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Abstract

PILCs for trapping phosphorus in a heavy duty engine
exhaust system

Anders Kvarned

In order to fulfil the requirements in the EURO VI standard, regulating emissions from
heavy duty vehicles, the exhaust aftertreatment system needs to maintain its efficiency
for at least seven years or 700 000 km. In diesel applications the diesel oxidation
catalyst (DOC) is located closest to the engine and is thus the most vulnerable to
poisoning contaminants, such as phosphorus originating from fuel and oil additives,
which deactivates the catalyst.
An idea to reduce the impact from phosphorus impurities (recently patented by
Scania CV) is to place a low-cost sacrificial substrate, consisting of one or more
pillared clay mineral (PILC) with high affinity for phosphorus, upstream the
aftertreatment system in order to protect and thus increase the lifetime of the
catalytic components which contain platinum group metals. 
In this work one commercially available and four custom made PILCs, comprising of
two conventional type PILCs and two of the type porous clay heterostructures
(PCH), were evaluated. The PILCs were exposed to a phosphorus-containing gaseous
mixture using a lab-scale experimental setup in order to determine their phosphorus
sorption potential. 
The PILC materials exhibit potential to function as sacrificial substrates for
phosphorus in the intended application. It was indicated to be a correlation between
increasing iron content (wt%) and increasing phosphorus sorption capability. The
most promising material was the custom made Al,Fe-pillared saponite, which was up
to twice as effective in trapping phosphorus as the DOC. The commercial sample, the
Al-pillared montmorillonite, was only about as efficient as the DOC.
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Populärvetenskaplig sammanfattning 
Kraven på effektiv avgasrening gällande tunga fordon skärps alltmer och därmed ställs allt högre krav 

på de katalytiska komponenterna i ljuddämparen, där avgasreningen sker. Enligt nuvarande regelverk 

(EURO VI) måste kraven på avgasrening följas under minst 7 år eller 70 000 mil.  

Avgasreningen sker genom kemiska reaktioner i ljuddämparen, där ljuddämparkomponenternas ytor 

katalyserar omvandlingen av förorenande föreningar i avgaserna till mindre skadliga föreningar (t.ex. 

oxidation av kolmonoxid till koldioxid). Över tid avtar dock effektiviteten hos de katalyserande ytorna 

genom bland annat så kallad ”förgiftning”, vid vilken föroreningar från motorolja och bränsle 

interagerar med katalysatorytan och ger upphov till kemisk deaktivering. Exempel på en sådan 

förgiftande förorening är fosfor, som i huvudsak härstammar från smörjande tillsatser i motoroljan 

och som binder icke-selektivt till ytan, varvid de katalytiska sätena på katalysatorytan blockeras.  

Fosforförgiftning är mer påtaglig för dieselmotorer, jämfört med bensinmotorer, eftersom de 

förbrukar större mängd motorolja och därmed utsätts för större halt fosfor. I de fall biobränsle 

används ökas halten fosfor i avgaserna än mer, eftersom dessa bränslen framställs av grödor vilka 

alla naturligt innehåller fosfor och även berikas med fosfor vid gödsling.  

I en dieselmotor är dieseloxidationskatalysatorn (DOCn) den mest utsatta komponenten, på grund av 

dess position uppströms avgassystemet, dvs. närmast utloppet från motorn. I syfte att minska 

mängden fosfor som de katalytiska komponenterna utsätts för har Scania CV genom ett patent 

föreslagit användande av ett billigt och enkelt utbytbart offersubstrat med hög affinitet för fosfor. 

Det föreslagna materialet för detta ändamål är baserat på pelaruppbyggda lermineral (s.k. pillared 

clay, PILC). 

I den här studien undersöktes fem olika PILC-material. Endast ett kommersiellt PILC-material (från 

Sigma-Aldrich) fanns tillgängligt. De övriga fyra PILC-materialen specialtillverkades av ett 

forskningsinstitut i Rom (Consiglio Nazionale delle Ricerche, CNR) på uppdrag av Scania CV. Dessa fyra 

PILC-material baserades på två olika lermineral, montmorillonit och saponit. För vartdera 

lermineralet användes en relativt ny metod, s.k. porous clay heterostructures (PCH), vilket möjliggör 

högre specifik ytarea (som uttrycks i m2/g) och därmed är större ytarea tillgänglig för interaktioner. 

De två övriga PILC materialen från CNR, ett av vartdera lermineralet, tillverkades enligt konventionell 

metod.  

PILC-materialen exponerades för en gasblandning innehållandes fosfor i en ”förgiftningsrigg”, som 

ursprungligen konstruerats för att undersöka förgiftning av katalysatormaterial. Mängden tillgängligt 

PILC-material var dock mycket begränsad. Därmed kunde inte alla tänkbara parametrar som skulle 

kunna påverka fosforupptaget utvärderas, utan begränsades till variabel temperatur i PILC-materialet 

(250°C, 350°C respektive 450°C).  

Resultaten från studien visade att lermaterialen har potential att fungera som offersubstrat. Speciellt 

det specialtillverkade lermaterial från CNR som innehöll mineralet saponit, vilket hade pelare 

bestående av aluminium och järn. Detta material var ca tjugo procent bättre på att fånga upp fosfor 

jämfört med DOC-materialet (dvs. den komponent som är tänkt att skyddas mot fosfor). Det 

kommersiella PILC-materialet från Sigma-Aldrich var dock bara jämförbart med DOCn gällande 

upptag av fosfor. 

Något samband mellan specifik ytarea och upptag av fosfor kunde inte fastställas. Möjligen kan 

porstorleken (och porstorleksfördelningen) i materialet vara av större betydelse än enbart ytarean. 
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Abbreviations 
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HC Hydrocarbon 
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IUPAC International Union of Pure and Applied Chemistry 

KTH Kungliga Tekniska Högskolan (Royal Institute of Technology in Stockholm, Sweden) 

MFC Bronkhorst Mass Flow Controller 

MMT Montmorillonite 

NMBO The Engine Lubrication system-group (at Scania CV) 

NOx Nitric oxides 

PCH Porous clay heterostructures 

PGM Platinum group metal 

PILC Pillared clay 

PM Particulate matter 

S.s.a. specific surface area 

SA Sigma Aldrich 

SAP Saponite 

SCR Selective catalytic reduction 

SEM Scanning electron microscopy 

SOF Soluble organic fraction 

STP Standard temperature and pressure 

SV Space velocity 

TEOS Tetraethylorthosilicate 

TG Thermogravimetric  

TWC Three-way catalyst 

VOF Volatile organic fraction 

XRD X-ray diffraction 

XRF X-ray fluorescence 

ZDDP Zinc dialkyldithiophosphate 
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1 Introduction 
The treatment of vehicle exhausts has been significantly improved during the last decades as a result 

of legislation pushing for lower and lower emission levels. However, due to different deactivating 

mechanisms of the active components in the exhaust aftertreatment system the efficiency is 

decreasing during its lifetime. This is why the legislation also requires the emission levels to be 

maintained over time. Within the European Union, the levels of emissions (gaseous pollutants, i.e. 

carbon monoxide (CO), hydrocarbon (HC), ammonia (NH3) and nitric oxides (NOx), and particulate 

pollutants) for a heavy duty vehicle must be met for at least 7 years or 700 000 km in order for the 

vehicle to fulfil the current standard, i.e. the EURO VI [1]. In order to meet these requirements, large 

efforts are being made on trying to understand the mechanism of deactivation and to prevent loss of 

efficiency. 

Chemical deactivation by contaminants, originating from additives in the engine oil and in some 

cases the fuel, is one example of a severe deactivating mechanism, often referred to as poisoning. 

Depending on the interaction of the impurity with the catalyst surface, deactivation can be selective 

or non-selective, and also reversible or irreversible. Poisoning by phosphorus-containing 

contaminants has been proven to be non-selective. [2] 

The major part of these phosphorus species originates from lubricating additives present in the 

engine oil [2]. For a Diesel engine this is more striking than for an Otto engine, since the former 

consumes larger amounts of oil during operation and thus releases more unburned oil and oil 

additives into the exhaust system [2]. Additionally, in the case of biodiesel-fuelled engines, the level 

of phosphorus in the exhaust is generally higher because of compounds occurring naturally in 

biomass-derived fuels (made from e.g. rapeseed, sunflower, coconut and palm oil) [3]. Phosphorus in 

plants, such as phospholipids in cell membranes, is transferred from the soil (as H2PO4
- and HPO4

2- e.g. 

from fertilizers) [4]. 

Scania CV manufactures both diesel-fuelled engines (compression-ignited combustion engines) and 

gas-fuelled engines (spark-ignited combustion engines, so called “Otto” engines) for heavy-duty 

applications. The aftertreatment system of an Otto engine consists of a three-way catalyst (TWC) 

only, while that for a diesel-fuelled engine consists of multiple components, of which the diesel 

oxidation catalyst (DOC) is located closest to the engine and is thus most vulnerable to poisoning 

contaminants. The poisoning by phosphorus is occurring for both the DOC and the TWC [2]. The two 

different aftertreatment systems and the poisoning are described in more detail in the Background 

section. 

In order to avoid deactivation of the catalytic components, and thus to extend their lifetime, it is of 

paramount importance to minimize the amount of contaminants in the exhaust. One recent idea of 

reducing the content of phosphorus (which has also been patented by Scania CV) is to place a 

sacrificial substrate upstream the catalytic components in the exhaust system, e.g. inside the tube 

connecting the silencer to the engine as depicted in Figure 1. The preferred properties of the 

sacrificial substrate are listed below. [5] 

 A design which induces minimal pressure drop, i.e. geometry with open channels in the axial 

direction (e.g. honeycomb or monolith shape, as illustrated in Figure 1). 

 Produced from low cost materials. 

 Easy to replace when saturated (e.g. coordinated replacement with other reoccurring and 

scheduled maintenance work, such as oil and oil filter change).  

Based on these properties, materials based on a high surface area clay mineral called pillared clay 

(PILC) have been suggested to be suitable for the intended application. [5] 
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Figure 1: An example of a Scania Eu-VI engine and its aftertreatment system and an example of a monolith 
shaped material, i.e. the suggested geometry of the sacrificial substrate. The yellow box shows the tube 
through which the exhaust gas is transferred to the silencer, and hence the possible location for a sacrificial 
substrate for trapping phosphorus.  

The purpose of this study was to evaluate the potential of different types of PILCs to be used as 

sacrificial substrates to trap phosphorus in the gaseous environment of an engine exhaust, with the 

main goal to be able to decide whether the materials have potential to adsorb phosphorus or not, 

and to correlate possible sorption capacity to material characteristics. Hence, this study should be 

regarded as a first crude assessment of the potential of the PILCs for the intended application. 

 

2 Background 

 Engine aftertreatment systems and why phosphorus is a problem 2.1

2.1.1 Gas-fuelled spark-ignited combustion engine (Otto engine) 
The polluting species formed during combustion in a spark-ignited combustion engine (e.g. Scania 

gas-fuelled engines) are mainly CO, CO2, NOx and hydrocarbons (HCs) [2,6]. The relative air-to-fuel 

mass ratio during combustion, called the lambda (λ) ratio, is the parameter that has the largest 

impact on the quantity of polluting species generated and is defined in Equation 1. Where “actual” 

represents the actual instantaneous ratio in the combustion chamber and “stoichiometric” is the 

corresponding stoichiometric ratio [2].  

𝜆 =
(

𝑚𝑎𝑖𝑟
𝑚𝑓𝑢𝑒𝑙

⁄ )
𝑎𝑐𝑡𝑢𝑎𝑙

(
𝑚𝑎𝑖𝑟

𝑚𝑓𝑢𝑒𝑙
⁄ )

𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

                      (𝐸𝑞. 1) 

The different polluting species’ dependencies of the λ-ratio are not equal and exhibits non-linear 

dependencies, as seen in Figure 2. In excess air (i.e. λ > 1, so called “lean” conditions) emissions of CO 

and HC are lowered since the fuel is almost completely combusted, in opposite to conditions of 

excess fuel (i.e. λ < 1, so called “rich” conditions) where their concentrations are increasing. The 

emissions of NOx on the other hand are highest at high temperatures, which is when the combustion 
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is close to complete. The window of operation is also limited by the stability of the combustion, 

which implies that regardless what the actual air-to-fuel ratio is during the operation of a spark-

ignited engine some polluting species will always be formed. [6]  

 

Figure 2: Polluting species being formed in a spark-ignited combustion engine at different air-to-fuel ratios (in 
this case fuelled with gasoline). The dashed line shows the stoichiometric air-to-fuel ratio. At rich conditions (i.e. 
λ < 1) the engine is run with excess fuel and at lean conditions (i.e. λ > 1) it is run with excess air. (Figure 
reprinted from [7]) 

This is why a three-way catalyst (TWC) is used, which simultaneously and efficiently oxidises CO and 

HCs and reduces NOx. One of the most important components for the TWC technology is the oxygen 

sensor in the exhaust system, which is controlling the air-to-fuel ratio in the engine in order to keep it 

close to stoichiometric. To handle the time lag in the signal from the sensor to the engine, i.e. any 

divergence from the stoichiometric ratio, the system also includes oxygen storage. At lean conditions 

(i.e. excess air) oxygen is stored as metal oxide, e.g. as ceria (CeO2). And at rich conditions the oxygen 

is released in order to oxidize CO and HC into H2O and CO2. [8] 

2.1.2 Diesel-fuelled compression-ignited combustion engine 
The diesel is injected in liquid form as the piston inside the cylinder approaches its top position, 

resulting in auto-ignition of the fuel (i.e. without using a spark as in the case of the spark-ignited 

combustion engine). The emissions from a diesel engine consist of both particulate matter (PM) and 

gases, which requires a different technique than the TWC for the aftertreatment system. [2] 

The fuel economy of a diesel engine is generally good, resulting in less CO2 emissions (i.e. less 

contribution to the green-house-effect). And the nature of the combustion process results in low 

operating temperatures and low raw emissions of NOx, CO and HCs (compared to the Otto 

counterpart). But since the fuel is injected as a liquid and because of the combustion process itself 

the levels of PM emissions are high, especially at low combustion temperatures. While at high 

combustion temperatures the emissions of PM decrease, at the cost of increasing NOx levels. This is 

known as “the NOx-particulate trade-off”. The PM fraction includes solids as well as liquids, such as 

the soluble organic fraction (SOF) (or volatile organic fraction, VOF) partly consisting of aerosols of 

unburned diesel fuel and lubricating oil. [2] 

First in line in a diesel engine exhaust system is the diesel oxidation catalyst (DOC), as depicted 

schematically in Figure 3 [2]. Its main purpose is to oxidise the SOF, CO and NO [2]. Downstream the 

DOC the diesel particulate filter (DPF) is situated, mainly to trap PM but also to boost the NO 

oxidation further [2]. Then follows the selective catalytic reduction (SCR) catalyst, that uses urea (e.g. 
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“AdBlue”) as the source for NH3 for reduction of NOx, and eventually the ammonia slip catalyst (ASC), 

to take care of any excess of ammonia [2]. The upstream position of the DOC makes it the most 

exposed, and hence the most vulnerable component of the ones mentioned, to contaminants 

originating from the exhaust gas stream. This is the impetus for the present study.  

 

Figure 3: Schematic illustration of the aftertreatment system of a heavy-duty diesel engine, showing the 
position of the DOC, DPF, urea dosing unit and the SCR catalyst. (Reprinted from [2]). 

A DOC consists of a synthetic cordierite (2MgO·2Al2O3·5SiO2) substrate in the shape of a monolith, i.e. 

a uniformly shaped structure with parallel channels of equal size inside of which the exhaust can flow 

(e.g. honeycomb-like geometry), with a low surface area (e.g. 0.3 m2/g). The monolith is covered with 

a washcoat, i.e. a coating typically consisting of different high-surface-area metal oxides (e.g. Al2O3, 

TiO2 and SiO2) impregnated with platinum group metal (PGM) nanoparticles (e.g. Pt/Pd) which 

constitute the active catalytic sites. [2] 

The most advantageous feature of the open monolith structure is that it allows high flow rates 

without severe pressure drop, even though the washcoat increases the pressure drop somewhat [2]. 

A typical mass flow of a common 9 litres diesel engine exhaust during standard load (50-70% torque) 

and standard engine speed (1200 rpm) can be around 700 kg/h (i.e. approximately 9 000 l/min). 

2.1.3 Catalytic efficiency 
At low temperature in heterogeneous catalysis the catalytic activity is limited by the rate of the 

chemical reaction. When temperature increases the pore diffusion in the catalyst becomes the 

limiting step. While at even higher temperatures the catalytic conversion starts to become limited by 

the bulk mass transfer rate. These dependencies are illustrated in Figure 4. [2] 

 

Figure 4: Typical behaviour of the efficiency of the catalyst (hence the conversion) at different temperature 
regimes. (Reprinted from [2]). 
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The conversion rate is also often dependent on for how long the reactants are present, i.e. the 

residence time (τ). This is often expressed as the inverse of the residence time (1/τ), called the space 

velocity (SV), which is calculated according to Equation 2. [2] 

𝑆𝑉 [ℎ−1] =
𝜈[𝑚3ℎ−1]

𝑉 [𝑚3]
                      (𝐸𝑞. 2) 

where “ν” is the volumetric flow and V is the bulk volume of the catalyst. If assuming the volume of a 

DOC to be 6.5 litres, the SV is then: 

𝑆𝑉 [ℎ−1] =
9 000 𝑙/𝑚𝑖𝑛

6.5 𝑙
∗ 60

𝑚𝑖𝑛

ℎ
≈ 83000 ℎ−1 

and the residence time, “τ”: 

𝜏 =
1

𝑆𝑉
≈ 0.04 𝑠 

 

2.1.4 Catalyst deactivation and poisoning 
The catalytic activity can be decreased by several causes; such as increased crystallinity or sintering 

due to high temperatures, loss of washcoat due to attrition and erosion and also poisoning by 

contaminants from an external source [2]. Out of them, the latter is the main focus of this work. 

Chemical deactivation, or poisoning, is when contaminants are chemisorbed onto the catalyst, 

leading to reduced catalytic activity. The concentration of contaminants does not need to be high in 

order to cause poisoning. [9] 

Poison mechanisms can be classed as either selective or non-selective. Selective poisoning occurs 

when the contaminants chemically bind specifically to some of the washcoat components (such as 

the PGM), resulting in blocked sites with very limited or no catalytic activity whatsoever. In contrast, 

non-selective poisoning is more of a physical character and occurs when the contaminating species 

deposits non-specifically onto or into the catalyst structure, thus fouling/masking the catalytic sites 

and reducing its accessibility, as illustrated in Figure 5. Depending on the strength of the interaction 

with the washcoat the poisoning can be reversible or irreversible. [2,10]  

 

Figure 5: Illustration of non-selective poisoning mechanism (Reprinted from [2]). 

Regeneration of catalysts in order to restore its original activity is often more complex than 

preventing the deactivation. Some species can be removed in a heated oxygen-rich environment, in 

order to recover catalyst activity. Though, it is not possible to use this method to recover a catalyst 

from poisoning by calcium, phosphorus and zinc which are hence considered to cause irreversible 

poisoning. [9] 
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2.1.5 Poisoning by phosphorus 
Phosphorus originates mainly from lubricating additives, e.g. zinc dialkyldithiophosphate (ZDDP) in 

the engine oil [11]. Residues of these lubricating oils are transferred into the exhaust system and 

onto the catalyst as aerosols, which deposit through a non-selective poisoning mechanism onto the 

catalyst surface and decompose into phosphorus-containing compounds, irreversibly fouling the 

catalytic sites [2]. Since larger quantities of oil are consumed in a diesel engine, compared to an Otto 

engine, its exhaust system is more exposed to unburned oil and its additives than the Otto 

counterpart [2]. Because of the position of the DOC, first in the aftertreatment system, it is directly 

exposed to these contaminants. Figure 6 shows a scanning electron microscopy (SEM) image of the 

cross-section of a used DOC and the corresponding energy-dispersive X-ray spectroscopy (EDX) 

mapping of phosphorus. 

 

Figure 6: Cross-section of a phosphorus poisoned DOC, analysed with a) SEM and b) SEM-EDX. The coloured 
fields in the SEM-EDX map indicate deposition of phosphorus onto the catalyst surface. 

Usually these phosphorus contaminants are concentrated at the inlet of the DOC [2] and occur in 

many different chemical compositions, depending partly on what oil is being used (chemical 

composition, additives, age of the oil) and on the conditions of which the engine is being operated [9]. 

Phosphorus-containing contaminants have been observed as very stable phosphates of Ca, Mg and 

Zn on the surface of the catalyst [9], e.g. (Ca,Zn)3(PO4)2 formed as an over-layer and exhibiting higher 

stability than sulphur containing poisons [12]. It has also been reported that increased levels of non-

combusted ZDDP (e.g. at low operating temperatures) favour the formation of amorphous/glassy 

zinc pyrophosphate (Zn2P2O2) [12]. 

The phosphorus load onto a DOC of a biodiesel engine during its lifetime can be roughly estimated 

utilizing data on estimated consumption and phosphorus content of oil and biofuel, respectively, as 

described below.  

One of the most commonly used engine oils on the aftermarket for heavy duty vehicles in Europe  

has a phosphorus content of 0.12 %wt (according to the Engine Lubrication system-group, NMBO, at 

Scania CV), which is also the highest content of all oils listed for testing and development purposes at 

Scania CV. The density of engine oil is about 880 g/L and approximately 150 litres of engine oil are 

consumed during the lifetime of the aftertreatment system, i.e. at least 700 000 km (according to 

NMBO). This implies that the contribution to the phosphorus load onto the aftertreatment system 

from engine oil alone may be as much as 160 grams phosphorus.  

The phosphorus content in biofuels can vary. For Scania engines it is recommended to use biofuels 

containing less than 1 ppm of phosphorus, even though the European Union standard for biodiesel 

a) b) 
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only requires the content to be less than 4 ppm phosphorus [13]. During the lifetime of an engine, 

e.g. the Scania nine litres diesel engine which consumes roughly 210 000 litres of fuel (i.e. when run 

for 700 000 km), this implies a phosphorus load of about 190 grams (1 ppm P) to 740 grams (4 ppm P) 

onto the aftertreatment system.  

Thus, in total the aftertreatment system of a biodiesel-fuelled engine may be exposed to loads of 

phosphorus as large as 340-900 grams during its lifetime. 

 Clays and Pillared clays (PILCs) 2.2
The strict meaning of the term clay is a material based on one or more clay minerals, such as a rock 

or an ore, while in the context of pillared clay (PILC) the meaning of “clay” is usually the clay mineral 

itself [14]. 

A clay mineral is typically a layered structure of aluminosilicates, i.e. a structure consisting of layers 

of silica (silicon dioxide, SiO2) and alumina (aluminium oxide, Al2O3), in which water is chemically 

bound. These structures often contain impurities, e.g. inorganic or organic compounds and oxides 

commonly based on Ba, Ca, Na, K and Fe. [15] 

The interaction within the layers are strong chemical bonds, whilst the interlayer interactions are 

weaker physical forces [14]. This is why clays can be plasticized by addition of water, which is 

introduced between the layers and hence increases the interlayer distance [15]. The clay can then be 

worked into a desired shape (e.g. by extrusion) and by subsequent calcination water is removed and 

the clay keeps its shape [15]. 

2.2.1 Classification of clay minerals and their structural construction 
Clay minerals can be classified into two main groups based on the configuration of their layered 

structure; type 1:1 or 2:1 layered silicates [16,17]. The type 1:1 consists of simply one subgroup of 

minerals, the Kaolinite-serpentine group, in which kaolinite can be found [16]. Kaolinite is the major 

component in kaolin (i.e. “China clay”) [17], used as a raw material in the production of synthetic 

cordierite [2]. However, the most commonly used clay minerals for pillaring purposes are the ones 

found in the Smectite group, i.e. one of the subgroups of the 2:1 type layered silicates with hydrated 

interlayer cations [18]. Especially the montmorillonite [18], whose name derives from the location 

Montmorillion in France where it can be found, even though it occurs worldwide, and is a result of 

various transformations of volcanic ash [19]. 

The kaolinite structure is a two dimensional layered structure (or lamella structure), consisting of two 

sheets, as depicted in Figure 7 [17]. One of the sheets consists of negatively charged repeating units 

of Si2O5
2- [15], i.e. a silica tetrahedral sheet (the top sheet in the figure) [17]. The adjacent sheet 

consists of positively charged repeating units of Al2(OH)4
2+ [15], i.e. an alumina octahedral sheet 

(second layer in the figure) [17]. This results in the overall chemical formula Al2(Si2O5)(OH)4 with a 

zero net charge [15], typical for clay minerals of type 1:1 [16,17]. The resulting low surface charge, in 

combination with low surface area, results in low absorption and adsorption in comparison with clays 

of type 2:1 [17]. 

Because of the periodicity within the sheets and in the layers it is possible to obtain the basal spacing, 

i.e. the distance between two identical atomic positions, by using x-ray diffraction (XRD) [14]. 
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Figure 7: The structure of kaolinite, i.e. a 1:1 layer silicate, showing the typical basal spacing given by a XRD-
pattern. (Figure reprinted from [17]). 

The type 2:1 layered silicates (e.g. montmorillonite and saponite) are divided into different groups 

depending on the charge per formula unit, e.g. a formula charge of 0.2 to 0.6 per formula unit for the 

smectite group minerals [16]. This charge is explained by their structure, which contrary to the 

kaolinite structure consists of three sheets instead of two as shown in Figure 8, i.e. an alumina 

octahedral sheet with a silica tetrahedral sheet on each side [17]. By substitution of Al (commonly for 

Fe or Mg) in the octahedral sheet or of Si (for Al) in the tetrahedral sheets, the structure is given a 

negative net charge per unit formula [17].  

 

Figure 8: The structure of smectite clay minerals, i.e. 2:1 layer silicates. The basal spacing of smectites given by 
XRD-patterns are e.g. 12.6 Å and 15.4 Å for a Na-montmorillonite (containing one interlayer of chemically 
bound H2O) and for a Ca-montmorillonite (containing two interlayers of chemically bound H2O) respectively. 
[17] (Figure reprinted from [17]).  
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The net charge is balanced by adsorption of exchangeable cations around the layer edges and 

between the layers. The most dominating cation gives rise to the name of the mineral (e.g. Na, Ca, 

Mg, Fe and Li). The most common smectite minerals are Sodium-montmorillonite (Na), Calcium-

montmorillonite (Ca), saponite (Mg), nontronite (Fe), and hectorite (Li). [17] 

The exchanged cations can be surrounded by different number of layers of water molecules, thus 

affecting the basal spacing. For Ca-montmorillonite and Na-montmorillonite the basal spacing is  

15.4 Å and 12.6 Å, respectively. The interlayer hydrated cations can also be substituted for polar 

organic molecules, such as quaternary amines. [17] 

Smectite is the dominant mineral in bentonite [17], which is a naturally occurring clay found in 

different types of soils [20]. The largest deposits of Na-montmorillonite are found in the north west 

of the U.S. (Montana, South Dakota and Wyoming) [17]. Ca-montmorillonite can be found in England, 

Germany, Greece, India, Italy, Spain and the southern part of the U.S. (Mississippi and Texas) [17]. 

The smectite minerals have high specific surface area, which together with the high formula unit 

charge and the cationic exchange capacity (CEC) explain the high absorbency for several different 

species [17]. 

2.2.2 From regular layered clay to pillared clay 
A pillared clay is a layered solid, with periodicity within each sheet, and whose interlayer distance has 

been increased by introducing “foreign” species in-between the layers, i.e. in the interlayer region, 

that results in a porous structure which is chemically and thermally stable [14]. The first work on 

pillaring of a clay mineral in order to increase the interlayer distance and thus the porosity dates back 

to the 1950’s, even though the term “pillared” appeared about twenty years later [14]. 

The first step in any pillaring processes is an intercalation, i.e. introduction of “foreign” molecules 

between the layers using a solution of the proper precursor species. The species intercalated in the 

pillaring process is called pillaring agent and can be any compound of molecular dimensions and that 

upon solvent removal results in an increase of the basal spacing and of the porosity between the 

layers. The increase in porosity can be verified utilizing N2 adsorption analysis, accordingly the 

minimum increase of the basal spacing distance (which can be detected using XRD) must be at least 

as large as the diameter of the N2 molecule. [14] 

According to the exact IUPAC nomenclature the name of a PILC should start with “pillared” followed 

by the name of the pillaring agent (or the general name if the exact formula is not known) and the 

name of the host (i.e. the layered material) [14]. An alternative name is to use only the name of the 

chemical symbol of the cation and add “pillared” and the name of the host [14]. For example, if 

aluminium polyoxo-cations are used as pillaring agent in a montmorillonite clay mineral, its name 

would be “pillared polyoxoaluminium montmorillonite” or in the condensed form “Al-pillared 

montmorillonite”. 

The pillaring agent used in “conventional” pillaring processes are commonly large metal ion 

complexes, so called metalpolyoxocations or Keggin ions, typically containing about thirteen metal 

atoms (e.g. the Al13 ion, [Al13O4(OH)24(H2O)12]
7+) [18]. These are intercalated into the clay mineral by 

exposing it to an aqueous solution containing the suitable pillaring agent [18]. Subsequently, the clay 

is removed from the solution, dialyzed to remove Cl- ions, freeze dried and calcined (for about five 

hours at 300-800°C) in order to remove water and to chemically fix the intercalated species to the 

surfaces of the clay, hence turning the pillaring agent into chemically bound pillars between the 

layers [18]. Similar pillared clays can form naturally (though not in pure form) in acidic soils, such as 

the Al,Fe-pillared montmorillonite occurring in iron rich red soils in southern China [21]. 
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A more recently developed method, resulting in a type of pillared materials called porous clay 

heterostructures (PCH), uses a slightly different approach, as illustrated schematically in Figure 9. 

Instead of transforming intercalated dense species into a pillar between the layers, as mentioned 

above, co-surfactants (quaternary ammonium cations and neutral amines) are intercalated as 

directing species for the precursors used as the pillaring agent. The pillaring agent in this case 

consists of a neutral inorganic compound (e.g.  tetraethylorthosilicate, TEOS). After hydrolysis, 

micellar rod-like structures are formed from the co-surfactants which results in hydrous silica 

pillars/walls created from the precursor surrounding the micellar structures. Upon calcination, the 

micellar structures are removed and the pillars are cross-linked, thus resulting in a pillared structure. 

[22] 

 

Figure 9: Schematic illustration of the manufacturing process of PCH (porous clay heterostructures), which 
starts with a) intercalation of co-surfactants that act as directing species for the b) pillaring agent (e.g. 
tetraethylorthosilicate) and c) after hydrolysis the co-surfactant forms rod-like miscellar structures separated 
by hydrated silica pillars which d) upon calcination results in removal of the co-surfactant and cross-linking of 
the pillars. (Figure reprinted from [22]). 

The most advantageous characteristics of PCHs are their large specific surface areas, e.g. 400-900 

m2/g, but also the combination of micro- and meso-pores, high mass transfer rates and high 

adsorption capacities. [20] 

 The use of clay materials for phosphorus sorption 2.3

2.3.1 Phosphorus sorption in soil  
Phosphorus is a vital element for life on earth, e.g. in adenine tri phosphate (ADP) involved in energy 

transformation, and for plants’ photosynthesis, and affects the activity of certain hormones; it is 

extracted from soil by plants and subsequently passed on to animals [4]. Adsorption and desorption 

of phosphorus (or phosphate) in soil is thus a well-studied field of research in order to understand 

the mechanism of how different soils (with varying constituents) retain phosphorus species, by 

sorption and/or transformation, which in turn determines its bioavailability to plants [4,23,24].  

The pH of soils is usually 4.5-6.2 which implies that the most commonly occurring forms of phosphate 

are H2PO4
- and HPO4

2- [4]. Sorption/desorption and precipitation/dissolution are the two major 
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mechanisms that affect the phosphate concentration available to plants [4,23]. The adsorption on 

surfaces of soil aggregates (consisting of soil component clusters) is fast in contrast to the 

subsequent diffusion into the porous network, of which the latter results in the phosphate being 

absorbed within the aggregates and “regeneration” of the adsorption sites on the surfaces of the 

aggregates [4]. 

The work by Horta et al. [24] indicated that the sorption of phosphorus in Mediterranean soils seem 

to differ depending on different clay fractions, where Al phases, exchangeable cations (Ca, Mg and 

Na) and/or active Fe surfaces seemed to play an important role. According to Mehmood et al. [23]  

the interaction at high affinity sites is positively correlated with the content of Fe and Al in either 

crystalline or non-crystalline form. 

Hydrous metal oxides of aluminium and iron are common constituents in soils and strongly adsorb 

phosphate on their surfaces, through ligand exchange [4,23] forming strong inner-sphere complexes 

[21]. The suggested mechanism for the phosphate sorption involves bridging of two metal nucleuses 

on the metal oxide surface, as shown in Figure 10 [4]. The ratio of H2O and OH- on the metal oxide 

surface (and thus its surface charge) depends on the pH, and will hence affect the details in the 

mechanism as shown in the figure [4].  

 

Figure 10: Suggested mechanisms for phosphate adsorption in soil by hydrous metal oxide surfaces. (Reprinted 
from [4]). 

At low concentrations of phosphorus, iron oxides play the most important role in retaining 

phosphorus [21,23], while at high concentrations the impact of aluminium and iron oxides are about 

equal [21]. However, in high calcareous soils at high phosphorus concentrations the role of CaCO3 is 

also significant for the retention of phosphorus and is correlated to the surface area of the 

calcareous soil [23]. 
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A contribution to the adsorption is also suggested to be by electrostatic interactions between the 

phosphate and the charged surface, which is though much more sensitive to pH variations with 

decreasing adsorption with increasing pH [21]. 

2.3.2 Phosphorus sorption in PILCs 
There are very limited studies of phosphorus adsorption on pillared montmorillonite. However, it has 

previously been shown that Al-pillared montmorillonite adsorbs phosphorus to a larger extent than 

non-pillared montmorillonite. It has also been indicated that the hydroxyl groups play the most 

important role for the sorption. [21] 

In the work by Zhu et al. [21], investigating the phosphate retention in Al and/or Fe pillared 

montmorillonite, it was shown that pillars consisting of both Al and Fe, in Fe:Al molar ratio of 0.5, 

showed enhanced effect on the phosphate retention compared to pure Al or Fe pillars. At lower Fe 

content, however, the specific surface area was slightly decreased (even compared to the Al-pillared 

montmorillonite). The pillared montmorillonite in general showed a decreasing sorption capacity 

with increasing pH (pH-interval 3.0-6.5). However, the Fe-pillared montmorillonite exhibited a higher 

constant level of phosphorus sorbed independent of pH, indicating a larger ligand-exchange capacity 

(since less pH dependent than electrostatic interactions), i.e. more active sites, than the Al-pillared 

counterpart.  

 

3 Experimental 
Ideally an engine lab would have been used to evaluate the phosphorus trap candidates in a full scale 

setup. However, that would have required a very large amount of each candidate material, which is 

not adequate until the potential of the materials to function as a trap for phosphorus has been 

initially investigated.  

Additionally, since the poisoning by phosphorus is a slow process, a full-scale engine lab would 

require a method of increasing the levels of phosphorus in the exhaust, i.e. accelerating the 

phosphorus poisoning. Attempts to develop such methods, e.g. increasing the amount of lubricating 

additives by adding oil to the fuel, have been previously performed in various poisoning studies with 

varying results. A more direct approach is to actively control the phosphorus content by manually 

tailoring a “synthetic” exhaust mixture, which the sacrificial substrates are exposed to, in a lab 

environment. This option opens up for the opportunity to actually comparing the phosphorus load 

with the amount trapped and thus to evaluate the efficiency of the different phosphorus trap 

candidates.  

This is why a lab-scale setup, a poisoning rig originally designed to poison automotive catalyst 

materials (monoliths with diameter of 22 mm and a length of approx. 30 mm) by exposure to a gas 

mixture, was used in this study.  The rig, shown in Figure 11, was available at the division of Chemical 

Technology at the Royal Institute of Technology (KTH) in Stockholm and had a capacity of up to five 

samples simultaneously. The rig is described in detail below. 
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Figure 11:  The front side (“operating side”) of the poisoning rig used for the experiments. The reactor chamber 
oven is open and reveals the five quartz tubes placed inside, which gives the possibility of the use of five 
samples simultaneously. 

Prior to the start of this diploma work the rig setup had just recently been assembled and had not yet 

been used, nor fully tested. When the experiments were to begin several obstructions were faced. 

One example of this was the needle valves for the rotameters which were found to be of wrong type 

(under-dimensioned), which caused a major pressure-drop that resulted in loss of mass flow. In this 

case new replacement valves had to be ordered which led to further delay of the initiation of the 

experimental part of this work. 

It should also be pointed out that design and development of the experimental method was a major 

part of the experimental work, which was a prerequisite to be able to evaluate the phosphorus 

sorption capacity of the PILC-materials as realistically as possible. 

 Materials to evaluate as sacrificial substrates  3.1
The five samples evaluated as sacrificial substrates in this study were based on different pillared clay 

materials produced by various manufacturers, as shown in Table 1. Sample number one, i.e. the Al-

MMT (specific surface area 250 m2/g) was the only commercially available PILC-material found and 

was purchased from Sigma-Aldrich (SA). The rest of the PILCs were custom made by a laboratory 

group at Consiglio Nazionale delle Ricerche (CNR)1 in Rome, Italy. A commercially available DOC, 

commonly used in heavy-duty vehicles, was used as an internal reference.  

                                                           
1
 This laboratory group was founded more than 25 years ago by the late prof. Anthony A. G. Tomlinson at the Institute of 

Structure of Matter, at CNR. The focus of the group lies within the area of soft materials chemistry (i.e. colloids, clays, 
layered materials, zeolites and membranes), but also structural and spectroscopic characterization (including synchrotron 
radiation, XAS and EPR located at large-scale facilities at Trieste, Grenoble). In addition, the group possess expertise in ion-
exchange, specialist chromatographic separations and small-scale catalytic sorption. Currently, the group consists of Senior 
Researcher Dr. G. Perez, the three researchers Dr. A. De Stefanis, Dr. F. Gallese and Dr. V. Valentini, and two technicians. 
Examples of relevant publications are “Towards designing pillared clays for catalysis” (Stefanis and Tomlinson, Catalysis 
Today 2006;114:126), “Study of structural irregularities of smectite clay systems by small-angle neutron scattering and 
adsorption” (Stefanis et al., Applied Surface Science 2007;253:5633) and “Catalytic pyrolysis of polyethylene: A comparison 
between pillared and restructured clays” (Perez et al., Journal of analytical and applied pyrolysis 2013;104:479). 
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Table 1: The samples evaluated in this study were based on different materials produced by various 
manufacturers according to this table. An internal reference consisting of a DOC core was also used. 

No. Label Name Material Type Manufacturer 

1 SA Al-MMT Al-pillared montmorillonite Sigma-Aldrich (SA) 

2 CNR-1 Fe-Al-MMT Al,Fe-pillared montmorillonite Consiglio Nazionale delle 
Ricerche (CNR) 

3 CNR-2 Fe-Al-SAP  Al,Fe-pillared saponite CNR 

4 CNR-3 Fe-PCH-MMT Fe-PCH montmorillonite CNR 

5 CNR-4 Fe-PCH-SAP Fe-PCH saponite CNR 

Ref DOC DOC (reference) Cordierite with PGM-containing 
washcoat  

External industry partner  

 

In addition to the pillared clays, a local clay sample from Södertälje, Sweden, (with unknown clay 

mineral constitution) was used as a reference (denoted as “Local clay”) at an initial stage when 

studying the elemental composition of the PILCs.  

3.1.1 From raw materials to sacrificial substrates 
The materials were delivered as powders and hence needed to be brought into a geometry suitable 

for the experimental setup.  

Ideally, the samples would have been extruded into monoliths of suitable dimensions for the sample 

holder tubes in the lab reactor (as shown in Figure 11), to match the desired geometry described in 

the patent [5]. But since this turned out to be difficult to achieve within the timeframe of this 

diploma work, it was decided to first pelletize the PILC samples and use a trickle bed setup to achieve 

a large interaction interface of each sample, through which a gas mixture can flow.  

Thus, all samples were extruded into a similar cylindrical shape with a diameter of two millimetres, 

dried (at 60°C) and calcined (at 550°C), similarly to the process described by Mohino et al. [25], and 

subsequently cut into pellets with a length of approximately three millimetres (as seen in Figure 12). 

The extrusion was performed by an external industry partner with previous experience and 

knowledge of extrusion processing.  

 

Figure 12: Extruded PILC samples were cut into a) pellets and b) packed in sample holders. (In figure b) the DOC 
sample used as internal reference is viewable in the background). 

However, the appropriate amount of plasticizer (inorganic binder, i.e. the non-pillared clay mineral) 

for the extrusion needed initially to be evaluated. The SA sample (i.e. the commercial one) was used 

for this evaluation; “Type A”, with 30% binder and 70% PILC, and “Type B”, with 20% binder and 80% 

PILC. Both types were hydrothermally tested (10% H2O, at 630°C for 4 h). The pelletized SA sample 

a) b) 
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was also used for calcination experiments (800°C for 5 h) to study its high temperature durability. 

The calcined Type A was used for BET analysis and the calcined Type B was studied with SEM. 

For the CNR-3 sample two extrusion batches were produced, where the first batch, “Batch01”, was 

not as dry as the second, “Batch02”, and aggregated into larger pieces. Thus, the recommendation 

was to primarily use Batch02. However, since the overall quantity of extruded material was very 

limited, the Batch01 needed to be used as well. 

3.1.2 Materials analysis and characterization techniques  
CNR performed material characterizations of their produced materials (i.e. for sample number 2-5) 

and provided results from these analyses on the raw materials. These analyses performed by CNR 

were; X-ray diffraction (XRD), N2 adsorption, Fourier transform infrared (FTIR) spectroscopy, Uv-Vis 

spectroscopy and thermogravimetric (TG) analysis.  

In addition to the analyses performed by CNR, the elemental composition of the candidate materials 

(shown in Table 1) were analysed by X-ray fluorescence (XRF) analyses, using the PANalytical Epsilon 

3-XL equipment at Scania, which provides a semi-quantitative elemental analysis. The pillared clay 

samples were powdered using a regular mortar and pressed into a pellet (approx. 3 cm diameter), 

placed in the XRF equipment for analysis. 

Scanning electron microscopy (SEM) at Scania was used initially to study if there were any differences 

in the roughness or surface porosity in the micrometre range in the evaluation of binder content (i.e. 

comparing the Type A with 30% binder content to the Type B with 20% binder content).  

For the binder content evaluation N2 adsorption analyses were performed as well, using the 

Micromeritics ASAP 2000/2020 equipment, to perform measurements on fresh and hydrothermally 

exposed material of each type. From these measurements the specific surface area (s.s.a., m2/g) and 

the pore volume (cm3/g) was calculated applying the Brunauer, Emmet and Teller (BET) method and 

the Barrett, Joyner and Halenda (BJH) method, respectively. 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) was available at KTH and was 

used to calibrate the source of phosphorus in the poisoning rig (as described in detail below). The 

ICP-OES equipment uses argon gas as carrier medium for the substances to be analysed as well as 

source for the plasma (with temperature up to 10,000 K) which is used to excite the atoms in the 

specimen. When excited, each element gives a characteristic set of wavelength emissions (a 

“fingerprint”) which makes it useful to quantitative analysis, in this case with respect to phosphorus 

content. The spectrometer is equipped with dual detectors, an axial and a radial, which detect non-

scattered (most often the case for low concentration of ions) and scattered ions (used for high 

concentration of ions), respectively. And can measure elements in the ppb range (0.02 to 0.1 ppb for 

most elements). [26] 

 The poisoning rig  3.2
The composition of the gaseous mixture in the poisoning rig was simplified compared to the actual 

composition of the exhaust gas from an engine, in order to avoid a too complex system, using only 

the most abundant species in a typical exhaust gas stream, i.e. N2(g), O2(g) and H2O(g). These species 

were supplied as nitrogen gas, technical air (21 % O2, 79 % N2) and water vapour generated by a 

Bronkhorst Controlled Evaporator Mixer (CEM). Additionally, the poisoning rig offered the possibility 

to introduce the poisoning species as an aerosol, using a TSI Constant Output Atomizer Model 3076 

aerosol generator. The CEM and the aerosol generator equipment are shown in Figure 13. 
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Figure 13: The back side (“maintenance side”) of the poisoning rig used for the experiments. The location of the 
aerosol generator equipment (with the attached diffusion dryer) and the CEM unit are pointed out. 

The flow of each gas/liquid used in the rig could be controlled and monitored using Bronkhorst mass 

flow controller (MFC) units in order to maintain the desired composition of the gas mixture. To 

ensure that the gases were properly mixed the rig included a static mixer, which consisted of 

channels of varying directions, forcing the components of the gaseous mix to change their direction 

multiple times and thus increased the chance for them to blend into a homogenous mixture. The gas 

mixture was then split up into five different tubes (one for each sample). These sample tubes were 

partly placed inside the reactor oven, which could be heated to the desired temperature. Five 

rotameters, one for each sample, were used to monitor and adjust the five separate flows in each 

sample tube, in order to keep the flows equal for all five samples. The samples were intended to be 

placed at the end of each sample tube, i.e. at the centre of the reactor oven as shown in Figure 11 

and Figure 15. A schematic illustration of the setup is shown in Figure 14. 

3.2.1 The water evaporator 
The CEM generates water vapour by mixing liquid water with nitrogen gas inside a small heated oven. 

The required temperature of the oven depends on the mass flow of water and the flow of nitrogen 

gas being used, and was calculated using the web-based Bronkhorst FLUIDAT utility. 

In order to avoid condensation of water inside the system all pipes from the CEM onto the water trap, 

placed after the reaction chamber, had to be properly heated and/or insulated. 

 

 

CEM  

Aerosol  

generator  

Diffusion Dryer  
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Figure 14: Schematic illustration of the experimental setup. The pipelines from the CEM and on to the reactor are heated to approx 70-100°C (“medium temperature”, 
indicated by orange colour) mainly to avoid condensation of water in the pipelines but also to preheat the gas prior to the reactor chamber. The temperature in the reactor 
is ramped up to the desired temperature (“high temperature”, indicated by red colour, which may be several hundreds degrees Celsius). 
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3.2.2 The aerosol generator 
The aerosol generator has an “atomizer head”, which consists of a nozzle with two inlet connections; 

one for (filtered) compressed air and one attached to the glass flask containing the desired precursor 

solution for the aerosol (from here on referred to as the “aerosol flask”). The nozzle also has two 

outputs; one at the top for the generated aerosol and one at the bottom for drainage of excess liquid 

back into the aerosol flask. [27] 

The precursor solution contained inside the aerosol flask enters the atomizer head just in front of the 

inlet of the compressed air (which of the latter is forced through a very narrow orifice at the inlet, by 

which its velocity is greatly increased), by which the solution is atomized into a fine mist. Small 

droplets of the mist that are light enough will follow the stream of air through the exit on top of the 

atomizer, and further on in the direction of the reactor chamber. While the larger droplets that are 

too heavy will collide with the inside walls of the atomizer, and be drained back into the aerosol flask 

by the force of gravity.  Since a small part of the solvent is lost due to vaporization in the nozzle, the 

concentration of the solution in the aerosol flask will increase over time. And since the aerosol size 

distribution (mean particle size approx. 0.02-0.3 µm) is very dependent on the concentration of the 

solution in the aerosol flask, the aerosol size distribution will not be constant over time. [27] 

To get rid of excess solvent in the aerosol, and thereby reducing the risk of agglomeration of the 

aerosol particles (since they possess a high electrostatic charge when exiting the atomizer), a TSI 

Diffusion Dryer 3062-NC was utilized. This consists of a wire screen tube, inside of which the mist 

travels, surrounded by desiccant (silica gel). [27,28] 

3.2.3 Design of sample holder for the trickle bed 
In order to keep the pelletized samples in a horizontal cylindrically shaped trickle bed inside each 

quartz tube (with an inner diameter of 22 mm) sample holders were required.  

Suitable sample holders for this task were manufactured at the mechanical workshop at Scania CV 

and are shown in Figure 15. They were constructed from 30 millimetres long pieces of 20 mm outer 

diameter stainless steel tubes (inner diameter 17 mm) with stainless steel mesh (with mesh width 

smaller than 2 mm) welded on the front end of each holder. “Lids” to cover each outlet were made 

from stainless steel rings, each with a mounting screw and the same type of stainless steel mesh 

welded onto it. 

 

Figure 15: Custom made sample holder of stainless steel to keep the pellets in a cylindrical shaped trickle bed. 
(Dimensions: inner diameter 17 mm and full length 30 mm). 

3.2.4 Introducing phosphorus 
Since it was phosphorus adsorption capability that was to be evaluated, it was of importance to 

thoroughly select the method by which the samples were to be exposed to phosphorus. No previous 

(at least accessible) studies of the adsorption of phosphorus by PILC materials in a gaseous 
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environment have been found. There are though studies on sorption of phosphorus by PILCs from 

aqueous solutions of e.g. KH2PO4 [21,29], which give no clue on how to achieve representable 

phosphorus species in gaseous phase. However, several previous studies of chemical deactivation of 

automotive catalysts (e.g. DOC, SCR and TWC) by phosphorus species suggest diammonium hydrogen 

phosphate, (NH4)2HPO4, to be used as the source of phosphorus [9,30,31]. Since the phosphorus trap 

is intended to hinder phosphorus species from poisoning the catalysts, (NH4)2HPO4  was considered 

suitable species for this study as well. (Physical properties of (NH4)2HPO4 can be found in Table 6 in 

Appendix I). 

In two of these previous studies the (NH4)2HPO4 was added in liquid form; either injected into the gas 

flow prior to the heated reactor [31] or directly into the heated reactor chamber [9]. While in the 

third study the (NH4)2HPO4
 was added as an aerosol [30], which is closer to reality since the 

phosphorus content in the exhaust stream is in aerosol form [2]. 

3.2.5 Volumetric flow and space velocity calculations 
Similar to the conversion efficiency of catalysts (as mentioned in section 2.1.3) the volumetric flow 

rate is related to the residence time, and is thus affecting the degree of interaction between the 

gases and the surface of the phosphorus trap. This is why the choice of gas flows is of interest. 

By using a typical gas flow of an engine, e.g. 9 000 l/min (calculated in section 2.1.2), together with 

the intended dimensions of the full-scale phosphorus trap, the space velocity of the application can 

be calculated (at standard temperature and pressure, STP), as well as the corresponding gas flow in 

the poisoning rig. The inner diameter of a standard exhaust duct (through which the exhaust gas flow 

passes from the engine to the silencer) was measured to approx. 100 mm using a calliper. The length 

of the intended phosphorus trap was assumed to be approx. 100 mm, resulting in a space velocity of 

approx. 620 000 per hour (at STP) which is very high. Recalculated to the dimensions of the sample 

holder in the rig (inner diameter 17 mm, length 30 mm) the corresponding volumetric flow would be 

70 l/min per sample holder, i.e. 350 l/min for all five sample holders. Because of the limitations of 

the rig, such high flow rates were not possible.  

The maximum possible flow rate was limited partly by the gas supply, and partly by the design of the 

rig itself (e.g. the needle valves for the rotameters and leakage in the reactor due to back-pressure 

from too high flow rates). The gas supply of technical air as well as nitrogen gas was limited to about 

20 l/min each. The desired oxygen content was 10 % and the desired water content 5 %. Both 

compressed air for the aerosol generator and technical air are sources of oxygen (21 % oxygen). 

After adapting the calculations of the volumetric flow to the various limitations, it was concluded 

that a total volumetric flow of 31.5 l/min, corresponding to a space velocity of 56 000 per hour (at 

STP), was the maximum possible (i.e. less than a tenth of the space velocity calculated for the 

intended application).  

 Preparing and performing the experiments 3.3

3.3.1 Calibrating the aerosol generator  
The aerosol generator required to be calibrated to actual parameters, such as experimental setup 

and aerosol species, prior to the experiments. An identical aerosol generator, though with a different 

setup and a different salt (KCl) was calibrated in a previous study [32], using an impinger/wash bottle 

setup in which the aerosol was collected and measured. Even though, this is not a standardised 

method for calibration of aerosol generators, a similar setup was used, consisting of two impinger 

bottles. The same set of salt solution concentrations for the aerosol generator flask (from here on 
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referred to as “aerosol flask concentrations”) as used in the previous study [32] (even though they 

used KCl) were employed; 8, 16 and 32 g/L.  

Each impinger bottle was filled with 200 mL MilliQ-water. A volumetric flow of 3 L/min compressed 

air was used for the aerosol generator. The aerosol generator was first run for 60 min with the 

impinger bottles directly connected at the aerosol generator outlet, i.e. in a “direct output” position. 

Subsequently it was run for 90 min with the impinger bottles connected downstream the reactor 

chamber, in a “post reactor” position, to simulate sample position. In the post reactor position the 

gas flow not only included the aerosol (3 L/min) but also water vapour from the CEM (2.99 l/min N2 

and 15.2 g/h H2O) corresponding to a total volumetric flow of 6.3 l/min.  

The solutions from the impinger bottles, and also from the aerosol feed solution (“aerosol flask 

solution”), were subsequently analysed using ICP-OES. (However, for the lowest concentration no 

sample from the aerosol flask solution was collected). 

3.3.2 Initial tests to get to know the poisoning rig 
Meanwhile waiting for the ICP-OES analyses to be performed, two initial tests of the poisoning rig 

were performed. For these tests the “raw” CNR-2 sample (denoted as “CNR-2-Raw”), i.e. a small 

quantity of this sample which had not been sent to be extruded, which was delivered in a pellet-like 

shape, was used. Additionally a DOC core (small DOC sample) was used simultaneously as a reference. 

This was done to learn more about the rig in order to decide what concentration would be suitable 

for the experiments with the extruded PILCs. The parameters used for these initial tests are shown in 

Table 2. To be able to study the mass balance in these experiments as well as the increase in aerosol 

flask concentration during running-time (as mentioned in section 3.2.2), a small sample of aerosol 

flask solution was taken (following each test) and saved for the ICP-OES analyses. 

16 g/L was the median concentration in the previous aerosol calibration attempts and was thought 

to be a suitable starting point for the first of the two initial tests. However, deposition of salt in the 

rotameters was very apparent after this test was finished, and it was thus concluded that this 

concentration would be far too high to use for the planned 24 hour tests with the extruded PILCs. 

According to the manual for the aerosol generator it was suggested to use 0.1 g/L “for most 

applications” [27]. This recommendation had previously been rejected as too low concentration, 

since the experiments in the rig were meant to be an accelerated exposure to phosphorus. However, 

in order to avoid deposition in the rotameters, and since the ICP-OES analyses had not yet been 

performed, it was worth trying a very low concentration. Since the data in the aerosol generator 

manual referred to NaCl, the 0.1 g/L concentration was recalculated using molar relationship and 

molar masses to corresponding concentration of (NH4)2HPO4, i.e. 0.23 g/L. As this concentration was 

much lower compared to the first test it was assumed that the concentration of salt particles in the 

aerosol mass flow would also be much lower, thus a longer exposure time to the aerosol was thought 

to be required to obtain comparable levels of phosphorus on the samples. 

Table 2: Parameters used in the initial tests using pellet-like “raw” CNR-2 sample (denoted as “CNR-2-Raw”) 
and DOC-core sample. The total mass flow was 16.8 l/min (3 l/min aerosol, 5 l/min tech. air, 7.96 l/min 
N2(CEM@45.3°C) and 40.5 g/h H2O(CEM@45.3°C)). The sample temperature was 300°C at a reactor oven temperature of 
580°C. 

Label  Initial aerosol flask concentration (g/L) Phosphorus aerosol exposure time (h) 

Pre-test 1 16 6 

Pre-test 2 0.23 13.5 
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3.3.3 Running the phosphorus trap candidates in the rig 
Since it was troublesome to perform a reliable calibration of the aerosol generator, it was decided to 

dedicate one sample position in the reactor for the DOC core sample acting as an internal standard, 

however limiting the number of possible samples to be simultaneously tested to four instead of five.  

The amount of sample material of each type was very limited. Approximately sixteen grams were 

available of each (except for CNR-3 for which the total available mass only was about eight grams), 

while about four grams were required to fill each sample holder per experiment. This implied that 

the total number of experiments possible to perform was drastically reduced to a maximum number 

of about four, with four PILC samples per run, in the rig. The experimental parameters for each 

experiment in the rig are shown in Table 3. All experiments were performed at hydrothermal 

conditions, with 5% H2O and 10% O2, and a space velocity of 56 000 per hour (STP). The experiments 

using low phosphorus salt concentration (1 g/L in the aerosol flask) were performed at three 

different temperatures; 250°C, 320°C and 450°C. An additional experiment with higher concentration 

(4 g/L) was performed at 330°C.  

Table 3: Experimental parameters which were used in the experiments with the sacrificial substrate candidate 
PILC materials in the rig. All experiments also included a DOC core as an internal reference. The experiments 
were performed during 24 hours using a total mass flow of 31.5 l/min (3 l/min aerosol, 12 l/min tech. air, 15 
l/min N2(CEM@45.3°C) and 76 g/h H2O(CEM@45.3°C)). 

Exp. 
No. 

Samples Reactor oven 
temperature, (°C) 

Sample 
temperature, 

(°C) 

Aerosol salt solution 
concentration, (g/L) 

1 CNR-1, CNR-2, CNR-3-Extra, CNR-4 370 250 1 

2 SA, CNR-1, CNR-3, CNR-4 470 320 1 

3 CNR-1, CNR-2, CNR-3-Extra, CNR-4 625 450 1 

4 CNR-2, CNR-2-Raw, CNR-3, CNR-3-Extra 470 330 4 

 

Since the SA sample of Type B (i.e. 20 % binder content) had been previously used, to study the effect 

of the binder content on the stability of the extruded material and for high temperature experiments, 

the amount of material left for phosphorus exposure experiments in the rig was only enough for just 

one additional experiment. And since it is of interest to evaluate whether it is possible to use a 

commercially available material for the intended application, it was decided to skip one of the CNR-

samples in favour of including the SA sample in one experiment.  

A very rough approximation of the amount of salt lost and distributed throughout the rig was 

calculated using the quantity of salt solution consumed (by calculating the consumed aerosol flask 

solution volume after each experiment and assuming the change in concentration to be negligible 

during the timeframe of each experiment). 

 

4 Results and discussion 

 Characterization of non-exposed materials 4.1

4.1.1 Characterization of raw materials by CNR  
Here follows a summary of the most important results from the characterization analyses performed 

by CNR. For most of the analysis techniques used, only one example is shown here. The full record of 

results and figures for all the materials delivered by CNR can be found in Appendix II. 
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Figure 16 shows a summary of the N2 adsorption analyses performed by CNR on the four raw 

materials they delivered. The surface area as well as the total pore volume is largest for the CNR-3 

material, i.e. the Fe-PCH montmorillonite. 

 

Figure 16: Summary of the N2 adsorption analysis of the four non-pelleted CNR PILC materials. The specific 
surface area (s.s.a.) is given on the left axis and the pore volume on the right axis. 

The results of the XRD analyses of non-calcined (“nc”) and calcined PILC material (“calc.”) confirms 

interlayer spacing after calcination, e.g. as seen at approximately 4 two-theta in Figure 17 for the 

non-pelleted CNR-1 sample. It also shows that the structure within layers is maintained after 

calcination, e.g. as seen at the interval approximately at 20-40 two-theta. 

 

Figure 17 XRD analysis results received from CNR of the non-pelleted CNR-1 (Fe-Al-MMT) sample, prior to 
calcination (“nc”) and after calcination (“calc.”). Peaks at approx. 4 2θ indicate interlayer spacing and the 
interval at approx. 20-40 2θ indicate maintained structure within layers. 

Formation of pillars could be confirmed by the FTIR analyses, e.g. as shown in Figure 18 for the non-

pelleted CNR-1 sample. 
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Figure 18 FTIR spectrum received from CNR of the non-pelleted CNR-1 (Fe-Al-MMT) sample. The marked peak 
confirms formation of pillars. 

The Uv-Vis spectra were de-convoluted by CNR and indicate different species of iron at different 

positions, e.g. as seen in Figure 19 for the non-extruded CNR-2 sample for which the three first peaks 

represent three different positions of iron (III) ions. According to CNR these are the most active part 

of the structure regarding phosphorus sorption, where the octahedral mononuclear Fe3+ cations are 

the most active ones. No octahedral positions were identified in CNR-1, but in the other three CNR 

samples (as seen in Appendix II). 

 

Figure 19 De-convoluted Uv-Vis spectrum received from CNR of the non-pelleted CNR-2 (Fe-Al-SAP) sample. 
The three first peaks (at 215, 254 and 289 nm) indicate that this sample has (at least) three different positions 
of iron (III) ions, which according to CNR represents the active part of the structure.  
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The results of the TG analyses (e.g. Figure 20 for non-pelleted CNR-1) were similar for all PILCs and 

showed that the materials are thermally very stable and do not exhibit any phase transition, even 

well above the temperature range relevant for the intended application (i.e. approx. 500°C at most). 

The initial decrease in mass (approx. 10%) most likely corresponds to evaporation of water. 

 

Figure 20 TG analysis result received from CNR of the non-pelleted CNR-1 (Fe-Al-MMT) sample. Up to about 
one hundred degrees there is an initial weight loss due to water evaporation from the material.  

4.1.2 Elemental analysis of raw materials with XRF at Scania 
The initial elemental contents (≥100 ppm) of each raw clay material, including the Local clay from 

Södertälje, prior to the rig experiments are presented in Appendix III.  

The results of the initial phosphorus content in the PILCs and in the DOC (shown in Figure 21) were 

used as background for each raw material as well as for the pelletized materials, thus assuming the 

extrusion process did not influence the phosphorus content in the materials, in order to evaluate the 

phosphorus uptake after the rig experiments. 

 

Figure 21: Initial phosphorus content (ppm) in the raw materials used for the samples according to the XRF 
analysis. For the Al-MMT (SA) sample the extruded hydrothermally tested sample was used to analyse the 
initial phosphorus content. This data was used as background of phosphorus content for each material in the 
further evaluations. 

The CNR-2 was the only PILC sample showing initial phosphorus content, prior to the experiments in 

the poisoning rig.  
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Regarding the SA sample, there was neither any non-processed raw material (powder) nor any fresh 

pelleted material accessible for the analysis of initial phosphorus content in the non-exposed 

material. Yet, there was material available from the hydrothermal testing (5% H2O and 10% O2, at 

630°C for 2 h) which could be used to represent the fresh SA sample with respect to phosphorus 

content prior to the experiments. Since this sample had no detectable levels of phosphorus, as 

shown in Figure 21, it was considered to be valid to use for this purpose. 

The initial contents of Si, Al, Fe and Ca (which may affect the phosphorus uptake capacity, as 

mentioned in section 2.3) of each raw material prior to pelletizing are shown in Figure 22. 

 

Figure 22: Content of Si, Al, Fe and Ca in raw materials, which are suggested to affect the phosphorus 
adsorption. 

As seen in Figure 22 the content of Si is highest in the two PCH type samples (CNR-3 and CNR-4), 

while the Al content is higher in the conventional PILCs (SA, CNR-1 and CNR-2). These differences are 

mainly due to the two different manufacturing processes, in which the pillars are constructed from 

Si-oxides and Fe-/Al-oxides, respectively (as described in section 2.2.2). This difference in 

manufacturing processes also explains the higher Fe content in the conventional CNR PILCs (CNR-1 

and CNR-2), since Fe is loaded onto the already formed pillars in the PCH type PILCs rather than being 

part of the pillar structure. The content of Ca is relatively low in all samples even though it is highest 

in the CNR-2 and CNR-4 samples. Thus, this is due to the composition of the raw material itself (i.e. 

the clay mineral). The Local clay has similar content of these elements as the CNR-2 sample. However, 

the content of other elements may differ and the structure of the Local clay has not been 

investigated in this work. 
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 Initial evaluations prior to experiments 4.2

4.2.1 Binder content  
Here the results of the binder content evaluation are presented, i.e. Type A (20% binder) vs. Type B 

(30% binder) of the SA sample. The N2 adsorption results of both the fresh and the hydrothermally 

exposed material (at 10% H2O and 630°C for approximately four hours) are shown in Figure 23.  

 

Figure 23: N2 adsorption analysis of the pelleted SA sample with different amount of binder content (Type A 
with 30% vs. Type B with 20% binder content), hydrothermally tested vs. fresh sample.  

Both Type A and Type B exhibit similar change in surface area when exposed to hydrothermal 

conditions. Hence, from these results it was considered to be no significant differences in 

hydrothermal stability between the two types. 

Figure 24 shows SEM images of the surface of each type, at both low and high magnification.  

 

Figure 24: SEM images of fresh extruded samples of the Sigma-Aldrich sample with two different amounts of 
binder content; a-b) 30% binder content and c-d) 20% binder content. The areas used for larger magnification, 
shown in b) and d), are indicated by the circles in a) and c) respectively. 
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As seen from the SEM images, Type A with the higher binder content (i.e. Figure 24a) has a much 

rougher macroscopic surface than Type B. However, the microscopic roughness is about the same for 

both types. 

Whether the macroscopic roughness is an advantage or a disadvantage is difficult to say. It might 

cause the gas flow to be more turbulent, which may increase the chance of interaction with the 

material. However, increased surface roughness in general increases the pressure drop, which is 

unwanted in the exhaust stream [2]. Additionally, the macroscopic roughness may imply poorer 

mechanical stability by providing a starting point for the formation of cracks in the material.  

Since the Type B (i.e. 20% binder content) had a higher PILC content, without any indications of 

poorer stability than the Type A containing more binder, and additionally had smoother macroscopic 

surface, Type B was chosen as the preferred extrusion formulation for the CNR-samples. 

4.2.2 Thermal endurance  
In this section the effect of different thermal treatments (non-treated fresh sample, hydrothermal 

tested sample and calcined sample at 800°C for 4h) is shown, in order to estimate its suitability for 

high temperature applications. Either the Type A (30% binder) or the Type B (20% binder) of the Al-

MMT (SA) sample was used as described below. 

Figure 25 shows the results of the N2 adsorption analyses, performed using Type A (30% binder 

content) of the SA sample. 

 

Figure 25: N2 adsorption analysis of Type A (70% PILC, 30% binder) of the SA sample in three different 
conditions; fresh sample, hydrothermally aged and calcined (4 h at 800°C). 

The images from the SEM analyses, performed using the Type B (20% binder content), are shown in 

Figure 26. 
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Figure 26: SEM images of the extruded Sigma-Aldrich Type B (20% binder) sample at both low and high 
magnification as; a) fresh pelletized sample, b) hydrothermally tested at 550°C and c) calcined at 800°C. 

From the SEM images (Figure 26) there seems to be no visible effects on the surface morphology. 

Nevertheless, the N2 adsorption analyses (Figure 25) showed decreasing surface area and increasing 

pore volume with increasing temperature, probably due to sintering. This indicates that these 

materials with this formulation (binder type and/or PILC type) are not suitable for high temperature 

applications. However, the SA sample may not be representative for all PILCs included in this work.  

4.2.3 Calibration of the aerosol generator 
For each of the three calibration experiments (i.e. 8, 16 and 32 g/L aerosol flask concentration) the 

phosphorus content in the two impinger bottles, analysed with ICP-OES, was summed and 

recalculated into total phosphorus mass collected from the two bottles. Subsequently the total mass 

of phosphorus was recalculated into phosphorus concentration in the current gaseous mixture 

(expressed in mg/L). This was done separately for both types of impinger bottle setups used in each 

experiment. 

In the setup with the impinger bottles connected in the post reactor position the gaseous mixture 

contained also water vapour and nitrogen gas (as described in section 3.3). The resulting content of 

phosphorus in the gaseous mixture post the reactor was plotted against the aerosol flask 

concentration, as seen in Figure 27. 

a.1) b.1) c.1) 

a.2) b.2) c.2) 
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Figure 27: Concentration of phosphorus for the post reactor setup (i.e. similar to that of the samples), using  
6.3 l/min total volumetric gas flow from of which 3 l/min is the aerosol. 

It is seen from Figure 27 that the content of phosphorus in the generated aerosol exhibits a very 

linear dependence of the aerosol flask concentration. However, the actual content of phosphorus in 

the total gaseous mixture shown in the figure is only valid for the current setup (i.e. using a total 

volumetric gas flow of 6.3 l/min with a 10% O2 and 5% H2O content).  

To obtain a more general result, the concentration of phosphorus (from Figure 27) was recalculated 

with respect to its contribution to the total gas flow, thus obtaining the corresponding output 

content of phosphorus from the aerosol generator. The calculation was done according to:  

𝐶𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 𝑎𝑡 𝑎𝑒𝑟𝑜𝑠𝑜𝑙 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑜𝑢𝑡𝑝𝑢𝑡[𝑔 𝐿−1] =
𝐶𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 𝑎𝑡 𝑟𝑒𝑎𝑐𝑡𝑜𝑟[𝑔 𝐿−1]

𝑅𝑎𝑡𝑖𝑜𝑎𝑒𝑟𝑜𝑠𝑜𝑙 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙
 

𝑅𝑎𝑡𝑖𝑜𝑎𝑒𝑟𝑜𝑠𝑜𝑙 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 =
𝜈𝑎𝑒𝑟𝑜𝑠𝑜𝑙[𝑙 𝑚𝑖𝑛−1]

𝜈𝑡𝑜𝑡𝑎𝑙[𝑙 𝑚𝑖𝑛−1]
=

3 𝑙 𝑚𝑖𝑛−1

6.3 𝑙 𝑚𝑖𝑛−1
≈ 48 % 

 

The results from the calculations shown above were compared with the results obtained from the 

actual content of phosphorus in the direct output from the aerosol generator (“Atomizer output”), as 

shown in Figure 28.  
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Figure 28: Data from atomizer output vs. calculated atomizer output from data collected post reactor. (Note: 
The right and left axes are scaled differently). 

As seen in Figure 28 both data sets exhibit linear correlation between input salt solution in the 

aerosol generator (horisontal axis) and the output concentration (vertical axes). However, the data 

sets do not overlap. They differ approximaterly by a factor ten. This indicates loss of salt in the 

system (e.g. deposition inside the system, such as on tube walls and in the rotameters) or that the 

impinger bottles post the reactor did not trap as much of the aerosols as the ones connected directly 

onto the aerosol generator output.  

The results of the ICP-OES analyses of the aerosol flask concentrations, after the calibration 

experiments with the impinger bottles were completed (i.e. after 60 + 90 minutes) are summarised in 

Table 4. The changes in concentration during the two and a half hours that these experiments were 

performed seem to be negligible. However, if extrapolated to 24 hours the final concentrations (in 

g/L) would have dropped from 16 to 14.9 (7% decrease) and 32 to 29.2 (9% decrease), respectively. 

According to these results the decrease in concentration over 24 hours is acceptable, especially for 

even lower initial concentrations. 

Table 4: Change in salt concentration in the aerosol flask, feeding the aerosol generator, according to ICP-OES 
analyses. 

Initial aerosol 
flask conc. (g/L) 

Initial aerosol  
flask volume (L) 

Final phosphorus conc. 
from ICP-OES (ppm) 

Final aerosol  
flask volume (L) 

Final aerosol  
flask conc. (g/L) 

16 0.250 3725 0.235 15.9 

32 0.250 7437 0.238 31.7 

 

4.2.4 Initial tests to decide the suitable salt concentration 
Results from the initial tests (using parameters shown in Table 2) to evaluate the appropriate salt 

concentration to use for the aerosol generator are shown in Figure 29. The phosphorus background 

in each material has been accounted for, according to the elemental analysis of the raw materials 

shown in Figure 21. In addition to the phosphorus content of the DOC-core, the phosphorus content 

of the washcoat has been calculated (denoted as “DOC-washcoat”) assuming the cordierite core is 

inert. 
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Figure 29: Adsorbed amount of phosphorus in the materials used in the Initial tests in the poisoning rig, 
detected with XRF, in order to evaluate the appropriate salt concentration to use for the extruded PILCs. The 
background content of phosphorus in each material (according to Figure 21) has been subtracted. Stated 
concentrations correspond to the aerosol flask concentrations, and the times are the exposure time for the 
phosphorus aerosol. “DOC-washcoat” denotes the adsorbed phosphorus content of the DOC with the mass of 
the cordierite withdrawn, since the washcoat is the main adsorbing part of the DOC-core. 

The aerosol flask concentration analysed with ICP-OES after these initial tests showed an increased 

phosphorus concentration (from 54 to 80 ppm and 3752 to 3755 ppm). According to these results 

the mass of phosphorus has increased, since the consumption of aerosol flask solution was rather 

low during these short experiment times (13.5 and 6 hours, respectively). This indicated that the 

results from the ICP-OES cannot be fully trusted. 

 Phosphorus trap candidates evaluation 4.3
Figure 30 shows the amount of adsorbed phosphorus (wt%) in each material analysed with XRF after 

24 hours phosphorus exposure in the poisoning rig, according to the parameters specified in Table 3. 

The phosphorus background in each material (according to Figure 21) has been subtracted. The 

calculated concentration of phosphorus in the washcoat, denoted as “DOC-washcoat” in the figure, is 

based on the assumption that the cordierite core is inert.  

 

Figure 30: Phosphorus content in sacrificial substrates and DOC sample respectively after 24 hours exposure in 
the poisoning rig, analysed with XRF (background has been subtracted). “DOC-washcoat” corresponds to 
adsorbed amount phospohrus in the washcoat, assuming the cordierit core is inert. The aerosol flask 
concentration and sample temperatures according to labels. 
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From Figure 30 it is seen that the adsorption in wt% is about equal in the DOC-core as in the PILC 

materials, even though the adsorption in the PILC materials varies and is highest in the CNR-2, CNR-3 

and CNR-4. However, taking only the washcoat into account as adsorbing mass of the DOC, the 

adsorption in the DOC is up to twice as high compared to the PILC materials. Though, if there had 

been more time for experiments it would have been of interest to also include a pure cordierite core 

in these experiments in order to distinguish if the phosphorus adsorption is located in the washcoat 

only or if the sorption of phosphorus is located in the cordierite substrate as well. 

4.3.1 Efficiency factor 
The different PILC materials have different bulk densities, which was concluded when packing and 

weighing the sample holders prior to and after packing, which implies that the mass of each sample 

packed in each sample holder differs. Thus, the percentage uptake with respect to the weight of the 

PILC may not be a suitable measure of its efficiency.  

Therefore, an “efficiency factor” was calculated as the amount adsorbed phosphorus divided by the 

phosphorus load from the aerosol feed, as shown in Equation 3. This makes it possible to compare 

the first three experiments with the fourth, in which the aerosol flask concentration was four times 

higher.  

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑃𝑆𝑜𝑟𝑏𝑒𝑑  (%𝑤𝑡)

𝑃𝐿𝑜𝑎𝑑  (%𝑤𝑡)
                      (𝐸𝑞. 3) 

The phosphorus load was calculated according to Equation 4. 

𝑃𝐿𝑜𝑎𝑑  (%𝑤𝑡) =
∆𝑚𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠(𝑔 𝑠𝑎𝑚𝑝𝑙𝑒⁄ )

𝑚𝑠𝑎𝑚𝑝𝑙𝑒(𝑔)
                      (𝐸𝑞. 4) 

The “Δm(phosphorus)” in Equation 4 is the calculated amount of phosphorus leaving the aerosol 

generator, based on the consumed volume of aerosol salt solution, according to Table 5, assuming 

the concentration in the aerosol flask stays approximately the same during the full experiment time. 

Table 5: Consumed volume aerosol solution in each of the tests and corresponding estimated salt and 
phosphorus content released from the aerosol generator expressed per sample (by dividing the total salt and 
phosphorus content  by the number of samples used in each test). 

Exp.  
No. 

Sample 
temperature, 

(°C) 

Aerosol salt solution 
concentration, (g/L) 

ΔV(aerosol solution 
flask), (L) 

Δm(salt), 
(g/sample) 

Δm(phosphorus), 
(g/sample) 

1 250 1 0.208 0.043 0.010 

2 320 1 0.230 0.047 0.011 

3  450 1 0.248 0.051 0.012 

4 330 4 0.218 0.176 0.041 

 

The calculated phosphorus adsorption efficiency of each material used in the four experiments (listed 

in Table 3) is shown in Figure 31. 
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Figure 31: Calculated phosphorus adsorbing efficiency for each of the pelletized PILC material and for the DOC-
core as well as for the DOC-washcoat. 

According to the figure the overall efficiencies for the PILCs are about 20%. However, it should be 

mentioned that visible deposition of salt inside the rotameters occurred in all experiments. 

Additionally, as mentioned previously loss of phosphorus aerosol between the generator output and 

the reactor chamber was indicated during calibration of the aerosol generator (as seen in Figure 28). 

Thus, the efficiencies given in Figure 31 should be regarded as the minimum efficiencies, and to be 

used to mutually compare the materials rather than exact efficiency of each individual material. 

The efficiency tends to be less for materials used in the fourth experiment, performed with aerosol 

flask solution of 4 g/L, compared to the other three experiments as seen in the figure above. Though, 

increasing phosphorus salt concentration in the aerosol flask was discovered to more rapidly clog the 

rotameters (possibly because of larger aerosol particles, according to the aerosol generator manual). 

Therefore, the decrease in efficiency for materials in the fourth experiment compared to the three 

first experiments can simply be an effect of higher degree of deposition inside the experimental 

setup. For this reason further comparison is done only for the three first experiments, with the same 

aerosol flask concentration (1 g/L). 

The CNR-2 sample shows highest efficiency in adsorbing phosphorus. Its efficiency is about 1.2 times 

the efficiency of the CNR-1 and 1.5 times the efficiency of the two PCH type materials. The efficiency 

of the CNR-2 with respect to the commercially available sample (the SA sample) is difficult to decide, 

since they were never used simultaneously in one experiment. However, the SA sample seems to be 

about equal to the two PCH type PILCs in efficiency. 

Compared to the DOC-core and DOC-washcoat, the efficiency of the CNR-2 is about twice as high at 

low temperature but only about 1.2 times as high at high temperatures. Despite the reduced 

efficiency at higher temperature, the CNR-2 is still the best performing PILC material in comparison 

with the DOC. Followed by CNR-1, which is 1.6 times as efficient as the DOC at low temperature, 1.4 

times at intermediate temperature and about equal as the DOC at high temperature.  

4.3.2 Thermal influence on adsorption capability 
There is a tendency of decreasing efficiency of the PILCs with increasing temperature, as seen in 

Figure 31, even though the differences are rather low and for the CNR-4 sample there also seem to 

be an increase in efficiency at high temperature. However, the set of experiments is only complete 
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for CNR-1 and CNR-4 which makes it difficult to fully evaluate the influence of temperature on the 

efficiency. 

4.3.3 Possible correlations between efficiency and material characteristics 
The surface area and the constituents of the PILC materials were thought to affect the capability to 

adsorb phosphorus. Possible correlations are shown in this section, considering only the three 

experiments performed with equal aerosol flask concentration (i.e. 1 g/L). 

In Figure 32 the efficiencies of the four custom made PILC materials are plotted against the BET 

specific surface area for the raw clays (i.e. prior to the extrusion processing). 

 

Figure 32: Efficiencies of the four pelletized PILC materials based on the CNR custom made raw materials 
versus the BET specific surface area for each individual raw clay material (i.e. prior to pelletizing). 

The two materials with the lowest BET specific surface area seem to be the ones that are most 

efficient for adsorption of phosphorus. However, remembering the results from Figure 25 (i.e. that 

increasing temperature implies decreasing BET specific surface area), the data set from the 

experiment at 450°C in Figure 32 would be expected to have the highest efficiency and the one at 

250°C the lowest. Thus, since the results show the opposite, it cannot be concluded that low BET 

specific surface area is correlated with high efficiency. 

The efficiency of each of the four custom made PILC materials are plotted against the content of 

aluminium, calcium and iron in Figure 33, Figure 34 and Figure 35, respectively. 

 

Figure 33: Efficiencies of the four pelletized PILC materials vs. the aluminium content in each individual raw clay 
material, i.e. prior to extrusion, analysed with XRF. 
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Figure 34: Efficiencies of the four pelletized PILC materials vs. the calcium content in each individual raw clay 
material, i.e. prior to extrusion, analysed with XRF. 

 

Figure 35: Efficiencies of the four pelletized PILC materials vs. the iron content in each individual raw clay 
material, i.e. prior to extrusion, analysed with XRF. 

As seen in Figure 33 and Figure 34 increasing content of aluminium and calcium seem to have small 

or none influence of the phosphorus sorption efficiency. The iron content, as seen in Figure 35, 

seems to be correlated to the efficiencies of the materials. 

4.3.4 Isothermal evaluation of the influence of phosphorus load 
Since the amount of sample material was very restricted the experimental matrix was much more 

limited than what was foreseen. Thus, additional experiments with varying residence times, 

phosphorus loads etcetera could not be performed.  

Nevertheless, the “pre-tests” performed at about 300°C using CNR-2-Raw and DOC-core samples at 

different phosphorus loads could be used as comparison, in addition to “Experiment 2” and 

“Experiment 4” also performed at about 300°C, in order to extend the evaluation.  

However, these experiments differed in, exposure time, aerosol flask concentration as well as 

amount of sample used in each experiment (and also what specific samples were used). To still get a 

hint of their performances in comparison to each other, the data were “normalized” with respect to 

exposure time, by dividing the phosphorus uptake in each material by the exposure time, as seen in 

Figure 36. Since unequal amount of samples were exposed in each test, i.e. not all sample holders 

were used, the aerosol flask concentration was divided by the number of samples exposed, thus 

“normalizing” it to enable the comparison. 
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Figure 36: Amount of phosphorus adsorbed after exposure to the gaseous mixture in the poisoning rig, after 
subtraction of any background content of phosphorus in each material. The salt concentration used in the 
different experiments has been normalized with respect to the number of samples used in each experiment. 
And the phosphorus content has been normalized with respect to run-time in the rig. 

As seen in the figure, CNR-2 performed better in its raw form (as delivered, in a pellet-like shape) 

compared to the extruded type of the same material. Additionally, the CNR-2-Raw had higher 

sorption than the DOC according to these results.  

 

5 Conclusions 
Based on the results from this work the PILC materials definitely have potential for the intended 

application, i.e. to function as sacrificial substrates for phosphorus in the aftertreatment system, 

since they are at least as effective for adsorption of phosphorus as the DOC. 

The most promising PILC material from this study was conventional PILC based on saponite, i.e. the 

Al,Fe-pillared saponite sample (labelled “CNR-2” in this study). CNR-2 was only 1.2 times as effective 

as the DOC in trapping phosphorus at high temperatures (450°C) but twice as effective at low 

temperatures (250°C).   

The commercially available material from Sigma-Aldrich (Al-pillared montmorillonite, labelled “SA”) 

and the two PCH type PILCs (Fe-PCH montmorillonite and Fe-PCH saponite, labelled “CNR-3” and 

“CNR-4” respectively) were not as effective as CNR-2 and performed about equal as the DOC in 

trapping phosphorus. 

The composition of the clay minerals was indicated to be of importance for the phosphorus 

adsorption efficiency in the PILCs, especially the iron content, rather than the BET surface area, 

which could not be correlated with adsorption capability. 

The binder used in the pelletizing process clearly had negative impact on the phosphorus sorption 

efficiency, since the uptake of phosphorus was higher in the “raw” CNR-2 clay (with no binder 

content) compared to the pelletized CNR-2 (containing binder). 
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The PILCs evaluated in this work (at least the commercially available one, i.e. the SA sample, and in 

particular if used in combination with the current binder) were shown not to be suitable for high 

temperature applications (>300°C). The BET surface area for the SA sample decreased with increasing 

temperature, as did the phosphorus adsorption capability of the PILCs in general. 

 

6 Outlook and future work 
It is suggested to investigate and improve the extrusion formulation (binder composition and 

content), since it seems to have negative impact on the adsorption efficiency of phosphorus, as 

indicated by the experiments involving the raw and pelletized CNR-2 sample (Al,Fe-pillared saponite), 

shown in Figure 36.  

The BET specific surface area of each pelletized PILC material was not examined in this work and 

could thus be of interest to study further. However, the pore size distribution could be of greater 

importance than the specific surface area alone. Thus, it is recommended to examine whether the 

pore size distribution is correlated with the efficiency. 

The influence of varying residence times was not evaluated in this work (because of very limited 

amount of sample material), and especially not any residence times close to real conditions (since it 

was difficult to perform due to the limitations in this lab-scale setup). Thus, a space velocity analysis 

would be recommended to perform for each of the materials.  

In addition, full scale engine cell tests are recommended using a monolith of the CNR-2 material 

(Al,Fe-pillared saponite), in order to really investigate the phosphorus sorption capability of this type 

of materials. 

It is also suggested to actually evaluate the suitability of the PILC materials based on the CNR clays in 

high temperature applications, since the SA PILC (which was studied at high temperature in this study) 

may not be representative of the CNR materials. Especially the two PILCs of PCH type, which are 

expected to withstand high temperatures.  

The different species/positions of iron, rather than iron content alone are of importance for the 

adsorption mechanism (according to the contact at CNR). Nevertheless, at this moment it is not 

possible to tell which of these species are the most important nor to explain any mechanism for 

adsorption of phosphorus in the PILC materials. It is thus suggested to further investigate the role of 

different iron species in the adsorption process. 

In a previous study by Carriazo et al. [33] it was shown that increased content of Fe (also in 

combination with Ce) in Al-PILC increases its oxidative catalytic activity, possibly due to increasing 

specific surface area and micropore volume. Thus, it may be of interest to further investigate if, and 

to what extent, the phosphorus trap will play an active part in the catalytic reactions, and how this 

may impact the overall function of the aftertreatment system. 

If further tests with pelletized PILCs (or other geometries as well) will be evaluated using the same 

poisoning rig, some improvements are suggested:  

 Redesign the sample holders to also have space for a small sample of a DOC directly 

downstream each PILC (e.g. by welding an additional piece of stainless steel tube onto the “top-

side” of the lid of the sample holder, separating the PILC from the DOC by the wire screen), as a 

complementary/back-up solution. In this way, not only the phosphorus content in the PILC itself 

could be analysed, but also in the DOC, in order to compare and evaluate what material that 

delivers the most effective uptake of phosphorus from the exhaust gas. 
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 Investigate whether it is possible to analyse the reactor output, downstream the samples, in 

order to study the uptake and efficiency of the materials by complete mass balance.  

 The aerosol particle size distribution generated by the aerosol generator was not studied here. 

However, the particle sizes may influence the performance of these materials to trap 

phosphorus. Hence, the aerosol generator should be calibrated more thoroughly if it is to be 

used for further investigation of these materials. 
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A1 Appendix I: Phosphorus specie used in experiments 
Table 6: Properties of Diammonium hydrogen phosphate (DAHP) 

Chemical formula (NH4)2HPO4 

State at room temperature Solid (white) [34] 

Melting point Decomposes at 100°C [35] 

Solubility in water Approx. 132.1 g/l at 20°C [34]  

Potential risks Irritating to skin [34] 
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A2 Appendix II: Spectrums received from CNR 
The spectrums from the characterization analyses performed by CNR are shown below, including IR-

spectroscopy analyses (FTIR), X-ray diffraction (XRD), Uv-Vis analyses and thermal gravimetry 

analyses (TGA). 

 

FTIR analyses 

 

Figure 37: FTIR spectrum of the two “ordinary” PILCs; a) calcined Al,Fe-pillared montmorillonite (CNR-1) and b) 
calcined Al,Fe-pillared saponite (CNR-2). 

a) 

b)   
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Figure 38: FTIR spectrums of the raw material, intermediates and final product regarding the PCH pillared clay 
Fe-PCH montmorillonite (CNR-3). The positions are given in Table 7. 

Table 7: Positions and assignments of the IR vibration bands observed for Figure 38 (Fe-PCH montmorillonite). 
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Figure 39: FTIR spectrums of the raw material, intermediates and final product regarding the PCH pillared clay 
Fe-PCH saponite (CNR-4). The positions are given in Table 8. 

Table 8: Positions and assignments of the IR vibration bands observed for Figure 39 (Fe-PCH saponite). 
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XRD analyses 

 

Figure 40: XRD spectrums of the non-calcined and calcined Al,Fe-pillared montmorillonite (CNR-1). 

 

 

Figure 41: XRD spectrums of the non-calcined and calcined Al,Fe-pillared saponite (CNR-2). 
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Figure 42: XRD spectrums for the a) raw materials, b) intermediate and c) final product for the PCH type PILC 
Fe-PCH montmorillonite (CNR-3). 

a) 

b) 

c) 
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Figure 43: XRD spectrums for the a) raw materials, b) intermediate and c) final product for the PCH type PILC 
Fe-PCH saponite (CNR-4). 

 

 

 

 

 

 

  

a) 

b) 

c) 
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Uv-Vis analyses 

 

Figure 44: Deconvoluted Uv-Vis spectrum for the calcined Al,Fe-pillared montmorillonite (CNR-1). 

 

 

Figure 45: Deconvoluted Uv-Vis spectrum for the calcined Al,Fe-pillared saponite (CNR-2). 
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Figure 46: Uv-Vis spectrums for the raw materials, intermediates and final products for the two PCH type PILCs 
respectively; a) Fe-PCH montmorillonite (CNR-3) and b) Fe-PCH saponite (CNR-4). 

 

 

Figure 47: Deconvoluted Uv-Vis spectrum for the Fe-PCH montmorillonite (CNR-3). 
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Figure 48: Deconvoluted Uv-Vis spectrum for the Fe-PCH saponite (CNR-4). 
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TG analyses 

 

Figure 49: TGA spectrums showing the weight loss when heated up to 800°C for the two “ordinary” PILCs; a) 
Al,Fe-pillared montmorillonite (CNR-1) and b) Al,Fe-pillared saponite (CNR-2). 

 

 

Figure 50: TGA spectrums showing the weight loss when heated up to 1225°C for the two PILC samples of PCH 
type; a) Fe-PCH montmorillonite (CNR-3) and b) Fe-PCH saponite (CNR-4). 

  

 
 a) b) 

a) b) 
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A3 Appendix III: Elemental contents of raw materials prior to 

rig experiments 
The elemental contents (≥100 ppm) for each clay material are shown below. 

 

Table 9: Contents of elements (≥100 ppm) in each raw clay material analysed with XRF. (Positions marked with 
“-“ means concentrations are less than 100 ppm).   

Element Al-MMT  
(SA) Extruded 

Al,Fe-MMT  
(CNR-1) Raw 

Al,Fe-SAP  
(CNR-2) Raw 

Fe-PCH-MMT  
(CNR-3) Raw 

Fe-PCH-SAP  
(CNR-4) Raw 

Local clay 

Al 13.27 13.92 7.80 4.59 1.43 9.11 

Ba - 0.07 - 0.02 0.02 0.07 

Ca 0.16 0.38 0.85 0.11 0.75 1.10 

Ce - 0.08 - - - - 

Cl - 0.05 0.24 0.02 0.01 - 

Eu - - 0.02 - - 0.03 

Fe 0.78 2.51 2.39 1.66 1.42 4.29 

K 0.22 0.80 0.80 0.26 0.27 3.20 

Mg 1.39 1.10 14.26 0.39 8.43 1.56 

Mn - - 0.05 - - 0.05 

Na 0.08 0.53 0.67 0.15 - 1.13 

P - - 0.02 - - 0.03 

Rb - - - - - 0.02 

S 0.01 0.06 0.02 0.01 0.02 0.01 

Si 26.44 21.40 21.18 34.49 31.67 24.45 

Sr - 0.01 - - - 0.02 

Ti 0.22 0.12 0.19 0.05 0.13 0.37 

W - - - - 0.02 - 

Zr 0.01 0.03 0.01 - - 0.02 

 

 

 

 


