammonia was significantly lower regardless of the temperature used, suggesting that 

p-NIPAM polymer brushes hinder NH4+ formation. 

 

Table 3.2: Nitrites (NO2-) reaction rate normalized per catalyst mass, palladium loading, 

and metal active surface area and ammonium selectivity (c.a. 10 % conversion level) at 500 

rpm, 20 °C, 3 mM of NO2-, 0.5 bar of H2, 0.1 bar of CO2 as buffer. 

Pd/Al2O3 

catalysts 

NO2- rate per 

catalyst mass  

(mmol min-1 gcat-1) 

NO2- rate per Pd 

mass 

(mmol min-1 gPd-1) 

TOF 

 (min-1)a 

 NH4+ 

Selectivity 

(%) 

0 wt. % C (1) 0.81 ± 0.08 24 ± 2 6.9 ± 1.3 2.8 ± 0.2 

0 wt. % C (2) 0.92 ± 0.08 32 ± 3 9.8 ± 2.3 2.5 ± 0.3 

7 wt. % Cb 0.35 ± 0.02 15 ± 1 5.2 ± 1.1 1.1 ± 0.1 

20 wt. % Cc 0.26 ± 0.02 15 ± 1 6.8 ± 1.1 0.8 ± 0.1  

a: Calculated using TEM metal particle size data. b: 7 wt. % C was synthesized from 

Pd/Al2O3 0 wt. % C (1). c: 20 wt. % C was synthesized from Pd/Al2O3 0 wt. % C (2).” 
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3.3.3 Apparent activation energy 

The Arrhenius plot in Figure S3.12 shows that both pre-exponential factors and activation 

energy barriers are essentially constant regardless of the polymer loading with an NO2- 

overall apparent activation barrier of 32 kJ mol-1. This barrier is in line with previous 

reports on Pd-based catalysts.[60,61] Strikingly, the analysis of apparent activation 

barriers for NH4+ formation shows an increase from 41 ± 3 kJ mol-1 to 63 ± 4 and 76 ± 5 

kJ mol-1 by the addition of 7 wt. % C and 20 wt. % C in the form of p-NIPAM brushes on 

the Pd/Al2O3 catalyst (Figure S3.12c). The increased apparent barriers are accompanied 

by a compensation on the pre-exponential factors when the polymer is present in the 

system, which explains the drastic differences in ammonia selectivity even at high 

temperatures (Table S3.12). While one would expect that the presence of the polymer 

should lead to partial blockage of active sites decreasing nitrites coverage, and thus 

reducing the rate of entropically demanding N-N coupling, these results indicate that 

p-NIPAM brushes favour nitrogen formation over ammonia. It also indicates that the 

dependence with temperature of NH4+ formation is much more pronounced for the 

p-NIPAM coated catalyst than for the parent Pd/Al2O3. 

 

3.3.4 Apparent activation energy 

The performance of Pd/Al2O3 catalysts containing 0 wt. % C and 7 wt. % C was measured 

at different NO2- and H2 concentrations to further understand the NH4+ selectivity trends 

(Figure S3.13). Surprisingly, the NH4+ selectivity remained constant around 0.6 and 1 % 

independently of the reactant concentrations. In contrast, when the parent palladium 

alumina catalyst was employed NH4+ formation increased by two-fold from 1.5 to 3 % on 

increasing the concentration of either NO2- or H2. The reaction orders obtained for the 

conversion of nitrites on the parent palladium alumina catalyst were -0.1 ± 0.1 for NO2- 

(m) and 0.5 ± 0.1 for H2 (n) (see Table S3.13 and Figure 3.2a-b). These results are in 

agreement with the observations reported by Xu et al.[12] for hydrogenation of nitrite 

using 1 wt. % Pd/Al2O3 at the same reaction conditions. The reaction order for NO2- was 

unaffected by the addition of polymer brushes with a value of -0.07 ± 0.03 (zero order) (m) 

(Figure 3.2b), suggesting that the rate of nitrite is almost independent of NO2- 

concentration. However, the reaction order for H2 decreased from 0.5 ± 0.1 to 0.1 ± 0.1 

(n) for the p-NIPAM coated catalyst (Figure 3.2a). Notably, the apparent reaction orders 

in H2 for NH4+ formation (see Figure 3.2c-d) are similar for both catalysts (n* c.a. 0.3-0.4), 

while the reaction orders in NO2- (m*) are 0.4 for the parent Pd/Al2O3 and slightly negative 

(-0.1) on the polymer coated counterpart.   
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Figure 3.2. Apparent NO2- and H2 reaction orders for nitrite hydrogenation (a-b) and 

ammonium formation (c-d) at 20 °C and 1 bar for Pd/Al2O3 containing 0 (blue) and 7 (red) 

wt. % carbon. The NO2- concentrations ranged from 1 to 4 mM at 0.5 bar of H2 and 0.1 bar 

of CO2, while H2 partial pressures varied from 0.1 to 0.7 bar at 3 mM NO2- using 15 mg of 

catalyst and 500 rpm. Hydrogen, carbon dioxide, and helium (to balance) were added 

continuously to the system to ensure constant concentrations during the experiments.  

 

 

3.3.5 In-situ Attenuated Total Reflectance Infrared (ATR-IR) 
Spectroscopy 

In-situ ATR-IR spectroscopy was used to elucidate the role of p-NIPAM brushes in the 

hydrogenation of nitrates on palladium surface in aqueous environments. Figure 3.3 

shows the ATR-IR spectrum of nitrites chemisorbed on Pd/Al2O3 containing 0 and 7 wt. 

% C as p-NIPAM. To improve the signal to noise ratio, these experiments were performed 

with a higher NO2- concentration (15 mM) than those employed in the kinetic experiments 

(3 mM). Here, the free nitrite ion [13,62,63] and HNO2 [64] in solution have characteristic 
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IR adsorption bands located in the range of 1235 to 1286 cm-1 (see Section S3.7.9.). The 

peaks at c.a. 1350-1250 cm-1 correspond to NO stretching from NO2- (see Figure 

S3.14).[65] All these three peaks were detected on the blank experiment on bare ZnSe, 

confirming that these signals correspond to NO2- in the aqueous phase within the analysis 

volume of the ATR-IR with a penetration depth of 1-4 µm (see Figure S3.14b). As shown 

in Figure 3.3, a peak at 1235 cm-1 was observed for Pd/Al2O3. This band seems to shift to 

lower wavenumbers (c.a. 1231 cm-1) in the p-NIPAM coated catalyst (7 wt. % C). Nitrite 

can adsorb at the palladium surface at frequencies of c.a. 1400 and 1330 cm-1. For 

instance, Ebbesen et al. [13] reported that the frequencies at 1405 and 1325 cm-1 are 

associated to adsorption of NO2- palladium surfaces covered with chemisorbed oxygen. 

This agrees with the results where the formation of NOx- species (Pd-NOx-ads) are located 

at the frequencies of 1408 and 1319 cm-1. Apparently, at high concentrations of NO2- the 

surface of the Pd catalyst seems to contain chemisorbed oxygen, as the reduced sample 

results in the formation of a IR spectrum resembling a partly oxidized Pd surface. [13] 

 

Notably, when p-NIPAM brushes where present on the Pd/Al2O3 important changes were 

observed on the peak position of key adsorbed species. For instance, the Pd-NOx-ads 

suffered a red shift from 1408 to 1402 cm-1 and from 1320 to 1310 cm-1 when covalently 

bonded p-NIPAM brushes were present (see Figure 3.3, Figure S3.14a-b and Figure 

S3.15). Zhao et al. reported similar results when conducting ATR-IR spectroscopy of CO 

on Pd in the presence of polymeric stabilizers.[66] The authors interpreted the lower 

wavenumbers of C-O vibration in chemisorbed CO as a result of interactions between the 

polymer and metal catalyst. This would suggest that p-NIPAM changes the properties of 

chemically bonded species (Figure 3.3b I-II). 
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Figure 3.3: a) In-situ ATR-IR spectra of Pd/Al2O3 catalysts containing 0 and 7 wt. % carbon 

in the form of p-NIPAM conducted at 25 °C (pH=7) on a flow of 15 mM NO2- and Ar over 

a spray coated silicon crystal containing c.a. 5 mg of catalyst thin film, b) schematic 

illustration of the binding strength effects on NH4+ selectivity during nitrite hydrogenation 

with 0 wt. % C (B.II) and 7wt. % C (B.I). 

 

 

3.4 Discussion 

P-NIPAM brushes covalently attached to the surface of porous alumina containing 

palladium nanoparticles (Pd/Al2O3) decreased by 3-fold the NH4+ selectivity compared 

with Pd/Al2O3 catalyst (Figure S3.10b). This indicates that the polymer coated catalyst 

favours nitrogen coupling over N-H bond formation. The reason for these differences 

could be explained by either (1) concentration profiles inside the catalyst particles of either 

NO2-, H2 or H+, (2) metal particle size effects, or (3) changes in the reaction energy 

landscape induced by the micro-solvation environment. In the next section, we will 

address each of these issues in detail. 
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3.4.1 Mass transport effects 

Nitrite reduction is strongly sensitive to the surface coverage ratio of H2/NO2- and the pH 

of the reaction media.[10,12,13] Recently, P. Xu et al.[47] studied the interplay of mass 

transport of hydrogen on Pd/Al2O3 catalysts rendered with compartmentalized 

wettabilities of the internal surface. That is that the internal as well as external surface of 

the support was partly hydrophobic and hydrophilic. The authors reported that the total 

rate of conversion is strongly influenced by internal mass transfer for catalyst support 

particles larger than 100 µm. Also, when 20 % hydrophobic support was introduced, the 

transport of hydrogen was enhanced, leading to faster nitrite conversion rates and 

concomitantly higher ammonia selectivity. Similar observations were reported by J. K. 

Chinthaginjala et al.[56] using Pd catalysts supported on carbon nanofibers, where high 

conversion rate as well as increasing selectivity to ammonia was attributed to improved 

mass transfer of H2 in the catalyst support.  

 

Although p-NIPAM polymer brushes are often used to modify the mass transport of 

reactive species in nano-reactors, the low selectivity towards ammonia that we observed is 

not easily rationalized in terms of mass transport effects as mass transport limitations on 

the bulky nitrite ions respect to molecular hydrogen would lead to higher ammonia 

formation rates, as the H/N would increase. Convincing confirmation of the absence of 

mass transfer limitations can be extracted from the apparent reaction orders. Here, one 

could argue that if concentration gradients were dominating the measured kinetics, then 

the observed reaction orders for hydrogen and nitrites should be equal to one, as molecular 

diffusion is a first order process. However, the reaction orders for NO2- and H2 on 

Pd/Al2O3 containing 7 wt. % C p-NIPAM were c.a. zero for both species (Figure 3.2). In 

the same line, Mears and Weisz-Prater (Cwp) criteria values suggest that there are no 

external and internal mass transfer limitations, respectively, on any of the catalysts 

studied. Finally, the regressed apparent activation energy barriers obtained for the overall 

nitrite conversion on Pd/Al2O3 containing 0 wt. % C, 7 wt. % C and 20 wt. % C (c.a. 30 kJ 

mol-1) were similar to those reported on kinetically controlled systems at reaction 

conditions that are equivalent to those herein employed.[56] Hence, the effect of 

concentration profiles on the reaction selectivity can be discarded. 
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3.4.2 Metal particle size effects 

The addition of p-NIPAM brushes to the catalyst surface reduced the metal loading, 

possibly due to dissolution of small palladium nanoparticles (<2 nm) (Table S3.2). This 

resulted in a shift to larger metal particle sizes, which could lead to a change on NH4+ 

selectivity without affecting the nitrite conversion rate. Shuai et al. [67] and Mendez et. al 

[68] reported that the ammonium selectivity increases with decreasing palladium particle 

size particularly below 10 nm. In contrast, Zhao et al. [66] and Yoshinaga et al. [69] 

observed that increasing palladium particle size favored the ammonium formation within 

the range between 2 to 3 nm. These differences in the effect of palladium particle size on 

the NH4+ selectivity could arise from the different levels of conversion employed to 

determine the NH4+ formation, experimental conditions and might also be influenced by 

mass transfer effects. In the case of Shuai et al. [67] and Zhao et al. [66] the differences on 

the experimental conditions and level of conversion make it difficult to fairly make a 

conclusion. In the case of Mendez et al. [68] and Yoshinaga et al. [69] the influence of mass 

transfer limitations was not addressed. As shown in Table S3.2, the particle size 

distribution of the Pd/Al2O3 catalyst with 0 and 7 wt. % carbon was the nearly unaltered. 

However, the NH4+ selectivity decreased from 3 % to 1 % (see Figure S3.10b), which would 

indicate that the palladium particle size cannot explain the changes in selectivity. 

 

3.4.3 Solvation effects 

Recently, Xu et al.[12] reported a nitrite hydrogenation mechanism in which the reaction 

rate was controlled by NO* hydrogenation reactions requiring multiple pre-equilibrated 

hydrogenation steps before the rate determining step (RDS). The authors concluded that 

N-N coupling could not be the RDS as the observed apparent reaction orders would not fit 

with the theoretically predicted orders at low surface coverages of nitrite and hydrogen. 

This proposed mechanism is in line with the work Clark et al. on Pd and Rh supported 

catalysts.[10] In these mechanisms, NO* is believed to quickly form from NO2- in the 

presence of chemisorbed hydrogen on Pd. This intermediate is then hydrogenated to 

NOxHy (NOH*, HNOH* and NH*), where NH4+ formation only proceeds via 

hydrogenation of NH*. In this context, both N2 and NH4+ shared the same rate 

determining step. As a result, N2 was speculated to be formed via either disproportionation 

of NO* and/or coupling of NO* with NOHads, HNOHads and/or NHads. In this scenario, one 

would expect that NH3 formation will be more favourable at increasing hydrogen 

coverages, as argued previously.[10,12,13] However, we observed that the addition of 
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p-NIPAM effectively leads to lower ammonia formation (see Table 3.2). In this context, 

the lower partial pressures required to reach saturation kinetics on the p-NIPAM coated 

catalyst could be associated to the stabilization of hydrogen on the surface. In turn, the 

stronger binding of hydrogen on the metal surface can lead to an increase in the activation 

barrier for ammonia formation (see Figure S3.12). This is assuming that the polymers do 

not change the number of active sites available for hydrogen chemisorption. If this would 

not be true and the number of active sites would be lowered, the consequence would be 

that the polymer increases the TOF on the remaining sites. These local interactions of 

p-NIPAM and chemisorbed species was demonstrated by our in-situ ATR experiments, in 

which a red shift of chemisorbed NOx was observed. One could imagine that the N-H and 

CO groups in the p-NIPAM can interact with other water molecules via hydrogen bonding 

near the chemisorbed hydrogen and nitrites, leading to changes energy of adsorbed species 

and consequently also the reactivity of those surface species.[70] This solvating effect can 

potentially explain the glaring differences on ammonia formation rate between the parent 

and polymer coated catalysts. More broadly, we envision that utilizing polymer-brushes 

like p-NIPAM as micro-solvation modifiers will play an essential role in developing highly 

selective catalysts for removal of pollutants in drinking water and specialty chemicals 

synthesis.  

 

3.5 Conclusions 

This contribution provides direct evidence that polymer brushes modify the selectivity of 

supported palladium catalysts during nitrite hydrogenation reaction, favouring the N2 

formation in wide range of operating conditions (i.e. 1 – 4 mM NO2- and 0.1 – 0.8 bar H2). 

We demonstrated that mass transport limitations cannot be responsible for NH4+ 

selectivity as the observed reaction orders were below one for both nitrites and hydrogen 

and the estimated Weisz-Prater and Mears criteria indicated that internal and external 

transfer rates are negligible. Similarly, particle size effects could not explain the differences 

in selectivity as the differences in Pd particle sizes between the different catalysts was not 

significant. Instead, the observed changes in selectivity are attributed to the modification 

of the solvation environment around the active site induced by the p-NIPAM brushes as 

shown by in-situ ATR-IR spectroscopy measurements of NO2- on Pd. Contrary to previous 

research, arguing that polymer coatings only modify the transport of reactive species, we 
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showed that p-NIPAM brushes effectively induce solvation effects that modify the energy 

landscape of the catalytic reaction, mimicking the operation of enzymes.  

 

3.6 Acknowledgements 

The microscopy works have been conducted in the "Laboratorio de Microscopias 

Avanzadas" at "Instituto de Nanociencia de Aragon - Universidad de Zaragoza". Authors 

acknowledge the LMA-INA for offering access to their instruments and expertise, specially 

to R. Fernandez Pacheco and G. Antorrena. We are grateful to K. Altena–Schildkamp, T. 

Velthuizen, R. Postma and C. Huiskes for chemical analysis. We acknowledge B. Geerdink 

for technical support. We thank to dr. P. Xu for the help in the start of the project and dr. 

E. Postma for the input in correcting the document. 

 

Keywords: Nitrite reduction · Polymer-coated catalyst · Poly-n-isopropylacrylamide 

brushes · Catalysis in aqueous phase · Ammonia formation 

 

 

3.7 Annexes 

3.7.1 Structure p-NIPAM and polymerization 

 

Figure S3.1: a) Poly(n-isopropylacrylamide) chemical structure. [44], b) (3-aminopropyl) 

triethoxysilane (APTES) molecular structure. 
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3.7.2 ATR-IR setup 

 

Figure S3.2: Home built in-situ ATR-IR flow through cell [52] (a) and schematic 

representation of the ATR-IR assembly in the case of Pd/Al2O3 containing 0 (bi) and 7 (bii) 

wt. % carbon, where a membrane was added to the top of the non-calcined catalyst layer. 

 

3.7.3 Palladium alumina experiment 

In the presence of protons, the NO2- can be protonated to form the weak acid HNO2. The 

acid dissociation constant (Ka) is 4.5x10-4 at 25 °C, resulting on a pKa of 3.3. At pH values 

higher than the pKa, the equilibrium shifts to the deprotonated form. The addition of CO2 

to the reaction medium resulted on a pH equal to c.a. 5.6. The HNO2 concentration 

obtained was 2.18x10-6 mol L-1 for an initial concentration of NO2- of c.a. 3x10-3 mol L-1. 

Therefore, only the NO2- concentration was considered (see Figure S3.2). 

 

Figure S3.3: a) Nitrite concentration over time on palladium alumina at 20 °C, 500 RPM, 

3mM NO2- and 0.5bar H2, b) ammonia concentration over time under the same condition 

initial rates are calculated from these plots with 13 % conversion level. 
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3.7.4 Catalyst characterization 

 Estimation of the p-NIPAM volume occupied in the catalyst 

To estimate the volume of the polymer p-NIPAM brushes in the catalyst we employed the 

carbon content obtained from elemental analysis (see Table 3.1) and the p-NIPAM bulk 

density (1.1 g cm-3) at 20 °C. Then, we employed the MW of P-NIPAM’s monomer 

(N-isopropyl acrylamide) of 113.16 g mol-1 to obtain the final volumes per unit mass of 

catalyst using Eq. S3.1. 

 

 
𝑉𝑉𝑃𝑃𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐶𝐶𝑎𝑎𝐶𝐶

(
𝑐𝑐𝑚𝑚3

𝑔𝑔𝑐𝑐𝑎𝑎𝑖𝑖
) =

%𝐶𝐶𝑎𝑎𝑟𝑟𝑜𝑜𝑜𝑜𝑛𝑛𝑐𝑐𝑎𝑎𝐶𝐶 ∗ 𝑀𝑀𝑀𝑀𝑁𝑁−𝑁𝑁𝑃𝑃𝐴𝐴

𝑀𝑀𝑀𝑀𝐶𝐶 ∗ 6 ∗
1

𝐷𝐷𝑃𝑃−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁
 

Eq. S3.1  

 

The results of the calculations are summarized in Table S3.1. Here, it can be noted that the 

pore volume reduction observed on the samples containing 7 and 20 percentage of carbon 

was slightly higher than that of the polymer brushes. The volume fraction of polymer 

equivalent per pore volume loss in the different catalysts was estimated as the ratio of 

N-IPA volume to pore volume reduction. As shown in Table S3.1, the equivalent volume 

of polymer brushes per unit mass of catalyst was 0.1 and 0.35 cm3 g-1 for Pd/Al2O3 

containing 7 and 20 wt. % of carbon, respectively. These volumes are slightly smaller than 

the observed decrease in pore volume for these samples by N2-physisorption (Table 3.1). 

This could indicate that in the dry state pore mouth blockage occurs upon growing the 

p-NIPAM polymeric brushes. 

 

Table S3.1: Mass and volume fractions of equivalent polymer on the Pd/Al2O3 catalysts 

estimated based on the carbon content obtained by elemental analysis. 

Catalyst Mass fraction 

of N-IPA 

Volume of N-IPA 

(ml gcat-1) 

Vol. Fraction of N-IPA 

per cat. Pore vol. (%) 

0wt. %C  0 0 0 

7wt. %Ca  0.1 0.12 67  

20wt. %C 0.3 0.35 84  
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 N2 physisorption 

As shown in Table 3.1, BET analysis of the N2-physisorption data indicated that he 

addition of chemically bonded polymer brushes decreased the surface area by 12 % and 

pore volume by 27 %, reaching values of 170 m2 g-1 and 0.47 m2 g-1, respectively, for the 

sample containing 7 wt. % C. Increasing further the carbon content led to even lower 

surface area (103 m2 g-1) and pore volumes (0.23 m2 g-1). Figure S3.4a shows the N2 

adsorption-desorption isotherms of Pd/Al2O3 catalysts containing 0, 7 and 20 wt. % C in 

the form of p-NIPAM. The shape of the adsorption isotherm is a type IV corresponding to 

a mesoporous structure. Here, it can be noted that the polymer decreases the quantity of 

nitrogen adsorbed via capillary condensation, as discussed above. Typically, γ-Al2O3 

supports are meso-porous with pore diameters smaller than 20 nm.[12] According to 

Figure S3.4b, the presence of polymer decreases the pore sizes for both 7 wt. % C and 20 

wt. % C, resulting from polymer growth inside the pores. These results show a significant 

change in the textural properties of the catalysts in gas phase and low temperature used 

for N2-physisorption -196 °C, possibly causing under-estimation of the pore volume as 

collapsed polymer brushes may effectively block pore openings. In contrast, under 

reaction conditions in aqueous solutions, the available pore volume for molecular diffusion 

is potentially larger if polymers are in the swollen state.[71] 

 

 

Figure S3.4: N2-Physisorption curves obtained at -196 °C (a) and pore size distribution 

obtained from N2-physisorption data using the Barrett-Joyner-Halenda (BJH) method (b) 

for the Pd/Al2O3 catalyst containing three different p-NIPAM polymer contents including 

0 (blue), 7 (red), and 20 (green) wt. % carbon, respectively.  
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 TGA 

Figure S3.5 shows the weight loss profile using TGA for palladium alumina catalyst and 

polymer coated catalyst with different polymer content. The weight loss on palladium 

alumina catalyst is caused by desorption of water, because alumina is a hygroscopic 

material containing OH groups at the surface. This initial weight loss decreases in presence 

of polymer. This is probably caused by less available OH groups at the alumina surface, 

because APTES reacts with the alumina surface OH groups. This shows that under reaction 

conditions (20 to 55 °C) all catalysts are thermally stable.  

The resulting weight loss, at 350 °C, is comparable to the carbon content, obtained from 

elemental analysis (Table 3.1). The aforementioned carbon content is equivalent to a 

polymer mass fraction of 10 and 32 wt. %, respectively, which is in good agreement with 

the mass losses herein observed above 350 °C (see Table S3.1). 

 

 
Figure S3.5: Thermal gravimetric analysis (TGA) from 25 to 800 °C using synthetic air for 

the Pd/Al2O3 catalyst containing three different p-NIPAM polymer contents including 0 

(blue), 7 (red), and 20 (green) wt. % carbon, respectively. 
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 STEM-HAADF characterization 

 

Figure S3.6: STEM-HAADF images for Palladium (Pd), Alumina (Al), Oxygen (O) and 

Carbon (C) distribution of the pre-reduced Pd/Al2O3 catalysts containing 0, 7, and 20 wt. 

% carbon (a-c, respectively).  
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 Pd particle size 

Table S3.2: Palladium particle size and dispersion obtained from CO chemisorption and 

STEM-HAADF and palladium loading obtained from XRF characterization. 

Pd/Al2O3 

catalysts 

Pd 

loading 

(%) 

Dispersion 

CO-chem. 

(%) 

Dispersion 

TEM (%) 

Pd 

diameter 

CO-chem. 

(nm) 

Pd 

diameter 

TEM (nm)c 

0 wt. % C 1  3.3 37 37 3.0 3.1 ± 1.7 

0 wt. % C 2  2.9 40 34 2.8 3.3 ± 1.6 

7 wt. % Ca  2.3 14 31 7.9 3.6 ± 2 

20 wt. % Cb 1.4 12 24  11.8  4.2 ± 1.7 

a: 7 wt. % C synthesized from Pd/Al2O3 0 wt. % C (1). b: 20 wt. % C was synthesized from 

Pd/Al2O3 0 wt. % C (2). c: Presented values correspond to the average Pd particle size and 

the width of distribution as shown in Figure 3.3a-c iii.  

 

 XPS results 

Table S3.3: Detected elements (in atomic %) by XPS on the Pd/Al2O3 catalysts containing 

0, 7 and 20 wt. % carbon. 

Catalyst C 1s % at. O 1s % at. Al 2p % 

at. 

N 1s % at. Pd3d %at. 

0 wt. % C 13.5 54.5 30.8 0.5 0.3 

7 wt. % C 24.3 46.9 25.6 2.9 0.3 

20 wt. % C 29.3 42.5 24.0 4.0 0.2 
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Figure S3.7: XPS spectra of obtained for Pd/Al2O3 containing 0 (blue), 7 (red) and 20 

(green) wt. % carbon. All spectra have been calibrated using C 1s (C-C) equals to 284.8 eV 

as reference. 

 

Table S3.4: XPS deconvolution and binding energy of alumina support, where the 

integrated peak areas were determined by applying a gaussian function. 

 Al 2p 1 Al 2p 2 

Catalyst Peak area (%) B.E. (eV) Peak area (%) B.E. (eV) 

0 wt. % C 79.4 74.2 20.5 75.2 

7 wt. % C 48.4 73.9 51.6 75.3 

20 wt. % C 53.1 74.0 46.9 74.8 
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Table S3.5: XPS deconvolution and binding energy of carbon, where the integrated peak 

areas were determined by applying a gaussian function. 

 C 1s 1 C 1s 2 C 1s 3 

Catalyst Peak 

area (%) 

B.E. 

(eV) 

Peak area 

(%) 

B.E. 

(eV) 

Peak area 

(%) 

B.E. 

(eV) 

0 wt. % C 54.3 284.8 36.2 285.7 9.5 288.8 

7 wt. % C 34.4 284.8 52.7 286.3 12.9 288.5 

20 wt. % C 20.0 284.8 63.5 285.6 16.5 287.9 

 

Table S3.6: XPS deconvolution and binding energy of palladium nanoparticles, where the 

integrated peak areas were determined by applying a gaussian function. 

 Pd 3d 5/3 Pd 3d 3/2 

 Peak area (%) B.E. (eV) Peak area (%) B.E. (eV) 

0 wt. % C 63.5 335.7 36.5 341.0 

7 wt. % C 63.2 335.3 36.8 340.6 

20 wt. % C 59.8 335.2 40.2 340.5 

 

 

 DLS characterization 

The γ-Al2O3 support particles were sieved to a particle size < 38 µm. Figure S8 shows the 

catalyst particle size distribution obtained from DLS, where a broad particle size 

distribution was encountered. The observed average particle size of 27 µm is in line with 

the sieving conducted before the catalyst synthesis. The larger particles herein detected 

are the result of the strong particle-particle interactions that lead to agglomerates of larger 

sizes.  
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Figure S3.8: catalyst particle size distribution determined by dynamic light scattering 

(DLS) on the palladium alumina catalyst.  

 

3.7.5 Mass transfer limitations 

The influence of gas-liquid mass transport of hydrogen in the reaction rate was determined 

using the dimensionless Maers criteria within the operational window employed to 

conduct the catalytic studies. The results indicated that there are no interfacial limitations 

for hydrogen transport from the gas to the liquid phase (c.a. 0.08 see Table S3.7). To 

exclude the external transport limitations for nitrites and hydrogen we conducted catalytic 

experiments at agitation rates varying from 0 to 625 rpm (see Figure S3.9). The results 

indicated that above 500 rpm the rate of nitrite hydrogenation is constant. Because all 

kinetic experiments were conducted at 500 rpm, external mass transfer limitations can be 

discarded. Possible influence of internal diffusional limitations was evaluated using the 

Weisz-Prater criteria for both nitrogen and hydrogen. The results for Pd/Al2O3 containing 

0, 7, and 20 wt. % C showed values in the range of 0.03 -0.8 (i.e. <1) at the reaction 

conditions applied (i.e. temperature ranging from 25 to 50 °C, hydrogen partial pressures 

varying from 0.2 to 0.7 bar, and nitrite concentrations within 1 to 4 mM, shown Table S3.8, 

S3.9 and S3.10). While these calculations suggest that internal mass transfer limitations 

are negligible for Pd/Al2O3, the possible effects of the polymer brushes on the molecular 

diffusion of hydrogen and nitrites were not considered. Instead, only the effect of the 

polymer on the catalyst volume, as obtained from N2-physisorption, was considered in the 

calculation of the effective diffusion coefficients. Notably, previous data on molecular 

transport of large organic molecules in p-NIPAM gels for drug delivery applications, have 

shown that the ratio between diffusion coefficients of the molecule inside p-NIPAM matrix 
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and the diffusion coefficients of bulk water vary from 0.6 to 0.8 at low and high 

temperatures, respectively.[72] Extrapolating these results to hydrogen and nitrite is not 

trivial as the molecular size and charge of these species is different from that of the 

substrates previously reported. Nevertheless, a sensitivity analysis of the diffusion 

coefficient of hydrogen and nitrites within a ± 50 % variation, indicates that the WP criteria 

remains below unity. 

 

 External mass transfer G-L and L-S 

Calculations 

Mears criteria is used to determine if under the reaction conditions there is no external 

mass transfer limitations determined by Eq. S3.2. 

 

 
𝑀𝑀𝑀𝑀 =

−𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 × 𝜌𝜌𝑐𝑐 × 𝑅𝑅𝑝𝑝 × 𝑛𝑛
𝑘𝑘𝑖𝑖𝑚𝑚𝑖𝑖𝑙𝑙 × 𝐶𝐶𝑖𝑖𝑜𝑜

< 0.15 
Eq. S3.2 

 

Which -robs is catalyst rate observed (mol kg-1 s-1), ρc is the catalyst density (kg m-3), Rp 

catalyst radius average particle (m), n the reaction order, kimtl mass transfer coefficient (m 

s-1) and Cis the reactant concentration in the bulk (mol m-3). 

Particle velocity is determined by applying stokes law which is valid for a laminar flow 

(Re<1). It was assumed all spheres move with a constant velocity called terminal velocity, 

ut which can be calculated with Eq. S3.3. 

 

 
ս𝑖𝑖 =

𝑔𝑔 × 𝑑𝑑𝑝𝑝2 × (𝜌𝜌𝑐𝑐 − 𝜌𝜌𝐿𝐿) 
18µ  

Eq. S3.3  

 

Which g is the standard gravity (9.81 m s-2), ρc is the catalyst density (kg m-3), ρl is the 

water density (kg m-3) and µ is the dynamic water viscosity (Pa s).  

Mass transfer coefficient was obtained using the Sherwood correlation which depends on 

Reynold, Schmidt and Sherwood number (Eq. S3.4-7). 
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𝑅𝑅𝑟𝑟 =

𝑑𝑑𝑝𝑝 × ս𝑖𝑖 × 𝜌𝜌𝑙𝑙
µ  

Eq. S3.4  

Where Re is Reynolds number, dp average diameter particle size (m), ut the terminal 

velocity (m s-1), ρl is the water density (kg m-3) and µ is the dynamic water viscosity (Pa s). 

 

 𝑆𝑆𝑐𝑐𝑖𝑖 =  
µ

𝐷𝐷𝑖𝑖,𝑤𝑤𝑎𝑎𝑖𝑖𝑒𝑒𝑟𝑟  𝜌𝜌𝑙𝑙
 Eq. S3.5  

Which Sci is the Schmidt number, µ is the dynamic water viscosity (Pa s) and Di,water is the 

diffusivity of the reactant in water (m2 s-1). 

 

 𝑆𝑆ℎ𝑖𝑖 = 2 +  0.552 𝑅𝑅𝑟𝑟1/2𝑆𝑆𝑐𝑐𝑖𝑖
1/3 Eq. S3.6  

Where Shi is the Sherwood number. 

From Eq. S3.7, mass transfer coefficient was calculated. 

 

 
𝑘𝑘𝑖𝑖𝑚𝑚𝑖𝑖𝑙𝑙 =

𝐷𝐷𝑖𝑖,𝑤𝑤𝑎𝑎𝑖𝑖𝑒𝑒𝑟𝑟 𝑆𝑆ℎ𝑖𝑖
𝑑𝑑𝑝𝑝

 
Eq. S3.7  

Table S3.7:  Parameters for the calculations of Mears criteria for H2 at 3mM NO2- and 

0.5bar H2 at 20°C. 

 0wt. %C 7wt. %C 

robs(H2) (mol s-1kg-1) 0.0205 0.008 

ΡC (kg m-3) 1082 1326 

nH2 0.4 0.4 

Rp (m) 13.5x10-6 13.5x10-6 

Cis (H2) (mol m-3) 0.4 0.4 

kimtl(H2) (m s-1) 5.81x10-4 7.82x10-4 

ME (H2) 0.08 0.03 
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For all the experiments ME was below 0.15 which concludes that there are no external 

mass transfer limitations on H2. NO2- has zero order on the range measured on this paper 

which will never be a limiting factor. 

 

Experimental results 

 

Figure S3.9: NO2- Rate based on palladium amount over the rotation speed of the stirring 

device for 0 wt. % C and 7 wt. % C at 3mM NO2- and 0.5bar H2 at 20°C. 

 

 Internal mass transfer: Weisz-Prater criterion 

Weisz-Prater criterion was used to calculate how efficient the reactant diffuses into the 

pellet before reacting, which can be calculated from Eq. S3.8. Cwp values higher than one 

indicates several mass transfer limitations. 

 

 
𝐶𝐶𝑊𝑊𝑃𝑃 =  

𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝐿𝐿2𝜌𝜌𝑐𝑐𝑎𝑎𝑖𝑖
𝐶𝐶𝑜𝑜𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒

< 1 
Eq. S3.8 

 

Where robs is the reaction per mass catalyst (mol s-1 kg-1), L is the slab geometry (m), ρcat is 

the density of the catalyst particles (kg m-3), Cs is the concentration at the catalyst surface 

(mol m-3) and Deff the effective diffusion coefficient (m2 s-1). In the presence of sphere 

catalyst, the distance L was defined as Eq. S3.9 

0

5

10

15

20

25

0 200 400 600 800

ra
te

 N
O

2- (
µm

ol
 m

in
-1

m
gP

d-1
)

Agita�on (rpm)

0wt%C
7wt%C



Chapter 3 
 

 
154 

 𝐿𝐿 =
𝑡𝑡𝑝𝑝
3  Eq. S3.9  

 

where rp is the average radius particles (m). 

On a catalyst particle the effective diffusion coefficient was defined as Eq. S3.10. 

 

 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 =  
𝐷𝐷𝐴𝐴𝐴𝐴 𝜀𝜀
𝜏𝜏  

Eq. S3.10  

 

In which DAB is the species diffusion coefficient in water (m2 s-1), ε is the catalyst porosity 

and τ is the catalyst tortuosity. Tortuosity was defined as a function dependent of porosity 

(Eq. S3.11). 

 𝜏𝜏 = 1 − ln (𝜀𝜀) Eq. S3.11  

 

 

Table S3.8: Weisz-Prater numbers for NO2- reaction orders with a fixed H2 pressure of 0.5 

bar with average diameter particle size of 27 µm, porosity of 0.7, DABNO2 1.99X10-9 m2 s-1 

and DABH2 5.11X10-9 m2 s-1 at 20 °C. 

 

 

 

 

 

  

 Cwp H2 Cwp NO2- 

NO2- (mM) 0wt. %C 7wt. %C 0wt. %C 7wt. %C 

1.5 0.421 0.38 0.17 0.12 

2.5 0.39 0.25 0.11 0.07 

4 0.35 0.21 0.065 0.039 
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Table S3.9: Weisz-Prater numbers for H2 reaction orders with a fixed NO2- concentration 

of 3 mM with average diameter particle size of 27 µm, porosity of 0.7, DABNO2 1.99X10-9 

m2 s-1 and DABH2 5.11X10-9 m2 s-1 at 20°C. 

 

Table S3.10: Weisz-Prater numbers for NH4+ and NO2- at different temperatures with a 

fixed NO2- concentration of 3 mM and H2 pressure of 0.5 bar with average diameter 

particle size of 27 µm, porosity of 0.7, DABNO2 1.99X10-9 m2 s-1 and DABH2 5.11X10-9 m2 s-1. 

All the experiments Cwp is lower than 1 indicating no internal mass transfer. 

 

3.7.6 Conversion, selectivity and catalytic rate 

Figure S3.10a shows the nitrite conversion using the same catalyst mass for the parent 

Pd/Al2O3 and the polymer coated catalysts (c.a. 15 mg). The results indicate that on 

Pd/Al2O3 (samples 1 and 2) reaction rates of c.a. 0.86 mmol min-1 gcat-1 can be obtained, 

while on the Pd/Al2O3-NIPAM catalysts containing 7 and 20 wt. % C the rates decreased 

to c.a. 0.35 and 0.26 mmol min-1 gcat-1, respectively. The low activities per mass of catalyst 

on the p-NIPAM rendered catalysts can be attributed to the lower Pd content (see Table 

S3.2) in comparison to the parent Pd/Al2O3. Notably, normalizing the activity using the 

metal dispersion obtained from HAADF-STEM indicates that on bare Pd/Al2O3 (1) and 

 Cwp H2 Cwp NO2- 

H2 (bar) 0wt. %C 7wt. %C 20wt. %C 0wt. %C 7wt. %C 20wt. %C 

0.2 0.85 0.6  0.08 0.045  

0.5 0.2 0.24 0.5 0.049 0.059 0.12 

0.7 0.28 0.189  0.097 0.065  

  Cwp H2  Cwp NO2- 

Temperature 

(°C) 

0wt. %C 7wt. %C 20wt. %C 0wt. 

%C 

7wt. 

%C 

20wt. 

%C 

25 0.42 0.36 0.58 0.1 0.065 0.13 

30 0.45 0.3 0.55 0.14 0.2 0.12 

50 0.56 0.37 0.72 0.25 0.17 0.13 
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(2) the TOF values were 6.9 ± 1.3 and 9.8 ± 2.3 min-1, respectively. Incorporation of 

p-NIPAM in the catalyst led to TOF values of 5.2 ± 1.1 and 6.8 ± 1.1 min-1 for 7 wt.% C 

and 20 wt. % C (see Table 3.2). While it is tempting to ascribe this reduction to the presence 

of the polymer, it is important to consider that these values are statistically 

undistinguishable as all of them are within the 3 𝜎𝜎  region (shown in Table S3.11). 

Furthermore, the herein reported rates for coated and uncoated catalysts are also in line 

with previous nitrite hydrogenation studies conducted using conventional Pd/Al2O3 at 

similar reaction conditions.[12,47] In short, p-NIPAM does not affect the reaction rates 

significantly.  

 

Figure S3.10: Conversion of nitrites as a function of time (a) and ammonium selectivity (at 

13% conversion) obtained the parent catalysts Pd/Al2O3 0 wt. % C (1) and 0 wt. % C (2) in 

blue, and 7 wt. % C (red) and 20 wt. % C (green) at 500 rpm, 20 °C, 3 mM of NO2-, 0.5 bar 

of H2, 0.1 bar of CO2 as buffer in the presence of 15 mg of catalyst. Error bars correspond 

to 95 % confidence. 

 

Table S3.11: Comparison between NO2- rate normalized as catalyst amount, palladium 

amount and metal active surface area from TEM dispersion images at 45°C. 

 NO2- rate (mmol 

min-1 gcat) 

NO2- rate (mmol 

min-1 gPd) 

TOF (min-1) from 

TEM images 

0wt. %C (1) 1.71 ± 0.1 52 ± 3 14.9 ± 2.6 

7wt. %C 0.85 ± 0.04 37 ± 1 12.6 ± 1.9 

20wt. %C 0.65 ± 0.04 39 ± 2 17.0 ± 2.1 
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Figure S3.11a shows the NH4+ concentration over time from where the integral NH4+ 

selectivity was calculated (Eq. 3.4). Figure S3.11b shows the NH4+ selectivity as a function 

of NO2- conversion. A fixed value of 13 % NO2- conversion value was fixed to compare the 

different NH4+ selectivity between the different catalysts. 

 

 

Figure S3.11: NH4+ concentration over time (a) and NH4+ selectivity as a function of NO2- 

conversion (b) (calculated from Eq. 3.5 and Eq. 3.6) for Pd/Al2O3 containing 0 (blue), 7 

(red) and 20 (green) wt. % of carbon obtained at 3 mM NO2-, 0.5 bar H2, 0.1 bar of CO2, 

0.4 bar of He, at agitation rates of 500 rpm at 25 °C (i) and 45 °C (i). 
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3.7.7 Apparent activation energies and pre-exponential factors 

 

Figure S3.12. Arrhenius plots for NO2- (a) reaction and NH4+ formation rates (b) and the 

resulting apparent activation energy barriers for Pd/Al2O3 containing 0 (blue), 7 (red) and 

20 (green) wt. % of carbon obtained at 3 mM NO2-, 0.5 bar H2, 0.1 bar of CO2, 0.4 bar of 

He, at agitation rates of 500 rpm from 25 to 55 °C. 

 

Table S3.12: Apparent activation energy barriers (Ea) of NH4+ formation and overall NO2- 

consumption (kJ mol-1) and pre-exponential factors (A) (min-1) of 0, 7 and 20wt. % C 

catalyst. From 25 to 55 °C temperature, 500 rpm, 0.1 bar CO2, 3mM NO2- and 0.5 bar H2. 

 Ea NH4+  

(kJ mol-1) 

A NH4+  

(min-1) 

Ea NO2-  

(kJ mol-1) 

A NO2-  

(min-1) 

0 wt. % C 41±3 14.9 31±1 14.3 

7 wt. % C 63±4 22.4 34±2 15.4 

20 wt. % C 76±5 28.1 30±1 14.3 
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3.7.8 Apparent reaction orders 

 

Figure S3.13: a) NO2- concentration effect on NH4+ selectivity at 20 °C with 0.5 bar H2, 

500 rpm for 0 and 7wt. % C (at 13% conversion level), b) H2 concentration effect on NH4+ 

selectivity at 20 °C with 3mM NO2-, 500 rpm for 0 wt. % C and 7wt. % C (13% conversion 

level). 

 

The rate expressions for NO2- overall consumption and NH4+ formation can be defined 

(Eq. S3.12-13), where “n” represents the reaction order for H2 and “m” the reaction order 

for NO2-. 

 

 
𝒄𝒄𝑵𝑵𝑶𝑶𝟐𝟐−=𝒌𝒌𝑵𝑵𝑶𝑶𝟐𝟐−[𝑯𝑯𝟐𝟐]𝒄𝒄[𝑵𝑵𝑶𝑶𝟐𝟐−]𝒎𝒎  

Eq. S3.12 
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[𝑯𝑯𝟐𝟐]𝒄𝒄∗[𝑵𝑵𝑶𝑶𝟐𝟐−]𝒎𝒎∗  Eq. S3.13 
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Table S3.13: Apparent NO2- and H2 reaction orders for nitrite hydrogenation and 

ammonium formation at 20 °C and 1 bar for Pd/Al2O3 containing 0 (blue) and 7 (red) wt. 

% carbon. The NO2- concentrations ranged from 1 to 4 mM at 0.5 bar of H2 and 0.1 bar of 

CO2, while H2 partial pressures varied from 0.1 to 0.7 bar at 3 mM NO2- using 15 mg of 

catalyst and 500 rpm. Hydrogen, carbon dioxide, and helium (to balance) were added 

continuously to the system to ensure constant concentrations during the experiments 

 NO2- reaction orders NH4+ reaction orders 

 𝑚𝑚𝑁𝑁𝐶𝐶2−  𝑛𝑛𝐻𝐻2  𝑚𝑚∗
𝑁𝑁𝐶𝐶2−  𝑛𝑛∗𝐻𝐻2  

0 wt. % C -0.1 ± 0.1 0.5 ± 0.1 0.4 ± 0.2 0.4 ± 0.2 

7 wt. % C -0.07 ± 0.03 0.1 ± 0.1 -0.1 ± 0.1 0.3 ± 0.2 

 

 

3.7.9 ATR-IR spectrum 

In the presence of protons, the NO2- can be protonated to form the weak acid HNO2. The 

acid dissociation constant (Ka) is 4.5x10-4 at 25 °C, resulting on a pKa of 3.3. At a pH of 7, 

The HNO2 concentration obtained was 9.71 x 10-8 mol L-1 for an initial concentration of 

NO2- of c.a. 15x10-3 mol L-1. Therefore, on the blank experiment the peak on 1260 cm-1 is 

assigned to HNO2 in solution (see Figure S3.9b). The peak at 1235 cm-1 corresponds to 

NO2- in solution. The peak at 1350 cm-1 was observed in all the experiments, which 

indicates a NO stretch from NO2- in solution. The other peaks observed in the blank 

experiment which were not detect at Pd/Al2O3 containing 0 and 7 wt. % carbon was 

attributed to water. 
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Figure S3.14: Water correct in situ ATR-IR spectrum over time on 0 wt. % C (blue) (ai) 

and 7 wt. % C (orange) (aii) Pd/Al2O3 catalyst and NO2- solution in water (grey) (b) 

obtained from a flow of 15 mM NO2- at pH 7 and 25 °C. 

 

 

Figure S3.15: Peak deconvolution at the saturation time for 0 wt. % C (blue) (ai) and 7 wt. 

% C (red) (aii) Pd/Al2O3 catalyst from a flow of 15 mM NO2- at pH 7 and 25 °C. 
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Abstract 

A series of Pd/Al2O3 catalysts coated with N-isopropylacrylamide polymer (p-NIPAM) 

brushes with increasing particle size of the support were prepared to study the interplay 

between mass transport limitations and the ability of the thermo-responsive catalysts to 

modify reactivity during reaction. Nitrite hydrogenation in water was chosen as probe 

reaction, which is a key step in the reduction of nitrites and nitrates from drinking water. 

The results show that the apparent activation energy decreases on increasing temperature 

above the LCST, i.e. the temperature where the polymer undergoes a phase change, for 

catalyst with particle sizes between 38 and 100 μm, alluding to a significant increase in 

mass transfer limitations. In sharp contrast, both p-NIPAM modified catalysts with 

smaller particle size and uncoated catalysts do not show this change in activation energy 

with temperature. Detailed multi-physics mass transport and reaction modelling indicated 

that the transport of the limiting reagent, hydrogen in this case, is severely reduced when 

the p-NIPAM collapses at temperatures above its LCST. It is concluded that effective 

reaction control using stimulus-responsive polymers requires the system to be close to the 

mass transport limitation regime, to maximize the effect of the conformation change of the 

polymer on the catalyst performance and achieve sharp and reversible transitions from 

active to inactive. 
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4.1 Introduction 

Combining catalytic materials with stimulus-responsive polymers has led to the 

development of hybrid organic-inorganic catalysts with temperature, pH, magnetic, and 

light responsiveness.[1–5] These so-called “bio-inspired” polymers can reversibly change 

their conformation from swollen to collapsed states as a response from an external 

stimulus. The most widely studied thermo-responsive polymer is poly-n-isopropyl 

acrylamide (p-NIPAM), which is soluble in aqueous environments below 32 °C (low 

critical solubility point, LCST).[6,7] At low temperatures the Gibbs free energy of the 

polymer in liquid water is primarily dominated by the H-bonding between the -NH motive 

in the polymer chains and water molecules, facilitating the stabilization of large quantities 

of water inside the polymer matrix with the concomitant entropy loss upon transfer. As 

temperature increases above the LCST the hydrogen bonds are destabilized and the Van 

der Waals forces between polymer-chains start to dominate the Gibbs free energy of the 

system, leading to the collapse of the polymer into a globular-like structure. [8]  

 

This conformational change of the polymer can be used to alter the molecular transport of 

reactive species, when these brushes are coated on a catalyst metal nanoparticle creating 

so-called “stimulus-responsive nano-reactors”. That is that the catalyst activity is altered 

depending on the polymer conformational state.[9–14] Here, it has been shown that at 

temperatures above the LCST lower reaction rates are obtained. This was attributed to 

lower effective diffusion coefficient of the reactants through the collapsed p-NIPAM layer. 

This behavior has been described by M. Ballauff and J. Dzubiella as two resistances in 

series that included the reaction kinetics and mass transfer.[13,15–18] Here, the authors 

argued that the observed kinetics are dominated by mass transfer at temperatures above 

the LCST, while the measured activity was assumed to be the same as that of the uncoated 

catalyst at temperatures below the LCST. Extrapolating this concept to a porous 

heterogeneous catalyst, however, is not straight forward. Recently, we demonstrated that 

even at low temperatures the polymer can influence the catalyst selectivity by inducing 

changes in the binding energy of surface reaction intermediates. This indicated that when 

the polymer is in close proximity to the active site the surface chemical activity is modified, 

leading to changes in the reaction kinetics. (see Chapter 3) Furthermore, the transport 

of molecules through polymer coated pores is strongly linked to the solubility of the 

diffusing species in the p-NIPAM, pore geometry, and available volume for diffusion. In 

fact, detailed transport studies using in-situ ATR-IR spectroscopy of CO in model polymer-
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membrane-catalyst assemblies (PCMA), based on p-NIPAM, revealed that at low 

temperatures a long induction time is observed in the transport of CO through the 

polymer, due to the absorption of the probe molecule in the polymer brush. (see Chapter 

2) This led to long saturation times, when compared to the experiments conducted at 

temperatures above the LCST (> 32 °C). Here, the interplay between solubility of CO in 

p-NIPAM and effective diffusion was key to rationalize these results.  

 

In this context, one can envision that the measured reaction kinetics in a polymer-coated 

porous catalyst will be the result of entangled transport and reaction kinetics, especially if 

the polymer brushes are grown on both the external and internal surfaces. Here, one can 

anticipate two extreme cases. In one scenario, the size of the support catalyst particle could 

be sufficiently small to allow fast molecular diffusion inside the particle at temperatures 

below and above the LCST of p-NIPAM (32 °C), resulting in a non-stimulus-responsive 

polymer-coated catalyst. That is that the responsive behavior of the catalyst at low and 

high temperatures is absent. On the other extreme, at large enough support particle sizes 

the onset of mass transfer limitations could accentuate the impact of the polymer 

transition from swollen to collapsed state on the observed molecular diffusion, leading to 

the responsive behavior reported in the literature for stimulus-responsive nanoreactors.  

 

To challenge this concept, we have studied the interplay between the support particle size 

of Pd-Al2O3 catalyst rendered with p-NIPAM polymer brushes and the nitrite 

hydrogenation reaction kinetics as a function of temperature. This reaction is 

characterized by fast kinetics even at low temperatures, making this system ideal to study 

the effect of thermo-responsive polymeric brushes on the catalytic performance of 

supported Pd clusters. In this reaction, nitrite reacts with hydrogen to form either 

dinitrogen or ammonia. Finding catalysts that can conduct this reaction in a selective 

manner is key for the purification of drinking water polluted with nitrite and nitrate as 

ammonia toxicity is higher than that of the nitrites.[19,20] Our results show that polymer-

coated catalysts with  small (0-38 µm) particle size do not display stimulus-responsive 

behavior. Strikingly, when the catalyst particle size was moderately large (38-100 µm) it 

was possible to observe a thermo-switchable response. Here, an inflexion point in the 

Arrhenius plot was observed at the LCST of p-NIPAM, where at low temperatures the 

apparent activation barrier was higher than that obtained above the LCST. By combining 

experimental reaction rates with multi-physics modelling, we demonstrate that in 
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polymer-coated porous catalysts the onset of moderate internal mass transport limitations 

is a pre-requisite for the polymers to induce thermo-responsive behavior on the catalyst.  

 

4.2 Materials and methods 

4.2.1 Materials 

For the catalyst synthesis gamma alumina support (γ-Al2O3) was obtained from BASF (Al 

3992E 1/8”). Palladium precursor tetra-amine-palladium (II) nitrate solution (10 wt. % in 

H2O, 1360-08-6), sodium nitrite (99.99 %, 7632-00-0), ammonium (25 % v/v water, 

1336-21-6) were obtained from Sigma-Aldrich. For the polymerization 

N-isopropylacrylamide (NIPAM, 97 %, 2210-25-5), 3-aminopropyltriethoxysilane 

(APTES, 99 %, 919-30-2), trimethylamine (Eth3N, 99 %, 75-5-3), 

α-bromoisobutyrylbromide (BIBB, 98 %, 20769-85-1), copper (II) bromide (CuBr2, 99 %, 

7789-45-9), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA, 97 %, 3083-10-1), 

L-ascorbic acid (99 %, 50-81-7) were also obtained from Sigma-Aldrich. The solvents 

n-hexane (99.4 %, 110-54-3), tetrahydrofuran (THF, 109-99-9), ethanol (64-17-5) and 

methanol (67-56-1) were obtained by Merck. The molecular sieves (4Å, 4-8 mesh, 70955-

01-0) used to dry THF were procured from Honeywell. All the aqueous solutions were 

prepared using ultra purified water obtained from a water purification system (Millipore, 

Synergy). 

 

4.2.2 Catalyst preparation 

 Palladium supported on alumna synthesis 

Palladium on alumina catalyst was prepared by wet impregnation, the method was 

described in Chapter 3. After synthesizing the Pd/Al2O3 with a particle size of 0-38 µm, 

part of the Pd/Al2O3 powder was pressurized at 400 bar for 2 min in a cold isostatic press. 

The pressurized pellet was broken and sieved to obtain samples with particles 38-100 µm. 

The catalyst with particle size in the range of 0-38 µm was labelled S (small) and particles 

in the range of 38-100 µm were labelled L (large). 

 Polymer brushes growth on Pd/Al2O3 

Poly(n-isopropylacrilamide) (p-NIPAM) was chemically bonded to Pd/Al2O3 catalyst 

surface via atom transfer radical polymerization (ATRP) method, where the two different 
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particle sizes (0-38 and 38-100 µm) were polymerized in different batches. The 

polymerization was made on a bromide functionalized Pd/Al2O3 catalyst, where the 

reactants NIPAM/CuBr2/HMTETA/ ascorbic acid in the molar ratios 900/1.5/15/10 were 

dissolved in a solvent mixture of methanol/ water (4: 1 v/v). For more details see 

Chapter 3. 

 

4.2.3 Catalyst characterization 

For the details regarding characterization see Chapter 3. 

 

4.2.4 Catalytic test 

The experiments were performed in a semi-batch reactor (0.3 L) with continuous feed of 

gases (CO2, H2 and He) at atmospheric pressure. The pH was kept constant at 5.5 by 

continuous addition of 0.1 bar partial pressure of CO2. The Pd/Al2O3 catalyst was reduced 

for 1 hour with hydrogen. Then, 3 mL of a specific concentration of NaNO2 was added to 

the reactor, starting the reaction time. Samples were taken and analyzed by ion 

chromatography (IC). For more details regarding experimental procedure and reactor 

design refer to Chapter 3. 

A typical experiment consisted of using a hydrogen concentration of 0.4 mol m-3 and NO2- 

concentration of 3 mol m-3. Temperature was varied between 20 and 50 °C using a thermal 

bath controlled via feedback thermocouple placed in the reaction solution. The 

concentration of nitrite (NO2-) and ammonium (NH4+) ions were measured as a function 

of time. Figure S4.1 shows a typical experimental result for NO2- concentration (Figure 

S4.1a) and NH4+ concentration (Figure S4.1b) over time. By applying integral kinetics at 

several reaction temperatures and concentration of both reactants, it was possible to 

estimate the reaction orders, pre-exponential factors and activation barriers (Eq. 4.1). 

 

 
𝑐𝑐𝑖𝑖,𝑒𝑒𝑖𝑖𝑛𝑛𝑎𝑎𝑙𝑙 = 𝑛𝑛𝐴𝐴𝑟𝑟

±𝐸𝐸𝑎𝑎,𝑓𝑓
𝑅𝑅𝑇𝑇 [𝑐𝑐𝑁𝑁𝐶𝐶2𝑖𝑖 ]𝑥𝑥[𝑐𝑐𝐻𝐻2𝑖𝑖 ]𝑌𝑌𝛥𝛥𝑡𝑡 + 𝐶𝐶𝑖𝑖,𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑙𝑙 

Eq. 4.1  

 

Where ci,final is the final concentration of the specie i in the bulk, A the pre-exponential 

factor, Ea,i is the activation energy barrier, R is the universal gas constant, T is the absolute 
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temperature, 𝑐𝑐𝑁𝑁𝐶𝐶2𝑖𝑖  is the bulk concentration of NO2- at time t, and 𝑐𝑐𝐻𝐻2𝑖𝑖  is the bulk 

concentration of H2 at time t, x the reaction order in NO2- and y the reaction order in H2, 

Δt is the time interval, ci,initial is the initial concentration of the specie i in the bulk and n is 

1 for the product ammonia, while n=-1 for the reactant NO2-. Here, the i species are 

NO2- and NH4+.  Since The H2 was continuously added to the system, [𝑐𝑐𝐻𝐻2𝑖𝑖 ]𝑌𝑌was assumed 

to be constant. From the concentration profile of NO2- the reaction rate was determined 

using initial activity at 10 % NO2- conversion to regress the instantaneous reaction rate at 

time zero. To correctly compare the rates between different catalyst, the rates were 

normalized per surface atoms of palladium, resulting in a Turnover Frequency (TOF, min-

1), shown in Eq. 4.2. Here, the metal active sites were obtained by the metal particle size 

distribution measured by TEM characterization assuming that no polymeric brushes block 

the accessibility of the palladium active sites (see Section S4.7.2.3.).  

 

 
𝑇𝑇𝑂𝑂𝑇𝑇 =

[𝑐𝑐𝑡𝑡𝑛𝑛𝑐𝑐𝑟𝑟𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡𝑛𝑛 𝑡𝑡𝑚𝑚𝑡𝑡𝑟𝑟 𝑁𝑁𝑂𝑂2−]𝑖𝑖
𝑚𝑚𝑡𝑡𝑙𝑙𝑟𝑟𝑠𝑠 𝑡𝑡𝑑𝑑 𝑃𝑃𝑑𝑑 𝑚𝑚𝑐𝑐𝑚𝑚𝑠𝑠𝑙𝑙𝑚𝑚𝑏𝑏𝑙𝑙𝑟𝑟  

Eq. 4.2  

 

The NO2- conversion and the integral NH4+ selectivity was calculated with Eq. 4.3 and 4.4, 

respectively.  

 

 
𝑁𝑁𝑂𝑂2− 𝑐𝑐𝑡𝑡𝑛𝑛𝑐𝑐𝑟𝑟𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡𝑛𝑛 =  

[𝑁𝑁𝑂𝑂2−]0 − [𝑁𝑁𝑂𝑂2−]𝑖𝑖
[𝑁𝑁𝑂𝑂2−]0

× 100 
Eq. 4.3  

 

 
𝑵𝑵𝐻𝐻4+ =

[𝑁𝑁𝐻𝐻4+]𝑖𝑖
[𝑁𝑁𝑂𝑂2−]0 − [𝑁𝑁𝑂𝑂2−] × 100 

Eq. 4.4  

 

Where [NO2-]0 is the initial nitrite concentration, [NO2-]t concentration nitrite at time t, 

[NH4+]t is the concentration of ammonium (mmol L-1) at time t. Here, it is assumed that 

N2 and ammonia are the only two products formed under these conditions. Thus, the 

selectivity to N2 was calculated based on the mass balance. 

The apparent activation barrier was calculated according to the Arrhenius equation (see 

Eq. 4.5). 
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 𝑙𝑙𝑛𝑛(𝑇𝑇𝑂𝑂𝑇𝑇) = −
𝑀𝑀𝑚𝑚
𝑅𝑅 

 
1
𝑇𝑇 + 𝑙𝑙𝑛𝑛(𝐴𝐴) 

Eq. 4.5  

 

Where TOF (min-1) is the normalized rate per mol surface-Pd, Ea (kJ mol-1) the activation 

energy barrier, R (8.31 kJ mol-1 K-1) the universal gas constant, T (K) absolute 

temperature, and A the pre-exponential factor. 

 

4.2.5 Modelling 

The catalyst was described using a one-dimensional model based on electroneutral 

Nernst-Planck diffusion to understand the effect of the catalyst particle size and polymeric 

brushes on the transport of reactants and products inside. The mass balance inside of one 

porous catalyst particle assuming a spherical shape, where the concentration only varies 

in the radial direction, can be defined as shown in Eq. 4.6 (see Figure 4.1).  

 

 
𝑡𝑡2
𝛿𝛿𝑐𝑐𝑖𝑖𝜀𝜀
𝛿𝛿𝑡𝑡 = −

𝛿𝛿
𝛿𝛿𝑡𝑡 �𝑘𝑘𝑟𝑟,𝑖𝑖𝑡𝑡2� + 𝑡𝑡2 (𝜉𝜉𝜉𝜉)𝑖𝑖  

Eq. 4.6 

 

Where ci (mol m-3) is the bulk concentration of the specie i, t (s) is the time,  J (mol m-2 s-1)  

is the flux of the specie i, r (m) is the radius of the particle, ε is the porosity of the catalyst, 

ξ is the stoichiometric factor of the reaction and 𝜉𝜉 (mol m-3 s-1) is the reaction rate per 

catalyst particle volume of the specie i. [22] 

 

Figure 1: Schematic representation from the 3D particle to the 1D model where the 

catalyst particle is discretized in volumes (ΔV), r represents the planar direction from the 

r rmax

JiV
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center of the particle (r=0) until the maximum radius of the particle (r=rmax) and Ji is the 

flux of species. 

The model calculates the transport of the reactants and products of the nitrite 

hydrogenation reaction from the surface of the particle (rmax) until the centre of the particle 

(r=0) over time. As reported previously in Chapter 3, no external mass transfer 

limitations were encountered when performing reaction experiments at a agitation rate of 

500 RPM. Consequently, the bulk concentration (cb) inside the batch reactor was assumed 

to be the same as that of the catalyst surface (CS). This results in the two boundary 

conditions shown in Eq. 4.7-8.  

 

 
𝑡𝑡 = 0;       

𝛿𝛿𝑐𝑐
𝛿𝛿𝑡𝑡 = 0 

Eq. 4.7 

 

 
𝑡𝑡 = 𝑡𝑡𝑚𝑚𝑎𝑎𝑥𝑥;         �

𝛿𝛿𝑐𝑐𝑜𝑜
𝛿𝛿𝑡𝑡 = 𝑘𝑘𝑛𝑛,𝑖𝑖 , 𝑐𝑐𝑜𝑜 =  𝑐𝑐𝑜𝑜   

         𝑐𝑐𝑜𝑜 =  𝑐𝑐𝑖𝑖,𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑙𝑙 , 𝑐𝑐𝑜𝑜 =  𝑐𝑐𝑜𝑜        
 

Eq. 4.8 

 

Here, the cb was defined as the initial concentration of specie i when reactants were 

continuously feed to the reactor, such as H2 and CO2. Meanwhile, for those species whose 

concentration changes over time, the bulk concentration is normalized by the flux of the 

total number of particles present in the reactor, Jn,i (see Section S4.7.5.1.). 

 

 Reaction rate 

The two parallel reactions of nitrite hydrogenation were identified as shown in Eq. 4.9-10 

(see Section S4.7.5.2.). Changes in the concentration of protons were negligible due to the 

continuous addition of CO2. Since the CO2 hydrolysis reaction to carbonic acid and the 

subsequent deprotonation rates were c.a. 23 times faster than the conversion of NO2-, 

while diffusion coefficients are similar (see Section S4.7.5.4.), one can consider that 

reaction of CO2 with water is not a limiting factor as a sufficiently high flux of protons can 

be generated as the reaction evolves (see Section S4.7.5.3.). In addition, the H2CO3/HCO3- 

buffer is preventing internal pH gradients. 
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 𝑁𝑁𝑂𝑂2− + 1.5𝐻𝐻2 + 𝐶𝐶𝑂𝑂2 → 0.5𝑁𝑁2 + 𝐻𝐻2𝑂𝑂 + 𝐻𝐻𝐶𝐶𝑂𝑂3− 
Eq. 4.9 

 

 𝑁𝑁𝑂𝑂2− + 3𝐻𝐻2 + 2𝐶𝐶𝑂𝑂2 → 𝑁𝑁𝐻𝐻4+ + 2𝐻𝐻𝐶𝐶𝑂𝑂3− 
Eq. 4.10 

 

The rate of nitrite hydrogenation was defined as shown in Eq. 4.11 (mol m-3 s-1). Here, f is 

the reaction factor used to convert the units from rate per reactor volume to rate per 

catalyst particle volume, as defined in Eq. 4.6 (see Section S.4.7.5.2.), ki is the kinetic 

constant, cNO2 is the bulk concentration of NO2-, cH2 is the bulk concentration of H2, x is 

the reaction order of NO2- and y the reaction order of H2. Here, one must be aware that 

this reaction kinetics can only be used to interpolate the reaction rates within the reaction 

operational window herein studied. 

 

  𝜉𝜉𝑖𝑖 =  𝑑𝑑𝑘𝑘𝑖𝑖[𝑐𝑐𝑁𝑁𝐶𝐶2]𝑥𝑥[𝑐𝑐𝐻𝐻2]𝑑𝑑 
Eq. 4.11 

 

 Transport in the catalyst particle 

The diffusion of molecules inside the catalyst particle was assumed to follow Fick’s law. 

Here, it is key to consider the mobility of ions in solution to ensure electroneutrality since 

the reduction of nitrite is dominated by charged species (e.g. H+, NO2-, and NH4+) and no 

electrical potential is externally applied over the system. To account for the effect of the 

electric field arising from the charged species on the diffusion, the Fick’s law was expanded 

into the Nernst Planck equation, as shown in Eq. 4.12 (see Section S4.7.5.4.). [23,24] 

 

Ji = −𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒 �
𝛿𝛿𝑐𝑐𝑖𝑖
𝛿𝛿𝑡𝑡 + 𝑧𝑧𝑖𝑖𝑐𝑐𝑖𝑖

∑ 𝑧𝑧𝑗𝑗𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒
𝑗𝑗
1

𝛿𝛿𝑐𝑐𝑖𝑖
𝛿𝛿𝑡𝑡

∑ (𝑧𝑧𝑗𝑗2𝑐𝑐𝑗𝑗𝐷𝐷𝑗𝑗,𝑒𝑒𝑒𝑒𝑒𝑒)𝑗𝑗
1

� 

 

Eq. 4.12 

Where J is the flux of the specie i (mol m-2 s-1), c is the bulk concentration (mol m-3), r is 

the particle radius (m), Di,eff is the effective diffusion coefficient in the catalyst particle 

(m2 s-1) and zi is the elementary charge. 
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Pd/Al2O3 catalyst 

The effective diffusion coefficient of a molecule in the porous bed was defined as Eq. 4.13. 

Here, Di is the diffusion coefficient of the specie i in water at infinite dilution (m2 s-1), ε is 

the catalyst porosity obtained from N2 physisorption. The tortuosity (τ) was calculated by 

the empirical correlation between τ and ε (τ = 1-ln(ε)). In this domain, the porosity and 

tortuosity were assumed to be constant throughout the catalyst particle with the values of 

0.70 and 1.40, respectively. 

 

 D𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒 =  𝐷𝐷𝑖𝑖
𝜀𝜀
𝜏𝜏 

Eq. 4.13 

 

The molecular diffusion (Di) of the different reaction species was obtained using the 

Stokes-Einstein relation [25,26], see Eq. 4.14, assuming the molecule as a spherical 

suspended particle and neglecting any influence of the solvation effects between water and 

ions [27–29]. Here, kb is the Boltzmann’s constant (1.38x10-23 kg m2 s-2 K-1), T is the 

absolute temperature (K), 𝜂𝜂 is the dynamic viscosity (kg m-1 s-1) and R is the radius of the 

particle (see Section S4.7.5.4.). 

 

 
𝐷𝐷𝑖𝑖 =  

𝑘𝑘𝑜𝑜 𝑇𝑇
6 𝜋𝜋 𝜂𝜂 𝑅𝑅  

Eq. 4.14 

   

P-NIPAM Pd/Al2O3 catalyst 

The transport through a catalyst with polymeric brushes inside the pores was defined as a 

summation of resistances either in parallel (Eq. 4.15) or series (Eq. 4.16), where the 

contribution from the polymer brushes was defined as Eq. 4.18 and the contribution from 

the catalyst was defined as Eq. 4.19. Since the polymer distribution at the catalyst surface 

and pores was considered to be homogeneous one could imagine two possible scenarios. 

In the first one, the polymer occupies the volume close to the pore walls, leaving water-

filled volume completely available for diffusion. This would lead to resistances in parallel, 

where the molecules can take the path with least resistance. In the second one, the effective 

diffusion coefficient will be the result of resistances in series in which the molecules have 

to penetrate a polymer layer at pore constrictions, completely filled with polymer, before 
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entering a pore where resistances in series are then dominant as only the pore walls are 

coated with the polymer. This would lead to a combination of resistances in series and 

parallel (see Eq. 4.17). 

 

 𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒
𝑖𝑖𝑜𝑜𝑖𝑖𝑎𝑎𝑙𝑙,𝑝𝑝 = 𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒

𝑝𝑝−𝑛𝑛𝑖𝑖𝑝𝑝𝑎𝑎𝑚𝑚 + 𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚  
Eq. 4.15 

 

 1
𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒
𝑖𝑖𝑜𝑜𝑖𝑖𝑎𝑎𝑙𝑙,𝑜𝑜 =

1
𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝−𝑛𝑛𝑖𝑖𝑝𝑝𝑎𝑎𝑚𝑚 +

1
𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚  

Eq. 4.16 

 

 𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒
𝑖𝑖𝑜𝑜𝑖𝑖𝑎𝑎𝑙𝑙,𝑐𝑐 = 𝑒𝑒 𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒

𝑖𝑖𝑜𝑜𝑖𝑖𝑎𝑎𝑙𝑙,𝑝𝑝  + (1 − 𝑒𝑒) 𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒
𝑖𝑖𝑜𝑜𝑖𝑖𝑎𝑎𝑙𝑙,𝑜𝑜 

Eq. 4.17 

 

 𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝−𝑛𝑛𝑖𝑖𝑝𝑝𝑎𝑎𝑚𝑚 = 𝐷𝐷𝑖𝑖

𝑝𝑝−𝑛𝑛𝑖𝑖𝑝𝑝𝑎𝑎𝑚𝑚  
𝜀𝜀
𝜏𝜏 𝑉𝑉𝑥𝑥,𝑝𝑝(𝑇𝑇) 

Eq. 4.18 

 

 𝐷𝐷𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚 = 𝐷𝐷𝑖𝑖
𝜀𝜀
𝜏𝜏 (1 − 𝑉𝑉𝑥𝑥,𝑝𝑝(𝑇𝑇)) 

Eq. 4.19 

 

Here Di,efftotal is the total diffusion coefficient (m2 s-1) of the specie i for the resistance in 

parallel (p), series (s) and combined (c), Di,effm is the effective diffusion coefficient of the 

catalyst filled with water in the absence of polymer brushes (m2 s-1), Di,effp-nipam the effective 

diffusion coefficient in the polymer layer grown on the support surface (m2 s-1), Dip-nipam is 

the diffusion of CO through the polymeric brushes (m2 s-1), Vx,p(T) is the volume fraction of 

polymer in the catalyst pore and x fraction of pores defined as parallel. 

 

The diffusion of the solute in thermo-responsive polymeric brushes was defined as a 

piecewise function, as shown on Eq. 4.20. Here, φp-NIPAM is the p-NIPAM volume fraction, 

φLCST is the p-NIPAM volume fraction at the transition temperature (~32 °C), aw is the 

Stokes hydrodynamic radii in pure water (nm) and λ the decay length constant (nm). The 

Mackie and Mears [30] model was used to describe the system below the transition 

polymer density and the hopping mechanism developed by Kanduc et al.[31] above φLCST 

(see Section S4.7.5.5.) For more details see Chapter 2. 
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𝐷𝐷𝑖𝑖
𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁

𝐷𝐷𝑖𝑖
=

⎩
⎨

⎧�
1 −𝛷𝛷𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁
1 + 𝛷𝛷𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁

�
2

, 𝛷𝛷𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁 < 𝛷𝛷𝐿𝐿𝐶𝐶𝐿𝐿𝑇𝑇

𝑟𝑟
−𝑎𝑎𝑤𝑤
𝜆𝜆                       ,            𝛷𝛷𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁 = 𝛷𝛷𝐿𝐿𝐶𝐶𝐿𝐿𝑇𝑇

  

Eq. 4.20 

 

 

Bulk concentration and rate 

The obtained bulk concentration of NO2- and NH4+ were used to estimate the initial 

reaction rate. To correctly compare the rates between different catalyst, the rates were 

normalized per surface atoms of palladium (TOF). 

 

4.3 Experimental results and discussion 

4.3.1 Catalyst characterization 

As reported previously in Chapter 3, BET analysis of the N2-physisorption data showed 

that the addition of chemically bonded polymer brushes reduces the support surface area 

and pore volume. This observed trend was attributed to the partial pore entrance blockage 

in the dry state. As shown in Table 4.1, the same result was observed upon the increase of 

catalyst particles from 0-38 µm, designated small (“S”), to 38-100 µm, designated large 

(“L”) (see Section 4.7.2.1.). The thermal stability of p-NIPAM brushes was studied via 

thermal gravimetric analysis (see Section S4.7.2.2.). Above 350 °C a significant weight loss 

was observed on the polymer coated catalysts samples for both small and large particles. 

This can be attributed to the decomposition of p-NIPAM brushes in air. 
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Table 4.1: Specific surface area and pore volume from Brunauer-Emmett-Teller (BET) 

method from N2-physisorption at -196 °C, carbon content from elemental analysis (EA), 

palladium loading obtained from XRF characterization, palladium particle size and 

dispersion obtained from STEM-HAADF. The catalyst with particle size 0-38 µm and 38-

100 µm was assigned S and L, respectively. Dispersion calculated based on TEM as shown 

in Section S4.7.2.3. 

Pd/Al2O3 

catalysts 

Carbo

n  

(wt. %) 

Specific 

surface area  

(m2 g-1) 

Pore 

volume  

(cm3 g-1) 

Pd loading 

(%) 

Pd diameter 

TEMc  

(nm) 

Dispersion 

(%) 

S&L 0 wt. % Ca  0 193 0.65 2.9 3.3 ± 1.6 34 

S 20 wt. % Ca 20 104 0.23 1.6 4.6 ± 1.7 24 

L 20 wt. % C 21 95.7 0.18 1.4 4.2 ± 2 26 

a: For more details refer to Chapter 3. c: Presented values correspond to the average Pd 

particle size and the width distribution as shown in Figure S4.3a-c iii. 

 

As it can be noted in Table 4.1, the polymer coated catalysts have lower metal loadings 

independent of the catalyst particle size. In comparison with the uncoated catalyst, the 

loading decreased to 1.6 and 1.4 % for 20 wt. % C Pd/Al2O3 catalyst with small and large 

particle size, respectively. Note that the characteristics of the uncoated catalyst will remain 

constant regardless of the particle size, because the support was loaded with palladium 

before pelletizing followed by crushing and sieving into the desired support particle size. 

However, Pd loading was influenced upon addition of polymeric brushes, as explained in 

our earlier publication in Chapter 3. The p-NIPAM radical polymerization process 

caused a drop in the metal loading due to the partial dissolution of small metal clusters 

(see Chapter 3). 

 

STEM-HAADF and EDS mapping characterization were conducted to determine the 

palladium nanoparticles distribution. As shown in Figure S4.3, the Al2O3 support has 

palladium nanoparticles well distributed on the surface, regardless of the polymer 

addition. The average particle size obtained was 3.3 nm for the uncoated catalyst. The 

coated catalyst shifted towards larger palladium particles to 4.6 and 4.2 nm for 20 wt.% C 

Pd/Al2O3 catalyst for small and large particles, respectively. Consequently, polymer coated 
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catalysts have lower catalyst dispersion compared to uncoated catalyst due to the partial 

dissolution of small metal clusters (see Table 4.1).  

 

Elemental composition of the catalyst surface according XPS indicated that nitrogen and 

carbon were present on the catalyst surface for both small and large particle sizes (see 

Table S4.2). In addition, the palladium binding energies obtained from XPS show that 

palladium electronic configuration is in the metal form regardless the presence of polymer 

at the support surface (see Section S.4.7.2.4.). 

 

4.3.2 Arrhenius plot 

In this section, the effect of catalyst particle size on nitrite hydrogenation was investigated 

for both uncoated and p-NIPAM coated Pd/Al2O3 catalysts (Figure 4.2). Particles smaller 

than 38 µm (S) operate in the kinetic regime based on our previous work on Chapter 3 

(see Section S4.7.3.). As a result, there is no effect on the NO2- rate by the addition of 

polymeric brushes into the catalyst surface (see Figure S4.8). In sharp contrast, when large 

particles (38-100 µm) are employed the mass transfer limitations start to control the 

reaction rate, as shown by the lower reaction rate per quantify of actives sites. In this case, 

an inflexion point is observed in the in the Arrhenius plot for the catalyst with polymer. 

This change in the temperature dependence of the rate was absent in the uncoated catalyst. 

Notably, this inflexion point was located just at the Low Critical Solubility Temperature 

(LCST) of the p-NIPAM.  

  

Figure 4.2: Arrhenius plots for NO2- for uncoated Pd/Al2O3 catalyst with small and large 

particles (a) and p-NIPAM coated Pd/Al2O3 catalyst with small (0-38 µm) and large 
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(38-100 µm) particles (b) at 3 mM NO2-, 0.5 bar H2, 0.1 bar of CO2, at agitation rates of 

500 rpm from 20 to 50 °C. Data shown at small particle size for both coated and uncoated 

Pd/Al2O3 was published previously in Chapter 3. 

 

 

In contrast to results reported for nano-reactors [14,32–34], the observed rate was not 

lower at temperatures above the LCST. Instead, increasing the temperature simply caused 

a decrease of the apparent activation energy barrier indicating the presence of more severe 

mass transfer limitations in comparison with uncoated catalyst. Since the polymer swelling 

occurs at lower temperatures, one could envision that this would lead to lower apparent 

activation energy barriers due to the higher degree of filling of the pores by the polymeric 

brushes compared to higher temperatures. However, it was observed the opposite, an 

alternative explanation for the observed trend would be that the polymer collapse causes 

blockage of catalyst pores, hindering molecular diffusion (see Figure 4.2b).  

 

4.4 Modelling results and discussion 

In the following section, we detail the results from a multi-physics model aimed at 

providing new insights on the observed trends of reaction rates for both uncoated and 

p-NIPAM coated catalysts with increasing particle size. Here, the kinetic data was 

regressed using the integral method considering the complete reaction time, more details 

considering the regression can be found in Section 4.2.4. The parity plots showing the 

goodness of the regression can be found in Section S4.7.4. The parity plots show the quality 

of the fit of the concentrations over time of NO2- and NH4+ (Figure S4.1 shows an example 

of one single experiment) obtained from the experimental and model data. Here, the 

different colors represent different experimental conditions. 

 

4.4.1 Uncoated Pd/Al2O3 catalyst 

First, intrinsic kinetics of the catalyst, such as kinetic constant and reaction orders for 

nitrite and ammonia, were determined using the results for the uncoated catalyst with 

particle size of 0-38 µm. The obtained reaction orders of NO2- and H2 for nitrite 

hydrogenation are 0.1 and 0.5, respectively (see Section S4.7.4.4), which are in good 
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agreement with previous work in Chapter 3. As reported by P. Xu [35], the reaction 

orders are constant in the concentration window used and therefore integral kinetics based 

on these reaction orders can be safely applied. On the other hand, the reaction rate based 

on the integral description is somewhat lower than the initial activity at a low NO2- 

conversion (see Table S4.7). This suggest that the products formed or protons consumed 

influence the reaction rate. The obtained kinetic values were used as an input in the 

electroneutral Nernst-Planck reaction-diffusion model, details can be found in Section 

S4.7.4.4.   

To study the effect of mass transfer limitations on the reaction, the catalyst particle size 

was increased from 0-38 µm to 38-100 µm. The change of particle size was incorporated 

to the calculation of the reaction kinetics, assuming a Gaussian distribution of the particle 

size resulting in an average particle size of 69 µm for the larger particles. 

 

The quality of the fit from both kinetics and mass transfer limitation regime can be found 

in Figure S4.13a. As it can be noticed, the one-dimensional model predicts the NO2- 

concentrations well, independent of the catalyst particle size. At the same time, NH4+ 

concentrations were more dispersed. This larger discrepancy between the experimental 

and predicted values for ammonia was attributed to the larger error associated to the small 

values of the experimentally measured concentrations (see Figure S4.13b).  

 

The concentration profiles inside the catalyst particle are calculated with the one-

dimensional model of the coated catalyst. As can be noticed in Figure 4.3a, the 

concentration of NO2- and H2 slightly decreased as a function of the radius when the 

catalyst with the small particles were employed (0-38 µm). As expected, the concentration 

profile inside the larger particles (38-100 µm) was rather pronounced (Figure 4.3b). In 

particular, the H2 profile was more pronounced than that of NO2-. While the diffusion 

coefficient of H2 is significantly larger than that of NO2- (see Figure S4.10), the H2 

concentration is 7.5 times lower than the NO2- concentration and the stoichiometry of the 

reaction (NO2-/H2) is between 2/3 and 1/3, depending on the selectivity to ammonia. 

Consequently, a stronger H2 concentration gradient develops. As a result, only part of the 

catalyst particle was actively contributing to the reduction of NO2- (see Figure 4.3bii) for 

the large particles (38-100 µm). Similar observations on mass transfer limitations upon 

increasing the particle size haves been previously reported by P.Xu et al. [36]. Notably, 

increasing temperature led to very minor changes in the nitrite concentration profiles (see 
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Figure 4.3i), while in the case of hydrogen a more significant drop in the concentration 

was observed (see Figure 4.3ii). The concentration profile of the other species involved in 

the reaction can be seen in Section S4.7.5.7, indicating that hydrogen mass transfer rates 

are affected in a greater extent than those of the CO2, NH4+, N2, and HCO3-.  

 

 

Figure 4.3: Concentration profile inside the catalyst particles for NO2- (i) and H2 (ii) for 

uncoated Pd/Al2O3 catalyst with 0-38 µm (a) and 38-100 µm (b) particle size at 10 % NO2- 

conversion level at 3 mM NO2-, 0.5 bar H2, 0.1 bar of CO2 at agitation rates of 500 rpm 

from 20 to 50 °C for light to darker colour, respectively. The arrow indicates the direction 

in which temperature increased. 

 

4.4.2 P-NIPAM coated Pd/Al2O3 catalyst 

Next, we extended the model to the p-NIPAM coated Pd/Al2O3 catalyst. The details 

regarding the regression of kinetic parameters can be found in Section S4.7.4.4. Here, the 

pores were assumed to be completely filled with p-NIPAM brushes in the swollen state (i.e. 

at temperatures below LCST). This assumption was supported by the large drop in the pore 
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volume when adding p-NIPAM according N2-physisorption measurements (see Table 4.1), 

suggesting that the polymer filled a large fraction of the pores. Ellipsometry measurements 

of p-NIPAM polymer-grafted silicon wafers at low and high temperatures were employed 

to include the thermo-responsive behaviour of the polymer on the model the (see Section 

S4.7.5.5)[37], which allowed the introduction of thermo-responsive behaviour in the 

pore-volume at different temperatures. 

As mentioned in section 4.2.5.2., the transport inside the p-NIPAM coated catalyst could 

be described as either (1) a system of resistances in parallel, where molecules can diffuse 

via the pathway of minimum resistance, or (2) a system with resistances in series at the 

pore-constrictions followed by resistances in parallel in the pores (see Eq. 4.17). A priori 

it is difficult to anticipate which of the two systems are dominant in the p-NIPAM coated 

catalyst. For this reason, a model was employed to interrogate the system and stablish the 

interplay resistances in series and parallel on the reaction rate.  

 

 Resistances in parallel 

The transport inside the catalyst particle was assumed to be described by resistances in 

parallel, where the molecules can choose the pathway with the lowest resistance. As shown 

in Parity plots in Figure 4.4a-b, the one-dimensional model predicts the NO2- 

concentrations and NH4+ concentrations well for the small particle sizes on the p-NIPAM 

coated Pd/Al2O3 catalyst. Here, the concentration profile of NO2- and H2 are similar to the 

concentration profiles for the uncoated catalyst (see Figure 4.3a and Figure 4.4c). Here, 

one could notice that already in the small particles (0-38 µm) the concentration profile for 

hydrogen was slightly more pronounced than that observed on the uncoated catalyst. This 

indicates that the presence of the polymer induced small changes on the mass transfer 

already in the small particles. Likewise, significant concentration profiles were obtained 

for CO2, NH4+, N2, and HCO3- (see Section S4.7.5.8.).  
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Figure 4.4: Parity plot of model results compared to experimental results obtained on the 

0-38 µm p-NIPAM coated Pd/Al2O3 containing 100 % parallel resistance in the particle for 

NO2- concentrations (a), NH4+ concentrations (b), concentration profile inside the catalyst 

particles for NO2- (c) and H2 (d) at 10 % NO2- conversion level using 3 mM NO2-, 0.5 bar 

H2, 0.1 bar of CO2 at agitation rates of 500 rpm. The arrow indicates the direction in which 

temperature increased. The different colours on (a) and (b) represent the different 

experiments (temperature and concentration) 

 

 

Extrapolating this model to the large particles of p-NIPAM coated Pd/Al2O3 led to 

significant deviations. As shown in Figure S4.18, the inflexion point in the Arrhenius plot 

experimentally observed at c.a. 32 °C was absent when the model was employed. This 

suggests that the initial model considering exclusively resistances in parallel is insufficient 

to predict the impact of the p-NIPAM on the reaction kinetics above and below the LCST.  
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 Combination of resistances in parallel and series 

As schematically shown in Figure 4.5, the presence of a polymeric brush at pore 

constrictions could cause a blockage in the collapsed state of the polymers. In this case, the 

reactive species would have to diffuse through the polymers and/or the empty volume 

inside the pores in the collapse state of the polymer. To model such mechanism, one must 

consider resistances in series and parallel. Since it is difficult to experimentally measure 

the extent of pore constrictions it was decided to explore the impact of increasing the 

contribution of parallel resistances using a linear combination approach.  

 

 

Figure 4.5: Schematic representation of the polymer growing inside the pores of a catalyst 

particle (a) in the swollen (b) and collapsed state (c), where in the presence of a 

constriction the collapse of the polymer creates a blockage of the catalyst pore. 

 

Figure 4.6a shows the effect of increasing the contribution of the resistances in parallel on 

the Arrhenius plot for p-NIPAM coated catalyst with small particles. As can be noticed, the 

reaction rate significantly decreased while the change in the slope of the apparent 

activation energy barriers at 32 °C was rather moderate even when 30 % of resistance in 

parallel was employed (Figure 4.2). This indicates the transport rate in the coated catalysts 

with small particle size is not limiting.  

 

Upon increasing the catalyst particle size, a more drastic drop in the reaction rate was 

observed with the increasing contribution of the resistance in series (see Figure 4.6b). 

Here, the reaction rate decreased substantially near the transition temperature of the 

p-NIPAM with at least 70:30 ratio series:parallel. This led to lower apparent activation 

Swollen Collapsed(a) (b) (c)
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barriers at temperatures above the LCST of the polymer, suggesting that upon collapse of 

the polymer the TOF decreases to a lower value due to the changes in the mass transfer 

rates. These trends are qualitatively in line with the experimental apparent barriers as 

shown in Figure 4.7 (see Section S4.7.5.9. and 4.7.5.10.), indicating that larger particles 

and higher percentage of resistance in series are the cause for mass transfer limitations.  

 

 

Figure 4.6: Arrhenius plots for NO2- for p-NIPAM coated Pd/Al2O3 catalyst with small (a) 

and large particles (b) obtained with different contributions between resistance in parallel 

and series, varied between 100% to 30 % parallel, at 3 mM NO2-, 0.5 bar H2 and 0.1 bar of 

CO2 from 20 to 50 °C.  

 

Figure 4.7: Arrhenius plots for NO2- for p-NIPAM coated Pd/Al2O3 catalyst with large 

particles assuming 30 % parallel at 3 mM NO2-, 0.5 bar H2, 0.1 bar of CO2, at agitation 

rates of 500 rpm from 20 to 50 °C. 
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At the same time, the shift of the Arrhenius curve to lower values suggests that the model 

underpredicts the reaction rates. This difference could arise from the use of initial rates to 

experimentally determine the reaction kinetics at different temperatures. At these 

conditions the absorption of nitrites in the polymer could lead to an overestimation of the 

nitrite disappearance, and thus the activity. Despite the simplifications implemented in 

our model, we have shown that the conceptual description of mass transport resistances 

in series and parallel is a reasonable approximation to the observed inflexion point on the 

activity of the polymer-coated catalysts at the LCST of p-NIPAM (see Figure S4.17). This 

suggests that the role of pore-topologies outcompetes that of the polymer-reactant 

interactions. More importantly, the fact that the difference in apparent barriers above and 

below the LCST becomes more pronounced as the particle size increases, indicating that 

partial internal mass transport limitations is a prerequisite for the induction of stimulus-

responsive behaviour of the catalysts.  

 

4.5 Conclusion 

This contribution shows that the addition of thermo-responsive polymer brushes onto the 

surface of a porous heterogeneous catalysts can induce important changes in the observed 

reaction rates. We demonstrate that the reaction rate remained constant on coating 

p-NIPAM on Pd/Al2O3 catalysts, provided that mass transfer limitations are negligible by 

using small support particles. In contrast, when larger particles are employed, the 

p-NIPAM coating of the catalyst decreases the activity, resulting in a decreased apparent 

activation energy at temperatures above the LCST. This was attributed to the thermo-

responsive character of the polymer. To describe the results, those changes were attributed 

to the polymer collapse at elevated temperatures causing a tandem effect on the molecular 

transport. On one hand, transport is enhanced due to the opening of the pore as the volume 

occupied by the polymer decreased in the collapsed state. And on the other, the molecular 

diffusion is hindered by the blockage of the pore constrictions. The reaction-diffusion 

model is able to describe the behaviour of the coated and uncoated catalysts when mass 

transfer limitations are not present. When using larger particle sizes, it was necessary to 

include the impact of pore constrictions in order to describe the occurrence of the inflexion 

point in the Arrhenius plot at the LCST of the p-NIPAM. Increasing the contribution of 

resistances in series, at the same time, led to the overprediction of the reaction rates, which 

is potentially due to the fast absorption of molecules on the polymer. The results suggest 

that the pore topology and the extent of pore constrains are key descriptors for the 
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development of switchable porous catalysts that are relevant for industrial applications. 

This knowledge will be key in the development of scalable catalysts with high surface area, 

functionalized with polymers that can rapidly switch ON/OFF in response to external 

stimuli, mimicking the self-regulating behaviour of living organisms. 
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4.7 Annexes 

4.7.1 Palladium alumina experiment 

 

Figure S4.1: Nitrite concentration over time on palladium alumina at 25 °C, 500 RPM, 

3mM NO2-, 0.5 bar H2 and 0.1 bar CO2 (a) and ammonia concentration over time under 

the same conditions (b). The Line observed in the graph is obtained from the Eq. 4.1 based 

on integral kinetics. 
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4.7.2 Characterization 

 Estimation of p-NIPAM volume occupied in the catalyst 

As reported previously in Chapter 3 to estimate the volume of the polymer p-NIPAM 

brushes in the catalyst we employed the carbon content obtained from elemental analysis 

(see Table 4.1) and the p-NIPAM bulk density (1.1 g cm-3) at 20 °C. Then, we employed 

the MW of P-NIPAM’s monomer (N-isopropyl acrylamide) of 113.16 g mol-1 to obtain the 

final volumes per unit mass of catalyst using Eq. S4.1. 

 

 
𝑉𝑉𝑃𝑃𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐶𝐶𝑎𝑎𝐶𝐶

(
𝑐𝑐𝑚𝑚3

𝑔𝑔𝑐𝑐𝑎𝑎𝑖𝑖
) =

%𝐶𝐶𝑎𝑎𝑟𝑟𝑜𝑜𝑜𝑜𝑛𝑛𝑐𝑐𝑎𝑎𝐶𝐶 ∗ 𝑀𝑀𝑀𝑀𝑁𝑁−𝑁𝑁𝑃𝑃𝐴𝐴

𝑀𝑀𝑀𝑀𝐶𝐶 ∗ 6 ∗
1

𝐷𝐷𝑃𝑃−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁
 

Eq. S4.1 

 

As shown in Table S4.1, the equivalent volume of polymer brushes per unit mass of catalyst 

was 0.3 cm3 g-1 for Pd/Al2O3 containing 20 wt. % of carbon for both particle sizes S and L.  

 

Table S4.1: Mass and volume fractions of equivalent polymer on the Pd/Al2O3 catalysts 

estimated based on the carbon content obtained by elemental analysis. Small particles data 

published previously Chapter 3. 

Catalyst Mass fraction 

of N-IPA 

Volume of N-IPA 

(ml gcat-1) 

S 0wt. %C  0 0 

S 20wt. %C 0.3 0.3 

L 20wt. %C 0.3 0.3 

 

 

 TGA 

The resulting weight loss using TGA is comparable to the carbon content, obtained from 

elemental analysis. The aforementioned carbon content is equivalent to a polymer mass 

fraction of 32 and 34 wt.% for a Pd/Al2O3 catalyst coated with p-NIPAM with particle size 
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of 0-38 µm (S) and 38-100 µm (L), respectively, which is in good agreement with the mass 

losses herein observed above 350 °C. 

 

 

Figure S4.2: Thermal gravimetric analysis (TGA) from 25 to 800 °C using synthetic air for 

the Pd/Al2O3 catalyst with 0-38 µm (S) containing 0 wt.% C (blue) and 20 wt.% C (green) 

and with 38-100 µm (L) containing 20 wt.% C (red). Blue and green data published 

previously Chapter 3. 

 

 STEM-HAADF characterization and Pd particle size 

Figure S4.3(a-c)iii shows the metal particle size distribution obtained for STEM-HAADF 

characterization, where the sample with 0 wt. % carbon, 20 wt. % carbon for the small 

particles and 20 wt. % carbon for large particles obtained a metal particle size of 3.3, 4.6 

and 4.2 nm, respectively. The mean metal particle size can be also obtained from CO 

chemisorption assuming uniform size distribution and a hemispherical shape (see Eq. 

S4.2-4). As reported previously Chapter 3, the palladium metal particle size based on CO 

chemisorption and on STEM-HAADF have similar values for the uncoated catalyst 

(Pd/Al2O3). In contrast, the metal particle sizes of the polymer coated catalysts (p-NIPAM-

Pd/Al2O3) estimated from CO chemisorption had a higher metal particle size compared to 

the estimated from STEM-HAADF. These differences could be associated to partial 

coverage of the surface of metal nanoparticles as well as to pore-blockage in the dry state. 

These artifacts could mask CO-chemisorption underestimating the actual metal dispersion 
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of the catalyst in comparison to STEM-HAADF. For this reason, the turn of frequency will 

be based on the results from STEM-HAADF characterization. 

 

 

Figure S4.3: STEM-HAADF characterization (i), palladium EDS mapping, where the 

purple plots represent the palladium particles (ii), and the metal particle size distribution 

(iii) of the pre-reduced Pd/Al2O3 catalyst containing 0 and 20 wt. % C with S and 20 wt. % 

C with L particle size distribution (a-c, respectively) based on 700 measured particles. Blue 

and green data published previously Chapter 3. 

 

 
𝐷𝐷 =  𝑆𝑆𝑒𝑒

𝑉𝑉𝑎𝑎𝑑𝑑𝑜𝑜
𝑉𝑉𝑔𝑔

𝑀𝑀𝑤𝑤𝑝𝑝𝑑𝑑
%𝑀𝑀  100% 100% 

 Eq. S4.2 
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 𝑀𝑀𝑆𝑆𝐴𝐴 =  𝑆𝑆𝑒𝑒
𝑉𝑉𝑎𝑎𝑑𝑑𝑜𝑜
𝑉𝑉𝑔𝑔

100%
%𝑀𝑀  𝑁𝑁𝐴𝐴𝜎𝜎𝑚𝑚

1 
1018 

 Eq. S4.3 

 

 
𝑑𝑑𝑚𝑚𝑒𝑒𝑎𝑎𝑛𝑛 =  

𝑇𝑇𝑔𝑔
𝜌𝜌𝑝𝑝𝑑𝑑𝑀𝑀𝑆𝑆𝐴𝐴

 
1

106  
109

1  
 Eq. S4.4 

 

Here, D is the metal dispersion (%), Sf is the stoichiometric factor between CO and the 

metal (CO:Pd is 1:1), Vads is the volume of CO adsorbed (cm3 g-1), Vg is the molar volume 

gas at STP equals to 22414 (cm3 mol-1), Mwpd is the molecular weight of palladium equals 

to 106.4 (g mol-1), %M is the metal loading (%), MSA is the active metal surface area 

(m2 g-1), NA is the Avogadro’s number equals to 6.023x1023 (mol-1), σm is the 

cross-sectional area of the palladium equals to 0.0787 (nm2), dmean is the mean metal 

particle size (nm), Fg is the crystallite geometry factor equals to 6 for an hemisphere and 

ρpd is the specific gravity of the palladium equals to 12 g cm-3. 

 

 XPS characterization 

Detail analysis of the 3d peak of palladium was conducted to determine the metal oxidation 

state. Figure S4.4ai-ci shows the deconvolution of the Pd 3d peak into the corresponding 

5/2 and 3/2 contributions obtained for uncoated Pd/Al2O3 with small particles and p-

NIPAM coated Pd/Al2O3 catalyst with small and large particles. Figure S4.4aii - cii and aiii 

– ciii shows the deconvolution of the C 1s and Al 2p peak as a reference for the calibration 

in energy (see Table S4.3 and S4.4). Pd/Al2O3 catalyst had a binding energy of 335.7 (Pd 

3d5/2) and 341.0 (Pd 3d3/2) corresponding to palladium in the metal form. On the 

polymer coated catalyst for small particles, the binding energy were 335.2 (Pd 3d5/2) and 

340.5 (Pd 3d3/2). On the polymer coated catalyst for big particles, the binding energy were 

335.3 (Pd 3d5/2) and 340.6 (Pd 3d3/2). 
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Table S4.2: Detected elements (in atomic %) by XPS on the Pd/Al2O3 catalysts containing 

0 and 20 wt.% C with S and L particle size distribution. Small particles data published 

previously Chapter 3. 

Catalyst C 1s % at. O 1s % at. Al 2p % at. N 1s % at. Pd 3d % at. 

S 0 wt. % C  13.5 54.5 30.8 0.5 0.3 

S 20 wt. % C 29.3 42.5 24.0 4.0 0.2 

L 20 wt. % C 38.2 36.29 19.89 4.76 0.2 

 

 

Figure S4.4: XPS spectra of palladium (i), alumina (ii) and carbon (iii) obtained for 

Pd/Al2O3 catalysts containing 0 (a) and 20 wt.% C with S (b) and L (c) particle size 

distribution. All spectra have been calibrated using C 1s (C-C) equals to 284.8 eV as 

reference. Blue and green data published previously chapter 3 
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Table S4.3: XPS deconvolution and binding energy of alumina support, where the 

integrated peak areas were determined by applying a gaussian function. Small particles 

data published previously Chapter 3. 

 Al 2p 1 Al 2p 2 

Catalyst Peak area (%) B.E. (eV) Peak area (%) B.E. (eV) 

S 0 wt. % C 79.4 74.2 20.5 75.2 

S 20 wt. % C 53.1 74.0 46.9 74.8 

L 20 wt. % C 81.5 74.3 18.5 76.2 

 

Table S4.4: XPS deconvolution and binding energy of carbon, where the integrated peak 

areas were determined by applying a gaussian function. Small particles data published 

previously Chapter 3 

 C 1s 1 C 1s 2 C 1s 3 

Catalyst Peak 

area (%) 

B.E. 

(eV) 

Peak area 

(%) 

B.E. 

(eV) 

Peak area 

(%) 

B.E. 

(eV) 

S 0 wt. % C 54.3 284.8 36.2 285.7 9.5 288.8 

S 20 wt. % C 20.0 284.8 63.5 285.6 16.5 287.9 

L 20 wt. % C 46.2 284.8 25.1 285.78 28.6 287.5 

 

Table S4.5: XPS deconvolution and binding energy of palladium nanoparticles, where the 

integrated peak areas were determined by applying a gaussian function. Small particles 

data published previously Chapter 3 

 Pd 3d 5/3 Pd 3d 3/2 

 Peak area (%) B.E. (eV) Peak area (%) B.E. (eV) 

S 0 wt. % C 63.5 335.7 36.5 341.0 

S 20 wt. % C 59.8 335.2 40.2 340.5 

L 20 wt. % C 58.2 335.3 41.8 340.6 

 



  Chapter 4 
 

 
201 

4.7.3 Conversion and selectivity 

Our previous publication Chapter 3 demonstrated that the addition of p-NIPAM brushes 

on small catalyst particles suppressed the formation of NH4+ (see Figure S4.5). External 

and internal mass transport limitations could not be responsible for the NH4+ selectivity 

changes due to the lower values of Weisz-Prater and Mears criteria for the internal and 

external mass transfer, respectively. In addition, similar apparent activation energy values 

for uncoated and p-NIPAM coated Pd/Al2O3 catalysts indicated that mass transfer 

limitations can be neglected. In turn, the observed changes in selectivity were attributed 

to solvation effects induced p-NIPAM polymeric brushes that modified the electronic 

environment of the metal nanoparticle. Notably, a similar trend on the NH4+ selectivity 

was observed upon an increase on the catalyst particle size (Figure S4.5), suggesting that 

the observed changes in selectivity are independent of the temperature and particle size. 

 

 

Figure S4.5: NH4+ selectivity as a function of NO2- conversion (calculated from Eq. 4.3 and 

4.4) at 25 °C (a) and 45 °C (b) for Pd/Al2O3 with particle size S containing 0 wt. % C (blue) 

and 20 wt.% C (green) and with particle size L containing 0 wt.% C (red) and 10 wt.% C 

(orange) obtained at 3 mM NO2-, 0.5 bar H2, 0.1 bar of CO2, 0.4 bar of He, at agitation 

rates of 500 rpm. The catalyst with particle size 0-38 µm and 38-100 µm was assigned S 

and L, respectively. Blue and green data published previously chapter 3. 
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4.7.4 Integral kinetics regression 

Figure S4.6 and Figure S7 show the parity plot for NO2- and NH4+ concentrations upon the 

regression of the pre-exponential factor, apparent activation energy barriers and reaction 

orders for NO2- and H2. Considering the small particle regime, particles in the range 0-38 

µm, the kinetic parameters can be obtained. The results are shown in Section 4.7.4.4. Note 

that the reaction orders used for the catalyst with 20 wt.% C were assumed to be the same 

as a catalyst with 7 wt.% C. 

 

 Pd/Al2O3 catalyst 

 

Figure S4.6: Parity plot of integral kinetics results compared to experimental results for 

NO2- concentrations (a) and NH4+ concentrations (b) at 3 mM NO2-, 0.5 bar H2, 0.1 bar of 

CO2 at agitation rates of 500 rpm from 20 to 50 °C with small (0-38 µm) and large (38-100 

µm) particles on uncoated Pd/Al2O3 catalyst, NO2- concentrations ranged from 1 to 4 mM 

at 0.5 bar of H2 and 20 °C to obtain the reaction order for NO2- with small particles, H2 

partial pressures varied from 0.1 to 0.7 bar at 3 mM NO2- and 20 °C to obtain the reaction 

order for NO2- with small particles. Experimental data for small particles was previously 

published Chapter 3. The different colours on (a) and (b) represent the different 

experiments (temperature and concentration). 
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 P-NIPAM coated Pd/Al2O3 catalyst 

 

Figure S4.7: Parity plot of integral kinetics results compared to experimental results for 

NO2- concentrations (a) and NH4+ concentrations (b) at 3 mM NO2-, 0.5 bar H2, 0.1 bar of 

CO2 at agitation rates of 500 rpm from 20 to 50 °C with small and large particles on 

p-NIPAM coated Pd/Al2O3 catalyst containing 20 wt.% carbon, NO2- concentrations 

ranged from 1 to 4 mM at 0.5 bar of H2 and 20 °C to obtain the reaction order for NO2- 

with small particles measured with 7 wt.% carbon, H2 partial pressures varied from 0.1 to 

0.7 bar at 3 mM NO2- and 20 °C to obtain the reaction order for NO2- with small particles 

measured with 7 wt.% carbon. It was assumed that 7 wt.% carbon and 20 wt.% carbon 

catalyst had the same reaction orders. Experimental data for small particles with 7 wt.% 

and 20 wt.% carbon contents on Pd/Al2O3 catalyst was previously published Chapter 3. 

The different colours on (a) and (b) represent the different experiments (temperature and 

concentration) 
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As it can be noticed in Figure S4.8a, for the samples in the kinetic regime, the TOF rates 
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p-NIPAM brushes do not change the mass transport towards the metal active site for small 
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caused a decrease on the observed reaction rate (see Figure S4.8a-b), which followed a 
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temperatures above the polymer transition temperature, the observed rate had a higher 

decrease in the presence of the polymer.  

 

 

Figure S4.8: Turnover frequency (TOF) (a) with small particles (0-38 µm) and (b) large 

particles (38-100 µm) for uncoated Pd/Al2O3 and Pd/Al2O3 catalyst coated with p-NIPAM 

brushes at 3 mM NO2-, 0.5 bar H2, 0.1 bar of CO2, 0.4 bar of He, at agitation rates of 500 

rpm, at 20 °C and 50 °C. 

 

 Kinetic parameters 

Table S4.6: Apparent activation energy barriers (Ea) of NH4+ formation and overall NO2- 

consumption (kJ mol-1) and pre-exponential factors (A) of 0 and 20 wt. % C catalyst for 

the small particles. From 20 to 50 °C temperature, 500 rpm, 0.1 bar CO2, 3mM NO2- and 

0.5 bar H2. This reaction orders were obtained from the integral kinetics regression. 

 Ea NH4+  

(kJ mol-1) 

A NH4+  

 

Ea NO2-  

(kJ mol-1) 

A NO2-  

 

0 wt. % C 31 503 23 584 

20 wt. % C 52 3700 26 480 
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Table S4.7: Apparent activation energy barriers (Ea) of NO2- consumption (kJ mol-1) 

calculated based on the initial activity and integral method of 0 and 20wt. % C catalyst for 

the small particles. From 20 to 50 °C temperature, 500 rpm, 0.1 bar CO2, 3mM NO2- and 

0.5 bar H2. This reaction orders were obtained from the integral kinetics regression. 

 Initial activity method 

Ea NO2-  

(kJ mol-1) 

Integral method 

Ea NO2-  

(kJ mol-1) 

0 wt. % C 31 23 

20 wt. % C 30 26 

 

The rate expressions for NO2- overall consumption and NH4+ formation can be defined as 

shown in Eq. S4.5-6, where “n” represents the reaction order for H2 and “m” the reaction 

order for NO2-. 

 

 
𝒄𝒄𝑵𝑵𝑶𝑶𝟐𝟐−=𝒌𝒌𝑵𝑵𝑶𝑶𝟐𝟐−[𝑯𝑯𝟐𝟐]𝒄𝒄[𝑵𝑵𝑶𝑶𝟐𝟐−]𝒎𝒎  

Eq. S4.5  

 

 
𝒄𝒄𝑵𝑵𝑯𝑯𝟒𝟒

+=𝒌𝒌𝑵𝑵𝑯𝑯𝟒𝟒+
[𝑯𝑯𝟐𝟐]𝒄𝒄∗[𝑵𝑵𝑶𝑶𝟐𝟐−]𝒎𝒎∗  Eq. S4.6  

Table S4.8: Apparent NO2- and H2 reaction orders for nitrite hydrogenation and 

ammonium formation at 20 °C and 1 bar for Pd/Al2O3 containing 0 and 7 wt. % carbon for 

the small particles. The NO2- concentrations ranged from 1 to 4 mM at 0.5 bar of H2 and 

0.1 bar of CO2, while H2 partial pressures varied from 0.1 to 0.7 bar at 3 mM NO2- using 

15 mg of catalyst and 500 rpm. Hydrogen, carbon dioxide, and helium (to balance) were 

added continuously to the system to ensure constant concentrations during the 

experiments. This reaction orders were obtained from the integral kinetics regression. The 

reaction order obtained from 7 wt.% C were assumed to be the same as 20 wt.% C. 

 NO2- reaction orders NH4+ reaction orders 

 𝑚𝑚𝑁𝑁𝐶𝐶2−  𝑛𝑛𝐻𝐻2  𝑚𝑚∗
𝑁𝑁𝐶𝐶2−  𝑛𝑛∗𝐻𝐻2  

0 wt. % C 0.1 0.5 0.1 0.4 

20 wt. % C 0.2 0.2 0.1 0.5 
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4.7.5 Modelling 

 Number of particles 

In this model it was assumed that all the particles have the same size. The surface area of 

one particle (Ap,1) was defined as the surface of one sphere with radius r (see Eq. S4.7). 

The volume of one particle (Vp,1) was defined as the volume of one sphere with radius r 

(see Eq. S4.8). 

 

 𝐴𝐴𝑝𝑝,1 = 4𝜋𝜋𝑡𝑡2 Eq. S4.7 

 

 𝑉𝑉𝑝𝑝,1 =
4
3𝜋𝜋𝑡𝑡

2 
 Eq. S4.8 

 

The weight of one catalyst particle can be obtained by multiplying the Vp,1 with the density 

of the catalyst (ρcatalyst) obtained from N2 physisorption analysis, as shown in Eq. S4.9.  

 

 𝑤𝑤𝑝𝑝,1 = 𝑉𝑉𝑝𝑝,1𝜌𝜌𝑐𝑐𝑎𝑎𝑖𝑖𝑎𝑎𝑙𝑙𝑑𝑑𝑜𝑜𝑖𝑖 Eq. S4.9 

 

The total number of catalyst particles (n) can be obtained by dividing the weight of catalyst 

used in one experiment, e.g. 15 mg, with wp,1 (see Eq. S4.10). 

 

 𝑛𝑛 =
𝑤𝑤𝑐𝑐𝑎𝑎𝑖𝑖𝑎𝑎𝑙𝑙𝑑𝑑𝑜𝑜𝑖𝑖
𝑤𝑤𝑝𝑝,1

 Eq. S4.10 

 

The total volumetric flux of the specie i (Jn,i) entering/leaving the bulk can be calculated 

by multiplying the surface flux across one particle (Ji) by the surface area of one particle 

and total number of particles (n) and then dividing by the volume of the reactor (Vreactor), 

as shown on Eq. S4.11. 

 
𝑘𝑘𝑛𝑛,𝑖𝑖 = 𝑘𝑘𝑖𝑖

𝐴𝐴𝑝𝑝,1𝑛𝑛
𝑉𝑉𝑟𝑟𝑒𝑒𝑎𝑎𝑐𝑐𝑖𝑖𝑜𝑜𝑟𝑟

 
Eq. S4.11 
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 Reaction rate 

Reaction equation 

The equations used on the proposed model were obtained from the Eq. S4.12-13. (1) and 

(2) refer to nitrite hydrogenation reactions [19,35], while the CO2 hydration reaction and 

water formation, due to H+ and OH- recombination were lumped in the same reaction 

balance as nitrite hydrogenation, due to their fast reaction rates compared to nitrite 

hydrogenation. In this way significantly improving the models speed as well as stability. 

 

 𝑁𝑁𝑂𝑂2− + 1.5𝐻𝐻2 → 0.5𝑁𝑁2 + 𝐻𝐻2𝑂𝑂 + 𝑂𝑂𝐻𝐻−(1)  
Eq. S4.12 

 𝐻𝐻+ + 𝑂𝑂𝐻𝐻− → 𝐻𝐻2𝑂𝑂 
 

 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 → 𝐻𝐻+ + 𝐻𝐻𝐶𝐶𝑂𝑂3− 
 

 

 𝑁𝑁𝑂𝑂2− + 3𝐻𝐻2 → 𝑁𝑁𝐻𝐻4+ + 2𝑂𝑂𝐻𝐻−(2) 
Eq. S4.13 

 2𝐻𝐻+ + 2𝑂𝑂𝐻𝐻− → 2𝐻𝐻2𝑂𝑂 
 

 2𝐶𝐶𝑂𝑂2 + 2𝐻𝐻2𝑂𝑂 → 2𝐻𝐻+ + 2𝐻𝐻𝐶𝐶𝑂𝑂3− 
 

 

Reaction rate expression 

For the reaction rate expression since the kinetic constant is obtained experimentally, it is 

necessary to convert the units from rate per volume reactor (mol m-3reactor s-1) to rate per 

catalyst particle volume (mol m-3catalyst s-1), as shown in Eq. S4.14.  

 𝑑𝑑 = 𝑉𝑉𝑅𝑅 ×
1
𝑆𝑆𝑃𝑃𝑑𝑑

×
𝑆𝑆𝑃𝑃𝑑𝑑
𝑛𝑛 ×

𝑛𝑛
[𝜌𝜌𝑐𝑐𝑎𝑎𝑖𝑖𝑤𝑤𝑐𝑐𝑎𝑎𝑖𝑖]

 
Eq. S4.14 

 

Where VR (m3) is the volume of the reactor, SPd is the palladium surface area, n is the 

number of particles, ρcat (kg m-3) is the density of the catalyst and wcat (kg) is the weight of 

catalyst inside the reactor.  
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 CO2 kinetics 

Hydration rate of CO2 depends on the pH of the solution. Under neutral or acidic 

conditions, the CO2 reacts with water to form carbonic acid (H2CO3) and bicarbonate 

(HCO3-) (see Eq. S4.15-16). Whereas at pH above 8, the reaction of CO2 with hydroxide 

(OH-) dominates and the main products are HCO3- and CO32- (Eq. S4.17-18). [38–41] In 

this system, the partial pressure of CO2 was 0.1 bar resulting in a CO2 concentration of 3.4 

mol m-3 based on Henry law. At 25 °C with an equilibrium constant of 1.49x10-3 for CO2 

to form H2CO3 (K1,eq) and equilibrium constant of 4.45x10-7 for H2CO3 to form proton 

(H+) and HCO3- (K2,eq) results in a solution with a pH of 5.8 ([H+] equals to 1.5x10-6 mol 

L-1). Therefore, the reactions shown in Eq. S4.17-18 can be neglected. 

 

 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂
𝐾𝐾1,𝑒𝑒𝑒𝑒
��� 𝐻𝐻2𝐶𝐶𝑂𝑂3 Eq. S4.15 

 

 𝐻𝐻2𝐶𝐶𝑂𝑂3
𝐾𝐾2,𝑒𝑒𝑒𝑒
���𝐻𝐻+ + 𝐻𝐻𝐶𝐶𝑂𝑂3− Eq. S4.16 

 

 𝐻𝐻𝐶𝐶𝑂𝑂3−
𝐾𝐾3,𝑒𝑒𝑒𝑒
���𝐻𝐻+ + 𝐶𝐶𝑂𝑂32− Eq. S4.17 

 

 𝐶𝐶𝑂𝑂2 + 𝑂𝑂𝐻𝐻−
𝐾𝐾4,𝑒𝑒𝑒𝑒
���𝐻𝐻𝐶𝐶𝑂𝑂3− Eq. S4.18 

 

 
𝐾𝐾𝑖𝑖,𝑒𝑒𝑒𝑒 =

𝑘𝑘𝑖𝑖
𝑘𝑘−𝑖𝑖

 
Eq. S4.19 

 

The ratio of the kinetic rate constants for forward (i) and backward reaction (-i) gives us 

the equilibrium constant (Ki,eq), as shown in Eq. S4.19. Proton concentration gradients 

inside the particle and reactor can be neglected if the reaction of CO2 with water is much 

faster than NO2- conversion. The hydration of CO2 in Eq. S4.15 is slow compared to the 

dissociation of H2CO3 so that H2CO3, H+ and HCO3- are in equilibrium. As shown in Figure 

S4.9, the forward reaction is slower than the backwards reaction of Eq. S4.15. At 25 °C the 

kinetic constant of CO2 hydrolysis is 0.0034 s-1, with a CO2 concentration of 3.4x10-3 mol 
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l-1 resulting in a reaction rate of 1.14x10-5 mol L-1 s-1. The rate of NO2- consumption is 

much slower with 5x10-7 mol L-1 s-1, based on the initial activity (conversion level 13%) for 

a NO2- concentration of 3x10-3 mol L-1 and H2 partial pressure of 0.5 bar at 25 °C. 

Furthermore, the amount of protons consumed is always smaller than the concentration 

of HCO3- and therefore, the buffer capacity of the H2CO3/HCO3- buffer is also preventing 

the pH gradients in the catalyst particles. 

 

 

Figure S4.9: Arrhenius plots for the forward (k1) and backwards (k-1) kinetic constant for 

the CO2 reaction with water shown in Eq. S4.15.[42] 

 

In summary, the proton concentration gradients inside the catalyst particle are less 

pronounced than NO2- and H2 because: 

- CO2 is dissolved before adding the NO2- to the solution 

- CO2 is continuously added to the reactor, keeping the concentration constant 

- Similar diffusion coefficients of CO2 and NO2- indicates similar flux 

- Higher rate of CO2 conversion towards H+ and HCO3- compared to NO2- 

reaction 

- Buffering in the H2CO3/HCO3- buffer 
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 Molecular diffusion 

Electroneutrality 

Fick diffusion is defined as shown in Eq. S4.20. To account for the effect of electric fields 

the Nernst Plank equation was used as shown in Eq. S4.21. 

 Ja = −Di,eff
δ𝑐𝑐i
δr  Eq. S4.20 

 

 Ja = −Di,eff �
δ𝑐𝑐𝑖𝑖
δr +

Fz𝑖𝑖𝑐𝑐𝑖𝑖
RGT

(∇ϕ)� Eq. S4.21 

 

Where F is the Faraday constant (96485 C mol-1), RG is the gas constant 

(8.314 J K-1 mol-1), z is the elementary charge, T is the absolute temperature (K) and ∇ϕ is 

the electric field (kg m s-2 C-1). 

 

To account for the electroneutrality the summation of all the charged species were defined 

as equal to zero, as shown in Eq. S4.22. 

 � Z𝑗𝑗 ∗ J𝑗𝑗 = 0 Eq. S4. 22 

 

Since F
RGT

(∇ϕ) is fixed and independent of species, it will be defined as a constant called 𝛶𝛶. 

 

 
�𝑧𝑧𝑗𝑗𝐷𝐷𝑗𝑗,𝑒𝑒𝑒𝑒𝑒𝑒

𝑗𝑗

1

δ𝑐𝑐𝑗𝑗
δr + �(𝑧𝑧𝑗𝑗2 𝑐𝑐𝑗𝑗  

𝑗𝑗

1

𝐷𝐷𝑗𝑗,𝑒𝑒𝑒𝑒𝑒𝑒)𝛶𝛶 = 0 
Eq. S4.23 

 

 

𝛶𝛶 =  
F

RGT
(∇ϕ) =  −  

∑ 𝑧𝑧𝑗𝑗𝐷𝐷𝑗𝑗,𝑒𝑒𝑒𝑒𝑒𝑒
𝑗𝑗
1

δ𝑐𝑐𝑗𝑗
δr

∑ (𝑧𝑧𝑗𝑗2𝑐𝑐𝑗𝑗𝐷𝐷𝑗𝑗,𝑒𝑒𝑒𝑒𝑒𝑒)𝑗𝑗
1

 

Eq. S4.24 

  



  Chapter 4 
 

 
211 

Diffusion coefficient in water 

Figure S4.10 shows the values of the diffusion coefficients used in the model. 

 

Figure S4.10: Arrhenius plot for the diffusion coefficient (m2 s-1) for H2, N2, NO2-, Na+, 

NH4+, HCO3- and CO2 in water at infinite dilation. CO2 results is published elsewhere 

[43,44]. 

 Volume and polymer fraction 

The polymer equilibrium hydration transition function (fp-nipam) describes the changes of 

the thickness of the polymer layer with temperature following a silica sphere coated with 

p-NIPAM polymeric brushes [37] (see Figure S4.11).  

 

Figure S4.11: Normalised equilibrium hydration transition function (fp-nipam) obtained for 

on a silica sphere coated with p-NIPAM polymeric brushes, adapted from [37]. 
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The volume fraction of polymer in the catalyst pore (𝑐𝑐 x,p) was calculated according to Eq. 

S4.25. Where, rsweling, represents the swelling ratio and 𝑐𝑐  dry the volume fraction of 

polymer in the dry state. The 𝑐𝑐 dry was obtained from BET results with a value of 0.3 (see 

Table S4.1). 

 

 
𝑐𝑐𝑥𝑥,𝑝𝑝 = 𝑡𝑡𝑜𝑜𝑤𝑤𝑒𝑒𝑙𝑙𝑙𝑙𝑖𝑖𝑛𝑛𝑔𝑔 × 𝑑𝑑𝑝𝑝−𝑛𝑛𝑖𝑖𝑝𝑝𝑎𝑎𝑚𝑚 ×  𝑐𝑐𝑑𝑑𝑟𝑟𝑑𝑑 Eq. S4.25 

 

Usually, the swelling ratio, the water fraction (𝛷𝛷𝑤𝑤𝑎𝑎𝑖𝑖𝑒𝑒𝑟𝑟) and polymer fraction (𝛷𝛷𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁) of 

the polymeric brushes can be calculated from the polymer hydration equilibrium function 

(Figure S4.11), as shown in Eq. S4.26-28. Here, dwet represents the thickness of the 

polymer is the presence of water and ddry the thickness obtained in the collapsed state. 

However, we could not determine the thickness of polymer in the porous catalyst in the 

dry state from TEM images. Therefore, it was assumed to be equal to the polymer fraction 

obtained from BET results (see Section S4.7.2.1.). 

 

 𝑡𝑡𝑜𝑜𝑤𝑤𝑒𝑒𝑙𝑙𝑙𝑙𝑖𝑖𝑛𝑛𝑔𝑔 =  
𝑑𝑑𝑤𝑤𝑒𝑒𝑖𝑖 − 𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑

𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑
  

Eq. S4.26 

 

 𝛷𝛷𝑤𝑤𝑎𝑎𝑖𝑖𝑒𝑒𝑟𝑟 =  
𝑑𝑑𝑤𝑤𝑒𝑒𝑖𝑖 − 𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑

𝑑𝑑𝑤𝑤𝑒𝑒𝑖𝑖
  

Eq. S4.27 

 

 
𝛷𝛷𝑝𝑝−𝑁𝑁𝑁𝑁𝑃𝑃𝐴𝐴𝑁𝑁 =  1 −  𝛷𝛷𝑤𝑤𝑎𝑎𝑖𝑖𝑒𝑒𝑟𝑟   Eq. S4.28 

 

Figure S4.12a shows the volume fraction and polymer fraction assumed for these 

experiments. We acknowledge that the swelling ratio was assumed to follow the behaviour 

published by B. A. Humphreys et al. [37] on a silica sphere coated with p-NIPAM 

polymeric brushes. However, depending on the surface density of polymer at the surface 

the swelling ratio could vary as demonstrated in Figure S4.12b. 
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Figure S4.12: Swelling and polymer fraction as a function of temperature (a) effect of the 

swelling ratio in the hydration equilibrium temperature profile (b). 

 Parity plot of uncoated Pd/Al2O3 

 

Figure S4.13: Parity plot of model results compared to experimental results for NO2- 

concentrations (a) and NH4+ concentrations (b) at 3 mM NO2-, 0.5 bar H2, 0.1 bar of CO2 
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at agitation rates of 500 rpm from 20 to 50 °C with 0-38 µm (i) and 38-100 µm (ii) particles 

on uncoated Pd/Al2O3 catalyst. 

 

 Concentration profiles uncoated Pd/Al2O3 

 

Figure S4.14: Normalized concentration profile inside the catalyst particles for NO2- (a), 

H2 (b), CO2 (c), NH4+ (d), N2 (e) and HCO3- (f) at 10 % NO2- conversion level for the 

uncoated Pd/Al2O3 catalyst with a particle size of 0-38 µm at 3 mM NO2-, 0.5 bar H2, 0.1 

bar of CO2 at agitation rates of 500 rpm from 20 to 50 °C. 
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Figure S4.15: Normalized concentration profile inside the catalyst particles for NO2- (a), 

H2 (b), CO2 (c), NH4+ (d), N2 (e) and HCO3- (f) at 10 % NO2- conversion level for the 

uncoated Pd/Al2O3 catalyst with a particle size of 38-100 µm at 3 mM NO2-, 0.5 bar H2, 0.1 

bar of CO2 at agitation rates of 500 rpm from 20 to 50 °C. 
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 Concentration profile P-NIPAM coated Pd/Al2O3 catalyst 

 

Figure S4.16: Concentration profile inside the catalyst particles for NO2- (a), H2 (b), CO2 

(c), NH4+ (d), N2 (e) and HCO3- (f) at 10 % NO2- conversion level for p-NIPAM coated 

Pd/Al2O3 catalyst with 0-38 µm particle size at 3 mM NO2-, 0.5 bar H2, 0.1 bar of CO2 at 

agitation rates of 500 rpm from 20 to 50°C assuming 100 % parallel. 
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Figure S4.17: Concentration profile inside the catalyst particles for NO2- (a), H2 (b), CO2 

(c), NH4+ (d), N2 (e) and HCO3- (f) at 10 % NO2- conversion level for p-NIPAM coated 

Pd/Al2O3 catalyst with 38-100 µm particle size at 3 mM NO2-, 0.5 bar H2, 0.1 bar of CO2 at 

agitation rates of 500 rpm from 20 to 50°C assuming 100% parallel. 

 Comparison model and experimental data 

 

Figure S4.18: Arrhenius plots for NO2- for p-NIPAM coated Pd/Al2O3 catalyst with 38-100 

µm particles assuming 100 % parallel at 3 mM NO2-, 0.5 bar H2, 0.1 bar of CO2, at agitation 

rates of 500 rpm from 20 to 50 °C.  
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Table S4.9: Activation energy barrier of NO2- for for p-NIPAM coated Pd/Al2O3 catalyst 

with big particles assuming 30 % parallel at 3 mM NO2-, 0.5 bar H2, 0.1 bar of CO2, at 

agitation rates of 500 rpm from 20 to 50 °C. Ealow is measured in the regime 20-30 °C and 

Eahigh is measured in the regime 35-50 °C. Experimental data can be found Figure 4.7. 

 Ealow (kJ mol-1) Eahigh (kJ mol-1) 

Model 30 23 

Measured 28 11 

 

 

 Outside Shell addition 

Since in this porous catalyst is not easy to determine if either the polymer grows only in 

the inside of the particle or also on the outside surface of the catalyst, it was considered to 

define the polymeric brushes as an external resistance to the molecular diffusion as a so 

called “core-shell”. As shown in Figure S4.19 only a significant polymer thickness will 

cause a change in the observed apparent activation energy barriers. However, it did not 

induce a significant drop in the apparent barrier at higher temperatures (see Figure 4.2). 

In addition, this shows that the main contribution to the effects on the observed reaction 

rate originate from the polymers grown inside the catalyst particle. This is not surprising 

as in the presence of a catalyst with high internal surface area, the percentage of polymer 

in the outside surface is almost negligible compared with the internal surface area, this 

assuming the particle is a defined sphere. 
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Figure S4.19: Temperature effect on the polymer thickness (a) and Arrhenius plots for 

NO2- at different polymer thickness for p-NIPAM coated Pd/Al2O3 catalyst with small 

particles assuming 100 % parallel at 3 mM NO2-, 0.5 bar H2, 0.1 bar of CO2, at agitation 

rates of 500 rpm from 20 to 50 °C (b). The thickness 20, 50 and 140 nm represent the 

thickness obtained in the collapsed state. Equilibrium hydration transition at a thickness 

designated as “20 nm” was obtained from [37]. 
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5.1 Conclusions 

Chapter 1 of this thesis introduced the concept of a self-regulating mechanism applied to 

heterogeneous catalysis. The most common example involves stimulus-responsive 

polymers added to the surface of a heterogeneous catalyst, to manipulate the catalytic 

performance upon an external stimulus (i.e. temperature, pH, light intensity). These bio-

inspired materials have been previously studied in idealised systems, where the thermo-

responsive polymeric brushes were coated on a nanocluster. A decrease in the reaction rate 

was observed upon the collapse of the polymeric brushes in these so-called “thermo-

responsive nano-reactors” when reaching the threshold temperature of solubility or low 

critical solubility temperature (LCST). However, there is a significant gap in research 

regarding the development of more practical catalysts that can have this hybrid behaviour 

under industrially relevant conditions. In this context, this thesis focusses on 

understanding the interplay between polymeric brushes and the catalytic performance of 

thermo-responsive nano-reactors to pave the way to industrial applications such as water 

purification where variability of the feedstock and operating conditions can generate 

important challenges in the composition of the effluent. Next, the main advantages and 

practical challenges of using in-situ attenuated total reflection infrared (ATR-IR) 

spectroscopy are revised for studying liquid-solid interfaces of thermo-responsive nano-

reactors. First, different operational modes were discussed in the context of liquid phase 

catalysis. Next, the main issues related to mass transfer effects in the design of reaction 

cells were addressed with the aim of developing kinetically relevant information about the 

underlaying reaction mechanisms.  

 

Chapter 2 demonstrated that the molecular transport through a thermo responsive 

polymeric matrix under dynamic operation is strongly coupled to the polymer-probe 

interaction and the polymer content. This was proven by combining experimental 

measurements of CO chemisorption on Pd/Al2O3 coated on the ATR-IR crystal with 

diffusion-reaction numerical modelling. Notably, the saturation time and induction period 

of the saturation curve decreased when the temperature was above the LCST of p-NIPAM 

(40 °C). This was attributed to the collapse of the polymeric brushes, thus increasing the 

effective pore diameter for diffusion in comparison with the swollen state. An accurate fit 

of the In-situ ATR experimental data with the developed model could only be obtained by 

including the absorption of CO into the polymeric matrix. Hence, it was concluded that the 

rate of molecular transport of solutes through these polymeric membranes depends on the 
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strength of the interaction between the solute and the polymer, where the solute will 

absorb rapidly into the polymeric matrix before reaching the catalyst layer covering the 

ATR-IR crystal. Clearly, it is essential to know the kinetics of the absorption in the polymer 

matrix, the maximum absorption capacity, and the diffusion coefficient inside the polymer 

at temperatures above and below the LCST to disentangle the effect of the thermos-

responsive polymer on the molecular transport under dynamic operations. 

 

In Chapter 3, the polymeric brushes were coated near the metal active sites directly on 

the surface of an industrially relevant catalyst, i.e. porous Pd/Al2O3 catalyst. Firstly, the 

mass transfer limitations were mitigated to evaluate the impact of the polymeric brushes 

in the kinetics of nitrite hydrogenation reaction.  Consequently, the p-NIPAM coated 

catalyst had a lower NH4+ selectivity in comparison with the uncoated catalyst. To 

disentangle this observation, ATR-IR spectroscopy measurements were performed 

showing a red peak shift on the NO2- adsorption on palladium. Similar observations were 

reported on Chapter 2, where the polymers addition caused a red shift on the CO-Pd 

bond peaks. The observed changes in selectivity were attributed to solvation effects, where 

the functional groups in the p-NIPAM brushes modified the energy landscape of the 

catalytic reaction. This implies that the reaction kinetics as well as the operating 

mechanism can be significantly influenced by the presence of polymers near the metal 

active site. Therefore, it is demonstrated that these polymer-coated catalysts cannot only 

be used to modify the transport of reactive species, but also to tune catalyst selectivity. 

 

Chapter 4 builds further on the work from Chapter 3 by studying the effect of the 

particle size of the Pd/Al2O3 catalyst to induce mass transfer limitations. In this way, we 

could evaluate the impact of the polymeric brushes on the observed reaction rate of nitrite 

hydrogenation at temperatures above and below the LCST of p-NIPAM. Here, it was 

observed a linear increase of the reaction rate with the temperature when smaller particles 

(0-38 µm) were employed regardless of the presence of p-NIPAM brushes. Strikingly, a 

decrease in the apparent activation energy barrier was observed at temperatures above the 

LCST in the presence of p-NIPAM coated catalyst with larger particles. Since the polymeric 

brushes were grown throughout the catalyst particle, the polymer upon collapse could 

either increase the effective pore diameter for diffusion, as discussed in Chapter 2, or 

block pore junctions. Therefore, the inflexion point in the Arrhenius plot was attributed to 

the partial blockage of the catalyst pores by the polymer collapse in the large particles. 
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While the observed reaction rates at temperatures above the LCST were lower than those 

measured below the 32 °C threshold, the changes in the apparent barriers suggest that the 

process becomes transfer limited. A detailed diffusion model was developed to shed light 

into the effect of polymeric brushes on the surface of a highly porous catalyst. This model 

could accurately predict the experimental results of the uncoated catalyst. The modelling 

efforts on the polymer-coated catalyst for the large particles suggested that the polymer 

transition from swollen to collapse at high temperatures is only relevant for the catalyst 

particles that are already mass transport controlled (i.e. 38-100 µm). As discussed in 

Chapter 4, the model accuracy could be significantly improved by including the 

absorption kinetics and capacity of the p-NIPAM.  
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5.2 Outlook 

The series of ATR measurements performed for this thesis can be expanded by measuring 

a system with p-NIPAM brushes only on the top of the surface of the membrane, 

mimicking a polymer “blanket” configuration, by protecting the membrane channels 

during the polymerization step. This strategy could help us to demonstrate the simulated 

results presented in Chapter 2, showing a decrease in the reaction rates at temperatures 

above LCST. As reported by M. Cirelli [1], the polymer surface coverage can be 

manipulated by changing the ratio between an active and inactive initiator, such as BIBB 

(bromo isobutyrilbromide) and BMA (1-bromo-carbonyl-1-methylethyl), respectively. 

Leveraging this concept, one could prevent the growth inside the pores by protecting the 

membrane pores with BMA following a sequential process. The membrane is firstly 

exposed to the coupling agent, e.g. APTES ((3-aminopropyl)triethoxysilane), followed by 

exposure to the inactive initiator, e.g. BMA. Afterwards, plasma cleaning could be applied 

to remove the APTES-BMA from the top surface of the membrane leaving the pores filled 

with the inactive initiator. Finally, the membrane surface can be exposed to the coupling 

agent followed by the active initiator, e.g. BIBB. In this way, only the active initiators 

placed on the top surface will contribute to the growth of the polymeric brushes. 

Consequently, the molecular transport can be studied by manipulating the membrane pore 

size and polymer thickness. Note that the polymer thickness obtained by this procedure 

must be carefully controlled to maximize its effect on the molecular transport.  

 

The model developed in Chapter 2 describing the ATR-IR system assumed a constant 

concentration across the length of the IRE. As explained in Chapter 1, concentration 

gradients can be formed in the presence of multi-bounced IRE. Therefore, changing from 

1D to 2D would make the model more versatile. In addition, the model calculations 

revealed that there is a complex interplay between the kinetics of absorption in the 

polymer matrix and polymer-absorbate energy of interaction (i.e. solubility). However, in 

the current simulations the kinetic constant and absorption capacity were regressed from 

the available experimental data. The absorption capacity could be obtained by measuring 

the CO concentration as a function of time upon exposure to the p-NIPMA polymer at 

different temperatures and initial concentration, allowing the estimation of the absorption 

kinetics and solubility. This information will improve the accuracy of the modelling of 

PMCA. Another interesting line of research using in-situ ATR-IR spectroscopy would be 
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to study the polymer-molecule interactions with other species that are relevant for 

industrial applications, such as organic molecules or ionic species, e.g. nitrites/nitrates. 

 

To further investigate the induced solvation effects, a suggestion would be to perform in 

situ ATR-IR experiments of nitrite hydrogenation on Pd/Al2O3 coated with p-NIPAM 

brushes. As shown in Chapter 1, ATR-IR can be used to help deducing the reaction 

mechanism by detecting interactions of reactants and reaction intermediates with catalytic 

surfaces in liquid phase. This approach could demonstrate if the adsorption strength of the 

intermediate species or/and the reaction mechanism changes upon the addition of 

polymeric brushes. The results could be afterwards compared with the previously reported 

work of S. Ebbesen et al. [2] on Pd/Al2O3 (see Chapter 1). While in-situ ATR-IR 

spectroscopy detects changes on molecular vibrations, which are key to detect the 

polymer-surface reaction intermediates interaction, the influence of the polymer on the 

electronic configuration of the metal remains hidden. For our catalyst with a polymer 

content of 20 wt.% carbon, the oxidation state of the palladium remained constant in 

comparison with the uncoated catalyst (see Chapter 3). Notably, it was previously 

reported by A. R. Riscoe et al. [5] that polymers (not stimulus-responsive) can influence 

the oxidation state of the metal. An interesting line of research would be to verify if 

increasing the polymer content at the catalyst surface leads to stronger interactions 

between the polymeric brushes and the metal surface. Next to experimental studies, the 

theoretical understanding of these materials on catalytic reaction remains elusive. This is 

primarily due to the high computational cost of conducting quantum chemical calculations 

(e.g. Density Functional Theory - DFT) in these large systems. For this reason, performing 

Molecular Dynamics Simulations (MDS) could be employed to determine the interactions 

between nitrites-polymer-metal. [3,4] 

 

In addition, the mass transport model developed based on electroneutral Fick’s diffusion 

can be further improved to study the effect of unevenly distributed polymer throughout 

the catalyst particle on the observed rate and concentration profile (see Chapter 4). The 

catalyst mapping of the polymeric brushes could be obtained by X-ray absorption 

spectroscopy. Here, a 3D scan of a single particle could allow us to better determine where 

the polymeric brushes have grown during polymerization. This information can help us to 

validate our model system with homogenous distribution. Another important revision to 

the model would be to include the of carbon dioxide (CO2) kinetics instead of assuming the 
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proton concentration constant. This condition will be even more important considering 

that polymeric brushes interact with charged species. Consequently, this could induce a 

concentration gradient of protons inside the particle which would not be observed in the 

uncoated catalyst. 

 

From the research performed in this thesis, it is clear that a well-defined structured 

catalyst is needed to develop a catalyst with self-regulating capabilities. The ability to 

control where the polymer growth is crucial because the observed effect on the reaction 

rate depends on whether the polymer grows inside or outside the pores, polymer content, 

and pore sizes. In addition, polymer chemistry and the ability of the polymer to interact 

with the diffusing species cannot be discarded as it equally affects the observed reaction 

performance. Then, depending on the desired application to either tune reaction selectivity 

or control the observed reaction rate, the polymer can either be near the metal active site 

or physically separated from the metal active site, respectively. This demonstrates that 

developing a self-regulating catalyst is rather challenging. On one hand, to prove the 

concept on a laboratory scale, a possible reaction would be hydrogen peroxide 

decomposition, for a thermo-responsive polymer, because this is an exothermic reaction 

that can lead to an adiabatic temperature rise of the system. In a similar matter one could 

image that a pH sensitive polymers could be employed for the nitrite hydrogenation 

reaction. In this is reaction the formation of NH4+ is favored at high pH, which leads to a 

positive feedback loop. Consequently, this affects the reaction selectivity and activity after 

reaching a certain pH threshold after which the reaction is out of control. Thus, this 

reaction could be suitable to demonstrate the concept of self-regulating catalysis. On the 

other hand, a theoretical evaluation of the self-regulation mechanism would be rather 

interesting. First, one could create a model system (agnostic of the chemistry of the 

polymer) that can indicate the boundary conditions in which it is possible to observe 

oscillating or self-regulating catalytic behavior. Then, this in-silico study could be used to 

provide the designing rules for self-regulating catalysts. 
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Summary 
This thesis presents a proof of concept of self-regulating mechanism by a heterogeneous 

catalyst in combination with stimuli responsive polymer. These polymers have the unique 

ability to reversibly change conformation from a swollen to a collapsed state in response 

to an environmental stimulus (e.g. temperature or pH). The conformation change of the 

polymer could allow to locally adjust the molecular diffusion of reactants, thereby 

changing the catalytic activity autonomously. Since the reaction will be intrinsically 

manipulated, implementing this concept to industrial processes will potentially alleviate 

the need for using external measures to control the reaction rate, such as passive cooling 

or using inert dilutants.  

Thus far, the self-regulating mechanism using stimuli responsive polymers has never been 

demonstrated for heterogeneous catalysis. Instead, an external stimulus is applied to alter 

the catalyst activity depending on the polymer conformational state when polymeric 

brushes are coated on a nano cluster. In the presence of a thermo-responsive polymer, 

such as poly(n-isopropylacrylamide) (p-NIPAM), the increase of temperature causes the 

polymeric brushes to collapse after surpassing a certain temperature, the so called Lower 

Critical Solution Temperature (LCST). Consequently, the change in conformation resulted 

in a decrease on the reaction rate, due to the partial blockage of the diffusion path of the 

reactants. These idealized systems demonstrate that thermo-responsive materials can be 

used to control molecular transport of reactants. However, there is still a significant 

research gap concerning the development of more practical catalysts that can have this 

stimulus-responsive behaviour under industrially relevant condition. More details 

regarding the underlining topics can be found in Chapter 1. 

This thesis provides significant insights on the interplay between polymeric brushes, using 

a thermo-responsive polymer (p-NIPAM), and catalytic performance of a palladium 

alumina porous catalyst (Pd/Al2O3) by combining diffusion studies and rigorous reaction 

kinetics measurements. Chapter 2 discusses transport studies of CO in model catalysts 

consisting of a porous Pd/Al2O3 layer and a polymeric membrane coated with p-NIPAM 

brushes using in-situ ATR-IR spectroscopy. In this model, the polymer is physically 

segregated from the metal active sites, thus avoiding any influence on the CO-Pd 

interaction. It is shown that the polymeric brushes drastically change the CO diffusion 

through the membrane. Here, the collapse of the polymeric brushes caused an increase of 
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the CO transport through the polymeric membrane. This was attributed to the increase of 

the pore diameter for CO diffusion in comparison to the swollen state. The experimental 

results were used to create a detailed molecular transport modelling based on Fick’s 2nd 

law of diffusion. The model suggests significant interaction between CO and the polymeric 

brushes, where CO absorption on the polymeric matrix plays a key role on the mass 

transport towards the catalyst. 

Nitrite hydrogenation was selected as model reaction to study the effect of polymeric 

brushes on catalyst performance. Here, p-NIPAM brushes were coated near the metal 

active sites on a palladium alumina porous catalyst (Pd/Al2O3). The activity and selectivity 

towards nitrogen and ammonia of this reaction is strongly affected by the temperature and 

concentration profile inside the catalyst particles, making this chemistry ideal for probing 

these polymer-coated catalysts. Chapter 3 demonstrates the effect of polymeric brushes 

on the reaction kinetics, where a decrease in ammonia selectivity was observed by the p-

NIPAM/Pd/Al2O3 catalyst in comparison with the bare Pd/Al2O3 catalyst. This 

observation was attributed to solvation effects caused by the proximity of the metal 

nanoparticles to the functional groups present on the polymeric chain and independent of 

the polymer conformation. In-situ ATR-IR spectroscopy demonstrated the induced 

solvation effects as the addition of polymeric brushes caused a red-shift of the NO2- 

adsorption peaks on palladium at low temperatures (25 °C). In-situ ATR-IR spectroscopy 

showed these effects by a red shift of the NO2- adsorption peaks for palladium catalyst with 

polymer-brushes-coating relative to the palladium catalyst without coating, at low 

temperatures (25 °C). 

The effect of the polymeric conformational changes on the reaction performance was 

investigated by inducing mass transfer limitations on increasingly large catalyst particles 

(i.e. 0-38 µm to 38-100 µm), as shown in Chapter 4. The uncoated Pd/Al2O3 catalyst 

follows Arrhenius behaviour upon increasing temperature, independent of the catalyst 

particle size fraction (0-38 µm and 38-100 µm). The same trend was obtained for the 

catalyst in the presence of the p-NIPAM/Pd/Al2O3, but only for smaller particles (0-38 

µm). Increasing the catalyst particle size fraction to 38-100 µm caused a decrease in the 

apparent activation energy barrier at temperatures where the polymer is in the collapsed 

state, i.e. above the LCST of 32 °C. A detailed reaction-diffusion model was developed to 

elucidate the interplay between the polymer conformation and catalyst pore structure. In 

the presence of a highly porous catalysts with undefined pore structure, the collapse of the 

polymeric brushes can either cause the blockage of pore constrictions and/or increase the 

effective pore diameter, as discussed in Chapter 2. In order to obtain the inflexion point 
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in the model with the Arrhenius plot, the polymer collapsing must lead to partial blockage 

of the catalyst pores. Increasing the contribution of pore blockage, however, led to 

overestimation of the reaction rate. This strongly suggests that polymeric brushes do not 

only create a barrier for molecular diffusion but also interact with the reactive species, as 

discussed in Chapter 2. 

Based on the results of this thesis, it is proposed in Chapter 5, to launch a research study 

on the effect of varying the membrane pore size on molecular transport of CO and/or 

growing the polymeric brushes only on the top of the membrane. The study should 

continue to experimentally obtain the absorption capacity of CO in the polymeric matrix 

by measuring the CO concentration as a function of time upon exposure to p-NIPAM 

polymeric brushes. The research should include in-situ ATR-IR spectroscopy experiments 

following nitrite hydrogenation reaction, to elucidate the effect of polymeric brushes on 

the reaction mechanism and intermediates adsorption strength. X-ray absorption 

spectroscopy can be added to map the distribution of the polymeric brushes inside the 

catalyst pores, which can help to improve our model predictions of the catalytic 

performance. 
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Samenvatting 
Dit proefschrift beschrijft een proof-of-concept van een zelfregulatie mechanisme in een 

heterogene katalysator, in combinatie met een stimulus gevoelige polymeer. Deze 

polymeren hebben het unieke vermogen om reversibel van vorm, van een gezwollen naar 

een samengetrokken staat te veranderen, als gevolg van een omgevingsstimulus (bijv. 

temperatuur of pH). De vormverandering van het polymeer zou de moleculaire diffusie 

van de reactanten plaatselijk kunnen beïnvloeden en daarmee de katalytische activiteit 

onafhankelijk van een externe stimulus kunnen veranderen. Omdat de reactie intrinsiek 

beïnvloed zal worden, zal de implementatie van dit concept in industriële processen 

potentieel het gebruik verminderen van externe maatregelen, zoals passief koelen of 

verdunnen met een  inerte oplosmiddelen. 

Tot nu toe is het zelfregulerende mechanisme, gebruikmakende van stimulus gevoelige 

polymeren, nooit aangetoond in heterogene katalyse. Over het algemeen wordt een externe 

stimulus gebruikt om de katalysator-activiteit te beïnvloeden, waarbij de verandering 

afhankelijk is van de vorm/conformatie van de stimulus gevoelige polymeer borsteltjes die 

zijn gecoat op een nano cluster. In een thermisch gevoelige polymeer, zoals poly(n-

isopropylacrylamide) (p-NIPAM) zullen, bij het overschrijden van een bepaalde 

temperatuur (de zogenaamde ‘Lower Critical Solution Temperature  :LCST), de polymeer-

borstels slinken. Deze verandering in vorm/conformatie leidt, door de resulterende, 

gedeeltelijke blokkering van het diffusie-pad van de reactanten, tot een afname van de 

reactiesnelheid. Dit geïdealiseerde model toont aan dat thermisch gevoelige materialen 

gebruikt kunnen worden om moleculair transport van reactanten te beïnvloeden. Er is 

echter nog een aanzienlijk tekort aan onderzoek aan de ontwikkeling van meer praktisch 

toepasbare katalysatoren met deze stimulus-gevoelige eigenschappen onder industrieel 

relevante omstandigheden. Meer details over deze onderwerpen zijn te vinden in 

hoofdstuk 1. 

Dit proefschrift geeft een duidelijk inzicht in de interactie tussen polymeer-borstels (van 

het thermisch gevoelige polymeer (p-NIPAM)) en de katalytische activiteit van een 

palladium-aluminium poreuze katalysator (Pd/Al2O3), door diffusie-studies en precieze 

reactie-kinetiek-metingen te combineren. Hoofdstuk 2 behandelt transportstudies van 

koolmonoxide (CO) in model katalysatoren bestaande uit een poreuze Pd/Al2O3-laag en 

een polymeer-membraan gecoat met p-NIPAM-borstels en gebruik makende van in-situ 
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ATR-IR-spectroscopie. In dit geïdealiseerd systeem wordt het polymeer fysiek gescheiden 

van het katalytisch actieve metaal, waardoor de invloed van het polymeer op de CO-Pd-

interactie wordt vermeden. Het is aangetoond dat de polymeer borstels de CO-diffusie 

door het membraan sterk veranderen. Het slinken van de polymeer-borstels geeft hier een 

toename van het CO-transport door het polymeer-membraan. Dit wordt toegeschreven 

aan de vergrootte porie-diameter voor CO-diffusie in vergelijking met de gezwollen 

toestand van het polymeer. De resultaten van de experimenten zijn gebruikt om het 

moleculair transport gedetailleerd en gebaseerd op Fick’s 2de diffusie wet te modelleren. 

Het model geeft een significante interactie tussen CO moleculen en de polymeer borstels 

weer, waarbij CO-absorptie op de polymeren een belangrijke rol speelt in het 

massatransport naar de katalysator toe. 

Nitriet-hydrogenering is gekozen als referentie reactie voor het meten van het effect van 

polymeer-borstels op de activiteit van de katalysator. Hiertoe werden p-NIPAM-borstels 

gecoat naast de actieve palladium deeltjes op enen poreuze aluminiumoxide drager 

(Pd/Al2O3). De nitriet hydrogenerings activiteit en selectiviteit richting stikstof of 

ammonia van deze reactie wordt sterk beïnvloed door de temperatuur en het concentratie 

profielen in de katalysator deeltjes, wat deze reactie uitermate geschikt maakt voor 

onderzoek naar deze polymeer-gecoate katalysatoren. Hoofdstuk 3 toont het effect van 

polymeer-borstels op de reactiekinetiek. De ammoniakselectiviteit nam af in de p-

NIPAM/Pd/Al2O3 katalysator in vergelijking met de Pd/Al2O3 katalysator zonder 

polymeer. Deze waarneming kan toegeschreven worden aan solvatatie-effecten, 

veroorzaakt door de korte nabijheid tussen het actieve metaal en de functionele groepen 

in de polymere keten en die onafhankelijk zijn van de polymeer conformatie. In-situ ATR-

IR-spectroscopie toonde deze effecten door een roodverschuiving van de NO2- adsorptie-

pieken bij de palladium katalysator met polymeer-borstel-coating ten opzichte van de 

palladium katalysator zonder coating, bij lage temperaturen (25 °C). 

Het effect van de vormverandering van de polymeren op de reactiesnelheid werd 

onderzocht door massatransport te limiteren door middel van oplopend grotere 

katalysator korrelgrootte (d.w.z. 0-38 µm tot 38-100 µm), zoals beschreven in hoofdstuk 

4. De niet gecoate Pd/Al2O3-katalysator volgt de wet van Arrhenius bij stijgende 

temperatuur, onafhankelijk van de korrelgrootte van de katalysator (0-38 µm en 38-100 

µm). Een vergelijkbare trend werd waargenomen in de aanwezigheid van 

p-NIPAM/Pd/Al2O3 maar slechts met de kleine korrelfractie (0-38 µm). Het vergroten van 

de korrelfractie van de katalysator tot 38-100 µm veroorzaakte echter een afname van de 

activeringsenergie-barrière bij temperaturen waarbij het polymeer zich in de geslonken 
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toestand bevindt, d.w.z. boven een LCST van 32 °C. Een gedetailleerd reactie-

diffusiemodel werd ontwikkeld om de interactie tussen de polymere conformatie en de 

poriestructuur van de katalysator op te helderen. Bij zeer poreuze katalysatoren met een 

niet definieerde poriestructuur, kan het slinken van de polymeerborstels ofwel verstopping 

van de porie veroorzaken en/of de effectieve poriediameter vergroten, zoals besproken in 

hoofdstuk 2. Om het experimenteel geobserveerde buigpunt in het model met de 

Arrhenius vergelijking te verkrijgen, moet het slinken van het polymeer leiden tot 

gedeeltelijke verstopping van de katalysator-poriën. Het verhogen van de bijdrage van 

deze verstopping in het model leidde echter tot een overschatting van de reactiesnelheid. 

Dit duidt er sterk op dat polymeerborstels niet alleen een barrière vormen voor 

moleculaire diffusie, maar dat ze ook een interactie hebben met de reactieve moleculen, 

zoals besproken in hoofdstuk 2. 

Gebaseerd op de resultaten van dit proefschrift wordt in hoofdstuk 5 voorgesteld om een 

nieuwe studie uit te voeren op het effect van de membraan porie-grootte op het 

moleculaire transport van CO en/of het effect te onderzoeken van de polymeer-borstels 

alleen op de bovenkant van het membraan te laten groeien. In het onderzoek moeten 

vervolgmetingen gedaan worden aan de CO concentratie als functie van de tijd van 

blootstelling aan de p-NIPAM polymeer borstels om zo de absorptiecapaciteit van de 

polymeermatrix te achterhalen. Ook moeten in-situ ATR-IR spectroscopie metingen aan 

de nitriet-hydrogenatie reactie worden gedaan, ter opheldering van de invloed van de 

polymeerborstels op het reactiemechanisme en de adsorptie sterkte van de 

tussenproducten. Röntgenabsorptiespectroscopie metingen zullen toegevoegde waarde 

hebben om de verdeling van de polymeerborstels in de katalysatorporiën in kaart te 

brengen, wat behulpzaam is ter verbeteringen van het katalytische vermogen. 
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