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ABSTRACT 

Bauer, J.E., Oceelli, M.L., Williams, P.M. and McCaslin, P.C., 1993. Heterogeneous catalyst structure and function: review and 
implications for the analysis of dissolved organic carbon and nitrogen in natural waters. Mar. Chem., 41: 75-89. 

It is the purpose of this paper to provide a brief summary of some of the fundamental concepts of the general chemistry of 
heterogeneous catalysts, several of which have been recently employed in high-temperature flow-through reactor systems for the 
analysis of dissolved organic matter in seawater. To avoid the application of these high-temperature catalytic oxidation (HTCO) 
techniques in an entirely 'black box' manner, it is imperative that the chemical oceanographic community be aware of the 
structure and function of heterogeneous catalysts, of the advances which have been made in developing such catalysts, and of 
the inherent limitations to their use as quantitative tools. The information presented herein has been adapted in part from several 
excellent recent texts and reviews on various aspects of catalyst chemistry, and the interested reader is encouraged to refer to 
them for greater detail on the subjects touched upon here. 

Four general topics will be covered in this review. First, the component parts of heterogeneous catalysts will be defined and 
the relative advantages and disadvantages of different materials for purposes of organic carbon and nitrogen oxidation will be 
evaluated. Second, the synthesis and subsequent structure-function relationships of catalysts relative to the reactions carried out 
will be briefly discussed. Third, those factors known to be responsible for the deterioration of catalytic function and for short- 
and long-term catalyst deactivation will be assessed. Finally, we will discuss and speculate upon numerous aspects of the 
application of these catalysts for the specific purpose of accurately quantifying the dissolved organic carbon (DOC) and dissolved 
organic nitrogen (DON) in seawater. These final two categories will include information obtained from our recent efforts to 
design and employ different alumina- and aluminosilicate-based catalysts in HTCO systems. 

HETEROGENEOUS CATALYSTS - -  INTRODUCTION 
AND BACKGROUND 

Heterogeneous catalysts are defined as those 
which occur in a phase which differs from that of  
the reactants in a given system. Most commonly 
they are solid-phase materials which mediate 
reactions between either liquid or gaseous species 
(Le Page et al., 1987; Richardson, 1989). 

Correspondence to: J.E. Bauer, Department of Oceanography, 
Florida State University, Tallahassee, FL 32306, USA. 

Heterogeneous catalysts are differentiated from 
homogeneous catalysts, which occur in the same 
phase as that of  the reactants and products of 
a system. Enhancement of the wet chemical 
oxidation of dissolved organic matter (DOM) by 
the addition of mercuric or silver nitrates to 
potassium persulfate or potassium dichromate 
would be included as reactions which are 
mediated by homogeneous catalysts (Gupta and 
Ghosh, 1959; House, 1962; Bauer et al., 1991). 
The mechanisms involved in homogeneous cat- 
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alysis are generally much more amenable to 
study than those of heterogeneously catalyzed 
reactions because of the relative ease with which 
reactants, products and catalysts can be isolated 
and identified (Orchin, 1984; Richardson, 1989). 

In contrast, heterogeneously catalyzed 
reactions are considerably more complex 
because of diffusional, adsorptive and absorptive 
factors which arise as a result of multi-phased 
systems (Anderson and Pratt, 1985; Richardson, 
1989; Spencer, 1989). The rates, kinetics and 
mechanisms of the reaction are difficult to 
measure for even simple systems (i.e. those 
containing two reactants and the catalyst). 
Therefore, a complete understanding of the full 
range of interactions and reactions possible 
for a complex system such as that involving the 
oxidation of the full complement of naturally 
occurring organic molecules in natural waters (if, 
indeed, they are catalytically mediated - -  see 
below) is unlikely to be attained. Of more 
immediate concern is whether quantitative con- 
version of these compounds actually occurs and, 
in the absence of understanding the mechanism(s) 
involved, whether the components of a 'quan- 
titatively successful' system can be identified and 
assembled to perform in a robust, reproducible 
manner. 

Interest in heterogeneous catalysis has increased 
dramatically in recent years, largely as a result of 
the development and use of such catalysts for 
lowering total hydrocarbon (EHC), carbon 
monoxide (CO), nitric oxide (NO) and other 
N-oxide (NOx) emissions from automobile 
engines (Blazowski and Walsh, 1975; Kummer, 
1980; Taylor, 1984). Catalysts containing the 
noble metals platinum (Pt) and palladium (Pd) 
are the most widely used, and they have been 
shown to be highly efficient (greater than 98%) in 
converting EHCs and CO to CO 2 under net ox- 
idizing conditions (Hegedus et al., 1979; Hegedus 
and Gumbleton, 1980; Summers and Monroe, 
1981). No single loading, distribution, or for- 
mulation of the noble metal or temperature of 
operation has been found to be optimal for all 
applications. In contrast to carbon, organically 

bound nitrogen, or 'fuel-N', as well as inorganic 
N, is largely and readily converted to NO 
(greater than 95%) under net oxidizing con- 
ditions and is apparently insensitive to the initial 
form of N (Turner et al., 1972; Prasad et al., 
1984; Kesselring, 1986). Indeed, one of the major 
goals of emissions control has been to lower NO 
and NOx using secondary catalysts such as Rh 
under net reducing conditions (see Klimisch and 
Barnes, 1972; Otto and Yao, 1980). However, 
reduction of these species by Pt and Pd catalysts 
is thought to be insignificant under net oxidizing 
conditions (Taylor, 1984). In comparison with 
the absence of noble metal catalyst effects, tran- 
sition metal oxide catalysts can lower significantly 
the amounts of NO produced (as low as 5-20% 
of total) from organic N combustion (Prasad et 
al., 1981). 

The equations of interest as they relate to 
complete organic C, CO and organic N combus- 
tion are 

organic C + 02 ~ H20 + CO2 

CO + ½02 --' C02 

organic N + H 2 0  --* N O  + ~ H  2 

In the specific case of nitrogen, organic N 
appears to oxidize to NO via HCN and NH x 
intermediates (Prasad et al., 1984). 

The methods employed by the catalyst engineer- 
ing industry to monitor catalytic performance 
are the same as those currently in use by the 
oceanographic community for measuring DOC 
and DON, namely, nondispersive infra-red 
(NDIR) spectrometry for CO2, CO, NO and 
H20 vapor, and chemiluminescence detection 
for NO and NOx. Thus, noble metal containing 
heterogeneous catalysts have proven to be excel- 
lent for the complete oxidation of gas-phase 
organic C (derived from incomplete fuel combus- 
tion) and CO, and they do not appear to affect 
significantly the NO produced from organic N 
combustion. In theory at least they should 
therefore be useful for quantifying DOC and 
DON from natural waters. In contrast to their 
potential for oxidizing organic C and N when 
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Fig. 1. Schematic illustration of the three major components 
of a heterogeneous catalyst and their primary functions 
(from Richardson, 1989). 

matrix effects are minimal, however, the severe 
matrix effects imposed by samples such as 
seawater may be severely detrimental to 
heterogeneous catalysts, as will be discussed 
below. For further information on the mech- 
anisms of, and reactions mediated by, noble 
metal heterogeneous catalysts, the interested 
reader should consult the excellent reviews of 
Taylor (1984) and Prasad et al. (1984) and books 
by Gates et al. (1979), Pines (1981) and Le Page 
et al. (1987). 

COMPOSITION AND STRUCTURE OF 
HETEROGENEOUS CATALYSTS 

Heterogeneous catalysts are generally con- 
sidered to be composed of three distinct, yet 
complementary and necessary, components 
(Fig. 1). These are: (1) the support; (2) the active 
component; (3) promoters. The function of each 
of these components and the better understood 
functions of some specific component materials 
will be discussed in turn. 

Ideally, the materials which go into the 

synthesis of a catalyst should allow it to perform 
with a high level of activity, little restriction 
of flow and reasonable stability. Activity is 
generally achieved by formulating the 'correct' 
combination of chemicals to be used for each of 
the three components. In catalyst chemistry 
much of the knowledge of this aspect is obtained 
by experience rather than by the ability to predict 
theoretically and accurately which materials are 
best suited to a given application. The physical 
nature of the catalyst particle is also critical in 
this regard, as the reactants must be able to reach 
the active sites of the catalyst (Occelli, 1981; 
yansant, 1988). This requires a relatively high 
particle porosity and surface area. The size, 
shape and mechanical strength of the particle 
will govern the resistance of the catalyst bed 
to fluid flow (Richardson, 1989; Spencer, 1989). 
A wide range of catalyst sizes and shapes is 
available (see below). The stability of the catalyst 
particle, that is, its ability to retain its activity 
under conditions of long-term use, requires that 
it be resistant to deactivation. The three most 
important means of catalyst deactivation are 
fouling, poisoning and sintering, and all catalysts 
are susceptible to these to a greater or lesser 
extent. Catalyst optimization thus requires a 
great deal of attention to the process conditions 
(including temperature and flow) and how 
deleterious the conditions (including the fluid, 
reactants, products and by-products) are to both 
the short- and long-term stability and activity of 
the catalyst. 

Supports 

The main function of the support is to provide 
the highest possible surface area for dispersion of 
the active component. It must have a high 
melting point to minimize the effects of thermal 
alteration of the support structure. An important 
additional function of the support is to minimize 
sintering (migration and coalescence) of the 
active component. The ability of the support to 
control sintering is highly dependent upon the 
degree of loading of the active component onto 
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TABLE 1 

Commonly used support materials (from Richardson, 1989) 

Type Formula Melting Point (°C) 

Basic MgO 3073 
CaO 2853 
BaO 2196 

Amphoteric ThO 2 2323 
Cr203 2708 
LazO 3 2588 
0t-A12 O 3 2318 

Neutral MgAI 2 04 2408 
ZnA12 04 2100 

Acidic 7-AI 2 03 2318 
SiO 2 1973 
AI 2 03-SIO2 1818 

the support, interaction between the support and 
the active component, and the operating tem- 
perature (Hughes, 1984; Butt and Peterson, 
1988). As will be discussed in greater detail, 
different active components (i.e. metals) behave 
very differently on supports as a result of the 
degree of loading, active component mobility 
and a variety of interactions between the support 
and active component. 

Those materials which best fulfill one or more 
of the criteria for supports are the high melting 
point oxides (Table 1). Of these, y-AI203, SiO2 
and AlzO3-SiO ~ have the highest surface areas 
and hence are the most commonly used support 
materials. Activated aluminas are formed by 
the dehydration of aluminum hydroxides at 
temperatures of approximately 250-800°C. The 
transition aluminas include the partially dehy- 
drated ?(A1203"nH20, 0 < n < 0.6, tempera- 
ture 600°C or lower) and the nearly anhydrous 
f(800°C ~< temperature ~< 1000°C) groups 
(Prasad et al., 1984; Misra, 1986). The alumino- 
silicates, or zeolites, constitute the other major 
group of support materials, and their well- 
defined pore structure (in the range of organic 
molecular diameters) and ion-exchange capabili- 
ties allows for a much greater degree of flexibility 
and specificity in their application than is 
possible with the activated aluminas (Breck, 
1974; Barrer, 1978; Occelli, 1981). 

TABLE 2 

Selected active components used in catalysis 

J.E. BAUER ET AL. 

Class Active Components Reactions 

Metals 

Oxides 
and sulfides 

Oxides 

Fe, Ni, Pt, Pd, Cu, Redox reactions 
Co, Ag Hydrogenation 

Hydrogenolysis 
Oxidation 

NiO, ZnO, CoO, CuO Redox reactions 
Hydrogenation 
Oxidation 
[Hydrogenolysis] 

MgO, SiO2, AI203, Carbonium ion reactions 
A12 O3-SIO2, zeolites, Cracking, dehydration, 
pillared clays polymerization, 

isomerization 

For a given alumina or zeolite, both the pore 
structure and surface area generally display 
distinct intermediate temperature optima 
(Lippens and Steggerada, 1970; Misra, 1986). 
Although the support should have a porosity 
sufficient to give the desired surface area, the size 
and shape of pores is also a consideration when 
diffusional effects of reactants and products 
within the catalyst must be considered. As we 
shall see, activated alumina and zeolitic support 
materials by themselves can have considerable 
catalytic activity. Ideally, the support material 
should not mediate reactions other than those 
desired for the catalyst as a whole, but this is 
often not the case. 

Active components 

The active component is that portion of the 
catalyst particle which mediates the primary 
chemical reaction. The active component may be 
the support itself, many of which have a variety 
of catalytic activities, or something which is 
added to the support at a specific stage of 
catalyst synthesis. Some active components and 
the reactions which they mediate are given in 
Table 2. 

Two of the most commonly used supports 
which also serve as active components are 
?-A1203 and zeolites (alumino-silicates). The 



HETEROGENEOUS CATALYST STRUCTURE AND FUNCTION 79 

catalytic cracking of C-C bonds has long been 
known to be accelerated in the presence of 
alumina and aluminosilicate-based materials 
over that associated solely with thermal 
cracking. Whereas thermolytic cleavage of C-C 
bonds occurs via free-radical splits, catalytic 
cracking is characterized by ionic rupture of the 
bond via a carbonium ion mechanism (Tanabe, 
1981). Reduction-oxidation reactions are not 
mediated by these materials because electrons 
remain localized in valence bonds. However, 
acid-catalyzed reactions can be mediated by both 
7-alumina and zeolites, as a result of their 
generation of protons in the form of acidic 
sites (Breck, 1974; Dwyer, 1988; Richardson, 
1989). Lewis-type acidity, which promotes ion 
radical reactions, is generated when alumina is 
dehydrated: 

OH OH O- 
I I I 

- O - A I - O - A 1  -H20!I O-A1 + - O - A I -  
Lewis 
acidity 

Lewis acids can serve as electron acceptors from 
suitable donors such as S- and N-containing 
organic compounds, which are usually basic in 
nature. In most applications, however, there is 
adsorbed water usually present at the surface of 
the catalyst, thus allowing for the development 
and predominance of Bronsted acidity: 

n + 
I 

O- OH O -  
I I I 

_ O _ A I + _ O _ A I _  O +H20 O - A I - O - A I -  
Bronsted 
acidity 

Carbonium ions (C ÷) can arise from proton 
transfer between a support and various organic 
molecules, resulting in increased activity and 
susceptibility of C-C bonds to various rear- 
rangement processes (e.g. cracking) (Occelli, 
1981; Pines, 1981). The promotion of carbonium 
ion reactions is primarily mediated by Bronsted 

acidity and secondarily by Lewis acidity. The 
hydrogen-bonded proton of Bronsted acidity is 
available for transfer depending upon localized 
factors which strengthen or weaken the H ÷ -OH 
bond (Richardson, 1989). The crystalline struc- 
ture of AI2 03 (both tetra- and octahedral) allows 
continua to exist in both the type and strength of 
acidity existing on different portions of the 
support. 

Zeolites are aluminosilicates which have a 
highly ordered crystalline structure (Breck, 1974; 
Barrer, 1978; Rabo, 1981). The basic structure 
consists of oxygen tetrahedra packed into spheri- 
cal structures with AP ÷ and Si 4÷ ions filling 
the spaces between the oxygen ions. The gen- 
eral formula for zeolites is Me~/,[(AIO2)x- 
(SiO2)y]wH20, where Me is a cationic species 
and water molecules are removed from the 
cavities during catalysis (Breck, 1974). Examples 
of several zeolites are shown in Fig. 2. More than 
150 naturally occurring and synthetic zeolites are 
currently known. The zeolitic structure is defined 
by cavities that are reached by apertures approx- 
imating the effective diameters of organic mol- 
ecules (Breck, 1974; Imelik et al., 1980; Occelli, 
1981; Vansant, 1988). Ions which are typically 
part of the zeolite cavity face (e.g. M g  2+ , C a  2+ , 

Na + or K ÷) exert a polarizing influence on 
molecules trapped in the zeolite cavity, allowing 
them to be retained. The cation present in a 
zeolite will have a profound effect on the rates of 
specific reactions. Sodium is usually the ion 
present after initial synthesis of a zeolite from 
sodium silicates and aluminates, but it can there- 
after be readily replaced with other desired ions 
by ion exchange. The acidities of zeolites are 
many orders of magnitude greater than either 
alumina (pKa from approximately +3.3 to 
-5 .6)  or A1203-SiO 2 (pKa approximately less 
than -8 .0 )  (Rudham and Stockwell, 1977; 
Dwyer, 1988). Thus, zeolites are sometimes 
added to alumina and aluminosilicate supports 
during catalyst preparation to increase the 
overall acidity of the support. The carbonium- 
type reactions which may be catalyzed by solid 
acids (i.e. zeolites, alumina, and A1203-SIO2) 
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Fig. 2. Some commercially used zeolites and their pore diameters in angstroms. 

include cracking of C-C bonds, dealkylation, 
dehydroxylation, dehydrogenation, alkylation, 
isomerization and graphitic coke formation, the 
last of which can interfere with catalyst function 
(see below). 

The other major group of active components 
is metals, which are generally deposited onto a 
support after its synthesis. Only the d-electron 
transition metals are capable of performing cat- 
alytic functions (Bond, 1962; Prasad et al., 1984; 
Richardson, 1989). These include Fe, Co, Ni, 
Cu, Ru, Rh, Pd, Ag, Re, Os, Ir, Pt and Au. The 
greatest activities are observed for metals with 3, 
6 and 8 d-electrons; minima are observed for 
those with 0, 5 and 10 d-electrons. The s-metals 
(Groups IA and IIA in the periodic table) are not 
useful catalysts because of their ready reversion 
to various ionic states under process conditions. 
They are, however, commonly used as promoters 
(see below). The rare earth f-metals are also 

too reactive to serve as catalysts but also find 
applications as promoters. 

The noble metals Pt and Pd exhibit a high 
catalytic activity for hydrocarbon oxidation 
which is attributed to their activation of O-O, 
C-H and O-H bonds (Bond, 1962; Prasad et al., 
1984). For straight-chain hydrocarbons, Pt has 
been observed to have greater activity than Pd, 
which has greater activity for aromatic hydro- 
carbons (Prasad et al., 1984). Their high activities 
allows both metals to be used at very low 
loadings (approximately 0.02-0.5 wt.%) in 
catalytic combustion applications (Summers and 
Monroe, 1981; Prasad et al., 1984). 

The two predominant reactions of carbon 
(organic or graphitic) with molecular oxygen 
can be represented as (McKee, 1981) 

C + O2(g ) ~ CO 2 

(g) AG ° = -- 94.628 kcal mol-  1 
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and 

C + 02 (g) ~ CO (g) AG ° = -47.859kcalmol l 

Increasing combustion temperatures favor an 
increased CO/CO2 ratio from graphite oxida- 
tion, but the presence of many metal-active com- 
ponents (either in pure metallic or oxide forms) 
results in a corresponding decrease in this ratio 
(McKee, 1981). The ability of these metals to 
affect both organic carbon and CO oxidation 
makes an understanding of their relative role(s) 
in each process less clear. Moreover, the rate of 
conversion of CO to CO2 (independent of their 
initial formation from organic carbon combus- 
tion) is positively correlated with combustion 
temperature. However, in spite of these com- 
plicating factors, it has been well established that 
numerous metals and their oxides, when used 
alone, are capable of effectively lowering the com- 
bustion temperature of carbon (as powdered 
graphite) by up to several hundred degrees, the 
most effective being (in decreasing order) Pb, Co, 
Cu, Ag, Fe and Pt (McKee, 1981). The Pt-group 
metals may also enhance C-C bond cleavage via 
the formation of Pt-C bonds, the ease of 
cleavage being dependent upon the strength of a 
particular Pt-C bond. It should be noted that 
neither Pt nor the other Pt-group metals (Pd, Ru, 
Rh and Ir) have been found to be the most active 
catalysts for graphitic carbon oxidation, 
although they, along with CuO, NiO and Ag 
metal, are extremely effective in converting CO 
to CO2. Indeed, the more common and less 
costly Cu and Pb oxides have been found to 
reduce the ignition temperature of graphite by 
several hundred degrees centigrade and to 
enhance the rate of oxidation by up to about 
three orders of magnitude (McKee, 1981). It has 
also been observed that the presence of water 
vapor may reduce the rate of oxidation. The 
effects of these metals on graphite oxidation in 
oxygen have implications not only for the ability 
of 'refractory' forms of carbon to be oxidized, 
but also for the ability of a catalyst to perform 
effectively when graphitic coke is deposited 
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TABLE 3 

Some promoters and their functions (from Richardson, 1989) 

Catalyst Promoter Function 

AI203 K20 Reduces coke formation 

HCI Increases acidity 

MgO Prevents sintering 

AI203-SiO 2 Pt Increases CO oxidation 

Zeolites Rare earth Increases acidity and 
metals thermal stability 

during the oxidation of other organic compounds 
(see below). 

Promo ters 

Promoters are the third component of many 
catalyst systems, and their addition to the 
support and active component often results in 
the enhancement of some aspect of catalyst 
function (e.g. activity, stability, etc.) (Rosynek, 
1977). In general practice, the function of a 
promoter is determined through trial and error, 
and the mechanisms behind how promoters 
work are currently being debated and in many 
cases are not well understood. A few of the better 
known functions of some promoters are given in 
Table 3. Promoters may help maintain the struc- 
ture and activity of supports. However, one of 
their most common uses is in the prevention of 
coke formation on both the catalyst surface and 
in pores. 

Catalyst synthesis 

Assembly of the three major components into 
a functional unit is a lengthy, albeit relatively 
straightforward, process. The major steps in the 
process are shown in Fig. 3 and include a series 
of controlled precipitation and drying phases. 
For detailed information on catalyst fabrication 
the reader is referred to Breck (1974), Weiser 
(1976), Occelli (1981), Oberlander (1984), Misra 
(1986), Lowe (1988), Occelli et al. (1988) and 
Richardson (1989). 

Briefly, after synthesis of the support, the 
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Fig. 3. General steps in the preparation of a heterogeneous 
catalyst (from Richardson, 1989). 

active component  is deposited by precipitation, 
adsorption, ion exchange or impregnation. After 
deposition of  the active component  it must then 
be 'activated', that is, converted to the form 
in which it is catalytically effective. After depo- 
sition, most metals are in an oxidized form. For 
metal oxides which comprise the active com- 
ponent, no further treatment is necessary. 
However, for metals which are required to be in 
the metallic (i.e. zero oxidation state) form a 
further reduction step is necessary, and this is 
usually performed in a reducing atmosphere (H2) 
at an elevated temperature (approximately 400- 
500°C). Simultaneous with the reduction, the 
metal atoms nucleate to form crystallites or 
agglomerations of metal atoms. Although the 
reduction and nucleation steps are considered to 
be critical to both the state and distribution of 
the active component  on the support, both of 
these steps are highly sensitive to even minor 
differences in process conditions. It should also 
be noted that numerous unique problems exist 

for the Pt-group metals as active components 
which may require their re-reduction and redis- 
persion several times throughout the lifetime of 
the catalyst (see below). 

After deposition of the active component  the 
catalyst exists as a powder which may then be 
formed into any of a variety of shapes depending 
upon the specific application. The main criteria 
in selecting an appropriate particle size are that 
fluid flow through the catalyst bed should be 
uniform, the pressure drop across the catalyst 
bed should be minimized, and diffusional effects 
both within the catalyst bed and at and within 
the support (i.e. catalyst particle) should also be 
minimized (Satterfield, 1970; Kesselring, 1986; 
Richardson, 1989). The most common particle 
shapes and structures include pellets, extrudates, 
spherules and granules, all of which have been 
found to function well in fixed-bed reactors. 

CATALYST DEACTIVATION 

All heterogeneous catalysts begin to lose their 
activity from the time they are initially used. 
Perhaps most disturbing is that initial deactiva- 
tion often occurs before it can be adequately 
detected and its effects assessed. If  not stored 
properly (i.e. in inert atmospheres) catalysts may 
adsorb materials from air which can begin the 
deactivation process before actual use (see 
below) (Goodman,  1989). Initial deactivation of 
a catalyst during use begins immediately as a 
result of several factors which essentially irrever- 
sibly bind active sites on the catalyst (Hughes, 
1984; Butt and Peterson, 1988). In fact, initial 
'conditioning' of a catalyst, whereby a new 
steady state is reached during processing of the 
first several batches of reactants, is really part of 
the deactivation process resulting in a loss of 
activity and, hence, efficiency. We have routinely 
noted when using high-temperature catalytic 
methods for DOC oxidation that, after a period 
of non-injection, the first 1-3 injections of 
seawater, standard compounds or even blank 
water invariably result in greater NDIR peak 
areas (see Williams et al., 1993). These then 
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decrease until an equilibrium is reached with 
respect to peak areas. This trend may represent a 
loss in activity of the catalyst, and whether the 
effect is common to any material (i.e. standards 
vs. samples) injected is not known. In addition to 
these rapid losses in activity, long-term (weeks to 
months) activity losses also occur. 

Three major forms of catalyst deactivation 
have been identified. These are (1) mechanical 
alterations in the catalyst particle or bed, (2) 
thermal effects and (3) chemical effects. Any one 
of the individual processes occurring within each 
of these categories can result in a loss of catalyst 
activity and often several act simultaneously. 

Mechanical effects 

The two main causes of  mechanical failure of 
a catalyst are breakdown of the particle itself and 
coating of the particle with any of several com- 
ponents of the reaction mixture (Hughes, 1984; 
Lynwood, 1989). The latter can include the 
presence of substances occurring concomitantly 
in the reaction mixture. The mechanical strength 
of a catalyst can decrease with time because of 
the effects of high temperatures and chemicals on 
the support; this results in fissures in the support 
and a collapse of support pore structures, and 
thus leads to a loss of surface area. In seawater 
applications, the presence of sulfate ion may 
result in the formation under certain conditions 
of aluminum sulfate, which will weaken alumina- 
based supports. Of potentially greater concern is 
the nearly immediate and complete coating 
which the catalyst at the top of the column 
experiences as a result of the presence of various 
salts in seawater. This physical coating essen- 
tially removes the catalyst particle, its pores and 
active sites from contact with the reactants (i.e. 
DOM molecules) during subsequent applications 
(injections) of sample. As this portion of the 
catalytic reactor is that which is first contacted 
by each sample it must be questioned whether 
true catalysis occurs or if simple thermal or pyr- 
olytic combustion dominate under these con- 
ditions. 
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Fig. 4. Loss of surface area from ),-alumina during sintering 
of the support (from Hughes, 1984). 

Thermal effects 

The elevated temperatures at which most 
catalysts are operated may cause volatilization of 
catalyst components and sintering. Although 
most active components of catalysts have been 
evaluated for their volatilization under various 
processing conditions, the wide variety of rare 
earth elements used as promoters have received 
less attention in this respect. 

One of the major means of catalyst deactiva- 
tion is sintering. This is the process whereby 
either support materials or active component 
crystallites (usually metals) progressively coalesce 
to give lower surface-to-volume ratios of the 
support, the active component or both. In the 
case of the support, passageways or walls 
between the pores of the support collapse to 
form larger pores. The loss of surface area 
for 7-alumina as a function of temperature 
is illustrated in Fi~. 4. For dispersed metals, 
the rate of crystallite migration increases dram- 
atically with small increases in reaction tem- 
perature (Hermann et al., 1961; Butt and 
Peterson, 1988). The problem can be exacerbated 
for several commonly used Pt-group active com- 
ponents when they are used under oxidizing con- 
ditions. For example, extensive sintering of Pt 
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TABLE 4 

Effects of process conditions on the extent of dispersion of 2% 
Pt on 7-alumina (from Butt and Petersen, 1988) 

Atmosphere Temperature (°C) Time (h) Dispersion (%) 

H 2 400 12 90 
H 2 700 3 29 
02 300 2 69 
02 520 2 9 
02 800 2 7 

and Pd metals (i.e. in the zero oxidation state) 
can occur rapidly at temperatures above approxi- 
mately 500°C (Hughes, 1984; Butt and Peterson, 
1988). When this is combined with an oxidizing 
atmosphere, both Pt and Pd may redisperse as 
the less active forms PtO2 and PdO on the surface 
of 7-alumina, resulting in a further decrease in 
the availability of the metals for catalytic 
purposes (Lee and Ruckenstein, 1983; Rucken- 
stein and Dadyburjor, 1983). Furthermore, at 
temperatures above about 600°C the extent of 
the interaction between PtO2 and 7-alumina is 
weakened even further and larger crystallites 
form, thus dramatically decreasing the disper- 
sion of Pt on the support as well as the catalyst 
activity. In addition to a loss of total activity, 
sintering may also result in qualitative changes in 
the selectivity of the reactions mediated by the 
active component (i.e. in products formed). 
Some examples of the extent of Pt dispersion on 
7-alumina under various reaction conditions are 
given in Table 4. Of further urgency for seawater 
applications is the observed increase in support- 
ed Pt oxidation noted in the presence of chloride 
ion (Butt and Peterson, 1988). 

Chemical effects 

The two predominant che~nical effects which 
alter catalyst activity are poisoning and coke 
formation. Poisoning is generally defined as 
the chemisorption of a compound to the active 
component (most commonly metals) and the 
inactivation of previously active sites. The 
poison may be present either as an impurity in 
the process stream or may be formed during 

reaction. True poisons need be present only in 
very small quantities to have a deactivating effect 
on the catalyst, and poisoning may be reversible 
or non-reversible. Those metals which are most 
readily poisoned are the Group VIII and IB 
elements, i.e. those which exhibit the greatest 
catalytic activities. The elements which have 
been found to exert the strongest poisoning 
effects belong to Groups VB and VIB and 
include various N-, P- and S-containing 
compounds (Carnell, 1989). The toxicity of the 
poison depends upon the availability of empty 
valence orbitals (usually in the metal) or 
unshared electron pairs (usually in the poison), 
with greater availability imparting greater 
toxicity (Maxted, 1951; Richardson, 1989). 
Thus, the state in which a given poison exists, 
which will be at least partially controlled by the 
processing environment, will determine whether 
or not it is toxic to a given active component. For 
example, an oxidized form of S such as sulfate 
will be much less toxic than a fully reduced form 
such as hydrogen sulfide, and reduced forms of 
N such a s  N H  3 and NH~- may also be toxic to 
Pt-containing catalysts (Maxted, 1951). It has 
been noted that the addition of promoters such 
as La to the catalyst may help to stabilize Pt 
against S poisoning. 

Various organic molecules, especially unsat- 
urated ones, may also bind strongly with catalytic 
metals. Other metal ions, especially those with 
occupied d-orbitals, can bond with catalytic 
metals having empty d-orbitals (Richardson, 
1989). Thus, Hg z÷, commonly used as a bio- 
logical poison and preservative, is toxic to 
Pt-containing catalysts. As with sintering, the 
support itself may be subject to poisoning, and 
alumina and the various zeolites are known to be 
strongly deactivated by N-containing organic 
compounds, especially those of a basic nature, 
which deactivate sites of acidity on the support. 
Chloride may also have significant effects on the 
sintering of the support and both the sintering 
and redispersion of active metal components 
(Carnell, 1989). In addition, the overall combus- 
tion of graphitic carbon has been found to be 



HETEROGENEOUS CATALYST STRUCTURE AND FUNCTION 85 

inhibited by the halogens, especially chlorine 
(McKee, 1981) which is formed in abundance 
during the high-temperature catalytic oxidation 
of seawater (J. Bauer, personal observation, 
1992). This inhibition may be the result of the 
formation of stable carbon-halogen complexes. 

Coke formation is the deposition on the 
catalyst of carbonaceous material which is not 
amenable to significant breakdown under the 
predominant reaction conditions (Wolf and 
Alfani, 1982). Coke may arise as a result of direct 
formation from the reactants in the form of a 
side reaction or as a by-product of the primary 
reaction being catalyzed. It is believed, at least in 
part, to be a direct result of the cracking of 
hydrocarbon-like structures on Bronsted sites 
followed by acid-catalyzed polymerization of 
carbon chains (Naccache, 1985). The structure of 
coke ranges from aromatic-type structures to 
highly refractory graphitic material. The amount 
of coke deposited (as weight per cent) on the 
catalyst can be significant depending upon the 
nature of the reactant material and the process- 
ing conditions. The major effect of coke is to coat 
the catalyst particle, thus reducing total surface 
area and active sites. 

Under normal oxidizing conditions, coke 
(either non-graphitic or graphitic) formation 
may be represented by two main reactions 
(Richardson, 1989): 

C . H  m --+ (CHx) , 

where (CHx),. is non-graphitic (i.e. H-containing) 
carbon deposition, often occurring as polymeric 
material of an aromatic nature, and 

2CO ---, C + COz 

C O  2 --+ C + 0 2 

where C represents graphitic (H-deficient) 
carbon. The former mechanism predominates at 
the acidic sites of supports and is directly related 
to the acidity of the support material. The latter 
mechanism occurs when CO initially dissociates 
at a catalytic site. Coke is removed from the 
catalyst ('catalyst regeneration') by burning in 
oxygen at elevated temperatures, the main 

product being CO 2 with smaller amounts of 
methane and CO. Because of the necessity for 
higher temperatures in this process, care must be 
taken to preserve the support structure. In 
addition, after graphite combustion redispersion 
of metallic active components may be necessary. 

PRELIMINARY CHARACTERIZATION OF 
CATALYSTS EMPLOYED IN OCEANIC DOM 
ANALYSES 

A variety of techniques is available for the 
measurement of both bulk (e.g. diffusivity, pore- 
size distribution, surface area, etc.) and surface 
(e.g. dispersion, morphology and composition, 
acidity and activity) properties of catalyst par- 
ticles (Anderson and Pratt, 1985; Spencer, 1989). 
We have employed one of these, X-ray photon 
spectroscopy (XPS), for the analysis of several 
surface properties (1-3 nm depth) of two of the 
heterogeneous catalysts which have been 
employed in our laboratories for DOC and DON 
analyses. The method essentially involves the 
ejection of electrons contained in surface 
materials of the catalyst by low-energy (10 2- 
10 3 eV) X-ray photons. The ejected electrons are 
collected and counted, giving spectra which are 
characteristic of the various surface materials. 

For each analysis, unground catalyst particles 
were placed on sample stubs using double-sided 
tape. Atmospheric exposure of samples was 
minimized by preparation in an inert atmosphere 
glove box, and transfers were made using an 
inert atmosphere device. Analyses were per- 
formed with a VG (Stamford, CT) ESCALAB I 
using A1 Ks (1486.6 eV) exciting radiation from a 
dual anode operating at 14kV and 40mA. The 
photoelectrons were collected in a direction 
normal to the plane of the sample stub. Peak 
positions were corrected for charging by re- 
ferencing to the Al2p peak for alumina at 
74.7eV. The raw peak data were subsequently 
corrected for instrumental and theoretical var- 
iations to give a near-surface compositional 
analysis on an atomic percentage basis. 

The atomic compositions of unused and used 
3 % Pt-impregnated 7-alumina catalysts 
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TABLE 5 

Near-surface percentage atomic composit ion of  unused and used 3% Pt-impregnated y-alumina and Co-impregnated F- l -a lumina  
catalysts as determined by XPS analysis 

Catalyst Atomic composit ion (%) Carbon speciation (%) 

C O A1 Pt Na X G R  HC CO 

Unused 3% Pt 15.0 61.8 22.9 0.01 0.3 100.0 14 80 6 

Used 3% Pt 15.5 60.8 22.6 0.00 1.1 100.0 22 75 6 

Used Co/CoO - - - 10 - 49 51 0 

G R  - -  Graphitic; HC - -  hydrocarbon; CO - -  carbonyl. 
Unused sample of  catalyst was analyzed directly from shipping container, used catalysts were analyzed after their use in HTCO unit 
for the analysis of  seawater DOM. 

(Sumitomo Chemical, Osaka, Japan) show an 
absence of measurable amounts of Pt on the 
surfaces of both catalysts, suggesting that the 
bulk of the Pt may be fixed within the alumina 
particles rather than at the immediate surficial 
region of the particle (Table 5). In addition, the 
accumulation of sodium may be noted in the 
used 3% Pt catalyst following light usage (less 
than l0 ml total), presumably derived from sea 
salts. This contrasts with the very high loading of 
sodium (10%) noted for cobaltous oxide on F-l- 
alumina catalyst (Rosemount Analytical, Santa 
Clara, CA) after heavy usage (about 100ml 
total) (Table 5). 

Figure 5(A) shows the C l sXPS spectra of 
carbon speciation on samples of the fresh, 
unused 3% Pt-impregnated alumina catalyst. 
Although the catalyst was previously unused, 
and was analyzed immediately after its removal 
from the manufacturer's storage container, it 
contained significant carbon in both graphitic 
(14%) and non-graphitic (80%) forms (Table 5). 
This strongly implies that adsorption of atmos- 
pherically borne forms of organic carbon to the 
catalyst surface occurs during the various prep- 
aration, handling and packaging steps. After 
light usage of this same catalyst for discrete- 
injection analyses of seawater DOM, the propor- 
tion of graphitic carbon present on the catalyst 
surface (22%) increased compared with that of 
the unused sample, whereas the hydrocarbon 
fraction decreased to 75% (Fig. 5(B); Table 5). 

The proportion of carbonyl carbon on both Pt 
catalyst samples was constant at 6%. In contrast, 
the cobaltous oxide on F-1-1umina catalyst after 
heavy usage contained 49% of its surface carbon 
in graphitic form and 51% in non-graphitic 
forms (Fig. 5(C); Table 5). Further information 
on the comparison of DOC and DON measure- 
ments conducted using these and several recently 
synthesized zeolite catalysts is given by Williams 
et al. (1993). 

These preliminary data are intended to illus- 
trate some of the qualitative changes which may 
occur at the catalyst surface during catalyst use 
and suggest that some of these changes may be 
relatively rapid. Whether quantitative evaluation 
of catalyst deterioration may be accomplished 
through measurements of this kind is not cur- 
rently known. However, we feel that further 
characterizations of catalysts, both before and 
after usage and under controlled experimental 
conditions, may help elucidate both the nature 
and rate at which catalyst deactivation and loss 
of performance occur during analyses of 
seawater DOM. 

CONCLUSIONS 

In summary, it can be stated that a great many 
factors go into the successful use of hetero- 
geneous catalysts, and numerous precautionary 
measures must be taken to ensure their proper 
functioning on anything other than very short 
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Fig. 5. C IsXPS spectra of unused (A) and used (B) 3% 
Pt-impregnated 7-alumina and (C) used Co-impregnated 
F-l-alumina catalysts showing the speciation of carbon on 
catalyst surface. Unused sample of catalyst was analyzed 
directly from shipping container, used catalysts were 
analyzed after their use in HTCO unit for the analysis of 
seawater DOM. 

time-scales. The available information on 
heterogeneous catalysts suggests that they may 
be useful for the routine analysis of DOC and 
DON in natural waters. An adequate evaluation 
of heterogeneous catalysis is an exceedingly 
difficult undertaking under even the simplest 
processing conditions. Successful application of 
catalytic systems for the complete oxidation of a 
variety of complex organic materials in a 
medium such as seawater therefore presents 
the chemical oceanographic community with a 
difficult analytical challenge. Some of the 
questions that we believe remain to be answered 
before the definitive use of such catalysts as 
quantitative analytical tools in the ocean sciences 
can be assured. 

(1) Is a single catalyst capable of quantitatively 
oxidizing to simple, detectable end-products (i.e. 
CO2 and NO) the full complement of DOC and 
DON molecules in seawater? 

(2) What is the effective lifetime of a specific 
catalyst under conditions of continuous, long- 
term application of seawater and how can that 
lifetime be determined? 

(3) What are the relative roles of the various 
components of a high-temperature catalyst 
system (including the support, active com- 
ponents, promoters and temperature) in 
the complete oxidation (i.e. combustion) of nat- 
urally occurring forms of organic carbon in the 
environment? Are currently used HTCO systems 
catalytically combusting natural DOC and DON 
compounds? 
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