
CHAPTER II
LITERATURE REVIEW

2 .1  G l y c e r o l

Glycerol and glycerin (e) are oftentimes used interchangeably, but glycerol is the 
preferred scientific terminology and refers to the pure trihydric alcohol, while glycerin 
(e) refers to the commercial products consisting of whatever grade or degree of purity 
(Kenar, 2007). Glycerol has been a well-known renewable chemical for more than two 
centuries. The Swedish chemist Carl Wilhelm Scheele discovered it in 1783 when 
treating natural oils with alkali materials. The name “ glycerol” was given in 1811 by 
the chemist Michel Eugene Chevreul, who deduced this name from the Greek word 
“ glykos” (= sweet) (Behr et al., 2008).

The chemical structure for glycerol is HOCH2-CHOH-CH2OH as shown in 
Figure 2.1. Glycerol consists of a chain of three carbon atoms with each of the end 
carbon atoms bonded to two hydrogen atoms (C-H) and a hydroxyl group (-OH), and the 
central carbon atom is bonded to a hydrogen atom (C-H) and a hydroxyl group (-OH).

Glycerol is viscous, colorless, odorless, and sweet taste. It is clear hygroscopic 
liquid, non-toxic, easily biodegradable, and pleasant taste which makes it an ideal 
ingredient in food, cosmetic, and pharmaceutical applications. Because glycerol has 
three hydroxyl groups (-OH), it is miscible in water and alcohols, but insoluble in ethers, 
chlorinated solvents, hydrocarbons, and oils.

MW: 92.09 
mp:17.8 °c
bpygo'. 290 °c (decomp). 
Density @20 °c = 1.2375 
Flash point 176 °c

C3HRO;
O H

Glycerol1,2,3-propanetriol

Figure 2.1 C hem ical s truc tu re  and som e p ro p ertie s  o f  g lycero l (K enar, 2007).



4

2.2 Industrial Production of Glycerol

Glycerol can be found naturally in the form of fatty acid esters and also as 
important intermediates in the metabolism of living organisms. Traditionally, glycerol is 
obtained as a by-product in four different processes: soap manufacture, fatty acid 
production, fatty ester production, and microbial fermentation. It can also be synthesized 
from propylene oxide.

Glycerol can be obtained from biomass via hydrolysis or methanolysis of 
triglycerides. The reactions for the direct transformation of vegetable oils and animal 
fats into methyl esters and glycerol have been known for over a century. However, it is 
only recently, following more than 10 years of research and development, that the 
transestérification of triglycerides, using rapeseed, soybean, and sunflower oils, has 
gained significance for its role in the manufacture of high quality biodiesel fuel.

RpCOO-----CH2 RpCOO----- CH3 ho-----CH2
R2-COO----- ÇH + 3CHjOH ...ะ'- R,-COO------CH3 + HO---- CH
Rj-COO-----CH2 R3-COO------CH3 ho-----CH2

T r ig ly c e r id e  M e th a n o l M e th y l e s te r s  G ly c e r o l
w ith  R ] , R 2, R3 =  h y d r o ca rb o n  ch a in  from  15 to  2 1  ca rb o n  a to m s

Figure 2.2 Overall reaction for production of biodiesel through vegetable oil 
methanolysis (Zhou et al., 2008).

Glycerol is normally generated at the rate of 1 mol of glycerol for every 3 mol of 
methyl esters synthesized; approximately 10 wt% of the total product.

In recent years, the rapid development of biodiesel production has formed large 
quantities of glycerol as a by-product. The glycerol market will likely to be saturated 
because of limited utilization of glycerol at the present time. Finding new applications 
for glycerol will increase the economy of the whole biodiesel production process.
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2.3 Glycerol Conversion into Valuable Chemicals

Using glycerol for the synthesis of value-added chemicals is of great industrial 
importance because, not only can glycerol be formed in large amounts during the 
biodiesel production, but also it is a nontoxic, edible, biosustainable and biodegradable 
compound.
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Figure 2.3 Processes of catalytic conversion of glycerol into useful chemicals (Zhou et 
al, 2008).
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In the past, most products were based on unmodified glycerol or simple 
modifications to glycerol molecules as the production of more complex chemical 
compounds were too costly. Now, the lower cost of glycerol can open many significant 
new markets in polymers, ethers, and other fine compounds. From a technical 
standpoint, glycerol’s multifunctional structure and properties can be tailored by several 
different reaction pathways as shown in Figure 2.3. In the near future, the potential 
conversion of renewable resources into valuable commodity chemicals can facilitate the 
replacement of petroleum-based products. It is clear that a very large number of 
chemicals could be derived from glycerol. In this respect, catalysis represents a critical 
approach to green chemical technology in the activation and utilization of glycerol 
(Zhou et al., 2008).

The catalytic hydrogenolysis of glycerol to propanediols is one of the most 
attractive routes since it is a feasible and simple method that can convert the glycerol to 
high value-added products.

2.4 Selective Hydrogenolysis of Glycerol to Propanediols

Flydrogenolysis is a catalytic chemical reaction that breaks a chemical bond in 
an organic molecule with the simultaneous addition of a hydrogen atom to the resulting 
molecular fragments. Through the selective hydrogenolysis of glycerol in the presence 
of metallic catalysts and hydrogen, glycerol can be converted to 1,2-propanediol and
1,3-propanediol, which are useful final products. Therefore, catalytic hydrogenolysis of 
glycerol is another alternative route to increase the profitability of biodiesel production 
plants as the products of glycerol hydrogenolysis can easily replace the chemical 
compounds, which at present are industrially produced mainly by using non-renewable 
sources.

1,2-propanediol (1,2-PDO) or propylene glycol, is an important medium-value 
commodity chemical with a 4% annual growth in the market size. The current global 
market for 1,2-propanediol is roughly 2 million tonnes annually. It is used for
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manufacturing high-performance unsaturated polyester resins, polyurethane foam 
systems, liquid detergents, pharmaceuticals, cosmetics, tobacco humectants, flavors and 
fragrances, personal care, paints, animal feed, antifreeze, etc. Traditionally, it is 
produced by the hydration of propylene oxide derived from propylene by either the 
chlorohydrin process or the hydroperoxide process. There has been a rapid expansion of 
the market for 1,2-propanediol as antifreeze and de-icing agents because of the growing 
concern over the toxicity of ethylene glycol-based products to humans and animals 
(Zhou et al., 2008). Recently, several major chemical producers, such as Dow, Cargill, 
Archer Daniels Midland, and Huntsman, have all announced plans to produce 1,2- 
propanediol from glycerol (Kenar, 2007).

1,3-propanediol (1,3-PDO) is also a high-value chemical that is an important 
compound in polymer production. 1,3-Propanediol is of interest as a reactant to prepare 
cyclic compounds and as a monomer for various types of polyesters, polyurethanes, 
polyethers. Polyesters prepared from 1,3-propanediol and terephthalic acid produce 
polyesters, known commercially as SORONA® from DuPont, or CORTERRA® from 
Shell, which has unique properties in terms of chemical resistance, light stability, elastic 
recovery, and dyeability (Zhou et al., 2008). There are two examples for the synthesis of
1,3-propanediol based on petrochemicals: the first one is the Shell process consisting of 
the hydroformylation of ethylene oxide to 3-hydroxypropanal followed by 
hydrogenation to 1,3-propanediol. The second is the Degussa-DuPont process based on 
the hydration of acrolein to 3-hydroxypropanal and further hydrogenation analogue to 
the Shell process as shown in Figure 2.4.

Problems in the conventional processes are the high pressure applied in the 
hydroformylation and hydrogenation steps as well as the use of aromatic solvents in the 
first and loss of acrolein due to extraction processes in the second example. The yields 
are around 80% in the first and about 40% in the second process, so besides the demand 
of renewable sources like glycerol, there is also a huge interest in improving yields and 
overall selectivity of the processes applied. Therefore, the reaction from glycerol to 1,3-
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propanediol via heterogeneous, homogeneous or biocatalytic processes may become an 
attractive alternative (Behr et al., 2008).
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Figure 2.4 Different routes to 1,3-propanediol starting from ethene, propene or glycerol 
(Behr et al., 2008).

In the petrochemical industry, it has been known that 1,3-propanediol is more 
valuable than 1,2-propanediol; however, the selective hydrogenolysis of glycerol to 1,3- 
propanediol is still unsatisfactory. On the other hand, the production of 1,2-propanediol 
becomes more potential since the method is one-step and simple (Miyazawa et ah,
2007). Therefore, the production of 1,2-propanediol from glycerol will be focused in this 
work.

2.5 Production of 1,2-Propanediol from Glycerol

The present industrial way for manufacturing 1,2-propanediol (propylene 
glycol) is the hydrolysis of propylene oxide with water (Figure 2.5). After the reaction 
step, the mixture must be stripped and distilled to separate the product from water and
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the higher substituted polyols. Although there are further processes such as the 
acetoxidation of propene followed by hydrolysis or the direct hydroxylation catalysed by 
osmium compounds, the classical route based on propylene oxide is still widely used.

OAc
±-H°A-c- ... . aco^ A . ------- ^ 2 2 -------1

_____ L  OH

[Os]

Figure 2.5 Comparison of the reaction routes to 1,2-propanediol starting from propene 
or glycerol (Behr et al., 2008).

In particular, when 1.2-propanediol or its derivatives are applied in food, 
cosmetics or pharmaceutical products, the use of fossil raw materials is less favourable 
to the consumer acceptance, which leads to the demand of a renewable feedstock, such 
as glycerol. Glycerol can be converted to 1,2-propanediol using biocatalysts, 
homogeneous or heterogeneous catalysts, which are described in the following section.

2.5.1 Biocatalyst
A typical commercial example of a technology switch with respect to 

catalyst and feedstock was demonstrated by a joint venture of the chemical company 
Ashland Inc. and the food processor Cargill. The aim of this project was the production 
of propylene glycol out of glycerol from the biodiesel industry at a factory in Europe. 
Cargill has already presented a process to obtain propylene glycol out of carbohydrates 
with Escherichia coli or Thermoanaerobacterium thermosaccharolyticum HG-8 (Behr 
et al., 2008).
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2.5.2 Homogeneous Catalyst
In general the hydrogenolysis of glycerol by homogeneous catalysts leads 

to a variety of by-products such as propanol or ethers and to a mixture of 1,2- and 1,3- 
propanediol. The amount of different products depends on the mechanism of the product 
formation. Earlier, Che et al. (1987) patented a one-step process for the catalytic 
hydrogenolysis of glycerol in water solution using syngas at 200 °c and 32 MPa ฑ2 
pressure in the presence of a homogeneous rhodium complex catalyst (Rh(CO)2(acac)) 
and tungstic acid. During the reaction, 1,3-propanediol and 1,2-propanediol were 
produced with 20% and 23% yield, respectively.

Schlaf et al. (2001) also described the catalytic hydrogenolysis of glycerol 
in sulfolane catalyzed by a homogeneous complex of ruthenium. The reaction proceeded 
under milder conditions at 110 °c and 5 MPa. But less than 5% yields of 1,2-PD and
1,3-PD were achieved. Recently, the Shell Oil Company developed a'process that uses 
homogenous palladium complex in a water-sulfolane mixture containing methane 
sulfonic acid. After a 10 h reaction, 1-propanol, 1,2-propanediol and 1,3-propanediol 
were detected in a ratio of 47 : 22 : 31 (Drent et ah, 2000).

O H  <j)H O H  
C H 2- C H -  C H 2 

G l y c e r o l

D e h y d r o g e n a t i o n  
o f  C O

D e h y d r o x y l a t l o n  b y  
H f i  o r a d s o r b e d O H

/ c e * CH>

H y d r o g e n a t i o n

D O H\  I'C-C = CH2
G l y c e r a l d e h y d e

OH OH 
■ CI-̂ -CH-CHj 

P r o p y l e n e  G ly c o l

Figure 2.6 Reaction mechanism for conversion of glycerol to propylene glycol 
proposed by Montassier et al.
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2.5.3 Heterogeneous Catalyst
Carrying out over solid catalysts without the presence of dangerous 

solvents, it would become economically and environmentally attractive.
Montassier et al. (1991) carried out the hydrogenolysis of glycerol at 260 

°c and 30 MPa H2 pressure in the presence of Raney Ni, Ru, Rh and Ir catalysts. They 
found that mainly methane was produced, but when Raney Cu was used as a catalyst,
1.2- propanediol was the main reaction product. Raney Cu is known for its poor 
hydrogenolytic activity towards C-C bond but it is an efficient catalyst for C -0  bond 
hydrogenation and dehydrogenation. A reaction mechanism for conversion of glycerol to
1.2- propanediol proposed by Montassier et al. is shown in Figure 2.6.

Chaminand et al. (2004) studied the hydrogenolysis of glycerol in the 
presence of heterogeneous catalysts. Aqueous solutions of glycerol were 
hydrogenolysed at 180 °c and 8 MPa H2 pressure for 90 hours. Among the various 
catalysts (Cu, Pd, Rh), supports (ZnO, c, A I 2 O 3 ) ,  solvents (H20, sulfolane, dioxane), 
and additive such as tungstic acid (H2WO4), the best selectivity (100%) to 1,2- 
propanediol was obtained when using CuO/ZnO catalysts.

OH

(H)0, ๐(แ}M (H)Ô-m.Ô(H)

Figure 2.7 Possible reaction routes for catalytic hydrogenolysis of glycerol proposed by 
Chaminand et al. (2004).
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To improve the selectivity to 1,3-propanediol the reaction was conducted with rhodium 
catalysts with tungstic acid added to the reaction medium. The best result in terms of 
conversion and selectivity to 1,3-propanediol (l,3-PDO/l,2-PDO = 2) was obtained by 
operating in sulfolane. A general mechanism can be proposed to explain the influence of 
the different parameters on the activity and selectivity of the reaction (Figure 2.7).

The diols can be formed via several routes. The tungstic acid can favour 
the dehydration route (route A) via protonation of the hydroxyl groups and loss of water. 
The keto group formed as intermediate can be easily reduced under the reaction 
conditions. However, the use of alternative acid (HC1) yielded low conversion 
suggesting that the acidity of H2WO4 was not its dominant property for the considered 
reaction. Furthermore, the formation of a Rh-W catalyst cannot be excluded and can 
affect the selectivity and the activity of the hydrogenolysis. The addition of a second 
metal (Fe or Cu) in the reaction medium reduced the activity as if it poisoned the 
rhodium catalyst. Moreover, iron can be chelated by a diol and thus modifies the 
selectivity of the hydrogenolysis (route C).

Table 2.1 Summary of conversion of glycerol, yield and selectivity of propylene glycol 
from glycerol over various metal catalysts (Dasari et al., 2005)

Supplier Description Conversion Yield Selectivity
Johnson Matthey 5% Ru/C 43.7 17.5 40.0
Johnson Matthey 5% Ru/alumina 23.1 13.8 59.7
Degussa 5% Pd/C 5 3.6 72.0
Degussa 5% Pt/C 34.6 28.6 82.7
PMC Chemicals 10% Pd/C 8.9 4.3 48.3
PMC Chemicals 20% Pd/C 11.2 6.4 57.1
Grace Davision Raney nickel 49.5 26.1 52.7
Grace Davision Raney copper 48.9 33.8 69 1
Sud-Chemie Copper 53 21.1 39.8
Sud-Chemie Copper-chromite 54.8 46.6 85.0
Johnson Matthey Ni/C 39 8 27.3 68.6
Alfa-Aesar Ni/silica-alumina 45.1 29.1 64.5
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Dasari et al. (2005) used the various types of commercial catalysts to 
study hydrogenolysis of a concentrated glycerol solution into propylene glycol under 
low pressure, as shown in Table 2.1. At temperatures above 200 ๐c  and hydrogen 
pressure of 1.4 MPa, the selectivity to propylene glycol decreased due to excessive 
hydrogenolysis of the propylene glycol. The yield of propylene glycol increased with 
decreasing water content. Copper-chromite catalyst was identified as the most effective 
catalyst, yielding 73% of propylene glycol at moderate reaction conditions of.200 °c 
and 1.4 MPa. This result provides a very distinctive competitive advantage over 
traditional processes that use more severe reaction conditions.

A new reaction pathway for converting glycerol to propylene glycol via an 
intermediate was validated by isolating the acetol intermediate. In a two-step reaction 
process, the first step carried out at atmospheric pressure involves the formation of 1- 
hydroxyacetone by the dehydration reaction while the hydrogenation second step 
requires a hydrogen partial pressure, as shown in Figure 2.8.

Dehydration H ydrogenation

OH o 
CH2 - c - CH3 
Aceto l

OH OH
p—>■  CH2 - CH - CH3 

Propylene G lycol

G lycero l

Figure 2.8 Proposed reaction mechanism for conversion of glycerol to propylene glycol 
(Dasari et al., 2005).

Miyazawa et al. (2005, 2006) demonstrated that when active Ru, 
supported on carbon is used in combination with a cation exchange resin such as 
Amberlyst 15, it can exhibit higher activity in glycerol hydrogenolysis under mild
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reaction conditions (120 ๐c  and 4 MPa or 8 MPa H2) than other metal-acid bifunctional 
catalyst systems such as zeolites, sulfated zirconia, H2WO4, and liquid H2SO4. The Ru/C 
catalyst showed higher conversion than Rh/C, Pd/C, and Pt/C. However, the selectivity 
of cracking products was rather high over Ru/C, with the dehydration of glycerol to 1- 
hydroxyacetone being catalyzed by the acid catalysts. The subsequent hydrogenation of 
1-hydroxyacetone on the metal catalysts gives 1,2-propanediol. Thus the addition of 
solid acid catalysts to Ru/C was effective in increasing the conversion and 
hydrogenolysis selectivity. A proposed reaction scheme for the hydrogenolysis of 
glycerol is shown in Figure 2.9.

Amberlyst,

C H -ÇH- CH2 - Ru/C 
OH OH OH -H P
Glycerol

ch3- c - ch2
o  OH

Acetol

Ru/C
+H,

Ru/C\ - C H :-  CH 2 
ท OH +H2

CHj-C H —CH,
Ah Ah

1,2-Propanediol CH,-CH2 -CH,
Ah 7

1-Propanol

C2H5OH 
CH4

Figure 2.9 Reaction scheme of glycerol hydrogenolysis and degradation reactions 
(Miyazawa et al., 2006).

During the hydrogenolysis reaction, the activity of the metal catalyst when 
combined with the cation exchange resin can be related to that of 1-hydroxyacetone 
hydrogenation over the metal catalysts. In addition, the OH group on Ru/C can also 
catalyze the dehydration of glycerol to 3-hydroxypropionaldehyde, which ultimately can 
be converted into 1,3-propanediol and other degradation products through subsequent
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hydrogenation. From these results Ru/C + H2SO4 showed lower activity than combined 
Ru/C+Amberlyst, suggesting that the solid acid was more effective for the 
hydrogenolysis of glycerol.

Wang et al. (2007) studied the hydrogenolysis of glycerol to propylene 
glycol over Cu/ZnO catalysts at 200 °c and 4.2 MPa แ 2 pressure. Glycerol conversion 
and selectivity depend on Cu and ZnO particle sizes. Smaller ZnO and Cu domains led 
to higher conversion and propylene glycol selectivity, respectively. High propylene 
glycol selectivity (83.6%) was achieved at 22.5% glycerol conversion with Cu/ZnO 
atomic ratio of 1. These catalysts possess acid and hydrogenation sites required for 
bifunctional glycerol reaction pathways. The pathways may involve glycerol 
dehydration to dehydrated intermediates on acid sites of ZnO surfaces, followed by 
hydrogenation of the intermediates on Cu surfaces, as shown in Figure 2.10, where the 
two proposed dehydrated intermediates were acetol (1-hydroxyacetone) and glycidol (3- 
hydroxy-1,2-epoxypropane).

G ly c id o l

Figure 2.10 Proposed bifunctional glycerol hydrogenolysis reaction pathways (Wang et 
al, 2007).

The effect of support and catalyst reduction temperature on the catalytic 
performance of Ru catalysts in the hydrogenolysis of glycerol was investigated (Feng et



16

al., 2 0 0 8 ) . T h e support m aterial a ffec ted  the m eta l p artic le  s iz e  and th e reaction  route. 
A m o n g  the tested  ca ta ly sts , in c lu d in g  R u /S i0 2, R u /N a Y , R u /y -A l 2 0 3 , R u /C , and  
R u /T i0 2, the T i 0 2 su p ported  ca ta ly st sh o w ed  h ig h  a c tiv ity  g iv in g  th e h ig h e s t  co n v ers io n  
o f  g ly c e r o l (90% ); h o w e v e r , R u /T i0 2 ca ta lyst favo red  the p rod u ction  o f  e th y le n e  g ly c o l 
o v e r  1 ,2 -p ro p an ed io l under the tested  c o n d it io n s  (1 8 0  ° c ,  5 M P a). In con trast, R u /S i0 2 
sh o w e d  the lo w e s t  activ ity , but resu lted  in m u ch  h igh er se le c t iv ity  to  1 ,2 -p ro p an ed io l 
than that o f  e th y le n e  g ly c o l. It w a s  w e ll  c o n s iste n t  w ith  the m ean  R u p a rtic le  s iz e  o f  the  
ca ta ly st in the order o f  R u /S i0 2 >  R u /N a Y  >  R u /y -A l2 0 3  >  R u /C  >  R u /T i0 2. T h is  
in d ica ted  that th e  h y d r o g e n o ly s is  o f  g ly c e r o l w a s  m ore a c t iv e  on  sm a ll m eta l p a rtic les. 
T h e reaction  route in v o lv e d  a reversib le  d eh y d ro g en a tio n  o f  g ly c e r o l to  g ly ce r a ld e h y d e , 
fo llo w e d  b y d eh yd ration  an d /or retro-a ld oriza tion  o f  g ly c e r o ld e h y d e  to  2 -  
h y d ro x y a cro le in  an d /or g ly c o la ld é h y d e , and f in a lly , th e  tw o  g ly c o l p recu rsors are 
h yd ro gen ated  to 1 ,2 -p ro p an ed io l and e th y le n e  g ly c o l, r e sp e c tiv e ly . U n d er  th e  sa m e  
reactio n  c o n d it io n s, S i 0 2 or y - A l2C>3 favored  th e  d eh yd ration  rou te o v e r  th e  retro- 
a ld o liz a tio n  route, lea d in g  to  h ig h er  s e le c t iv ity  to  1 ,2 -p ro p an ed io l than that o f  e th y le n e  
g ly c o l. In con trast, T i 0 2 w a s  in favor o f  the retro -a ld o liza tio n  route, resu ltin g  in h ig h er  
s e le c t iv ity  to  e th y le n e  g ly c o l. T h e  reaction  rou tes w er e  sh o w n  in F ig u re  2 .1 1 .

H2Ç-ÇH2 

O H  O H
EGGOA

Figure 2.11 R ea ctio n  route for  the h y d r o g e n o ly s is  o f  g ly c e r o l to  g ly c o ls  (F e n g  e t al., 
2 0 0 8 ) .
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T h e reaction  activ ity  o f  T i 0 2-su p p orted  ca ta ly st d ecrea sed  w ith  in crea sin g  
ca ta ly st red u ction  tem peratu re, w h ich  w a s  attributed to  tw o  reason s: (1 )  the grow th  in 
R u p artic le  s iz e  c a u sed  b y  h eatin g  treatm ent; and (2 )  th e  stron g m eta l-su p p o rt in teraction  
(S M S I), w h ic h  resu lted  in partial co v e r a g e  o f  R u m eta l p artic les b y  T i2C>3 sp e c ie s .

S itth isa  e t al. (2 0 0 7 )  in v estig a ted  th e  d eh y d ro x y la tio n  reaction  at 2 5 0  ° c  
and 3 .4  M P a H 2 p ressu re  u sin g  10%  C u/A 12C>3 a s a cata lyst. T h e resu lts  sh o w e d  that 
100%  co n v e r s io n  and 90%  se le c t iv ity  w ere  ob ta in ed . H o w e v e r , th e  c o n v e r s io n  dropped  
d r a stica lly  after 6  h . S w an gk otch ak orn  et al. (2 0 0 8 )  in trod u ced  Z nO  in to  C u/A 120 3 
ca ta ly st and fou n d  that th e  ad d ition  o f  Z nO  cou ld  p ro lo n g  th e sta b ility  o f  th e  c a ta ly s t  b y  
red u cin g  the m eta l-su p p o rt in teraction  to form  alu m in u m  cop p er , w h ic h  m a y  b e  the  
ca u se  o f  ca ta ly st d eactiv a tion . In ad d ition , Z nO  h ind ered  th e grain  grow th  o f  C u O  (E l-  
S h ob ak y  e t al., 1 9 9 9 ), lea d in g  to  h ig h er  d isp ersio n  o f  cop p er p h ase .

C h ird d ilok  e t al. (2 0 0 9 )  reported that the C u -Z n 0 /A l 2 0 3  ca ta ly st sh o w ed  
the b est  ca ta ly tic  a c t iv ity  com p ared  w ith  C u /A l2 0 3  and C u /Z n O  ca ta ly sts . T h e  p r esen ce  
o f  Z n O  fa c ilita tes  th e  red u ction  o f  Cu to the lo w er  tem perature. T h is  b eh a v io r  w a s  
attributed to  the h ig h ly  d isp ersed  C u O  sp e c ie s  p resen t on  th e ca ta ly st. T h e  m a x im u m  
a c tiv ity  w a s  ob ta in ed  for the ca ta ly st c a lc in ed  at 5 0 0  ° c .  W h en  com p a red  w ith  the  
ca ta ly st prepared  b y  co -p rec ip ita tio n , th e  sta b ility  o f  th e  im p regn ated  ca ta ly st w a s  lo w er  
than th e  co -p rec ip ita ted  cata lyst. T h e  B E T  su rface  area in d ica ted  that th e  h igh  
p erfo rm an ce  o f  th e  ca ta ly st can  b e  ascrib ed  to  th e  h ig h er  su rfa ce  area, and th e  better  
p erfo rm an ce  o f  th e  co -p rec ip ita ted  ca ta ly st m ig h t b e  attributed to  th e  p resen ce  o f  C uO  
h ig h ly  d isp ersed  in  sp in e l- lik e  m atrix .

2.6 Preparation of Supported Metal Catalysts

S u pported  m eta l o x id e  c o m p r ise s  a large c la ss  o f  ca ta ly tic  m ater ia ls  u sed  in  
n u m erou s industrial p ro c e sse s . T h ere are c o n v en tio n a l ap p ro ach es to  p rep arin g  th ese  
m ateria ls . T h e m eth o d s that h ave  found  w id e  u se  ( in c lu d in g  industrial u se )  are 
im p regn ation  and co -p rec ip ita tio n .
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In the last tw o  d eca d e s , the grea test p rog ress  h as b een  m a d e  in th e  s o l - g e l  
p reparation  o f  d isp ersed  s in g le  c o m p o n en t and m u ltic o m p o n e n t sy s te m s  b y  th e  
h y d ro ly s is  o f  so lu tio n s  o f  m eta l a lk o x id e s  and in th e  sy n th e s is  o f  n e w , so -c a lle d  
m e so p h a se  m eso p o ro u s  m ateria ls  (P a k h o m o v  and B u y a n o v , 2 0 0 5 ) .

2 .6 .1  Im p regn ation
Im p regn ation  is  a p reparation  tech n iq u e  in w h ic h  a  so lu tio n  o f  the  

precu rsor o f  the a c tiv e  p h a se  is  brought in co n ta ct w ith  the su p port. T w o  m e th o d o lo g ie s  
e x is t . In dry im p regn ation , a lso  referred to  as “p ore v o lu m e  im p reg n a tio n ” , ju s t  en o u g h  
liqu id  (so lu tio n  o f  th e  p recu rsors) is u sed  to f ill th e  p ore  v o lu m e  o f  th e  support. In w e t  
im p regn ation , the support is  d ip p ed  in to  an e x c e s s  q u an tity  o f  so lu tio n  c o n ta in in g  the  
p recu rsor(s) o f  the im p regn ated  p h ase . In dry im p reg n a tion , th e  s o lu b ility  o f  the ca ta ly st  
p recu rsors and the p ore v o lu m e  o f  the su p port d eterm in e  th e m a x im u m  lo a d in g  a v a ila b le  
each  t im e  o f  im p regn ation . I f  a h igh  lo a d in g  is n eed ed , su c c e s s iv e  im p reg n a tio n s  (and  
h eat treatm en ts) m ay  b e  n ecessa ry . W h en  severa l p recu rsors are p resen t s im u lta n e o u s ly  
in th e  im p regn ation  so lu tio n , the im p regn ation  is  c a lle d  “c o -im p r e g n a tio n ” (A n d erso n  
and G arcia , 2 0 0 5 ).

2 .6 .2  P recip ita tion
C o -p recip ita tion  d iffers  from  the o th er m eth o d s s ig n if ic a n tly . It is  a 

m eth o d  b y  w h ich  a so lid  is p recip itated  from  a so lu t io n  co n ta in in g  s o lu b le  p recu rsors o f  
both  th e support and su rface  o x id e s . N u c lé a tio n  o f  th e  so lid  p h a se  is  in itia ted  b y  m ix in g  
the so lu tio n  w ith  p rec ip ita tin g  agen t that eith er  (1 )  ch a n g e  th e so lu tio n  p H  and lea d s to  
p recu rsor co n d en sa tio n  to form  o x id e  or h y d ro x id e s , or (2 )  “ in tro d u ces ad d itio n a l io n s  
in to th e  sy stem  b y w h ic h  the so lu b ility  p rod u ct for a certain  p rec ip ita te s  is  e x c e e d e d ” 
(S ch iith  and U n g er , 1 9 9 7 ). F iltration  and w a sh in g  o f  cou n ter  io n s  from  th e  p rec ip ita te  
y ie ld  th e  fin a l so lid . T h e  resu ltan t arch itectu re o f  th e  co -p rec ip ita ted  b in ary  fram ew o rk  is 
m ore sp a tia lly  d istrib u ted  than a restrict su p ported  m eta l o x id e  m ateria l prepared b y  the  
a b o v e  m eth o d s. T h e d istin ct structure a l lo w s  for better in teraction  b e tw e e n  su p port and
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a c t iv e  sp e c ie s  but a lso  resu lts in partial e x c lu s io n  o f  th e  a c t iv e  s p e c ie s  from  th e su rfa ce , 
ren d erin g  it in a c c e ss ib le  for c a ta ly s is . S u rfa ce  d en sity  c a lc u la tio n s  for resu ltin g  m ater ia ls  
th u s ov erestim a te  actual va lu e.

In verse  co -p rec ip ita tio n  o ffe rs  an im p roved  a ltern a tiv e  to  co -p rec ip ita tio n . 
A  lim ita tion  for co -p rec ip ita tio n  is that th e  support and m eta l o x id e  p recu rsors are 
u n lik e ly  to  share sim ila r  so lu b ility  ( i.e ., so lu b ility  p rod u cts). C o n seq u en tly , drop w is e  
ad d itio n  o f  a p rec ip ita tin g  ag en t g en era tes  so lid s  d o m in a ted  b y  the m o re  in so lu b le  
p recu rsor during ear ly  s ta g es  and rich in th e  latter p recu rsor at la te  s ta g es . T h is  g iv e s  r ise  
to  tem p o ra l-sp a tia lly  in h o m o g e n e o u s  c o m p o s itio n s . B y  con trast, in v erse  c o -p rec ip ita tio n  
ad d s the precu rsor m ix tu re drop w is e  to an e x c e s s  o f  p rec ip ita tin g  ag en t, th is  approach  
en su res  that a strict ratio  o f  p recu rsors is m ain ta in ed  th ro u gh ou t th e  c o u rse  o f  batch  w is e  
ad d itio n  and lead s to  better co -p rec ip ita te  h o m o g e n e ity .

T an ak a  e t al. (2 0 0 3 )  o p tim iz e d  a c o m p o s itio n  o f  C u -Z n 0 /A l 2 0 3  ca ta ly s ts  
prepared b y  th e im p regn ation  m eth o d  for w a ter  gas sh ift reac tio n  (W G S R ) co u p led  w ith  
C O  o x id a tio n  in th e  reform ed g a s. T h e op tim u m  c o m p o sitio n  o f  th e  im p regn ated  ca ta ly st  
for h igh  W G S R  a c tiv ity  w a s  5 wt%  C u /5  w t%  Z n 0 /A l 2 0 3 . T h e  o p tim u m  lo a d in g  
a m o u n ts o f  C u and Z n O  in the im p regnated  ca ta ly st w ere  sm a ller  than th o se  in th e  c o 
p recip ita ted  ca ta ly st. Its ca ta ly tic  ac tiv ity  a b o v e  2 0 0  °c w a s  com p a rab le  to  that o f  th e  
co n v e n tio n a l co -p rec ip ita ted  C u -Z n 0 /A l 2 0 3  ca ta ly st. H o w e v e r , th e  a c t iv ity  o f  th e  
im p regn ated  C u - Z n 0 /A l20 3 ca ta ly sts  w a s  s ig n ific a n tly  lo w e r e d  at 15 0  °c, w h erea s  n o  
d ea c tiv a tio n  w a s  o b serv ed  for th e  co -p rec ip ita ted  ca ta ly st at th e  sa m e tem peratu re. It 
w a s  fou n d  that d ea ctiv a tio n  occu rred  o v er  im p regn ated  ca ta ly s ts  w ith  H 20  and/or 0 2 in 
th e  reaction  gas; it p reven ted  C O  ad sorption  on th e  su rface .

2 .6 .3  S o l-G e l M eth od
T h e  s o l-g e l p r o c e ss  in v o lv e s  first the form ation  o f  a so l fo llo w e d  b y  that 

o f  a g e l. A  so l, w h ich  is  a liqu id  su sp en sio n  o f  so lid  p artic le s  ran g in g  in s iz e  from  1 nm  
to  1 m icron , can  b e ob ta in ed  b y  th e  h y d r o ly s is  and partial c o n d en sa tio n  o f  a p recu rsor  
su ch  as an in o rgan ic  sa lt or a m eta l a lk o x id e . T h e further c o n d en sa tio n  o f  so l p artic le s
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in to  a th ree -d im en sio n a l n etw ork  p rod u ces a g e l, w h ich  is  a m aterial w ith  a so lid  
e n ca p su la tin g  a so lv e n t. A ltern a tiv e ly , a gel can  b e  p rod u ced  b y  d e s ta b iliz in g  a so lu tio n  
o f  p reform ed  so ls .

Formation

Aging

Dissolve a precursor 
(metal salt or alkoxide) 

in a solvent
Start with 

preformed sols

Solvent
Removal

Heat
Treatment

evaporative
drying

Drying of the gel for 
solvent removal

supercritical 
drying

Formation of Formation of
a xerogel an aerogel

Calcination /sintering

Obtaining different product 
forms such as powder, 
monoliths, thin films, 

and membranes

Figure 2.12 S ch e m a tic  diagram  sh o w in g  the v a r io u s step s o f  a s o l-g e l p r o c e ss  (Ertl et 
a l ,  1 9 9 9 ).
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In e ith er  c a se  the m ater ia ls  are referred to  aq u aso l (or  a q u a g e l)  w h e n  w a ter  is  u sed  as a 
so lv e n t, and a lc o so l (or  a lc o g e l)  w h en  a lc o h o l is  u sed . T h e  en ca p su la ted  liq u id  can  b e  
rem o v ed  from  a g e l b y  eith er  eva p o ra tiv e  d rying  or d ry in g  w ith  su p ercr itica l ex tractio n  
(su p ercritica l d ry in g  for short). T h e resu ltin g  so lid  p rod u cts are k n o w n  as a x e r o g e l and  
an a ero g e l, r e sp e c tiv e ly . T h e four k e y  step s in tak in g  a p recu rsor to  a p articu lar p rod u ct 
from  v ia  s o l-g e l preparation: form ation  o f  a g e l, a g in g  o f  a g e l, rem o v a l o f  so lv e n t, and  
heat treatm ent are sh o w e d  in F igure 2 .1 2 .

T h e precu rsor in a s o l-g e l preparation  can  e ith er  b e  a m eta l sa lt/a lk o x id e  
d isso lv e d  in an appropriate so lv en t or a stab le  c o llo id a l su sp e n s io n  o f  p refo rm ed  so ls .  
M eta l a lk o x id e s  h a v e  b een  the m o st  e x te n s iv e ly  u sed  b ec a u se  th e y  are c o m m e r c ia lly  
a v a ila b le  in h igh  p u rity  and their so lu tio n  ch em istry  has b een  d o cu m en ted . A lk o x id e s  
h ave th e  fo llo w in g  ad v an ta ges ov er  in o rgan ic  p recu rsors (P a k h o m o v  and B u y a n o v , 
2 0 0 5 ):

( i)  h ig h  purity o f  th e  p recu rsor and fin a l p rod u cts;
( i i)  re lia b le  con tro l o f  th e  p ro c e ss  p aram eters d eterm in in g  th e  fin a l 

structure o f  the a lk o g e l and its p rop erties;
( iii)  u n ifo rm ity  o f  th e  c h e m ic a l, p h y s ic a l, and m o r p h o lo g ic a l p ro p erties  o f

the product;
( iv )  m ix in g  o f  the co m p o n e n ts  at th e  m o le c u la r  le v e l;
(v )  p o s s ib ility  o f  preparing sa m p les  at lo w  tem peratu res;
(v i)  p o ss ib ility  o f  in trod u cin g  a v a r ie ty  o f  c o m p o n e n ts  in  o n e  step; and
(v ii)  p o s s ib ility  o f  co n tro llin g  th e  reactio n  k in e t ic s  and s ta b iliz in g  

m eta sta b le  sy stem s.
T a k e ish i and Y a m a m o to  (2 0 0 7 )  p aten ted  th e  p rep aration  m eth o d  o f  cop p er  

a lu m in a  ca ta ly sts  for d im eth y l ether steam  refo rm in g  (h y d ro g en  p ro d u ctio n ) by  
im p regn ation  and s o l-g e l m eth o d . T h e  resu lts  sh o w ed  that, in an im p reg n a tion  m e th o d  in 
w h ich  a carrier m ad e o f  a lu m in a  is  im p regnated  in a ca ta ly st m eta l so lu tio n  to  su p p ort a 
ca ta ly st m eta l, a ca ta ly st m etal is  su p p orted  o n ly  on  th e su r fa ce  o f  a ca ta ly s t  layer , 
sh o w in g  p oo r  d isp ers io n . F urtherm ore, in th e  im p reg n a tion  m eth o d , d ecr e a se  in
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reform in g  a b ility  is a ca u sed  so m e tim e s  b y  s in ter in g  o f  an a c tiv e  m eta l b y  h eat. In 
con trast, th e  ca ta ly st prepared  b y  s o l-g e l m eth od  h as a feature that ca ta ly st m eta l is  
h ig h ly  d isp ersed  and is  n ot e a s ily  sin tered . Furtherm ore, b y  in c lu s io n  o f  M n , F e , or  Z n, 
C op p er  b e in g  a c tiv e  in d im eth y l ether steam  reform in g  reaction  can  b e  in crea sin g ly  
d isp ersed  and h ig h ly  a c tiv e  C u and C u + can b e k ep t stab le . B y  th is , an e x c e lle n t  
reform in g  ab ility  can b e ob ta in ed  ev en  at lo w  tem peratu res su ch  as 2 0 0  °c to 2 7 5  ๐c, at 
w h ich  a reaction  d o e s  n o t o ccu r  e a s ily  w ith  a norm al ca ta lyst. A  ca ta ly s t  prepared  b y  a 
so l-g e l m eth o d  can  h av e  a large p ore d ia m eter  w ith o u t red u cin g  th e  s p e c if ic  su rfa ce  area  
b y in c lu s io n  o f  M n , F e , an d /or  Z n. P ores o f  8 0  Â  to  2 0 0  Â  are m o st  su ita b le  for d im eth y l 
ether refo rm in g  and can p ro v id e  an e x c e lle n t  reform in g  a b ility  ev e n  at lo w  tem peratu res.

2.7 Deactivation and Regeneration

T h e c la s s ic  d e fin itio n  o f  a ca ta ly st is  a su b sta n ce  w h ic h  a lters th e  rate at w h ich  
a c h e m ic a l reaction  o ccu rs , but is i t s e l f  u n ch a n ged  at th e  en d  o f  th e  reaction . It is a 
practica l rea lity , h o w e v e r , that ca ta ly sts  d ea ctiv a te  o v e r  tim e.

10'1 10° io ’I ll|l!l| 1 II แแเ I

■ => FCC

10s 10s 104 10J 10* 10T 10* เนแ 1 • 'แแเ I Iwrof—rm w r I FTTny—i-mrif r m n
Hydrocracking = J  

HDSu-.—ICatalytic reforming I—........I
c 3 dehydrogenations เ ^  0

Formaldehyde 1323
Hyd ro g e n a tio n s< ^ y^ s J 3 

Oxychlorination □
Fat hardening C=I

NH3 oxidation 133533
T im e  /  s e c o n d s  7W C £=>

I mifcl fcmii 1 nii.i .......I i I Ml 1...... . m.ai mm* i i himUÊ
10-' 1๙ 10’ 1๙ 1๙ 104 1๙ 10s 1๙ 1๙ 

1 h o u r  1 d a y  1 y e a r

Figure 2.13 T im e  sc a le  o f  d ea ctiv a tio n  o f  v a r io u s ca ta ly tic  p r o c e s se s  (M o u lijin  e t a l ,  
2 0 0 1 ) .
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C ata lyst l i fe  m ay  b e as short as f e w  se c o n d s , as in flu id  ca ta ly tic  crack in g  
(F C C ), or as lo n g  a s  severa l y ea rs for a m m o n ia  sy n th e sis  but, in ev ita b ly , the ca ta ly st  
w ill  n eed  regen era tion  or rep lacem en t.

T h e e f f ic ie n c y  o f  a ca ta ly st is a s se sse d  in term s o f  th e  a c tiv ity  and se le c t iv ity  o f  
th e  ca ta ly zed  reactio n  and o f  ca ta ly st life . T h e  f iv e  m ain  c a u se s  o f  d e a c tiv a tio n  are 
p o iso n in g , fo u lin g , therm al d egrad ation  (sin ter in g , eva p ora tio n ) in itia ted  b y  th e  o ften  
h ig h  tem perature, m ech a n ica l d a m a g e  and c o rr o s io n /lea ch in g  b y  th e reac tio n  m ixtu re.

Table 2.2 M e c h a n ism s o f  ca ta ly st d ea ctiv a tio n  (B a r th o lo m ew , 2 0 0 1 )

M ec h a n ism  T y p e  . . B r ie f  d e fin itio n /d escr ip tio n
P o iso n in g  C h em ica l

F o u lin g  M ech a n ica l

T h erm al d egrad ation  T herm al

V a p o r  form ation  C h em ica l

V a p o r -so lid  and C h em ica l

A ttr itio n /cru sh in g  M ec h a n ica l

S trong ch em iso r p tio n  o f  s p e c ie s  on  
ca ta ly tic  s ite s , th ereb y  b lo c k in g  s ite s  for  
ca ta ly tic  reaction
P h y sica l d e p o s it io n  o f  s p e c ie s  from  flu id  
p h ase  o n to  th e  ca ta ly tic  su rfa ce  and in  
ca ta ly st p ores
T h erm ally  in d u ced  lo ss  o f  ca ta ly tic  
su rface  area, su p port area, and a c tiv e  
p h a se -su p p o r t reac tio n s  
R ea ctio n  o f  g a s  w ith  ca ta ly st p h a se  to  
p rod u ce  v o la tile  co m p o u n d  
R ea ction  o f  f lu id , support, or p rom oter  
w ith  s o l id -s o lid  reac tio n s ca ta ly tic  p h ase  
to  p rod u ce in a c tiv e  p h ase  
L o ss  o f  ca ta ly tic  m ateria l d u e  to  
abrasion . L o ss  o f  internal su rfa ce  area  
d u e to  m e c h a n ica l- in d u c ed  cru sh in g  o f  
th e  ca ta lyst p artic le
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Figure 2.14 M ajor ty p e s  o f  d eactiv a tion  in h e ter o g e n e o u s  c a ta ly s is  (M o u lijin  e t a l ,
2 0 0 1 ) .

2 .7 .1  P o iso n in g
T h e  activ ity  o f  a ca ta lyst is  d icta ted  b y o n ly  a fraction  o f  th e  total 

a v a ila b le  su rface. I f  th o se  a c tiv e  s ite s  react w ith  a seco n d  c h e m ic a l, th en  th e nature o f  
the su rfa ce  and th e ca ta ly tic  ac tiv ity  w ere ch an g ed . I f  su ch  c h a n g e s  are p o s it iv e , the  
p h en o m en o n  is  k n o w n  as d o p in g , i f  n eg a tiv e , as p o iso n in g . A  ca ta ly st p o iso n  is a 
co m p o n e n t su ch  as a feed  im purity  that as a resu lt o f  c h e m iso r p tio n s , the stron g  
in teraction  b e tw een  a c o m p o n en t o f  the feed  or p rod u cts and th e a c tiv e  s ite , c a u se s  the  
ca ta ly st to  lo ss  a su b stan tia l fraction  o f  its a ctiv ity .

Figure 2.15 C o n cep tu a l m o d el o f  p o iso n in g  b y su lfu r  a to m s o f  a m eta l su rfa ce  du rin g  
e th y le n e  h yd ro gen ation  (B a r th o lo m ew , 2 0 0 1 ).
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T a b le  2 .3  C o m m o n  p o iso n s  c la s s if ie d  acco rd in g  to  ch e m ic a l structure (B a r th o lo m e w , 
2 0 0 1 )

C h em ica l typ e E x a m p les T y p e o f  in teraction  w ith  m eta ls
G rou p s V A  and V IA N , p , A s , S b , 0 ,  ร , 

S e, T e
T h rough  ร- and p -orb ita ls; 
sh ie ld ed  structures are le s s  
T o x ic

G roup V IIA F, C l, B r, I T h rough  ร- and p -orb ita ls;  
form atio n  o f  v o la tile  
h a lid es

T o x ic  h e a v y  m eta ls A s , P b , H g , B i, รท, Zn, O c c u p y  d -orb ita ls; m ay
and io n s C d, C u , F e form  a llo y s
M o le c u le s  w h ic h  adsorb C O , N O , H C N , b en zen e , C h em iso rp tio n  through
w ith  m u ltip le  b on d s a ce ty le n e , o th er unsaturated  

h yd rocarb on s
m u ltip le  b o n d s and b ack  
b on d in g

T h e first group  o f  p o iso n s  in v o lv e  G roup V A  and V I A  e le m e n ts , 
in c lu d in g  N , p , A s  and Sb (V A ) and o ,  ร , S e  and T e  (V I A ) .  T h e  e le m e n ts  p o iso n  m eta l 
ca ta ly sts  b y  in teraction  through  their ร  and p  orb ita ls  and th e  im p o rtan ce  o f  the  
p o iso n in g  e f fe c t  can  b e  ch an g ed  by c h a n g in g  the n u m b er o f  b o n d in g  e lec tro n s  —  for  
e x a m p le , b y  o x id a tio n  or red u ction . T h u s, th e  p o iso n  e f f ic ie n c y  o f  su lp h u r in c r e a se s  as 
S 0 42~ <  S 0 2 <  H 2S .

T h e  se c o n d  group o f  p o iso n s  is  m u ch  harder to  r e m o v e , s in c e  to x ic  h ea v y  
m eta ls  su ch  as P b , H g , C d , C u , etc . m ay  form  a llo y s  w ith  the ca ta ly st. T h e third  grou p  o f  
p o iso n s  in v o lv e s  m o le c u le s  that can  ch em iso r b  stro n g ly  to  a ca ta ly st and are en tire ly  
sp e c if ic  (T rim m , 2 0 0 1 ) .

P o iso n in g  se le c t iv ity  is  illu stra ted  in F igu re  2 .1 6 , a  p lo t  o f  a c t iv ity  (th e  
reactio n  rate n o rm a lized  to  in itia l rate) v ersu s n o rm a lized  p o iso n  con cen tra tion . 
“ S e le c t iv e ” p o iso n in g  in v o lv e s  p referen tia l ad sorp tion  o f  the p o iso n  on  th e m o st  a c tiv e



sites at low concentrations. If sites of lesser activity are blocked initially, the poisoning
is “anti-selective”. If the activity loss is proportional to the concentration of adsorbed
poison, the poisoning is “non-selective”.

Normalized Concentration, c  
[C (t)/C (a = 0)L

Figure 2.16 T h ree k in d s o f  p o iso n in g  b eh a v io r  in term s o f  n orm a lized  a c tiv ity  v s . 
n orm a lized  p o iso n  con cen tra tion  (B a r th o lo m ew , 2 0 0 1 ) .

2 .7 .2  F o u lin g
F o u lin g  is  th e  p h y sica l (m e ch a n ica l)  d e p o s it io n  o f  sp e c ie s  from  th e flu id  

p h a se  o n to  th e  ca ta lyst su rfa ce , w h ich  resu lts  in a c tiv ity  lo s s  d u e to b lo c k a g e  o f  s ite s  
an d /or p ores. In its ad v an ced  sta g es it m ay  resu lt in d is in tegra tion  o f  catalyst, p artic les  
and p lu g g in g  o f  the reactor v o id s .

T h e  v a r io u s form s o f  carb o n aceou s d e p o s its , k n o w n  c o l le c t iv e ly  as c o k e  
w h ic h  is  a ca rb o n a ceo u s  m ateria l o f  v a r io u s  c o m p o s it io n s , o ften  arom atic  w ith  h ig h  
m o lecu la r  w e ig h t  and a typ ica l c o m p o s itio n  o f  ap p ro x im a te ly  C H , are b y  far the m o st  
co m m o n  ca ta ly st fou lan ts.
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A ll carb o n aceou s d ep o sits  m ay  b e rem ov ed  b y  g a s if ic a tio n  or w a sh in g . 
T h e preferred route is  g a s ifica tio n  o f  co k e  w ith  o x y g e n  b e c a u se  o f  th e  e f f ic ie n c y  and  
fa stn ess , h o w ev er , carefu l con tro l o f  tem perature is  e s se n tia l. O n th e  o th er hand, 
w a sh in g  is n ot a p o ss ib ility  o ften  con sid ered , but it can  b e  e f fe c t iv e  in so m e  ca se . H eck  
et a l. (2 0 0 1 )  report the e ffe c ts  o f  acid  and alk ali w a sh  for o rg a n ic  ab a tem en t ca ta ly sts  
and for a p latinum  co a ted  m o n o lith . In the latter ca se , a lk ali w a sh in g  r em o v ed  m o st  o f  
th e  unw an ted  in organ ic  m ateria l. W a sh in g  m ay  p h y s ic a lly  d isp la c e  m ateria l or m ay  
resu lt in a ch em ica l reaction  to form  a so lu b le  salt. T h e latter c a se  is  d ea lt w ith  m ore  
th o ro u g h ly  in the c o n te x t  o f  ca ta ly st lea ch in g .

2 .7 .3  T herm al D egrad ation
T h erm al d egradation  is a p h y sica l p ro cess  lea d in g  to  ca ta ly st d e a c tiv a tio n  

b e c a u se  o f  sin terin g , ch em ica l tran sform ation s, eva p ora tio n , e tc . T h erm a lly  in d u ced  
d ea ctiv a tio n  o f  ca ta ly sts  resu lts from  (i)  lo s s  o f  ca ta ly tic  su rfa ce  area d u e to  cry sta llite  
grow th  o f  the ca ta ly tic  p h ase , ( ii)  lo s s  o f  support area d u e  to  support c o lla p se  and o f  
ca ta ly tic  su rface area du e to  p ore c o lla p se  on  cry sta llite s  o f  th e  a c tiv e  p h a se , an d /or  ( iii)  
ch e m ic a l tran sform ation s o f  ca ta ly tic  p h a ses  to  n o n -ca ta ly tic  p h a ses . T h e  first tw o  
p r o c e sse s  are ty p ic a lly  referred to  as “sin ter in g” .

T h ree p rin cip a l m ech a n ism s o f  m etal cr y sta llite  gro w th  h a v e  b een
ad van ced :

(1 )  cry sta llite  m igration
(2 )  a to m ic  m igration
(3 )  v a p o r  transport (at v ery  h igh  tem peratu res)
T h e  p r o c e sse s  o f  crysta llite  and a to m ic  m ig ration  are illu stra ted  in F ig u re  

2 .1 7 . C rysta llite  m igration  in v o lv e s  the m ig ra tion  o f  en tire cry sta llite s  o v e r  th e  support 
su rfa ce  fo llo w e d  b y  c o llis io n  and c o a le sc e n c e . A to m ic  m igration  in v o lv e s  d eta ch m en t o f  
m eta l a tom s from  crysta llites , m igration  o f  th ese  a to m s o v e r  th e  su p p ort su rfa ce  and  
u ltim a te ly , capture b y larger crysta llites.
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Mêlai

F ig u r e  2 .1 7  T w o  co n cep tu a l m o d e ls  for cry sta llite  grow th  d u e to  s in ter in g  b y  (A )  
a to m ic  m ig ra tion  or (B )  cry sta llite  m ig ration  (B a r th o lo m ew , 2 0 0 1 ).

S in ter in g  o f  m etal p artic le s  resu ltin g  in lo s s  o f  a c t iv e  su rface  area is  an 
irreversib le  ca u se  o f  ca ta ly st d eactiv a tion . A s  a gen era l ru le, th e  rearran gem en t o f  m o st  
so lid s  w ill start to  occu r  at ca. 0 .3 - 0 .5  t im e s  th e  m e ltin g  p o in t o f  th e  m ateria l (T rim m , 
2 0 0 1 )

T em p eratu re, a tm osp h ere , m etal ty p e , m etal d isp ers io n , p rom o ters  
im p u rities and support su rface  area, tex tu re and p o ro sity , are th e  p rin cip a l p aram eters  
a ffe c tin g  rates o f  s in ter in g  and re-d isp ersion  (se e  T a b le  2 .4 ) . S in ter in g  rates in crea se  
e x p o n e n tia lly  w ith  tem perature. M e ta ls  sin ter r e la tiv e ly  rap id ly  in o x y g e n  and  re la tiv e ly  
s lo w ly  in h yd ro gen , a lth o u g h  d ep en d in g  u p on  th e  su p port, m eta l re -d isp ersio n  can  b e  
fac ilita ted  b y  e x p o su re  at h igh  tem perature.

In red u c in g  a tm osp h ere , m etal c ry sta llite  s ta b ility  g en era lly  d e crea ses  
w ith  d e crea s in g  m eta l m e lt in g  tem perature, i.e . in th e  order R u >  Ir >  R h >  P t >  Pd >  N i  
>  C u >  A g , a lth o u g h  th is  order m a y  b e a ffec ted  by re la tiv e ly  stron ger m eta l-su p p o rt  
in teraction s. F or n o b le  m e ta ls , m eta l sta b ility  in air d e crea ses  in th e  order R h  >  P t >  Ir >  
R u. P rom o ters or im p u rities  a ffe c t s in ter in g  and re -d isp ersio n  b y  e ith er  in crea sin g  (e .g .  
ch lo r in e  and su lfu r) or d ecrea sin g  (e .g . o x y g e n , ca lc iu m  and c e s iu m ) m eta l atom  
m o b ility  on  th e su p port. S im ila r ly , support su rfa ce  d e fe c ts  or p o r e s  im p ed e  su rface  
m igration  o f  m eta l p a r tic le s , e sp e c ia lly  m icro p ores and m e so p o r e s  w ith  p ore d ia m eters  
ab out th e  sa m e s iz e  as th e  m etal crysta llite .
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Table 2.4 E ffe c ts  o f  im p ortan t reaction  and ca ta ly st v a r ia b les  on  sin ter in g  rates o f  
su p ported  m e ta ls  b ased  o n  G P L E  data (B a r th o lo m ew , 2 0 0 1 )

V ariab le E ffe c t
T em p eratu re S in ter in g  rates are e x p o n e n tia lly  d ep en d en t on  T; Eact va ries from  

3 0  to  150 kJ/m ol; Eact d ecrea ses  w ith  in crea sin g  m eta l load in g ; it 
in crea ses  in th e  fo llo w in g  order w ith  a tm osp h ere: N O , O 2 , H 2, N 2

A tm o sp h ere S in ter in g  rates are m u ch  h igh er for n o b le  m e ta ls  in 0 2 than in H 2 
and h ig h er  for n o b le  and b a se  m e ta ls  in H 2 re la tiv e  to  N 2; 
sin ter in g  rate d ecr e a se s  for su p p orted  P t in a tm osp h eres in th e  
fo llo w in g  order: N O , 0 2, H 2, N 2

M eta l O b se rv ed  order o f  d e crea sin g  therm al sta b ility  in H 2 is  R u  >  Ir 
» R h  >  Pt; therm al s ta b ility  in 0 2 is  a  fu n ctio n  o f  (1 )  v o la til ity  o f  
m eta l o x id e  and (2 )  strength  o f  m eta l o x id e -su p p o r t  in teraction

Support M e ta l-su p p o r t in teraction s are w e a k  (b o n d  stren g th s o f  5 - 1 5  
k J/m ol); w ith  a fe w  e x c e p tio n s , therm al s ta b ility  for a g iv e n  m eta l 
d ec r e a se s  w ith  support in th e  fo llo w in g  order: A l 2 0 3  >  S i 0 2 >  
carb on

P rom oters S o m e  a d d itiv es  d ecrea se  atom  m o b ility , e .g . c , 0 ,  C aO , B a O , 
C e 0 2, G e 0 2; o th ers in crea se  atom  m o b ility , e .g . P b , B i , C l, F , or  
ร; o x id e s  o f  B a , C a, or Sr are “trap p in g  a g e n ts” that d ecrea se  
sin ter in g  rate

P ore  s ize S in ter in g  rates are lo w e r  for p o ro u s v s . n o n -p o r o u s  supports; th ey  
d ecrea se  as cry sta llite  d ia m eters ap p roach  th o se  o f  th e  p ores

2 .7 .4  M ec h a n ica l D e a c tiv a tio n
M ec h a n ica l strength  is im portant in g iv in g  th e ca ta ly st res is ta n ce  aga in st  

cru sh in g , e .g . d u rin g  transport and lo ad in g  o f  th e  ca ta lyst in th e  reactor.
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2 .7 .5  C o rrosion /leach in g
L ea ch in g  o f  ca ta ly st in the reaction  m ed iu m  is  th e  m ain  ca u se  o f  

d ea ctiv a tio n  in liqu id  p h ase  reaction s. A s  far as m eta l c a ta ly s is  is  co n cern ed , le a c h in g  o f  
m eta l a tom s d ep en d s upon  the reaction  m ed iu m  (pH , o x id a tio n  p o ten tia l, ch e la tin g  
p rop erties o f  m o le c u le s )  and upon bulk and su rface  m eta l p rop erties (B e s s o n  and  
G a lle z o t , 2 0 0 3 )

From  the o b serv a tion , th e  three m ain  c a u se s  o f  ca ta ly st d e a c tiv a tio n  are 
fo u lin g , p o iso n in g , or therm al d egrad ation . In fo u lin g  and p o iso n in g , the p h e n o m e n o n  is  
o ften  rev ersib le  w h ile  the lattes c a se  is irreversib le .

A ren a  (1 9 9 2 )  stu d ied  severa l RU /A I2 O 3 g lu c o s e  h y d ro g en a tio n  ca ta ly sts  
in op era tin g  c o n d itio n . T h e sp en t ca ta ly sts  w er e  tested  to  d eterm in e  th e c a u se  o f  
d ea ctiv a tio n . From  th e exp er im en ts , th e  ch a n g es  in p h y sica l p rop erties o f  A I 2 O 3 support 
d u e to  th e  ag g lo m era tio n  o f  ruthenium  w ere  o b serv ed . T h e  o b serv a tio n  d e tec ted  the  
e x is te n c e  o f  D -g lu c o n ic  acid  form ation  on the ca ta ly st. H o w e v e r , th e  regen era tion  o f  the  
ca ta ly st can  b e d o n e  b y  w a sh in g  th e  stro n g ly  ad sorbed  a c id ic  sp e c ie s  ou t from  the  
ca ta ly st w ith in  b a s ic  m ed iu m .

M alla t e t al. (1 9 9 5 )  stu d ied  se le c t iv e  o x id a tio n  o f  c in n a m y l a lc o h o l to  
c in n a m a ld éh y d e  w ith  air o v er  B i-P t/A lu m in a  ca ta ly sts . T h e  ca u se  o f  d ea c tiv a tio n  w a s  
d u e to  th e  form ation  o f  p o iso n  sp e c ie s  during th e in itia l ad sorp tion  o f  c in n a m y l a lc o h o l 
on  su rfa ce  Pt a tom  s in c e  the am ou nt o f  h yd rogen  ad sorbed  on  P t d ecrea sed  rap id ly  w h en  
c in n a m y l a lc o h o l w a s  p resen t. T h e other sou rce o f  d ea ctiv a tio n  w a s  from  th e  b yp ro d u cts  
and ca ta ly st p o iso n  w h en  o x id a tio n  reaction  occu rred . H o w e v e r , th e  d ecr e a se  in a c tiv e  
s ite s  d u e to  th e  g eo m etr ic  (b lo ck ) e ffe c t  o f  B i p ro m o tio n  co u ld  red u ce  th e  in itia l, 
d estru c tiv e  ad sorp tion  o f  c in n am y l a lco h o l and th e  c h e m iso r p tio n  o f  b u lk y  b yp ro d u cts  
form ed  during reaction .

Z hu  and H ofm an  (1 9 9 6 )  stu d ied  d e a c tiv a tio n  o f  N i /S i 0 2 /A l 2 C>3 ca ta ly st in  
h y d ro gen ation  o f  3 -h yd roxyp rop an al (3 -H P A ) so lu tio n  at tem perature 4 5 -8 0  ๐c  and  
p ressu re 2 .6 0 -5 .1 5  M P a. T h e exp erim en ta l resu lts  sh o w ed  that h yd ro g en  co n cen tra tio n
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in liq u id  p h ase  and d isso lu tio n  o f  n ick e l w er e  n ot th e  reaso n s for th e  d ea c tiv a tio n , on  the  
con trary , the ad sorption  o f  b y-p rod u cts and so m e  p o iso n  are th e  rea so n s  for th e  lo s s  o f  
a c tiv e  s ite  d u e to  the b lo c k a g e  o f  the s p e c if ic  area (Smeso) from  117 m 2/g  to  106  m 2/g  and  
the m e so p o re  radius (rmeso) from  1.9 nm  to  2 .2  nm .

T w ig g  and S p en cer  (2 0 0 1 )  stu d ied  d ea ctiv a tio n  o f  su p ported  cop p er  
m etal ca ta ly sts  for h y d ro g en a tio n  reac tio n s. T h e  m ajor p ro b lem s for d e a c tiv a tio n  are 
s in ter in g  and p o iso n in g . S in c e  co p p er  h as lo w e r  sta b ility  d u e to  th e  lo w  m e lt in g  (1 0 8 3  
°C ) w h e n  it w a s  com p a red  to other m eta ls  su ch  as n ick e l (1 4 5 5  °C ) or iron (1 5 3 5  °C ). 
T h erefore , cop p er  ca ta ly sts  h av e  stron g  ten d en cy  to  therm al s in ter in g  v ia  a su rfa ce  
m igration  p ro cess . C arefu l con tro l o f  tem peratu re is  n ece ssa r y , u su a lly  b e lo w  3 0 0  ° c .  
H o w e v e r , w h en  ca ta ly sts  w er e  op erated  at lo w  tem peratu re, their  su r fa ces  w er e  co v ered  
b y  th e ad sorption  o f  p o iso n s  du e to th e  th erm o d y n a m ica lly  favo u rs. A s  a resu lt, cop p er  
ca ta ly sts  are e x trem ely  se n s it iv e  tow a rd s s ite -b lo c k in g  p o iso n s . O n  th e con trary , the  
fo u lin g  o f  c o k e  d ep o s it  is n o t co n sid ered  as the c a u se  o f  d ea c tiv a tio n  b e c a u se  co p p er  has 
a v ery  lo w  activ ity  for b reak in g  C - 0  b o n d s or fo rm in g  C -C  b on d s.

B e sso n  e t a l. (2 0 0 3 )  stu d ied  th e  ca ta ly tic  h y d ro g en a tio n  o f  a q u eo u s  
so lu tio n  3 -h yd rox yp ro p a n a l (3 -H P A ) to p rod u ce  1 ,3 -p ro p a n ed io l b y u s in g  
h e te r o g e n e o u s  ruthen ium  ca ta ly sts  at 4 0 -6 0  ° c  and 4 0  bar h y d ro g en . T h e  ruthen ium  
ca ta ly sts  on  titan ia  su p p orts w a s  ob serv ed  to  b e  m ore  sta b le  at h ig h  tem peratu re com p a re  
to  SiC >2 support. B y  th e  e x p er im en ts , 3 w t%  R u/T iC >2 P 25  at L H S V  =  2 h '1 g a v e  the  
c o n v e r s io n  o f  H P  A  6 9 .9 %  at 2 4  h and 67 .3 %  after 10 0  h w h ile  3 .7 %  R u /S i0 2 at L H S V  
=  1 h '1 e x h ib ited  h igh  c o n v e r s io n  o f  99 .8%  at 2 4  h and d ecrea sed  to  76 .2 %  after an 
ad d ition  t im e  o f  7 5  h. R u th en iu m  ca ta ly sts  su p p orted  on  lo w  su r fa ce  area, n o n -p o rou s  
TiC>2 X T 9 0 0 4 5  g a v e  h ig h  sta b ility , a c t iv ity  and se le c t iv ity  com p a re  to  TiC>2 P 2 5  b eca u se  
h igh  m o lecu la r  w e ig h t im p u rity  d o  n o t d ep o sit  on  th e lo w  su rfa ce  m o le c u le . T E M  a lso  
sh o w e d  that d e c o m p o s itio n  o f  org an ic  o lig o m e r s  on  the ca ta ly st su r fa ce  w a s  th e  reason  
for th e  d ea c tiv a tio n .

W an g  et al. (2 0 0 7 )  s tu d ied  d ea c tiv a tio n  and regen era tion  o f  titan iu m  
s il ic a lite  ca ta ly st for ep o x id a tio n  o f  p ro p y len e  to  p rod u ce  1 ,2 -p ro p a n ed io l. A fte r  the
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sp en t ca ta ly sts  w a re  regen era ted , the ch aracteriza tion  from  S E M , B E T , X R D , F T -IR , 
2 9 S i M A S  N M R  and T G A  w e r e  con d u cted . T h e resu lts  sh o w e d  that th e  d e p o s it io n  on  
th e  external su rfa ce  o f  ether, d im er ic  co m p o u n d  and o lig o m e r s  as b y p ro d u cts, and  
b lo c k a g e  o f  th e  ch an n el o f  the ca ta ly st from  1 ,2 -p ro p an ed io l and p ro p y le n e  g ly c o l 
iso p rop y l ether as b y -p rod u cts  are th e  m ajor reaso n s for th e  d ea c tiv a tio n  p h en o m en o n . 
In ad d ition , th e  c a lc in a tio n  and w a sh in g  w ith  d ilu te  h y d ro g en  p e r o x id e  w ere  h ig h ly  
e f fe c t iv e  regen era tion  m eth o d s to  reco v er  th e  ca ta ly tic  a c tiv ity  s in c e  h yd ro g en  p e r o x id e  
can  o x id iz e  b u lk y  b y-p rod u cts  to  form  sm a ll m o lecu la r  c o m p o u n d s  w h ic h  c o u ld  e a s ily  
d iffu se  ou t o f  th e  p ore and th e co m p le te  ox id a tio n  reaction  o f  th e  o rg a n ic  co m p o u n d s  
can  occu r  at h ig h  tem perature.

2.8 Criteria to Ensure Ideal Behaviors in Trickle-Bed Reactors

T rick le -b ed  reactors are regu larly  u sed  in b en ch  sc a le  and p ilo t  p lan t ex p er im en ts  
to  d eterm in e reactio n  k in e tic s  and gen era te  data for co m m e r c ia l sca le -u p . D e p e n d in g  on  
exp erim en ta l co n d it io n s, th ese  reactors so m e tim e s  can n o t p rod u ce  accu ra te  data  i f  the  
in f lu e n c e s  o f  th ree  m ain  factors— p lu g  f lo w  d ev ia tio n , ex tern a l w e tt in g  e f f ic ie n c y , and  
reactor w a ll e f fe c t— on  reactor p erfo rm an ce  are n ot su ita b ly  m in im iz e d  or e lim in a ted . 
T h erefore , it is  h ig h ly  d esira b le  to op era te  a tr ick le-b ed  reactor  at c o n d it io n s  at w h ich  
th ese  e f fe c ts  can  b e n e g le c te d  so  that re lia b le  and rep eatab le  data can  b e  ob ta in ed  
(M ed ero s  e t a l., 2 0 0 9 ) .

R ed u c in g  th e bed  len g th  w ill in crea se  the d ev ia tio n  from  p lu g  f lo w  to w a rd s  m ore  
ax ia l m ix in g . T h is  is a lso  d escr ib ed  b y  the a x ia l d isp ers io n  m o d e l, in  w h ic h  th e  
d im e n s io n le ss  P ec le t  n um ber, P e, is u sed  a s  param eter.

P e  =  ± P e  (1 )

F or a su ff ic ie n t ly  c lo s e  approach  to  idea l p lu g  f lo w , P e c le t  n u m b er sh ou ld  e x c e e d  
a certain  v a lu e  that d ep en d s on  the d eg ree  o f  c o n v ers io n  (x ) and on  th e  reaction  order
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(ท). G ierm an  refin ed  th e criterion  o f  M ears and arrived at E q u ation  (2 ) , w h ic h  can  a lso  
b e u sed  for m o n o lith s .

P e  >  รท In (“ ;) (2 )

E v a lu a tion  o f  literature data on the correlation  b e tw een  th e  p artic le  P ec le t  
n u m b er, P ep (a isp  referred to  as the B o d e n ste in  n um ber) and the p a rtic le  R e y n o ld s  
n u m b er, Rep for. s in g le -p h a se  and tr ick le  f lo w  y ie ld e d  F igu re 2 .1 8 .

1 :
Single phase flow / '  / ✓/ ^

0.1 :

Trickle flow

0.01
0.001 0.01 0.1 10 100 1000Re„

Figure 2.18 R ela tio n  b e tw een  the P ec le t  p artic le  and R e y n o ld s  p artic le  n u m bers for  
s in g le -p h a se  and tr ick le  f lo w  (Ertl e t al., 2 0 0 8 ).

C o m b in in g  E quation  (1 )  and (2 )  y ie ld s  a  criterion  for  th e  m in im u m  ratio o f  the  
b ed  len g th  (Lb) to  th e  p artic le  s iz e  (dp):

>  In ( ^ - )Pev (3)

T ak in g  p artic le  P ec le t  n um ber for the lo w  R e y n o ld s  reg ion  o f  in terest for  
la b ora tory -sca le  op era tion , it is p o ss ib le  to  ca lcu la te  the m in im u m  reactor len g th  for a
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g iv en  reaction  order, c o n v ers io n  and p artic le  s iz e . A lte r n a tiv e ly , a m a x im u m  a llo w a b le  
p artic le  d iam eter  can  b e ca lcu la ted  for a reactor o f  g iv e n  len gth .

In p lu g  f lo w  reactors, n o t o n ly  th e  reactor len g th  but a lso  th e  d ia m eter  (d ,)  p la y s  
a ro le  in its p lu g -f lo w  p erform an ce . C lo s e  to  th e  w a ll the p a ck in g  d en sity  is  lo w e r  than  
that in th e  interior b ec a u se  o f  the p re se n c e  o f  a fla t w a ll su rfa ce . T o  a v o id  th e radial 
m ix in g  e f fe c ts , as a ru le o f  thum b the fo llo w in g  co n d it io n  sh o u ld  b e  sa tisfied :

%  >  1 0  <4 >

In ideal tr ic k le -f lo w  reactors, a ll p artic les  in th e  c a ta ly s t  bed  tak e part in the  
overa ll reactor p erfo rm an ce , s in c e  each  is  surrou n d ed , “w e tte d ” , b y  th e liqu id  p h a se  that 
f lo w s  around it. S itu a tio n s in w h ich  th e  liqu id  p referen tia lly  f lo w s  through  a certain  part 
o f  the b ed , w h ile  th e  g a s  p h ase  p red om in a n tly  f lo w s  th rou gh  an oth er part, sh o u ld  b e  
a v o id ed . G ierm an  p ro p o sed  the fo llo w in g  criter ion  for th e  w e tt in g  n u m b er, Wtr for  
con cu rren t d ow n  f lo w  operation:

W tr  =  ZTZ >  5  X 1 0 - 6  (5 )d$g

T h e  m ain  v a r ia b les  that d icta te  the u n ifo rm ity  o f  ca ta ly st irrigation  are th e  liqu id  
v e lo c ity  (พ/), the p a rtic le  d iam eter  (dp) and the k in em a tic  v is c o s ity  (v/) o f  th e  liq u id .

It w ill b e  c lea r  that the p artic le  s iz e  is a m ajor factor  to  b e  co n sid ered  in th e  
ap p lica tio n  o f  sm a ll reactors. O b v io u s ly , ca ta ly sts  in th e  c o m m o n ly  used, form  o f  

extru d ates o f  e .g . 1 - 3  m m  in d ia m eter  can  o n ly  b e tested  in a large reactor at th e  p ilo t-  
plant sc a le . S o m e tim e s  p erfo rm an ce  data are n eed ed  u nder c o n d it io n s  w h ere  internal 
d iffu s io n  grad ien ts e x is t , to  be ab le  to  p red ict industria l op era tion . A  w a y  to  sa t is fy  the  
criteria o f  sm all p artic le  s iz e  and y e t  to  u se .th e  fu ll- s iz e  ca ta ly s t  is to  d ilu te  th e  large  
ca ta ly st p artic les  w ith  fin e  inert p artic les. A  to o  d ilu te  sy s te m , e sp e c ia lly  in th e  c a se  o f
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eq u al s iz e d  p a rtic les, m ay  lead  to u n ev en  d istr ib u tion  and b y p a ss in g  o f  th e  ca ta ly st. In 
gen era l, sa m p le s  sh ou ld  n o t b e  d ilu ted  m ore than 5 - 1 0 - f o ld .
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