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Abstract

The search for a low cost and effective technique to control and remove volatile

organic chemicals (VOCs) has gathered a great attention from the adsorption

process field.  Advances in manufacturing technology have enabled the creation of

activated carbon monoliths (ACM) as promising substitute for traditional packed

beds of granular adsorbent materials. The research described in this thesis

comprises an extensive experimental study of a single component adsorption

process onto square and hexagonal channel Novacarb™ ACM supplied by MAST

Carbon Technology Ltd.

ACM characterisation methods such as nitrogen and solvent adsorption

isotherms, electron microscopy, thermo-gravimetric analysis and thermal dynamic

characterization have been used. High BET surface area, high total pore volume

and high total solvent mass uptakes have been found. ACM were tested by

obtaining column breakthrough curves mainly using dichloromethane and acetone

as the adsorbates at the bench-scale.  The adsorption dynamics of the ACMs

studied were also compared with those of extrudates manufactured by the same

process as the ACMs. The influence of humidity on the adsorption process has

been studied at the bench-scale. Finally, the adsorption system was scaled-up to

about 60cm length monoliths in order to study both adsorption and electrical

regeneration taking advantage of the particular electrical properties held by the

Novacarb™ ACM.

It has been found that ACMs are able to adsorb high levels of VOCs, up to

40% by weight of DCM, good behaviour under humidity conditions and low

pressure drop. In contrast, kinetics of ACMs have been found to be somewhat

inferior to those of equivalent packed beds, although the ACM performance can be

improved by reducing the wall thickness.  Adsorption of DCM at the pilot-scale

has demonstrated that the Novacarb™ ACM could easily be used in a cyclic

thermal swing adsorption process with a half cycle time of less than one hour.
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Nomenclature

ac Specific external surface area, m2

A Cross sectional area, m2

b Affinity coefficient, Pa-1

bo Pre-exponential constant, Pa-1

C Bulk concentration, ppm

Cpc Activated carbon specific heat capacity, Jkg-1K-1

Cpg Gas specific heat capacity, Jkg-1K-1

Ctb Bulk concentration at the breakthrough time, ppm

Co Bulk feed concentration, ppm

dch Channel size, mm

dh Hydraulic diameter, m

dp Granule diameter, mm

Dax Axial diffusion coefficient, m2 s-1

Deff Effective diffusion coefficient, m2 s-1

Dext Extruded form (pellet) diameter, mm

Dk Knudsen diffusion coefficient, m2 s-1

Dm Monolith diameter, cm

Dv Molecular diffusion coefficient, m2 s-1

e Wall thickness, mm

E Heat of adsorption, (Tóth equation), kJ mol-1

Eo Characteristic vapour energy, Dubinin-Astakhov eq, kJ mol-1

fp Friction factor

G Mass velocity, g cm-2 s-1

h Heat transfer coefficient, Wm-2K-1

∆HADS Isosteric heat of adsorption, kJ mol-1

Io, If Electrical intensity; initial and final, A

kf Geometry factor in pressure drop

k’ Yoon equation parameter

kd External mass transfer coefficient, mms-1
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k Internal mass transfer rate coefficient, s-1

kv Overall adsorption rate, min-1

K Freundlich equilibrium constant

LMTZ Mass transfer zone length, m

Lm Monolith length, cm

Lext Extruded form (pellet) length, cm

MAB Molar mass of components A and B, g mol-1

n Freundlich equation parameter

nD Cell density, cells cm2

NI Adsorption capacity by breakthrough curve integration, mol kg-1

NT Adsorption capacity gravimetric, mol kg-1

Ntb Adsorption capacity at the breakthrough time, mol kg-1

P Pressure, Pa

Po Saturation pressure, Pa

Pi, Pf Power, initial and final, W

∆P Pressure drop, kPa

R Ideal gas constant, 0.082 atm l mol-1K-1

Re Reynolds number

Sh Sherwood number

t Tóth equation parameter

tb Breakthrough time, min

to Initial time, min

tw Channel wall thickness, tw=e/2, mm

T Temperature, ºC

Tbulk Bulk temperature, ºC

Twall Monolithic wall temperature, ºC

TT,TM,TB Monolithic temperatures in Top, Middle and Bottom, ºC

q Average mass loading, mol kg-1

q* Equilibrium mass loading, mol kg-1

q Amount adsorbed, mol kg-1

qmax Maximum adsorption capacity, mol kg-1

qo Equilibrium uptake at initial time, mg
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q1 Equilibrium uptake at equilibrium time,mg

Q Volumetric flow rate, l min-1

rpore Pore radio, m

R Electrical resistance, Ω

um Interstitial velocity, m s-1

ust Stoichiometric velocity, m s-1

uo Superficial velocity, m s-1

W Carbon mass, g

V Volume of the micropores, Dubinin-Astakhov, cm3g-1

Vg Gas volume, m3

Vo Maximum micropore volume, Dubinin-Astakhov cm3g-1

VTotal Total pore volume, cm3g-1

We Adsorption capacity, g g-1carbon

Z Thermal efficiency parameter

Greek Letters

αr Thermal resistivity factor, ºC-1

ε Bed voidage

ζ Shape factor

λ Thermal conductivity coefficient, Wm-1K-1

μ Bulk viscosity, kg s-1 m-1

ρg Gas density, g cm-3

ρ Electrical resistivity, Ωm

ρc Carbon density, g cm-3

σAB Collision parameter, Ǻ

τ Stoichometric time, min-1

τp Tortuosity parameter

Ω Molecular diffusion parameter



xii

Abbreviations

ACC Activated carbon cloth

ACF Activated carbon fibre

ACFC Activated carbon fibre cloth

ACM Activated carbon monolith

ASAP Accelerated Surface Area and Porosimetry System

BC Breakthrough curve

BET Brunauer-Emmett-Teller surface area method

DCM Methylene chlorine (dichloromethane)

ESA Electrical swing adsorption

FID Flame ionization detector

FBU Fractional bed utilization

GAC Granular activated carbon

HMTA Hexamethylene tetramine

HPD Hot purge gas desorption

IGA Intelligent gravimetric analyser

IUPAC International Union of Pure and Applied Chemistry

MTZ Mass transfer zone

LDF Linear driving force

L-F Langmuir-Freundlich equation

LUB Length of unused bed

OV Organic vapours

PSA Pressure swing adsorption

SEM Scanning electron microscopy

TEM Transmision electron microscopy

TGA Thermogravimetric analysis

TSA Temperature swing adsorption

VOC Volatile organic chemicals
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Chapter 1

Introduction

1.1 VOC control technology

Nowadays there are many industrial chemicals which have a negative impact on

the environment. Among them, Volatile Organic Chemicals (VOCs) are the main

source of contribution to photochemical smog. Their principal problem lies in their

reaction with oxygen, nitrogen oxides and sunlight to produce ozone in the lower

atmosphere as well as having an unhealthy impact on humans exposed to them for

long periods of time which may cause damage to the liver, kidneys and central

nervous system. They may also be carcinogenic.
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The term VOC covers many different functional chemical groups from

aliphatics to amines. Various definitions have been given by different organisations

(Croner 2004). According to Directive 2004/42/EC of the European Parliament and

of the Council of the 21st of April 2004, a volatile organic compound (VOC)

“means any organic compound having an initial boiling point less than or equal to

250ºC measured at a standard pressure of 101.3 kPa” (DEFRA 2004 ).

VOC emissions in Europe come mainly from industrial activities, especially

from small industrial businesses which are often unable to treat pollutants because

of the high cost of treatment. The European Union is currently applying

Regulations and Directives to try to limit VOC emissions across Europe. The VOC

Solvents Emissions Directive (SED), that is Directive 1999/13/EC (ESIG 2007,

Europe 2007), has become the main tool for the reduction of industrial emissions

of VOCs  in the EU. Its full implementation was scheduled for 2007. Other

Directives like the National Emission Ceilings (NEC) Directive (2001) adopted

upper limits for each Member State for 2010 with four components: SO2, NOx,

VOCs and ammonia. The UK, for instance, is required to reduce its VOC

emissions (1.34 millions tons (MT) in 2001) to 1.2MT during this period (Croner

2006). In EU Member States, the current European Air Quality Legislation

attempts to reduce the emissions of VOCs from approximately 15MT (1990) to

between 6.5 and 7.1 million tons  by 2010 (ESIG 2007)

Regulations in VOC emissions have managed to make the industrial sector

invest more money in destruction and/or recovery techniques. Among a wide

variety of control techniques, the choice depends on contaminant characteristics

(concentration, physical and chemical properties, toxicity and combustibility),
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stream characteristics (temperature, humidity, flow rate, pressure and presence of

particles), efficiency imposed by external regulators, capacity for recovery and

reuse, pollutant separation, energy and maintenance costs, along with the initial

investment (Ruddy and Carroll 1993, Khan and Ghoshal 2000)

In the search for advantageous technology, cost-effectiveness plays the

most important role. In general, there are two ways of treating VOCs which depend

on the characteristics of the stream and the efficiency to remove, destroy or

separate the pollutants. On the one hand, destruction technologies do not allow

recovery of the product. This approach includes thermal and catalytic oxidation and

bio-filtration. On the other hand, separation technologies provide the possibility

of recovery and separation of the product. The relative advantages and

disadvantages of the main separative techniques are shown in Table 1.1 (Khan, et

al. 2000, Parmar and Rao 2009).

The elimination of low concentrations of organics (100 ppm or below)

requires special techniques which cannot be selected necessarily from those

available to eliminate high organic concentration levels. Some technologies, such

as adsorption or heterogeneous photo catalysis are under rapid technological

development for low concentration feeds (INE 2007).
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Table 1.1. Summary of VOC Separation Control Technologies

For high concentrations with mixed streams when the VOC stream has no

recovery value, preference is given to the destruction method rather than to a

recovery method (Ying, et al. 1994). Accordingly, thermal and catalytic oxidation

techniques are the main solvent vapour control techniques worldwide. Their

advantages and disadvantages are summarised in Table 1.2 (ICAC 2007).

Although conventional adsorption is an attractive and desirable system and

also the most environmentally friendly solution for VOC control (Lapkin, et al.

2004), this technique demands high costs for small applications. That is to say,

oxidation processes are often the right economic choice. It is the purpose of this

thesis to study a new adsorbent with improved properties and to demonstrate its

efficiency for present and future VOC recovery applications.

Separative Technologies

Technology Advantages Disadvantages

Adsorption
High efficiency

Unsuitable for high temperature and humidity

Requires adsorbent regeneration

Unsuitable for inflammable streams

Absorption
Low pressure drop

Low energy consumption

Products are not separated

Low efficiency at low flow rates

Condensation Pure recovery products

Unsuitable for low boiling point  compounds

(i.e. < 45ºC boiling point)

High energy cost

Requires constant flow rate

Low and medium efficiency

Membranes
High efficiency

No post-treatments

Complex membrane design

Requires other technologies
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Table 1.2. Summary of VOC Destructive Technologies

Destructive Technologies

Technology Advantages Disadvantages

Thermal

Oxidation

Low initial capital cost

Simple design

CO2 emissions

High energy consumption

Difficult to destroy chlorinated solvents

Expensive with regenerative design

Catalytic

Oxidation

VOC conversions of up to

99%

Low fuel usage

Little NOx formation

Low partial oxidation

products  formation

Catalyst poisoning

Catalyst sensitivity to high temperature

Complex design

Expensive with regenerative design

Bio-

filtration

Low operating cost

Versatility in the design (for

media, microbes and operating

conditions)

No combustion source

Unsuccessfull treatment for chlorinated

VOCs.

Acclimation period for the microbial

population very long (weeks).

Efficiency >90% at low concentration

(1000ppm)

1.2 Electrically regenerable monolithic carbon adsorption
system

Thermal and catalytic oxidation processes are considered to be the two

predominant technologies utilized to control solvent emissions because of their

relatively small investment demands. Adsorption using activated carbon as an

adsorbent is an important alternative method especially when recovery is feasible.
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Zeolites, polymers and carbons have been used for many years in

adsorption beds. A packed bed of activated carbon granules is the adsorbent mainly

used for VOC applications because of its high surface area, high pore volume and

its good performance to adsorb organic compounds. Nonetheless,  the regeneration

of activated carbon using steam or hot gas represents a significant problem because

of the high operational cost and the extra- treatment of  high water solubility

solvents (Crezee, et al. 2006).

In order to overcome these problems with activated carbon granules, a new

adsorption technology is under study in this research. The use of activated carbon

monoliths (Figure 1.1) can provide the same breakthrough characteristics as packed

granular beds but with the advantage of a lower regeneration cost together with a

lower pressure drop (Crittenden, et al. 2005). A comparison of the performance of

granules/extrudates with activated carbon monoliths will be provided in Chapter 4

of this thesis.

Figure 1.1. Mast Carbon Activated Carbon Monoliths
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This patented VOC recovery technology (Place, et al. 2005), based on

electrically regenerable monoliths,  is investigated in Chapter 5 at the pilot-scale.

The regeneration of the adsorbent, which is a big issue for conventional packed bed

adsorption processes, is carried out by direct electrical heating instead of using a

hot gas stream. The monolith allows effective electrical heating to several hundred

degrees Celsius by using a low power of only 100 to 200W/monolith. Some

advantages of this technology therefore are low power consumption, easy recovery

of the solvents, reduction of cycle times down to about 30 minutes, and the

possibility of increasing the length of a monolith without it having a great effect on

its conductivity or pressure drop (Crezee, et al. 2006).

1.3 Aims, objectives and scope of this thesis

The aim of the research described in this thesis is to develop a practical and

theoretical basis for the design of a new generation of activated carbon adsorbents

which are constructed in monolithic form.  Specific objectives are:

1. Evaluation of the behaviour of existing monolith structures (short monoliths

with square channels). This objective embraces the experimental evaluation of

monolith performance by means of studying variables such as adsorbate

concentration, flow rate, monolith length and solvent type.

2. Comparison of monolith performance with that of granular carbons of identical

composition.
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3. Study of different cell structures (shape, wall thickness and cell size). Based on

data from existing monolith experiments and from theoretical studies (Patton, et al.

2004), hexagonal cells will be made and tested to compare their performance with

the square channel structures. The kinetics of adsorption will be interpreted using

existing kinetic models.

4. Evaluation of monoliths and granular material performances under humidity

conditions. The objective here is to determine whether the monoliths and packed

beds can cope with humid streams and the effect this will have on their adsorption

and regeneration properties.

5.  Study of the thermo-properties of the activated carbon monolith for electrically

regenerable applications.  The objective includes study of both the basic electrical

properties (resistivity and voltage required) which will help with the design of the

system together with a study of thermal cycling adsorption to validate the

reliability of the monolith’s electrical connections. The impact of regeneration

conditions on adsorption capacity and some problems associated with VOC

leakage will be also studied.

The results obtained during the course of this thesis have been carried out in

the laboratories of the Chemical Engineering Department at the University of Bath.

The materials used for this research have been produced by the industrial

collaborator MAST Carbon Technology Ltd. Funding for this project was provided

by the EPSRC/Ministry of Defence Joint Grants Scheme (JGS), involving Dstl,

Porton Down, as a collaborator. A parallel theoretical study has been carried out by
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Dr. O. Camus, at the University of Bath, in order to obtain a mathematical model

for the adsorption process using activated carbon monoliths.

This thesis has been divided into six chapters, as follow:

Chapter 1.   Introduction.

The present chapter summarises the industrial issues for the control and recovery of

VOCs and proposes the use of electrically regenerable activated carbon monoliths

as a novel technology to recover and recycle volatile organic chemicals (Crezee, et

al. 2006).

Chapter 2. Activated carbon monoliths: manufacture and

characterization.

The materials studied in this thesis are explained in detail and their manufacturing

procedure is described. Characterization techniques are applied to describe the

specific properties of the monoliths.

Chapter 3. Experimental apparatus and thermal dynamics.

The design and operation of two experimental rigs (bench and pilot scale) will be

described in this chapter. The thermal properties of the pilot-scale monoliths will

be determined in order to obtain the data needed for subsequent optimization of the

regeneration process.
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Chapter 4. Equilibrium and kinetics of VOC adsorption onto

activated carbon monoliths at the bench scale.

The objective of this chapter is to study the adsorption equilibrium and kinetic

properties of ACMs under various experimental conditions (solvents, level of

activation, channel shape, feed concentration, flow rate and humidity) using short

length materials. Mass transfer rates and pressure drop were also analysed for

monoliths and compared to extruded form materials.

Chapter 5. Dynamics of adsorption at the pilot plant scale.

This chapter contains dynamic adsorption experiments, mainly using dichlo-

romethane (DCM) as the reference solvent with long square channel monoliths (55-

60cm length). The chapter also contains the study of the regeneration method of the

electrically regenerable monoliths and the cycling adsorption-regeneration viability

of the pilot scale reactor.

Chapter 6.   General conclusions and future work.

This chapter contains the main conclusions of this work, together with some

suggestions for the future work which may be carried out.
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Chapter 2

Activated carbon monoliths:
manufacture and
characterization

2.1 Activated carbon background

R. Von Ostrejko patented in 1900 the commercial production of activated carbon

using a gasification process with steam or CO2 over a carbonized material (von

Ostrejko 1900).  The reaction between these agents and the carbon surface leads to

the production of porosity by elimination of carbon atoms from the surface.

Nowadays, activated carbon is produced in vast quantities for use in several

industrial sectors, for instance, in the food and water treatment industries for

decolourization or deodorization. It is also applied in methane storage (Inomata, et
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al. 2002, Lozano-Castelló, et al. 2002), adsorption cooling systems (Hamamoto, et

al. 2006, Lu, et al. 2006), catalysis and in adsorption processes more generally.

Despite its numerous applications, activated carbon has some undesirable

characteristics. It is hygroscopic (Yang 1997, Zhao, et al. 1998, Vergunst, et al.

2001),  flammable in an oxygen rich environment and it has ash on its surface

which may promote the occurrence of polymerisation and oxidation reactions

which may in turn cause blocking of the  pores and the creation of toxic

compounds (Zhao, et al. 1998, Khan and Ghoshal 2000).

2.1.1 Activated Carbon Monoliths (ACMs)

Monolithic materials described in science are structures composed of channel

distributions. Channels can be straight, non-straight, square, circular, triangular and

hexagonal or made in a sinusoidal shape. This investigation will confine itself to

monoliths consisting of a bundle of straight channels (with square and hexagonal

geometry) with a cross-section similar to that of a honeycomb.

Monoliths were first proposed as three-way catalyst supports in car

exhausts for NOx reduction, and since the 1960s they have become the most

commonly used reactor in the automobile industry (Holmgren 1997). Their

application in selective and oxidation catalysis (Holmgren and Andersson 1998,

Lopez, et al. 2001), catalytic combustion (Sungkono, et al. 1997, Schneider, et al.

1999), three-phase reactors (Nijhuis, et al. 2001, Heibel, et al. 2003) or filtration of

ozone in aeroplane cabins  has gained interest to the detriment of packed beds.  The
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application of monoliths for gas phase adsorption has been developed and reported

more recently, and interest in their use for VOC removal (Khan, et al. 2000,

Crittenden, et al. 2005, Crezee, et al. 2006), air separation (Li, et al. 1998b) and

military protection (Chinn, et al. 2002, Crezee, et al. 2007) has been increasing

rapidly.

This investigation will examine monoliths made entirely of activated carbon,

although monoliths have been developed with many different materials. For

example, monoliths can be manufactured as carbon-coated ceramics (Valdes-Solis,

et al. 2004), metallics (Avila, et al. 2005), zeolites (Li, et al. 1998a, Grande, et al.

2006) and silicalite (Lee, et al. 2000, Chengala, et al. 2005). Most production

processes require the addition of a binder such as silicate clay, thermosetting resins,

epoxies, talc and alumina (Hickman 2002, Gatica, et al. 2004, Matviya 2004) to

give mechanical strength to the final structure. The main consequences of adding

binders are pore blocking leading to reduced capacity, a reduction in the internal

void volume giving rise to poor transport properties and low values of electrical

conductivity for electrical applications of the activated carbon. As many of the

binders deteriorate at temperatures higher than 150ºC, this effectively sets the

maximum operating temperature of the monolithic structure to this value. Little

literature has been produced concerning binderless activated carbon monolithic

structures.  Gadkaree (2001) used a temporary organic binder (cellulose ether),

removed during heat treatment, to obtain monolith coat-carbon structures. Tennison

(1998) first achieved the successful production of a binderless preparation method

to obtain  structures with sufficient mechanical strength to produce activated

carbon monoliths.
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 Electrical Characteristics of activated carbons

Activated carbons are electrically conducting materials, with low electrical

resistivity which decreases linearly with increasing temperature and level of

activation. The choice of activation process plays an important role, as  CO2

activation has been shown to give lower resistivity than steam activation because of

the smaller resultant pore diameter generated by CO2 (Subrenat, et al. 2001). Luo

et al. (2006) investigated and compared the adsorption-thermal desorption of

toluene on ACMs (activated carbon monoliths), ACBs (activated carbon beads) and

ACFC (activated carbon fiber cloth) . In the desorption step of their study, ACFC

gave a lower electrical resistivity at 455K than ACB and ACM, together with a 5-

10 times faster process (ACMs were prepared using a binder).

2.2 Overview of manufacture of MAST carbon monoliths

Materials used in this thesis have been provided and manufactured by MAST

Carbon Technology Ltd. NOVOCARBTM monolithic activated carbons have been

produced with various lengths, diameters, channel shapes, cell densities and

micropore surface areas. The manufacturing process mainly involves resin

curation, extrusion, carbonization and activation based on Tennison’s technique

(Tennison 1998). The specific manufacturing process is summarized in sequential

steps as follows:

Polymerization: The precursor materials are phenolic resins, type Novolak. They

are produced by reaction of a phenol with formaldehyde under pH 1-4 (acidic
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conditions). At this stage, the resin is soluble, fusible and needs to be cured.

Chemical formulation can be seen at Appendix I.

Partial cure: The curing procedure is carried out by adding a hardener (curing

agent), namely hexamethylene tetramine (HMTA). This is a critical process

because temperature and time must be controlled to obtain a perfect structure that is

able to resist the subsequent thermal processes. With a correct partial cure, the

structure is solid with a melting point up to 120ºC. During this process, if the

temperature rises above the Novolak melting point, the reaction between the

hardener and the resin produces decomposition of the hexamine by hydrolysis,

giving ammonia, α-amino alcohols and formaldehyde as secondary products. The

perfect cure creates the adequate internal open porosity of the macrostructure. The

Novolak resin, which is a thermoplastic polymer, transforms into a highly cross

linked resin, creating interconnected cross-linked domains by the inclusion of

monomers. The final structure is formed by highly cross linked domains connected

to each other by residual resins (regions of low cross-link density resins).

Particle size formation: A milling process is used to control the particle size, which

is essential to create the net pore structure. Figure 2.1 shows the levels of porosity

of the monolithic structure. Macropores are created by the unions between the

largest phenolic resin particles (particle size is in the range 10-70μm). This macro-

structure is controlled by the size of these resin particles and the mean macropore

size is in the range of 2-20 μm. Microdomains are believed to be formed by the

unions of the smallest micro sphere resins with a diameter of around 10nm. (This

formation is largely an unknown mechanism with no physical evidence of the

microdomain formation). The final void spaces are in the order of 0.8-1nm.
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Figure 2.1. Micro/macropore structure control in phenolic resin derived
monoliths. Adapted from (Crezee, et al. 2005) and (MAST 2007)

Extrusion:  The powder is sintered without the use of any binders, and the principal

body of the monolith is developed in the required form. This process can be carried

out by extrusion, pressing, moulding, pelleting, etc. In order to carry out the

extrusion, the milled power is moistened using lubricants and de-ionised water. The

“green” body of the monoliths is formed at this stage by extrusion using dies such

as those for a square section monolith shown in Figure 2.2, followed by a drying

process (Crezee, et al. 2006).

Figure 2.2.  Back and front extrusion dies for the extrusion of a square
channel ACM
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Carbonization: Once the structure has been formed in the ‘green’ state, it is

subjected to the carbonization process to incorporate the carbonaceous material.

Carbonization is typically carried out using a CO2 stream at 800ºC. The resin loses

weight during this process due to the removal of retained water and some

hydrocarbons from inside the structure, with a total weight loss of around 45

w/w%. The material formed in the cured step possesses high density cross-linked

domains which are transformed into glassy spherical carbon particles. The low

cross-link density resins disappear by decomposition creating residual amorphous

carbon.

Activation: The control of the pore size distribution is carried out by the activation

process. The material is oxidised using a CO2 stream above 800ºC (this is an

endothermic process). Various parameters, which are CO2 flow rate, maximum

temperature, temperature gradient and time, are controlled to obtain the desired

grade of activation, and therefore the pore structure required. The monoliths are

wrapped using a super-wool blanket to avoid any over-oxidation of the surface

(Crezee, et al. 2006). The formation of the final carbon microporosity is obtained

by the pyrolysis of amorphous carbon during the high temperature treatment.

2.2.1 Adsorbent geometrical properties

A summary of the properties of samples examined in this thesis are presented in

Table 2.2. These adsorbents are made in monolith and extruded forms using the

manufacturing procedure just described.
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Samples described in Table 2.2 have been used for experiments at the

bench-scale where the monoliths have a length of 10 cm (Chapter 4) and the pilot-

scale (Chapter 5) where the monoliths have a maximum length of 58.5 cm. The two

large monoliths used in the pilot-scale rig are known as Sqr-15 and Sqr-RE21 in

Table 2.2 and as Pilot-A and Pilot-B respectively when are used in the pilot scale

apparatus. Similarly, the name Bench is assigned to activated carbon used at bench-

scale rig. Smaller pieces of monoliths (designated “Testing” in Table 2.2) have

been tested to obtain properties such as the surface area and pore volume but they

have not been used in dynamic breakthrough curve experiments. The batch of

samples includes monoliths extruded in hexagonal and square channels and pellets

which are extruded forms of the same activated carbon as that used in the

monoliths. Examples of short-length monoliths are shown in Figure 2.3.

Open area and channel non-uniformity

The open area consists of those places where a fluid may move freely through a

monolith or packed bed and is quantified by the void fraction or “voidage”, which

is defined as the amount of free space compared to the total volume. Calculations

of the open area of monoliths may be carried out using mathematical equations

(Table 2.1) when it is supposed that the monolithic channels are uniforms. Note

that here e is the actual wall thickness between two channels. Hence e=2tw with tw

as the half wall thickness.



Chapter 2. Activated carbon monoliths: manufacture and characterization

21

Figure 2.3. Activated carbon monoliths extruded in hexagonal, low density
and high density square cells (Courtesy of B.D.Crittenden)

Table 2.1. Mathematical equation for a uniform monolith with square and
hexagonal channel

Channel Geometry
Geometrical
Voidage, ε

Square
 2

2

ed

d

ch

ch


 (2.1)

Hexagonal  2
2

5.0 ea

a


 (2.2)

Accurate measurements of the channel wall thickness and the channel width

are unlike to be obtained. Visually it can be observed that the channels in the centre

of the monolith have a bigger cross sectional area that those at the edge, which are

irregular in shape. This fact was graphically demonstrated by Crittenden et al.
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(2007) using image analysis software (ImageJ) as it is shown in Figure 2.4. In the

axial direction, the monoliths can also be twisted slightly over their length.

Some authors have studied these parameters and worked out some general

voidage correlations using the water displacement method (Benyahia and O´Neill

2005) and other equations such Equation (2.3) which includes the internal pore

spaces (Crezee 2003) :

C
TOTAL

TOTAL

V

V




1


 (2.3)

Here VTOTAL is the total pore volume obtained by the nitrogen isotherms and ρc is

the carbon density (true density of 2.1 g cm-3).

The open area values are shown as “bed voidage” in Table 2.2. The values

obtained with the hexagonal channels are higher than for the square channel

monoliths and pellets because the better distribution of the channel.

Figure 2.4. Cross sectional area of a square channel monolith (left) and the
image obtained after analysing with image software (right) (Crittenden et al.

2007)
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Table 2.2. Summary of properties of activated carbons studied in this thesis

1, 2 or 3
Values calculated using Equation 2.1, 2.2 and 2.3 respectively.

Use: Pilot-A,B, have been used in the pilot plant vessels.
Bench, have been used in the bench scale rig.
Testing, pieces of activated carbon used only for analysis purposes.

Properties Sqr-15 Sqr-21 Sqr-
RE21

Sqr-LD-
LA

Sqr-HD-
LA

Sqr-26 Sqr-HD-
HA

Sqr-28 Hex-24

Use Pilot-A Testing Pilot-B Bench Bench Testing Bench Testing Bench
Activation Level [%] 15 21 - 21.5 23.6 26.3 28 28 24.7
Channel shape Square Square Square Square Square Square Square Square Hexagonal
Monolith length, Lm [cm] 58.5 57.5 55.8 10.4 10.3 piece 10.3 piece 10.2
Monolith diameter,Dm [cm] 3.05 3.05 3.05 2.01 1.86 3.05 1.86 2.11 1.93
Carbon mass, W [g] 221 217 193 14.5 13.2 - 12.9 - 13.3
Channel size, dch [mm] 1.05 1.05 1.05 0.98 0.70 1.05 0.70 0.70 0.621
Wall thickness, e [mm] 0.70 0.70 0.70 0.49 0.35 0.70 0.35 0.35 0.519
Cell density,nD [cells cm -2] 32.7 32.7 32.7 46.3 90.7 32.7 90.7 90.7 46.3
Bed voidage, ε [-] 0.361 0.361 0.361 0.441 0.441 0.361 0.441 0.441 0.492

23
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Table 2.2. (Continued) Summary of the properties of activated carbons studied in this thesis

1,2 or 3
Values calculated using Equation 2.1, 2.2 and 2.3 respectively.

Use: Pilot-A,B, have been used in the pilot plant vessels.
Bench, have been used in the bench scale rig.
Testing, pieces of activated carbon used only for analysis purposes

Properties Sqr-37 Sqr-M3-1 Ext-
18

Ext-
25

Ext-
UN

Hex-23 Hex-28 Hex-40 Sqr-23 Sqr-32

Use Testing Bench Bench Bench Bench Testing Testing Testing Testing Testing
Activation Level [%] 37.5 ~26 ~18 25.5 - 23 28.3 40.1 22.8 32.2
Channel shape Square Square Pellet Pellet Pellet Hexagonal Hexagonal Hexagonal - -
Monolith length, Lm [cm] piece 1.52 - - - piece piece piece - -
Monolith diameter,Dm

[cm]
3.1 2 - - - - -

Carbon mass, W [g] - 2.57 - - - - - - - -
Channel size, dch [mm] 1.05 1.05 - - - 0.65 0.65 0.65 - -
Wall thickness, e [mm] 0.70 0.70 - - - 0.626 0.626 0.626 - -
Pellet Diameter,Dext[mm] - 1.05 1.05 1.05 - - - - -
Pellet Length, Lext [cm] - ~0.5 ~0.7 ~0.8 - - - - -
Cell density,nD [cellscm-2] 32.7 - - - 46.3 46.3 46.3 - -
Bed voidage, ε [-] 0.361 0.442 ~0.453 ~0.423 ~0.543 0.492 0.492 0.492 - -

24
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2.3 Characterisation techniques

Various techniques may be used to characterise activated carbon materials. In

terms of information required to carry out the proposed objectives in this thesis, the

most important physical characteristics are micropore size distribution, surface area

and total pore volume, as well as the electrical properties. Techniques used for

characterisation include nitrogen adsorption (at 77K) to obtain the pore size

distribution and surface area, Scanning Electron Microscopy (SEM) and

Transmission Electron Microscopy (TEM) to observe the morphology and

homogeneity of the surface, and Thermogravimetric Analysis (TGA) to test the

thermal stability of the activated carbon and the adsorbed solvent. The electrical

characteristics of these materials have also been studied.

2.3.1 Thermogravimetric analysis

The desorption of VOC under pyrolysis of the activated carbon has been studied

from thermogravimetric tests using a TG 96 16 (Setaram) thermo-balance. The

adsorption of vapours onto activated carbon and subsequent thermogravimetric

analysis gives information about desorption temperatures applied to the electrical

regeneration. The TGA apparatus can provide data regarding the thermal stability

and/or decomposition of the materials. For the purpose of this research, the

technique was used to follow the progression of the loss of sample weight when

rising temperature ramps of 10°C/min were applied (ramps of 5ºC/min and

15ºC/min were tested, showing TGA graphs with small variations in peak
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temperatures). The cylindrical furnace used is shown schematically in Figure 2.5.

The furnace is surrounded with argon at a pressure of 1.5 ± 0.01 bar and a flow rate

of 26.67 mlmin-1. Helium at a pressure of 1.5 ± 0.01 bar (33.33 mlmin-1) was

chosen as an inert carrier gas to protect the sample from oxidation during heating.

The sample was placed inside a crucible for a period of 15 minutes to stabilise the

balance and to ensure the furnace atmosphere was totally composed of helium. In

order to obtain comparable results it was necessary to have a similar weight of

sample for every run, and the same carrier gas flow rate. It was also necessary to

purge the furnace for more than two hours with helium before starting the

experiments.

Figure 2.5. Thermogravimetric equipment furnace and balance

Samples of selected activated carbons were first dried in an oven at 200°C

and then treated by the adsorption of dichloromethane (DCM), acetone or water.

Blank experiments were also carried out to detect any possible initial effect of

moisture adsorption while loading the sample into the apparatus.
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 Theoretically, when the degree of burn-off of an activated carbon (i.e. the

activation level) decreases, more oxygenated functional groups remain on the

carbon surface because the polarity of the surface decreases with increasing

temperature (Bradley and Rand 1995). In this case, it might be expected that the

removal of the VOCs from activated carbon samples, with different levels of

activation, appears at different temperatures because of the strength of activated

carbon surface bonding with the solvents. As can be seen in Figure 2.6, 2.7 and 2.8,

-dTG graphs show that these differences are not evident, because temperature

peaks are in fact located at extremely close temperatures. Slight variations could be

produced by fluctuations in the carrier gas flow rate. The reasons for these similar

peak temperatures are the fact that one of the characteristics of MAST ACM is the

high degree of homogeneity of its surface and the absence of oxygenated functional

groups (S.R.  Tennison, MAST Carbon Technology Ltd. Personal communication

2007). Two temperature peaks appear in each graph. The second peak corresponds

to the solvent desorption from the carbon. The first peak is believed to belong to

surface water. Data from Figure 2.6, 2.7 and 2.8 is expressed in terms of TG loss of

weight [%] in Table 2.3 and represented in Figure 2.9.
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Figure 2.6. Thermogravimetric (-dTG) curves of dichloromethane (DCM) on
activated carbon samples at 1.5 bars of helium atmosphere: for Sqr-15, Sqr-21

and Sqr-37

50 100 150 200 250 300
0.0

0.5

1.0

1.5

2.0
 Sqr-15
 Sqr-21
 Sqr-37

-d
TG

 [%
 m

in
-1
]

Temperature [oC]

Figure 2.7. Thermogravimetric (-dTG) curves of Acetone on activated carbon
samples at 1.5 bars of helium atmosphere: for Sqr-15, Sqr-21 and Sqr-37
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Figure 2.8. Thermogravimetric (-dTG) curves of Water on activated carbon
samples at 1.5 bars of helium atmosphere: for Sqr-15, Sqr-21 and Sqr-37

Table 2.3. TG loss of weight of the square monoliths for acetone,
dichloromethane and water (normalized)

TG [%]  up to 300°C  ± Std Dev. (STDEV)Sample
Acetone                       DCM                              Water

Sqr-15 16.40 ± 0.24 23.36 ± 0.58 30.08 ± 1.99

Sqr-21 17.39 ± 0.32 23.10 ± 0.52 34.87 ± 3.29

Sqr-37 22.16 ± 0.31 29.26 ± 1.50 41.87 ± 1.87
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Figure 2.9. Table 2.3 data. TG loss of weight of the Sqr-15, Sqr-21 and Sqr-37 for acetone,
dichloromethane and water desorption
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Blank experiments (Figure 2.10) were carried out prior to the addition of

any solvent to obtain a reference for the unknown first peak. The results show a

peak of around 80°C as expected giving real evidence that this peak is produced by

some moisture adsorbed on the surface. Further blank TGs were also performed up

to 1000°C (Figure 2.11) in order to obtain the full range of decomposition. Two

blank experiments were carried out on the same samples (Sqr-15 and Sqr-37)

showing a high loss of weight for the first run in both samples (in the range of 8-

9% lost of weight). This loss of weight is not observed in the second run and this

behaviour may be related to an initial content of water present on the carbon

surface which might produce an oxidation and decomposition of the carbon with

the increments in temperature. Only 2-3% weight loss is observed for the Sqr-15

and Sqr-37 samples for the second run demonstrating the high stability of the

carbon structure under high temperature and inert atmosphere.
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Figure 2.10. Blanks –dTG curves for Sqr-15, Sqr-21 and Sqr-37 samples from
25°C up to 700°C
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Figure 2.11. Run 1 and 2. –TG [%] for Sq r-15 and Sqr-37 up to 1000°C

The objective of comparing different solvents is to obtain an idea of the bond

strength between the solvent and the carbon surface. dTG curves show stronger

adsorption for acetone and DCM as the peaks are broader, suggesting an easier

desorption of water in comparison with acetone and DCM.  At the same time, TG

data (Table 2.3), expressed in terms of percent of weight loss of the sample with

respect to its initial weight (-TG %), show an increase in % loss of weight with the

level of activation (Figure 2.9). This provides an idea of the loading capacity of

these solvents on the various ACM samples, demonstrating the high capacity of the

samples at higher levels of activation due to the higher surface area and pore

volume.

2.3.2 Nitrogen adsorption isotherms

The adsorption isotherm is the most commonly used method for determining

surface area, pore size distribution and nature and behaviour of a wide range of
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porous solid materials. The recommended adsorbate is nitrogen at -196ºC (77K)

when the surface area is higher than 5 m2g-1, otherwise krypton or xenon at the

same temperature could be use to gain precision in the adsorption measurements.

The use of nitrogen may cause some diffusion problems when the size of the

micropores is less than 0.7nm due to its higher molecular diameter (0.36nm). Other

authors have used CO2 (0.33nm) as an alternative (Cazorla Amorós, et al. 1998, De

la Casa Lillo 1999).

International standard procedures, such as the British Standard (BS:4349-1

1996) have emerged during recent years to provide recommendations on use (Sing,

et al. 1985) and to avoid the large number of errors associated with the calculation

of surface areas. The Brunauer-Emmett-Teller (BET) gas adsorption method (and

its modified versions) is the most important and simple equation for the

determination of surface area (Do 1998).  It gives the so-called specific or

equivalent surface area and, although not strictly recognized for microporous

materials, is widely used.

2.3.2.1 BET Surface Area determination

The original BET method was first published by Brunauer et al. (1938) to measure

internal surface areas of porous materials. They assumed the molecules were

adsorbed onto the solid surface according to a multilayer process whereby the first

layer has a characteristic energy of adsorption and the second and subsequent

layers possess energies of adsorption equal to the liquefaction energy. Another

important assumption supposes no interaction between these molecules. If this
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concept, derived from the ideas of Langmuir, is applied to the whole multilayer, the

final statement concludes:










 
 TR

E
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g

i
iiii exp1 (2.4)

where ai is the number of molecules per unit time and unit pressure of the i layer

condensed onto the surface, P is the total pressure, si the surface area covered by i

layers of adsorbate, Ei is the interaction energy between the solid and the molecules

(which is equal to the heat of liquefaction), bi the frequency of the molecules with

sufficient energy to leave the surface, Rg the gas constant and T the absolute

temperature of the surface.

Further assumptions and algebraic calculations conclude with the BET

equation as a linear interpretation:
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where q represents the volume of gas adsorbed per unit mass of solid, qm is the

monolayer coverage (adsorption capacity), PO and P are the saturated vapour

pressure and partial pressure of adsorbate, and the parameter C suggests a rapid

formation of a multilayer when its value is high (>1000). The graphical

representation of the dependent parameter [P/q(PO-P)] versus [P/PO] gives the

value of the constants C and qm.. C may be negative if relative pressure points are

taken in a range from 0.05 to 0.3 following British Standards (BS:4349-1 1996).  In

this case, two main reasons could explain this inconsistency. On the one hand,

small variations of C produce a large error of the interception of the linear fitting
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points to the Y axis. On  the other hand, the BET equation is not completely

suitable for the calculation of surface area in microporous materials (Parra, et al.

1995) .The value for the Specific Surface Area, SBET, is calculated as follows:

o

mN

BET V

Lq
S 2


 (2.6)

where λN2 is the nitrogen molecular cross sectional area (0.162 nm2), L is

Avogadro’s number (6.023·1023 mol-1) and VO is the gas molar volume at STP

(22.414 dm3 mol-1).

Isotherms based on nitrogen adsorption at 77K have been carried out

assuming that no oxygen groups block the entrances of the micropores and

therefore nitrogen diffusion problems do not exist. Some of the nitrogen isotherms

have been obtained at the “Universidad Complutense” in Madrid, Spain using

ASAP 2010 equipment. To ensure that the results show total repeatability, the same

sample methods have been used with the ASAP 2010 at the University of Bath.

The repeated analyses are in excellent agreement with the initial analyses.

Experimental methodology begins with the preparation of the sample tube,

which is out-gassed prior to the loading of the sample to create the same vacuum

conditions as the analysis. The sample is then loaded and is out-gassed at 240ºC

under vacuum (Sing, et al. 1985) prior to the analysis itself.

Nitrogen adsorption (Figure 2.12, 2.13 and 2.14) onto AC shows Type I

isotherms according to the IUPAC classification (Donohueu and Aranovich 1998),

which demonstrates the microporous nature of ACM materials. Two regions are

distinguished where curved portions appear: (i) at low pressure and (ii) at relative
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pressures higher than 0.9. Capillary condensation or formation of multi-molecular

layers is dismissed as a possible mechanism in the convex curve region at high

relative pressure because it has not been accepted by some authors (Bansal and

Goyal 2005). As commented previously, application of the BET equation poses

important questions in choosing the range of relative pressure where the equation

can be applied. Sing et al. (1985) suggested the region where the equation becomes

linear as being the most accurate relative pressure range for each situation (at least

five points must be taken for calculations). Table 2.4 shows a comparison of the

BET specific surface areas calculated over the 0.05-0.30 relative pressure range

(this is the British Standard pressure range) and the values corresponding with a

range of full linearity.

Differences between BET surface area obtained using the British Standard

and the Linearity approaches are observed in the results shown in Table 2.4. Values

of surface area are larger for the linearity method. They also give a shorter range or

errors. It is worthy to bear in mind the choice of one method in order to compare

BET surface areas from different materials. Total pore volumes (VTotal) are in

range from 0.43 to 0.72 mlg-1 as the level of activation increases from 15% to 40%.
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Table 2.4. BET surface area values following the British Standard method and
by the linearity of the BET points. Pore Total Volume and Volume of

micropores

Sample BET  British Std
[m2g-1]

C in British
Std. method

BET
Linearity

[m2g-1]

VTotal

[mlg-1]
Vmicrop

[mlg-1]

Sqr-15* 779.16 ± 20.54 -46.5 1044.67 ± 16.51 0.43 -

Sqr-21 953.18 ± 15.20 -188.11 1037.97 ± 1.82 0.49 0.41

Sqr-LD-LA 833.95 ± 20.09 -65.25 1004.83 ± 1.94 0.45 0.33

Sqr-HD-LA 829.92 ± 21.42 -53.41 1010.49 ± 3.92 0.41 0.36

Sqr-28 1017.90 ± 15.54 -128.21 1113.33 ± 3.87 0.46 0.41

Sqr-R21* 1170.22 ± 20.54 -46.5 1406.07 ± 6.17 0.62 -

Sqr-37 1214.23 ± 20.51 -106.34 1372.74 ± 5.64 0.56 0.54

Ext-18 855.68 ± 18.66 -116.23 986.52 ± 1.99 0.39 0.39

Ext-25 1192.48 ± 21.95 -168.48 1311.06 ± 6.86 0.52 0.49

Ext-UN 1285.82 ± 23.59 -182.18 1408.77 ± 5.25 0.57 0.54

Hex-23 970.02 ± 16.80 -111.20 1106.50 ± 2.79 0.44 0.40

Hex-28 1020.82 ± 18.98 -167.68 1140.12 ± 3.17 0.46 0.41

Hex-40 1398.90 ± 34.43 -90.06 1606.51 ± 6.06 0.72 0.61

*Analysis performed by MAST Carbon Technology Ltd. using a Gemini 2375

Figures 2.12 to 2.14 show the nitrogen adsorption isotherms on three sets of

materials with different levels of activation. Figure 2.12 provides data for square

channel monoliths, Figure 2.13  for hexagonal channel monoliths and Figure 2.14

for extruded materials. The three sets of materials have been manufactured by the

same procedure (see Section 2.2) but on different dates. All the nitrogen adsorption

isotherms for these materials give the typical Type I horizontal plateau until the
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saturation pressure is reached showing total micropore filling. The last slight

convex curve at relative pressure close to unity may be due to the existence of a

small degree of mesoporosity. The desorption curve is not shown in the graphs as

there is no hysteresis loop, which is typically associated with narrow slit pore

geometries (Do 1998) . Figures  2.12 to 2.14 show that when the level of activation

of the sample is in the range 20-28%, the volume adsorbed in the micropores does

not change linearly with the level of activation and remains practically constant.

However, when the activation level of the sample is increased to a value that is

higher than 30%, it can be seen an appreciable increment in absorbed volume

occurs in comparison with lower activated samples (between 20%-28%). Figure

2.15 shows the relation between the activation level and BET and total pore

volume. The results support the conclusion that a higher level of activation gives a

higher degree of micropososity.
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Figure 2.12. Nitrogen adsorption isotherms of monoliths with 21, 28
and 37.5 % activation (at 77K)



Chapter 2

38

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

250

300

350

400

450

500
Vo

lu
m

e 
Ad

so
rb

ed
 [c

m
3  g

-1
]

Relative Pressure P/PO

 Hex-23
 Hex-28
 Hex-40

Figure 2.13. Nitrogen adsorption isotherms of hexagonal channel monoliths
with 23,28 and 40 % of activation (at 77K)
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Figure 2.14.  Nitrogen adsorption isotherms for extruded activated carbon
with 18%, 25.5% and unknown higher  % of activation (at 77K)
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Figure 2.15. BET surface area and micropore total pore volume of carbon
monoliths as a function of the activation level

Pore Size Distribution

The curing of the phenolic resins as described in Section 2.2 produces controlled

macrodomains. Because of this characteristic, the mean pore size of the materials is

expected to be fairly reproducible. The pore size diameter (Φ) classification is

defined by the IUPAC:

Micropores Φ < 2 nm
Mesopores 2< Φ< 50 nm
Macropores Φ >50 nm

The study of pore size distribution is normally based on empirical models

such as the Horvath-Kawazoe and Dubinin-Astakhov models (Do 1998) . For the

comparison of the pore size distribution (PSD) of the materials used in this

research, the Density Functional Theory (DFT) has been chosen (Olivier 1995).
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Results for the DFT have been obtained using software called DFT Plus in

conjunction with the ASAP 2010 program. This method calculates the equilibrium

density profile for the pore assuming a minimum free energy for the pore system

when it is in equilibrium with a bulk phase (Thommes 2005). According to the

formation of microdomains from the cavity between the spherical glassy carbon

particles, the micropore geometry is assumed to be cylindrical, instead of being a

slit geometry.

Figure 2.16, which represents pore width versus incremental volume for

three samples with different levels of activation, shows a very small change in the

mean pore size with an increment in the sample’s level of activation. This result

supports the theory of a special microstructure where the burning-off (activation)

process of the amorphous carbon forms the inter-particle voids while the mean pore

size remains unaltered at around 0.8-1nm.
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Figure 2.16. Nitrogen pore size distribution for square channels activated
carbons (Sqr-21, Sqr-28 and Sqr-37) following DFT theory
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2.3.3 Scanning Electron Microscopy (SEM)

Scanning electron microscopy involves scanning a sample with a moving electron

beam, and analysing the reflected beam. The preparation of the sample includes

the deposition of a conductive material such as gold on the sample to make the

carbon surface even more conductive for the electrons. The equipment used to take

the images was a Jeol JSM-6310. SEM is used for porous materials to determine

the macropore structure and the morphology of the sample. Figure 2.17 shows

images taken from extruded activated carbons (Ext-18).

The SEM pictures show that the carbon adsorbents have a

macroporous structure as mentioned in Section 2.2 where the macroparticles are

connected to each other favouring the contact between them and as a consequence

producing a material with good electrical conductivity.
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Figure 2.17.  SEM images showing the macroporous particles of Ext-18

2.3.4 Transmission Electron Microscope (TEM)

A JEOL JEM1200 transmission electron microscope has been used to try to obtain

images of the microdomains. This instrument is operated with an energy ranging

from 40 to 120 keV at ultra vacuum pressure. Samples were first finely milled

using a mortar and placed in an oven at 200°C. Afterwards, particles were

dispersed in an ultrasonic bath for a few seconds in a propanol solution.  A few

droplets of liquid/particle emulsion were placed in a microgrid support made of

carbon polymer on an Fe/Ni/Cu grid to be analysed after drying at ambient

temperature.

Unfortunately, TEM pictures (Figure 2.18) do not appear to give

sufficiently clear resolution to be able to see the micropores. Microstructure
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appears to be formed by the void spaces between small spherical resin particles

which are created when the polymer curing occurs. It can be observed the

homogeneity of the surface from the pictures. This fact is also supported by the

pore size distribution obtained by the nitrogen isotherms and show in Figure 2.16

(with a pore width from 0.8 to 2 nm), from which the conclusion may be drawn

that the activation process does not change the structure, and therefore the pore size

distribution, of the carbons.

Figure 2.18. TEM image of Sqr-15, Sqr-21 and Sqr-37 monoliths

2.3.5 Electrical and thermal characteristics

MAST activated carbon monoliths are developed following a chemical and thermal

process from raw phenolic resins. Depending on the heat treatment, and the initial

resin particle size, the electrical properties of the monoliths can be controlled.  The
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study of the electrical properties is the first step in understanding the mechanism of

heating the monoliths for regeneration purposes. The electrical resistance of a

conductor depends on its dimensions and the material from which it is composed.

It is said that a good conductor has a small resistance to the passage of electrical

current. Following Ohm’s Law, V= I·R, where V is the voltage (V), I is the current

in ampère (A) and R the resistance in ohm (Ω). The measurement of the electrical

resistance as a function of the length of the monolith was carried out by MAST

Carbon.  An electrical current was applied from one of the edges to different

distances over the monolith and the voltage and current were measured.
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Figure 2.19. Pilot-B. Electrical resistance of ACM Sqr-15 and Sqr-21 in
function of the length measured at room temperature (20°C). (E. Crezee,

MAST Carbon, 2007)

Figure 2.19 shows constant resistance (also called linear resistivity) along the

length of both ACMs studied. (c.a.1.2Ωcm-1). This value indicates that the

activated carbon has an exceptional homogeneity in the passage of electrical

current.
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To measure electrical resistivity, ρ, the monolith is heated until steady

temperatures are reached. For a homogeneous conductor at a reference temperature,

resistivity is defined as:

R
L

A






 (2.7)

where A is the cross sectional area, R is the electrical resistance and L the monolith

length parallel to the current flow.

ACMs comprise gas channels as well as conducting carbon walls. Channels

act like insulators and must be taken into account. Therefore, the cross sectional

area for electrical conduction can be calculated by A= πr2 (1- ε), where ε is the free

geometrical space (voidage) and r is the monolithic radius. Another correlation can

be developed, as the resistivity varies with temperature:

    Rrorr TTT   1, (2.8)

where T is the temperature of the adsorbent, TR is the reference temperature, ρr,o is

the resistivity at TR and αr is the thermal resistivity factor obtained by linear

regression of the adsorbent’s resistance at selected temperatures.

The linear regression of Equation (2.8) is shown for a square channel

monolith Sqr-RE21 in Figure 2.20. The reference temperature was TR = 28°C.

Values obtained from the linear regression are shown in Table 2.5. Note that the

monolith namely Sqr-RE21 correspond with the Pilot-B monolith used in the pilot

scale rig and also shown in Table 2.2  as Pilot-B.
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Figure 2.20. Electrical resistivity values for Sqr-RE21 measured in nitrogen
(oxygen free) gas over temperature range (27-185ºC)

Table 2.5. Electrical properties of Sqr-RE21 (Pilot-B)

Properties Sqr-RE21
RR [Ω] 1
ρr,o · 10-4 [Ωm] 5.6
αr,o · 104  [C-1] -12.2

MAST activated carbon monoliths are totally composed of carbon with

values of resistivity decreasing linearly with increasing temperature. The resistance

of pure metals increases with temperature, but the resistance of semiconductors,

such as activated carbon, decreases with increasing temperature (Figure 2.20).

As previously noted, the heat treatment of the monolith during the

formation process has a large influence on the resistivity values. The

microstructure increases with the temperature treatment. Therefore when the

material is exposed to high temperature the more compact packing of the
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microparticle favours the conductivity and structure uniformity, resulting in a

decrease in resistivity. The manufacturing process raises the temperature to 850°C

during activation and at this temperature the resistivity of the ACM remains in the

range of semiconductors (10-5-105 Ωm-1) and is dependent on temperature and

impurities.

Other authors have measured the electrical properties of activated carbon

forms. Results are shown in Table 2.6. As can be observed, electrical resistivity for

the MAST ACM is lower than for activated carbon fibres (ACF) with higher

surface area and for other ACMs with lower surface areas.

Table 2.6. Comparison of electrical resistivity at 180°C over activated carbon
materials with different physical properties

Properties ACM
(Pilot-B)

ACM* ACM* ACFC
(CS-1501)

Author Current
(Yu, et al.

2007)
(Luo et al.

2006)
(Subrenat el

al. 2001)
ρ (180ºC) [Ωm] 4.58·10-4 3.88·10-1 3.9·10-1 1.28·10-3

Precursor Novolak® - PAC Rayon
Activation CO2 - - CO2

SBET [m2g-1] 1125 615 603 1480
* ACMs were manufactured with a binder.

The knowledge of the specific heat is a parameter related to some thermal

calculations. This can be defined as the amount of heat (in calories or Joules) that

must be added or removed from a unit mass of that substance to change its

temperature by one degree. In chemistry or engineering, the units of the specific

heat capacity are expressed in terms of mass, as J kg-1K-1. Table 2.7 provides

examples of the specific heat capacity of some substances. There is very little

information about values of the specific heat for activated carbon. This value may
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be considered to range from 700 Jkg-1 K-1 (for carbon) to 1000 Jkg-1 K-1 for an

ACM with a binder (Yu, et al. 2007).

Table 2.7. Table of specific heat capacity of some substances at a pressure of 1
atmosphere (Perry and Green 1997)

Substance Specific heat capacity
[J kg-1K-1], 1 atm

Graphite (25ºC-76ºC) 690
Carbon (26ºC-76ºC) 703
Gasoline (25ºC) 2.22·103

Water (25ºC) 4.19·10-3

ACM with binder(25ºC)* 1000
* Chem.Eng. and Processing, 46 (2007) 70-81

The coefficient of thermal conductivity, λ, is an intrinsic property of every

material and expresses its capacity for the transport of heat. In carbonaceous

materials, it depends on humidity and temperature. To measure the thermal

conductivity, a P.5687 Thermal Conductivity Apparatus from G. Cussons Ltd. has

been used. It is specially designed for good thermal conductors (unlike carbon).

The apparatus mainly consists of a clamping sample stack assembly, electrically

heated at one end with NiCr/NiAl thermocouples  fitted into the sample (Cussons -)

at different positions.

ACMs are not solid and compact structures, but rather bunches of parallel

channels full of air, which thereby influences the value of the thermal conductivity

coefficient. Measurements were carried out at different temperatures and it was

found that the thermal conductivity coefficient for activated carbon monoliths

varies with temperature as shown in Figure 2.21.
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There is no information in the literature concerning this coefficient for

activated carbon.

Table 2.8 shows the comparison of the MAST ACM value of the thermal

conductivity coefficient with other materials such copper or water vapour. For

instance, Kuwagaki et al. (2003) who studied the improvement of thermal

conductivity through the addition of artificial graphite to an activated carbon,

measured the thermal conductivity of GAC (5mm diameter and 10mm length with

a 42% burn-off and surface area of 987 m2g-1) using a laser-flash method and

obtained very poor values for their materials at 0.17 Wm-1 K-1. The value of

activated carbon found in this study at 25ºC is 23 Wm-1K-1, which is much higher

than the one found for GAC (0.28 Wm-1K-1).
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Figure 2.21. Variation of the thermal conductivity coefficient with
temperature for a ACM (monolith characteristics: length 3.8cm, diameter

2.11cm, channel size 0.7mm, activation level unknown, voidage 0.44)
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Table 2.8. Values for Thermal Conductivity Coefficient at 27°C and 125°C

Material λ[Wm-1K-1] at ~25°C λ[Wm-1K-1]at~125°C
Copper 401(1) 400(1)

Graphite 50-150 (2) -
MAST ACM 23 18
GAC 0.17-0.28 (3) -
Water vapour - 0.016(4)

(1), (4) www.engineeringtoolbox.com Last visit :21/06/07
  (2), (3) (Kuwagaki, et al. 2003)

2.4 Conclusions

Activated carbon produced by MAST Carbon Technology Ltd. has a different

microstructure to that of other activated carbons because of the formation of

spherical glassy carbon linked to amorphous carbon. Both materials derive from

the cure of the phenolic resin particles and subsequent carbonization. As can be

seen from the SEM images, the final macroporous surface structure is compact and

homogeneous. TEM images show that packed spherical particles produce micro

domains of about 0.8-1nm.

Nitrogen isotherms at 77K have shown an increase in the total pore volume

at higher levels of activation (>30%). Activation levels between 20-28% produce

little variation in terms of volume adsorbed, surface area and total pore volume.

Mean pore size does not change with the level of activation and it remains over

0.9nm. An increase in the surface area is a consequence of the small increase in the

number of pores and the removal of the amorphous material.

www.engineeringtoolbox.com


Chapter 2. Activated carbon monoliths: manufacture and characterization

51

Thermogravimetric analysis conducted on activated carbon previously

treated with acetone, DCM and water, has shown stronger affinity of the carbon for

acetone than for DCM and water. A decrease in the level of activation does not

increase the quantity of oxygen surface groups, as the –dTG curves exhibit peaks at

the same temperature using samples with different levels of activation.

The characterization of the activated carbon to obtain its electrical

properties has found a low resistivity value (5.4·10-4Ωm-1) along the whole length

of the monolith. These values classify the activated carbon as a semiconductor

material. The thermal conductivity coefficient has been found to decrease with

increase in temperature.

.

.
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Chapter 3

Experimental apparatus and
thermal dynamics

3.1 Background of the adsorption-desorption operations

Adsorption is a process where the pores of the adsorbent became fully or partially

loaded with an adsorbate and therefore, for further use, the adsorbent needs to be

regenerated.  The most commonly used regeneration methods are pressure swing

adsorption (PSA), thermal swing adsorption (TSA), hot purge gas desorption

(HPD) and desorption using a desorbent (Wankat 1990) This thesis is focused on

the activated carbon monolith as an adsorbent and the viability of its regeneration

using a new electrical regeneration technology. In industry, the economic
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feasibility of any adsorption process is determined by the desorption step. For this

reason, regeneration has to balance the economy of the process together with the

achievement of  the two main objectives, i.e. the  re-establishment of  the

adsorption capacity of the adsorbent and the recovery of the most valuable and/or

hazardous  components.

Granular activated carbons are traditionally packed into beds to adsorb

VOCs. The regeneration occurs almost always in situ by passing either steam or

hot gas. In the majority of applications, the conventional multiple bed units operate

with one bed being regenerated whilst the others are adsorbing. Although the use of

steam is thermally efficient, as heat comes from the latent heat of condensation,

this is complex and expensive when used for desorbing water-soluble organics, as

further treatment/separation of the condensate/VOC is required.  Hot gas

regeneration has the major disadvantage in requiring the use of large volumes of

hot gas to bring the beds up to the regeneration temperature as well as a low

thermal efficiency. Both these regeneration methods have an average cycle time of

around eight hours and, accordingly, are large in size and demand large amounts of

energy (Crezee, et al. 2005, Crezee, et al. 2006).

In order to avoid these inconveniences, an alternative electrical swing

adsorption (ESA) has been developed for activated carbons.  Heating “in situ” by

electrical current, that is by the Joule effect, was proposed 30 years ago by Fabuss

and Dubois (Fabuss and Dubois 1970) as applied to GAC.  Since then, it has not

been intensively studied or implemented on an industrial scale with GACs, since

there are many difficulties in keeping uniform electrical contacts as well as

problems with mechanical support. In the earlies 1990s, Petkovska, et al. (1991)
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applied electrothermal desorption to a 20 layer fibrous activated carbon charcoal

cloth (ACFC) for the removal of 1.1.1.-trichloroethane (T111) using nitrogen as a

carrier gas. They demonstrated with a simple desorption and thermal cycling

experiment, applying up to 20 W to the adsorbent bed, that direct electrical heating

showed promise as a method for the regeneration of carbon adsorbents.  ACFC has

been the most interesting AC material to test under ESA and a few authors have

studied their use. Sullivan, et al. (2001) studied two ACFCs connected in series to

desorb methyl ethyl ketone (MEK). They found that although the adsorption

capacity was reduced by 4% from the virgin material, the overall removal

efficiency of MEK remained constant at >99.9% by mass, after 1 hour to desorb

the MEK and another hour to cool the ACFC to room temperature. Others solvents,

such as n-hexane and dichloromethane (DCM) were tested at a feed concentration

from 250ppmv to 1000ppmv, using ACFC. Results showed that the recovery

efficiency increases as the relative organic vapour pressure in the feed stream

increases (Dombrowsiki, et al. 2004). Sullivan, et al. (2004) managed to reduce the

duration of the regeneration cycle by 67% using a modified  system with in-vessel

condensation (with no external cooling), for solvents with vapour pressure lower

than 0.1mbar . A broader theoretical and experimental study of toluene in an ACM

stream has investigated the shape of the desorption curve, the variations in the

amount of toluene adsorbed, the purge flow rate and the applied heating current,

and has found  that the efficiency of desorption increases with current  and flow

rate (Yu, et al. 2007).
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3.2 Experimental Apparatus

This thesis has been completed using two experimental rigs to carry out the

adsorption and regeneration processes on the activated carbon monoliths. A bench-

scale rig has been built for testing small monoliths (around 10 cm long). A larger

rig has been designed for experiments at the pilot-scale (monoliths around 60 cm

long).

The bench-scale rig is suitable to test monoliths under dry and humid

conditions and an external furnace is attached to it for regeneration. The bench-

scale rig is also connected to the pilot-scale rig at two places, namely prior to the

control of the flowrate in the pilot-scale rig and secondly, at the end of the line

where the analyser is placed. The rigs can be operated independently, as valves

separate them, although they can not work at the same time since they share the

same analyser.  A flowsheet of the whole system can be found in Figure 3.1 (see

Table 3.1 for the legend of the Figure 3.1 symbols).

Table 3.1. Legend of the flow sheet symbols (Figure 3.1)

Symbol Legend
V Valve
R Rotameter
Vent Exhaust pipe
P Pump
PI Pressure indicator
CL- Glass reactor
CS- Condenser



Figure 3.1. Flow sheet of the pilot-scale and bench-scale rigs

Bench-scalePilot-scale
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The pilot-scale rig designed for electrical swing adsorption (ESA) of VOCs

is composed of two electrically regenerable activated carbon monolith units

(described as Pilot-A and Pilot-B). The monolith vessels were manufactured and

supplied by MAST Carbon Technology Ltd. and are based on the Place et al.

patented design (Place, et al. 2005). The monoliths themselves are assembled

inside vessels made of QVF glass. Electrical connections are attached to each

monolith and three surface thermocouples measure and control the electro-thermal

regeneration process. The remaining parts of the two rigs were designed and

constructed by the author.

Solvents: DCM and Acetone

The main absorbate species used for dynamic breakthrough curve experiments and

adsorption isotherms has been methylene chloride (dichloromethane, DCM) 99+%

(HPLC) stabilised with 0.005% amylene as provided by Fisher Scientific. Acetone

is also used, which is HPLC grade and also supplied by Fisher Scientific.

Intelligent Gravimetric Analyser  (IGA)

Vapour adsorption isotherms were obtained using an IGA-001, Intelligent

Gravimetric Analyser, from Hiden Analytical Ltd. It uses a gravimetric technique

to measure the change in weight of a sample. The mass uptake of the sample is

measured as a function of time at an equilibrium pressure and temperature. When

the equilibrium is established at a determined pressure point, the pressure increases

up to the next set pressure point to reach equilibrium and the uptake is measured.

The range of pressure used in the author’s experiments has been less than 1 bar,

although the IGA can reach high pressure up to 20bars.



Chapter 3. Experimental apparatus and thermal dynamics

65

Flame Ionization Detector  (FID)

A flame ionization detector (FID), model 4030 Total Hydrocarbon Heated

Analyser by Teledyne Analytical Instruments Series, has been used to measure the

concentration of a VOC in a carrier gas stream leaving the bench-scale and pilot-

scale rigs. This instrument ionises molecules contained in a sample gas using a

combustion process created with a hydrogen flame. The amounts of hydrocarbons

are measured in an electrode and a signal is produced.  The design of this analyser

is unique to measure chlorinated compounds and avoids any condensation and

creation of hydrogen chloride. Two loops and an additional carrier gas to dilute the

sample lead the flow to the detector while the temperature of the chamber is set at

60ºC. The analyser is calibrated using a standard 3000ppm DCM/Nitrogen mixture

and the data are collected in appropriate software. The resolution of measurements

of this FID is ±0.01ppm and the range of measurements from 0ppm to 9999ppm.

3.2.1 Bench-scale Set-up

The bench-scale rig was built to obtain breakthrough curves for small activated

carbon monoliths (around 10cm length). The process flow diagram of the

experimental set-up is shown in Figure 3.2. It consists of a vapour generation

system, an adsorption column, a bypass column (containing glass balls of 0.002m

diameter) and the FID analyser.  The vapour stream is generated by bubbling air

through the liquid solvent inside the saturating flasks. The saturated stream is then

diluted with air to obtain the desired initial concentration of the solvent. Both flow

rates are measured and controlled by float rotameters R1 and R2. The feed gas
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chosen for all the adsorption experiments has been compressed air from the

University’s general supply. It is passed through a pressure regulator placed before

the beginning of the rig and a small carbon monolith (about 5 cm) is also included

before the pressure regulator to adsorb any traces of moisture and impurities.

The adsorption column (see Figure 3.3) was made from stainless steel tube.

It has a length of 0.195m and an internal diameter of 0.022m. The ends of the tube

were connected to the ¼ inch linework using reducers. A thin layer of glass wool

was placed in the reducers to distribute the flow and filter the air before it passes

inside the column. The monoliths were wrapped in PTFE (polytetrafluoroethylene)

tape at both ends to provide a seal against the internal surface of the column and

thereby to permit flow only through the monoliths. A bypass column filled with

glass balls was used to obtain and check the initial concentration before the air was

diverted through the monolith column.

The experiments were carried out at ambient temperature (from 19°C to

25°C).  The solvent concentration was set at the desired parts per million of carbon

(v/v) and the flow rate was also fixed. As for the pilot-scale rig, 0.5lmin-1 of the

outlet stream was taken by the FID pump to be analysed. Variations in the feed

concentration of ± 3% occur during the adsorption time due to room temperature

changes. Prior to each experiment, the monoliths were regenerated for about 90

minutes at 210-250ºC using a N2 flow rate of 0.250 lmin-1.

Regeneration of both monoliths and extruded forms of activated carbon was

carried out inside a separate tubular furnace, heating the column homogeneously

and using nitrogen as a purge gas.
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Figure 3.2. Bench-scale set-up

Experiments with moist air have been carried out using the same bench-

scale rig, with the incorporation of water injection by a syringe pump. Water is

injected into a small column of 5cm length and 3cm internal diameter (see Figure

3.2; water-air column) packed with glass balls  where the water has the maximum

contact area and it is mixed with the air. A hygrometer (humidity reader), Model

HMI 32  (supplied by Vaisala), which has a resolution of ±0.1 %RH and a range of

measurements from 0 to 100 %RH, is placed after the adsorption column to

measure the relative humidity.
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Figure 3.3. Adsorption column for bench scale rig and monolith wrapped in
PTFE tape for sealing

3.2.2 Pilot-scale Set-up

3.2.2.1 Glass vessel design

Two single monoliths were held individually in glass vessels in the pilot-scale rig.

The QVF glass vessel is formed of three parts: two heads and the main body. A

general schematic with dimensions is shown in Figure 3.7. The heads are

assembled and sealed to the body with gaskets. Electrical and gas tight electrical

connections were assembled at the ends of the monolith. Electrical connections,

shown in Figure 3.4 to 3.6  are composed of a main cap, formed of three elements,

one top piece made of brass attached to the electrical wires, a second piece of

grafoil (flexible graphite tape) to provide an electrical connection between the brass

cap and the monolith, and finally O-rings employed for gas sealing. O-rings are

made of Viton (high temperature resistant polymer) and are assembled on the

groove created in the brass cap, between the head and the main body of the vessel

to provide an effective seal when the head and body gaskets are compressed. The

whole structure is held by a high temperature resistant polymer, which also creates

a seal between the connections and the glass wall. The gaskets are made in
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rubberised cork or flexible PTFE. Wires used for the electrical connections have

been assembled onto the brass caps, one for the top and another for the bottom.

Because of its simplicity, the monolith can be easily removed in case of damage of

any component. This approach applies to multiple monoliths connected in series

and/or in parallel (Place, et al. 2005)

Figure 3.4. Top and Bottom view of the brass cap and the wire connection for
the Pilot-B monolith (both ends)
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Figure 3.5. Assembly of electrical connections to the monolith

Figure 3.6. Pilot-A. a) bottom plate of the main body reactor; b) glass vessel
main body and bottom part gaskets

In order to measure the ACM temperature, three thermocouples, type K,

were secured to the top (TT), middle (TM) and bottom (TB) external surface of the

two monoliths using high temperature resistant tape. One additional thermocouple

was situated at the Reactor-B outlet (To), at 2 cm below the bottom end of the

monolith. Table 3.2 shows the distances of theses thermocouples measured from

the bottom of the monolith.
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Figure 3.7. Thermal cycling reactor setup (MAST Carbon)
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Table 3.2.  Monolith thermocouples positions

Distance from bottom [cm]
Monolith

Monolith
length
[cm]

Bottom(TB) Middle(TM) Top (TT)
Outlet
(TO)

Pilot-A 58.5 6.3 29.6 55 No
Pilot-B 55.8 8.8 34.3 51.1 Yes

3.2.2.2 Rig operation

The operation of the pilot-scale rig is carried out using the equipment shown in the

process schematic of Figure 3.9 . Flow controllers (float rotameters), FC1 and FC2,

control the flow rates of the feed air and nitrogen purge gases respectively. Two

and three ways valves direct and select the operation mode. A syringe pump

introduces the solvent into the rig. A pressure indicator and the FID analyser record

the stream concentration. A heater line with two heating wires and a thermocouple

is wrapped around the solvent injection point to prevent condensation.  An

overview of the whole system is shown in Figure 3.8. In this photograph, Monolith

A (Pilot-A) is the right hand of the two.

The feed air is led to the main line where a rotameter (range from 40 to

150 l min-1) controls the flow. The syringe pump, model A-99 RAZEL (supplied by

SEMAT technical limited), which a resolution of ±0.1 cm3h-1, introduces the

solvent into the feed pipe where it evaporates and mixes with the air passing

through. Flow can then be directed to one of the monolith vessels (via valve V-2 or

V-5) or to the by-pass line (via V-7). When the adsorption mode is in operation, V-

2 (adsorption mode) and V-6 are open and V-7 is closed. After the monolith vessel

and bypass, a small diaphragm pump takes about 0.5 lmin-1 of flow to the FID and
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the remainder is expelled to the fume extraction system. The FID samples the flow

every 30 seconds and readings are collected by a computer.

During regeneration, a purge stream of nitrogen is introduced through the

purge port (see Figure 3.9, red line route) and flows downwards until the bottom

edge of the monolith. At this point, the flow can only go up through the channels of

the monolith. It is then conducted to the exhaust pipe. Valves V-2 and V-6-right are

closed and V-2-left opened. The regeneration stream could be diverted to the vent

or where recovery of the solvent is required to a refrigerated condenser.

Figure 3.8.  a) Pilot Plant rig overview; b)QVF glass reactors containing ACM
(Pilot-A and Pilot B) (Courtesy of A. Patsos)

a) b)
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Figure 3.9. Flow sheet of the experimental Pilot Plant set-up used for ESA
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3.3   Thermal experiments: results and discussion

The method of assembly of each monolith into its glass vessel and the unique

design of the electrical connections has been described. The next step embraces the

understanding of the activated carbon monolith’s thermal behaviour, so that the

voltage required to reach certain temperatures and its relationship with a favourable

purge flow rate can be determined. In theory, hot spots are not likely to be

developed in the monolith during the regeneration time (Place, et al. 2005).

Three different sets of thermal experiments have been carried out on the

monoliths. The first set aim to obtain the voltage needed to reach the maximum

possible temperature in a period of time and a fixed voltage is chosen to study the

effect of the nitrogen purge gas flow rate. The second set, the purge gas conditions

have been varied (inlet gas situation and the initial purge gas temperature) in order

to obtain an optimal and homogeneous regeneration temperature along the whole

monolith. The last set shows the reliability of the electrical connections when

electro-thermal cycles are repeatedly applied. All these experiments were carried

out in the absence of VOCs on a fully regenerated monolith.

3.3.1 Effect of applied voltage and purge gas flow rate

Experiments shown below (Table 3.3, Figure 3.10 to Figure 3.12) were carried out

on the Pilot-B monolith (after using it as adsorbent for about 45 runs). The

operational mode of these experiments consists of heating the monolith and then

letting it cool down using a fixed nitrogen flow rate (purge gas)  passed through it.
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The total heating time was 25 minutes and afterwards the monolith was allowed to

cool with the same nitrogen flow rate. Table 3.3 shows the experiments carried out

on the Pilot-B monolith. Here, Io and If  are values of the electrical heating intensity

at the beginning and at the end of the electrical heating runs expressed in Ampères.

In the same way, Po and Pf  are the powers applied in Watts at the beginning and

end of the 25 minute heating process.

Table 3.3. Summary of the experiments with the Pilot-B monolith  when using
different voltages and nitrogen flow rates. Temperature final values after 25
minutes of heating and electrical parameters (intensity and power) obtained

Final Temperature [ºC] Electrical Current parametersFixed
volts

N2

[lmin-1]     TT           TM            TB Io [A] If [A] Po [W]    Pf [W]

10 2 176 180 130 10.0 11.8 114 117
11
11
11
11

0
2
5
8

197
197
182
170

205
199
197
186

180
152
123
109

10.8
10.9
10.9
10.9

13.4
13.4
13.2
13.1

119
120
120
120

147
146
144
143

12 2 215 218 169 12.0 14.4 144 167.
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Figure 3.10. Pilot-B monolith. Electrical power and monolith average
temperature as a function of time obtained during heating the monoliths with

zero flow rate of nitrogen
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Figure 3.12. Pilot-B temperature profiles when applying a) 10,  b) 11 and c)
12V at 2 lmin-1 of nitrogen flow rate
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The complete profile of monolithic temperatures with time for the

experiments shown in Table 3.3 is represented in Figure 3.11 and 3.12 where the

heating step includes up to the maximum temperature peak and the cooling step

from there to the end of the experiment.  It can be seen from Table 3.3 that to reach

a temperature close to 200ºC at any point in the monolith, the voltage applied to

heat the monolith must be a minimum of 11volts since as it will be seen in Chapter

5, the removal of the organic solvent (DCM and acetone) from the monolith needs

at least 200ºC. The behaviour of both the average monolith temperature profile and

the electrical consumption during the heating process is represented in Figure 3.10

with a zero flow rate of nitrogen passing through the monolith. The speed of the

heating process makes the average monolith temperature rise 10ºC/min during the

initial 15 minutes and 1.9ºC/min there after until reaching an average of 180ºC

within 25 minutes. This high temperature needs an electrical power of around

145W. The experiment demonstrates the rapid thermal process achieved.

In order to reduce cost in the regeneration process, the heating process can

be carried out without any need of a nitrogen flow rate. The effect of nitrogen flow

rate can be observed in the comparison shown in Figure 3.11. Here, the maximum

temperature reached at the top and bottom of the monolith corresponds with the

zero flow rate of nitrogen. However, this apparent advantage during the heating

process constitutes a handicap when the monolith is being cooling down. At the

end of the cooling process, the monolith has to be at a minimum temperature to

favour the next adsorption process. Looking at the cooling process, it can be seen

that as the nitrogen flow rate is increased, the final temperature decreases at both

top and bottom parts of the monolith. From a thermal swing process point of view
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where the cooling process time has to be similar to the adsorption time, the

monoliths can be cooled down to 25ºC in only 40-50 minutes, depending on the

cooling gas flow rate. In case the adsorption process could start with the monolith

at 30-40ºC, there is no need to use purge gas to cool the monolith down after

regeneration because the monolith naturally decreases its temperature by thermal

diffusion with the surrounding fluid.

This electrically regenerable monolith design is especially useful to control

many parameters during the heating process (such as monolithic temperatures,

voltage, nitrogen flow rate or time) and during the cooling process (such as

monolithic temperatures, nitrogen flow rate or time). It is a fact that the electrical

voltage influences the heating gradient and the final temperature. As it is expected,

at a higher voltage applied for the heating process of 12V, the temperature of the

monolith is higher than when 11V is used. If the temperatures of the monolith in its

top, middle and bottom parts are compared in terms of applied voltage (at a fixed

nitrogen flow rate) it can be seen from Figure 3.12 that the higher values of

temperatures correspond with the heating process carried out at 12V.

Pilot-A monolith was the first monolith used to test the pilot-scale rig and

as a consequence of technical reasons, it could not be use to study extensively the

heating process, as was done with Pilot-B monolith. One example run was carried

out at 10V and 2lmin-1. It is shown in Table 3.4. Results of the heating process

show small temperature differences between the top, middle and bottom values in

the monolith and an important increment in the bottom temperature with respect to

Pilot-B monolith which was 130ºC. This different behaviour could be attributed to
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differences in the electrical connections (assembly, resistance, contact with

monolith, etc).

Table 3.4. Pilot A monolith final temperatures (at 25 minutes) at ~10V
and 2lmin-1 after 40 runs of adsorption

Final Temperatures, [ºC]Fixed
 volts

N2

[lmin-1]     TT           TM           TB

~10 2 164 174 158

3.3.2 Influence of purge gas conditions

The vessels containing the monoliths were originally designed to introduce the

nitrogen flow rate from its side. In this way, the flow goes down along the external

monolithic surface entering the monolith channels from the bottom. Therefore the

nitrogen gas flows in the opposite direction to the adsorption flow (Figure 3.7).

This design theoretically preheats the purge gas because of the contact with the hot

monolith.  Experimentally, it has been observed that the nitrogen is not heated

sufficiently. When the gas enters into the channels, they are cooled creating a

temperature gradient along the length of the monolith.

Four different ways of entering the purge gas to the monolith were studied

using the Pilot-B monolith. Nitrogen flow rate enters the vessel from the side

(nitrogen can be cold or heated up to 60ºC) and from the top (nitrogen also can be

cold or heated up to 60ºC). A comparison between the side and top nitrogen

entrances and the cold and hot nitrogen are shown in Figure 3.13.
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Figure 3.13. Temperature profile along the length of the reactors. Purge gas
(nitrogen) enters Hot and Cold from a) Side and b) Top of the vessel

It can be seen from Figure 3.13 that changing the original design with the

inlet from the side (left graph) to the top of the vessel (right graph) does not

improve the temperature profile along the monolith, because when the nitrogen

stream at room temperature makes contact with the monolith, it cools. In both

cases, the temperature remains around 165ºC ± 5ºC at the closest thermocouple to

the entrance of the nitrogen, that is, the bottom termperature (TB) of the monolith

when the flow enters through the side of the vessel and the top temperature (TT) of

the monolith if the flow enters through the top of the vessel. Inlet nitrogen flow has

also been heated up to 60ºC prior to the entrance of the monolith for both

entrances. In both cases (top and side vessel inlets) changes in monolithic

temperatures using hot nitrogen are almost negligible.

3.3.3 Thermal cycling

It is important that thermal cycling is repeatable. This condition is crucial for

multiple cycle monolithic systems. Figure 3.14 shows the excellent repeatability of
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the temperature profile when 30 minutes of heating and 30 minutes of cooling are

applied over the monolith. These experiments were carried out on the monolith

regenerated after 40 runs of DCM adsorption-desorption. The nitrogen flow inlet

was at the side of the vessel. The outlet thermocouple is placed inside the vessel at

about 2 cm from the bottom end of the monolith.

It can be seen that reproducibility of temperatures is obtained for each

heating-cooling cycle. Temperatures along the monoliths show the same behaviour

as Figure 3.13, that is, showing top and middle monolithic temperatures remaining

at similar values, whilst the bottom temperature is around 25% lower than the top

one. Thermal cycles were also performed with unused monoliths as part of a

previous research project (Kumar 2005). Results showed identical behaviour of the

monolith temperature profiles as in this study. As a conclusion, it can be concluded

that no degradation of the electrical connections was observed after 40 runs of

adsorption carried out by this author’s research.

Further studies carried out by MAST Carbon Technology Ltd. (Crezee, et

al. 2007) have demonstrated that the electrical connector temperatures (measured

in the brass piece) are c.a. 100ºC lower that the maximum monolith temperature. It

indicates that the electrical connectors have low resistance (Chapter 2) because the

majority of the energy is transferred into the carbon.
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Figure 3.14. Pilot-B. Electrothermal cycles of 30minutes heating and 30
minutes cooling. Nitrogen flow rate is 2lmin-1 for both heating and cooling.

Temperatures (—) Top; (—) Middle; (—) Bottom; (—) Outlet

3.4 Theoretical thermal dynamic

3.4.1 Heating process

During the heating of the monolith by the electrical connections, temperature

differences exist between the purge gas and the monolith surface. Therefore

temperature is a driving force for the heat transferred from the monolith to the gas

phase. The system is complex because the monolith is surrounding by unknown

gas temperatures and it does not have a homogeneous temperature along its length.

One way to evaluate the thermal efficiency of the system monolith-purge may be

by calculating the energy transferred to the gas. The thermal efficiency was

calculated as a ratio of the energy transferred to the gas and the total energy given

to the bed, following the equation (Petrkovska, et al. 1991):
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(3.1)

hence Vg is the volume occupied by the gas, ρg is the gas density, Cpg gas (nitrogen)

specific heat capacity, Tog and Tfg are the inlet and outlet temperatures of the purge

nitrogen gas, and Pf the power applied to the monolith. This equation is applied at

the end of the regeneration process when temperatures are stable. Values of ρg and

Cpg are used as a function of temperature (e.g. at 379 K Cpg=1.042 J g-1K-1 and

ρg=0.0009 g cm3)

Table 3.5. Thermal efficiency parameter for regeneration experiments in
Pilot-B at stationary stage when the maximum temperature of 210ºC was

reached by one of the thermocouples

Inlet / Fluid
from:

Q
[l min-1]

Tog

[ºC]
Tfg

[ºC]
Pf [W] Z

Side/ Cold 2 96 102 147 0.006
Side/ Cold 5 81 101 150 0.021
Side/ Cold 8 84 108 155 0.024
Side / Hot 2 91 105 146 0.015
Top / Cold 2 61 151 145 0.099
Top / Hot 2 69 150 146 0.087

Results of the thermal efficiency parameter are shown in Table 3.5. They

show very low thermal efficiency parameters for all the regeneration cases. The

heat losses are very high since the reactors are not insulated from the exterior room.

The minimum losses values correspond with the inlet entering from the top of the

reactor.  It is also noticeable that Z increases with increasing the flow rate, although

the change is minimal.
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3.4.2 Cooling process

During the cooling of the monolith, heat transfer is driven by forced convection. A

nitrogen stream enters into the vessel at 20-25ºC while the monoliths walls are very

hot. They could be at about 210ºC at the top and middle and at 170ºC at the bottom

of the monolith for a normal VOC desorption. The nitrogen is cold and receives the

heat from the monoliths while the monolith temperature decreases exponentially at

every position.

Newton’s Law of cooling could be used to evaluate the heat transfer

coefficient between the fluid and the monolith. It states that the rate of change of

the temperature of an object is proportional to the difference between its own

temperature and the temperature of its surroundings (Equation 3.2). Because of the

position of the nitrogen inlet side, opposite the superior part of the monolith, the

top part of the vessel is the only one matching the two assumptions: 1) constant

bulk temperature, as the inlet nitrogen flow temperature is continuing to enter at

20-25ºC; and 2) constant heat transfer coefficient. The Newton’s Law equation can

be obtained when a heat balance is applied between the walls of the monolith and

the bulk phase:

)( bulkwallN TTk
dt

dT
      (3.2) → dtTThAdTV bulkwall )(  (3.3)

where kN is a positive constant, h the heat transfer coefficient (W m-2K-1), A the

monolithic surface area (A=πεDm/2), Twall  the temperature of the monolith surface

and Tbulk the temperature of the nitrogen stream. The solution of the first order
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linear differential equation (Equation 3.3) under the initial condition Twall(0)=To , is

given by:

  bulk
t

bulkowall TeTTT   (3.4)

with
pcMC

hA
 , where M (kg) is the mass of the monolith, To is the initial

temperature (at time zero from the beginning of the cooling process) and Cpc is the

activated carbon specific heat (J kg-1K-1).

During the cooling process, the temperatures of the monolith and the bulk

phase are obtained by the thermocouples attached to the monolith and the inlet and

outlet ones placed at the entrance and exit of the monolith, described previously.

Using Equation (3.4) to fit with the temperature data, values of the heat transfer

coefficient can be found. They are listed in Table 3.6 and the visual fit to of the

experimental cooling process to the Newton’s Law is shown in Figure 3.15.

Table 3.6. Values used for the Newton’s Law simulation and heat transfer
coefficient obtained from Equation (3.4)

Q Nitrogen

[l min-1]
Cp

[J kg-1K-1]
T bulk

[°C]
h

[W m-2 K-1]
2 750 25 257.76 ± 3.15
5 750 25 318.32 ± 5.32
8 750 25 345.99 ± 3.52
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Figure 3.15. Fit of the cooling process to Newton’s Law for the top
temperature (TT) of the monolith (Pilot-B). At a nitrogen flow rate of 8lmin-1

(top graph) and 5 lmin-1(bottom graph)

The fitting results of the experimental data to Newton’s Law give a good

approximation of the cooling process tendency and it could be a good method to

predict cooling times. It should be pointed out that the heat transfer coefficient

increases with the increase of the cooling nitrogen flow rate because it depends on

various factor such as the heat convection transfer (natural or forced convection),
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laminar or turbulent flow, solid surface roughness and flow velocity. The forced

convection created by the higher fluid flow rate produces a larger heat transfer rate.

3.5 Conclusions

Experimental thermal dynamic experiments have demonstrated that the MAST

electrically regenerable reactor and ACM are suitable for electrical swing

adsorption.

Regeneration of the monoliths is controlled by purge flow rate and voltage.

Taking into account these variables, temperatures in the monoliths during the

heating process increase giving curves with an exponential shape depending on

applied power, purge gas and heat loss between the reactor and room (when no

insulation of the reactor is applied) (Crezee, et al. 2006).

Monoliths may be regenerated without purge gas flow rate. In the same

way, the cooling process is also completed under non-purge conditions. When no

purge gas is introduced during the heating, the monoliths need a power of about

146W to obtain a maximum temperature of 195ºC in 25 minutes, requiring a

current of around 12A. The maximum temperature becomes smaller as the purge

gas flow rate is increased.

Electrothermal cycles have given excellent repeatability of the temperature

profile in the monoliths. No degradation of the electrical connectors has been

observed during 40 runs of adsorption and regeneration. The same behaviour has

been found in the Pilot-A monolith.
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Entering the purge gas from the top of the reactor instead of the side is an

alternative way to operate the regeneration process.  Temperature differences at the

entrance of the gas were not found between the two inlet sides. Preheating of the

purge gas has not improved the monolith temperature, although it does increase the

heat transfer by convection between the monolith and the purge gas, as a

consequence of a reduction in heat losses.
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Chapter 4

Equilibrium and kinetics of VOC
adsorption onto activated carbon
monoliths at the bench scale

4.1 Introduction

This chapter studies the equilibrium and dynamic adsorption properties of short

(about 10 cm long) activated carbon monoliths. Adsorption of VOCs onto dry

monoliths will be compared in terms of feed flow rate, concentration, and channel

shape. The adsorbate mainly used has been dichloromethane (DCM), although

other solvents such as octane, toluene, hexane and acetone have also been tested.

Various important adsorption parameters have been obtained from the adsorption

breakthrough curves. Adsorption capacity (NADS), breakthrough time (tb) and

fractional bed utilization (FBU) are essential values to verify the suitability of
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ACMs for removing VOCs. The effect of humidity on the co-adsorption of DCM

and acetone has been studied, together with the effect of pre-treatment of the

monoliths with water.

The mass transfer phenomenon is analysed to find out whether any

diffusion resistance exists and/or controls the adsorption process. Pressure drop

models and calculations of pressure drop have also been obtained and compared

with packed bed materials, as pressure drop is an important design parameter.

4.1.1 Equilibrium adsorption: semi-empirical isotherm models

Several models have been developed in the literature to fit Type I isotherms.  They

essentially follow the original Langmuir model. Some of the semi-empirical

models which will be studied in this section are Langmuir, Freundlich, Langmuir-

Freundlich and Tóth.

4.1.1.1 Langmuir Model

Thermodynamic assumptions define this model: the surface of the adsorbent is

homogeneous with all sites having an equal adsorption energy; the adsorbate

molecules are adsorbed at known sites and each site can only be occupied by one

molecule (Do 1998). The Langmuir equation can be written:

bP

bP
qq




1max (4.1)

where q is the amount adsorbed, qmax is the maximum amount adsorbed in the

monolayer and P is the partial pressure. The parameter b is the affinity coefficient
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and equates to how strongly the adsorbate is attracted onto a surface. The affinity

coefficient b depends on temperature for activated carbon (see later in section

4.1.4.1 Tóth model for further explanations)

Langmuir isotherm equation leads to two limiting expressions depending

upon the pressure. At very low pressure (bP<<1), Henry’s Law can be deduced,

when the amount adsorbed increases linearly with partial pressure (q = qmaxbP). At

high pressures (bP>>1), the saturation capacity of the monolayer is reached,

corresponding with the total coverage of all the adsorption sites (q=qmax) where

adsorption is independent of pressure (Bansal and Goyal 2005).

4.1.1.2 Freundlich Model

This equation assumes a heterogeneous surface because the adsorption energy

between adsorbate and adsorbent is distributed in sites with the same energy. These

sites are grouped into one patch (Do 1998) where the molecules inside can only be

adsorbed in one adsorption site. There is no interaction between the patches. The

Langmuir equation is applicable to describe the equilibrium in each patch. The

Freundlich equation can be written:

nKPq
1

 (4.2)

where n denotes the number of sites occupied by the adsorbate and characterises

the heterogeneity of the system. K is a parameter. The parameters K and n are

generally dependent on temperature.

This equation is applicable to gas phase systems with energetically

heterogeneous surfaces and it is only valid in a narrow range of pressure. At low
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pressure this equation does not follow Henry’s Law behaviour. It does follow

Henry’s Law only when n =1.  At high pressure, the Freundlich equation leads to a

constant loading when n = ∞.

4.1.1.3 Langmuir-Freundlich Model or Sips equation (LF)

This equation is an extended version of the Langmuir equation which attempts to

overcome the disadvantages of the continually increasing mass uptake at high

pressure observed in the Freundlich equation. Its general form is:

n

n

bP

bP
qq

/1

/1

max )(1

)(


 (4.3)

n is related to the system heterogeneity. In contrast with the Freundlich equation, a

saturation limit is obtained at high pressures. Also, the LF equation reduces to the

Langmuir equation when n equals 1 and it reduces to Henry’s Law when P tends to

0 with n equal to 1.

4.1.1.4 Tóth Model

Problems in the low and high pressure regions with the previous equations can be

overcome with the Tóth equation assuming that there is an energy distribution on

the adsorbent surface,

  ttbP

bP
qq

1max

)(1
 (4.4)

The parameter t characterises the heterogeneity of the system and is usually

less than 1 and b is the affinity parameter. Both parameters t and b are dependent

on temperature. b decreases with increasing temperature because adsorption is an
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exothermic process and the the amount of the adsorbate adsorbed by the adsorbent

decreases when the temperature increases. Thermodynamically, adsorption is a

spontaneous process meaning that the free energy must decrease for adsorption to

occur (∆G<0) and the degree of freedom of the adsorbent when it joins the

adsorbate decreases, giving a negative entropy (∆S<0). Therefore following the

Gibbs free energy equation, Equation (4.5) , the enthalpy is negative and heat is

thereby released (Do 1998).

STHG    <0 (4.5)

When t=1, the Tóth equation reduces to the Langmuir equation. The system

is more energetically heterogeneous when t diverges from 1. This equation gives

acceptable results at pressures approaching both zero and infinity.

The energy of adsorption (E) can be obtained from the affinity parameter:









RT

E
bb o exp (4.6)

where bo is a pre-exponential constant. The energy of adsorption (E) obtained from

the Tóth equation corresponds with the value of the isosteric heat of adsorption

when the mass adsorbed is zero (Do 1998). Therefore, to obtain the heat of

adsorption at different mass uptakes it is necessary to calculate it in another way

provided by the van’t Hoff equation (Equation (4.7)).
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4.1.1.5 Isosteric Heat of adsorption

The isosteric heat of adsorption gives a measurement of the infinitesimal change in

the adsorbate enthalpy with respect to an infinitesimal change in the amount

adsorbed. It is a value very useful to study the adsorption kinetics and the relation

between equilibrium adsorption and temperature. During the adsorption process,

heat is released and part of this heat is absorbed by the adsorbent, increasing its

temperature and increasing the kinetics of adsorption at which adsorption takes

place (Do 1998). The isosteric heat of adsorption can be calculated using the van’t

Hoff equation:

q
ADS T

P
RTH 











ln2

(4.7)

where ΔHADS  is the heat of adsorption (J mol-1), T is the temperature of adsorption

in Kelvin, R is the molar gas constant (J mol-1K-1), and P is the partial pressure

(kPa).

4.2 Mass transfer zone

Adsorbates are removed from gas streams when they pass through an adsorbent

column. At the column entrance, a region of the adsorbent is being saturated with

the adsorbate and this region increases in length with time through the fresh

column. The mass transfer zone (MTZ) is the fraction of the bed where mass

transfer is actually occurring (Wankat 1990) between the adsorbent and adsorbate.

When the MTZ reaches the exit, the adsorbate appears in the outlet gas stream.
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This moment is called the breakthrough time. The adsorbent is not completely

saturated until the outlet concentration becomes equal to the initial inlet

concentration. This dynamic process is shown schematically in Figure 4.1. The

shape of the adsorption wave changes as it moves along the bed (Coulson and

Richardson 2002). The steepness of the breakthrough curves determines the extent

to which the capacity of an adsorbent bed can be utilized. For the ideal case, (with

a stoichiometric wave front), all the bed is utilized before breakthrough occurs

(Seader and Henley 1998). As the fluid dispersion and/or the diffusional mass

transfer resistances increase, the width of the breakthrough curve and the

corresponding width of the MTZ for the concentration profile increase, thus less of

the bed capacity is utilized. The mass transfer zone is determined entirely by the

equilibrium isotherm although the shape of the concentration profile is modified by

the kinetic effects (Ruthven 1984).

Figure 4.1. Mass transfer zone concentration profile and breakthrough curve
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The MTZ is normally obtained from the breakthrough curve from

C/Co=0.05 to C/Co=0.95 (Wankat 1990) because of the asymptotic form of the

curves as C/Co→0 and the beginning and C/Co→1 at the end. It will be seen in this

study that the breakthrough curves do not follow a perfect S-shape since their

beginning and end are not clearly defined. The MTZ length (LMTZ) can be

calculated directly from the breakthrough curve following the method developed

by Chi and Cummings (1978).  The method divides the breakthrough curve into

three regions, A, B and C (Figure 4.1):













BA

CB
L

LUB
LMTZ 

;
CB

B


 (4.8)  and (4.9)

where ζ is the shape factor, L is the column length and LUB stands for the length of

the unused bed.

Following the above equations, the velocity of the mass transfer zone is

defined as:

t

L
v MTZ

MTZ 
 (4.10)

with Δt defined as the time between the breakthrough time and the saturation time

and LMTZ is the mass transfer zone length.

Many industrial processes and general adsorption applications (e.g. gas

mask canisters) need to account for a time where the protection factor or a limited

concentration is allowed in the outlet gas. In this case, the breakthrough time

becomes the final time of adsorption, as it is not permitted to exceed a certain

concentration at this stage. The breakthrough time can be calculated assuming a
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symmetric wave through the LMTZ and defining a stoichiometric centre at C/Co=0.5

with a stoichiometric velocity ush=L/t0.5CCo (Wankat 1990) :

sh

MTZ
b u

LL
t

5.0
 (4.11)

The adsorbent is not saturated through the entire length of bed, since the

concentration in the mass transfer zone is varying during the adsorption. Thus, the

solvent is only adsorbed in a fraction of the mass transfer zone which is useful for

adsorbing solute. The fractional bed utilization (FBU) used for symmetric

breakthrough curves is calculated as follows:

ADS

t

N

N
FBU b (4.12)

where NADS is the adsorption capacity of the activated carbon after complete

breakthrough, generally expressed as mol kg-1 and Ntb is the adsorption capacity at

the breakthrough time. The FBU gives the fraction of the used bed which is

important for most of the adsorption process in the industry, when the final

adsorption time is taken as the breakthrough time. Throughout this thesis, the FBU

will be given for the breakthrough curve experiments. The FBU can be increased

by increasing the length of the bed or by decreasing the mass transfer zone length

(Wankat 1990).

Three ways to calculate the adsorption capacity from the experimental data

have been used. Firstly, the adsorption capacity, also called the saturation capacity,

can be found from the appropriate solvent equilibrium isotherm (NADS). Secondly it
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can be calculated from a mass balance on the column up to the final or equilibrium

time (NI). Thirdly it can be obtained by gravimetric weighing of the absorbent

before and after the adsorption process (NT).

 The expression to calculate NI is considered to be the adsorption capacity

measured from the integration of the breakthrough curve. This mass balance is as

follow (Seader, et al. 1998, Lee, et al. 2000):









 





eqtt

t o
eqI dt

C

C
t

W

Q
N

0

(4.13)

where Q is the feed flowrate (m3 min-1), W is the adsorbent mass (kg), teq is the

final or equilibrium time (min), Co is the initial feed adsorbate concentration (mol

m-3), and C is the adsorbate concentration (mol m-3) in the bed effluent at any time.

NT is the adsorption capacity measured gravimetrically by weighing the

monoliths before and after the conclusion of the breakthrough curve. The derived

term named Loading is the adsorption capacity measured gravimetrically and

expressed in terms of percent of grams of solvent adsorbed per unit gram of

adsorbent.

4.3 Modelling of the adsorption breakthrough curves

Many theoretical and empirical equations have been proposed to estimate the

breakthrough time and model the breakthrough curves of granular activated

carbons. Among them, Yoon and Nelson (1984) developed a very simple model
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based on the idea that the rate of decrease in probability of adsorption of each

molecule is proportional to the probability of adsorption and desorption of this

molecule in the adsorbent. They finally obtained an expression for the

breakthrough time (min), which is normally designed as the Yoon equation:

bo
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1 (4.14)

where τ is the time (min) at C/Co=0.5,  and k’ are described as follows :

QC

WN

o

ADS            and
ce

ov

W

Ck
k


' (4.15) and (4.16)

where NADS is the adsorption capacity expressed as grams of solvent per gram of

carbon, W is the mass of carbon (g), Co is the feed concentration (g cm-3), Q is the

volumetric flow rate (cm3 min-1), ρc is the bulk carbon density (g cm-3) and kv is the

adsorption rate constant (min-1).

Prior to the so-called Yoon equation, Mecklenburg derived another

expression from experimental data for the estimation of the breakthrough time for

carbon respirator cartridges (Yoon, et al. 1984). The Mecklenburg equation is:
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Here A is the cross-sectional area of each adsorption cartridge (cm2), n is the

number of cartridges tested, ac is the specific external surface area (cm2 g-1), dp is

the diameter of granule (cm), Dv the molecular diffusion coefficient for the solvent

(cm2 s-1), G is the mass velocity (g cm-2s-1), and μ is the air-solvent stream viscosity
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(g cm-1s-1). The Mecklenburg equation (Equation (4.17)) was originally tested for

carbon granules in respirator cartridge beds.

Derived from the well known Modified Wheeler Equation (4.18)  and the

Bohart and Adams Reaction Kinetic Equation (Bohart and Adams 1920, Wood

2002a) an experimental “apparent” adsorption rate coefficient (Equation (4.19)) at

the breakthrough time taken at C/Co=0.1 can be calculated (Wood and Stampfer

1993, Wood 2002a):
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/1 dtCCt osto (4.20)

Here tsto is the stoichiometric time (Equation (4.20)) at C/Co=0.5 for symmetrical

curves. The kv coefficient is called “apparent” because of the lack of symmetry in

some breakthrough curves. Other correlations to calculate the adsorption rate

coefficient have been reported by Wood (2002a) for lower breakthrough times (i.e.

at C/Co equal to 0.05). The equations shown above depend on the adsorption

capacity, which can be estimated from the adsorption isotherms.

Equations (4.14) and (4.19) will be used in Section 4.7.3.6 to model the

experimental breakthrough curves for extruded form materials and monoliths.
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4.4 Pressure drop

Pressure drop is an important parameter to study, since there are significant

differences in pressure drops through packed beds of granules and through

channels of monoliths. Form drag is particularly important in packed beds where

repeated changes in flow direction occur. In monoliths channels, flow is normally

laminar and hence skin friction is more prevalent.

4.4.1 Pressure drop through pellet packed beds

The Ergun equation (Ergun 1952) is normally used to estimate the pressure drop

through packed beds depending on the packing properties, length of bed, fluid

viscosity and fluid density. The Ergun equation can be written as pressure drop per

length of packing:

   
p

o

p d

u

d

u

L

P 2

323

2 1
75.1

1
150






 







(4.21)

where ∆P, ε, dp, ρ, μ and uo  are the pressure drop, void fraction of the bed, particle

diameter, density and viscosity of the fluid and superficial fluid velocity,

respectively. The equation can be expressed in a simplified version using the

Reynolds number and the friction factor, fp. The friction factor is dimensionless

and is known as the Darcy or Moody friction factor. The Reynolds number takes

into consideration the superficial velocity and the particle or equivalent diameter.

The pressure drop between two points in a duct, where the velocity is constant

along the whole duct, can be calculated from the Darcy-Weisbach equation:
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where uo is the superficial velocity and fp is the friction factor:
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The particle Reynolds number, Rep , is given by:


 po

p

du
Re (4.24)

As can be seen in Equations (4.22) and (4.23), the pressure drop depends

particularly on the superficial velocity and the particle diameter. For non-spherical

particles, an equivalent particle diameter is generally advised:

 




1S

d p (4.25)

with S  = specific surface area of the particle defined as the surface area of one

particle divided by its volume.

4.4.2 Pressure drop through monoliths

Monoliths used in this study are made with non-circular channels. In order to use

Equation (4.22), the particle diameter must be replaced by the hydraulic diameter,

dh. The hydraulic diameter is defined as four times the cross-sectional area divided

by the wetted perimeter of the cross-section. Table 4.1 shows the hydraulic
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diameter for channel configurations used in this research. Note that e is the actual

wall thickness between two channels, e=2tw with tw as half the channel wall

thickness.

The friction factor obtained from Moody’s Chart for laminar flow (Re

<2000 based on the hydraulic diameter) is expressed as a function of the monolithic

Reynolds number (Rem) and a geometry factor, kf (Equation (4.26)).

m

f
m

k
f

Re
              48≤ kf ≤ 96 (4.26)

The monolithic Reynolds number, Rem, employs the interstitial velocity, um

as follows:


 hm
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Here Q is the total volumetric flow rate through the monolith and Dm  the monolith

overall  diameter.

Combining Equations (4.22), (4.26), (4.27) and (4.28), a general expression

to calculate the pressure drop through monolithic channels with square and

hexagonal channel can be obtained (Patton, et al. 2004) :
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where Ac is the channel cross-sectional area (Table 4.1), μ the fluid viscosity, and

fmRe is the geometry factor kf (Table 4.1). Q is the volumetric overall flow rate and

dh is the hydraulic diameter of the channel.

Table 4.1. Expressions and values used to calculate pressure drop values
(Equation (4.29) in monoliths for square and hexagonal channel geometries

Channel
Geometry

Geometrical
Voidage, ε

Hydraulic
Diameter,

dh

Channel
Cross-

sectional
Area,Ac

Geometry

Factor,kf

Low density

Square  2
2

ed

d

ch

ch


 chh dd  Ac=dch

2
56.91

High density

square  2
2

ed

d

ch

ch


 chh dd  Ac=dch

2
56.91

Hexagonal  2
2

5.0 ea

a


 3adh 

2

33a
Ac 

59.88

Although Perry and Green (1997) advised that the hydraulic diameter

should not be employed to obtain the pressure drop in a laminar regime because the

interstitial velocity is not equal to Equation (4.28) for noncircular pipes,

nonetheless Blevins et. al. (Blevins 1984, Darby 1996) obtained corrected values of

kf  for different channel shapes, as shown in Table 4.1.
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4.5 Adsorption kinetics

The transport of the adsorbate from the carrier gas phase to the interior of the

adsorbent is limited by transport phenomena. Highly microporous adsorbents

provide significant transport limitations. Three individual resistances describe the

overall adsorption rate:

 External transport processes (Interparticle). Mass transfer of the solvent

from the carrier phase occurs by convection through a thin film (or

boundary layer) adjacent to the external solid surface.

 Surface diffusion. Molecules are transported along the adsorbent surface

through the porous structure provided that adsorption is not too strong. It

occurs in parallel with the external and micropore diffusion.

 Micropore diffusion or internal transport processes (Intraparticle). Diffusion

inside the pore system is dominated by pore restrictions. Maxwelliam and

Knudsen diffusion may occur depending on process conditions and

molecular dimensions.

Theoretically, low flow velocities create a broad surface boundary layer

producing a higher diffusion resistance in the boundary layer than in the inner

micropores. In this case, external transport may control the rate of the overall

process. Conversely, at high carrier gas velocities, micropore diffusion can

become the limiting rate factor and the pore structure becomes very important. The

slowest process step controls the overall adsorption rate.
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Studies of external mass transfer in ducts are based mainly on work carried out by

authors working with laminar forced-convective heat transfer (Sadasivam, et al.

1999) because of the similarity between the Nusselt number (Nu=hd/kf) employed

in heat transfer and the Sherwood number (Sh= kd/Dv) for mass transfer. Some

equations are available for the calculation of the external mass transfer coefficients

in ducts. Examples include Votruba et al. (1975) (Equations (4.30)), Bennett et

al.(1991) (Equation (4.31)) and Hawthorn et al. (1974)(Equation (4.32). The semi-

theoretical correlation obtained from fitting experimental data developed by

Hawthorn et al. is generally used for monoliths because the asymptotic Sherwood

number, Sh∞ for fully developed flow, can be obtained for other non-circular

channel geometries such as hexagonal channels (Sadasivam, et al. 1999).  Also

other theoretical studies (e.g. Holmgren and Andersson, 1998 and (Hayes and

Kolaczkowski 1994)  agree with Hawthorn’s results for fully developed laminar

flow in a circular tube.
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Sh∞ = 2.98 square channels,

Sh∞ = 3.43 hexagonal

 (4.32)

Valdés Solís (2003) studied the effect of these equations in the modelling of

n-butane adsorption breakthrough curves in ceramic-coated monoliths and

concluded that the Hawthorn equation was the most suitable one to use in
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monoliths because it fitted closely the experimental data. Hayes and Kolaczkowski

(1994) suggested that Bennett’s correlation was excluding important controlling

external mass transfer resistances obtained for the oxidation of  propane in a

monolith. Also, the Votruba et. al. correlation which was obtained for chemical

evaporation, do not predict asymptotic values and thus can only be valid for a

limited range of length.

For packed beds Ranz and Marshall (1952) obtained the follow correlation

when the axial dispersion is negligible and the Schmidt number is less than 160:

2131 Re6.00.2 pScSh  (4.33)

Wakao and Funazki (1978) provided a correlation which does take into

account significant axial dispersion:

60.033.0 Re1.10.2 ScSh  (4.34)

The axial dispersion coefficient can be calculated using the following Taylor

equation (1953) proposed for laminar flow in circular ducts:

v
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ch
ax D

D

du
D 

22

192

1
(4.35)

Here u is the velocity through the channel, dch is the diameter of the channel (which

for square channels will correspond with the hydraulic diameter) and Dv is the

molecular diffusion coefficient.  Both the axial dispersion coefficient and the

molecular diffusion coefficient must be considered if plug flow with axial

dispersion is assumed.
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The molecular diffusivity Dv or diffusion coefficient for a binary mixture of

gases may be obtained theoretically form the Chapman-Enskog equation (Cussler

1997):
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(4.36)

where P is the pressure in atmospheres, MA and MB are the molar masses of A and

B, T is the temperature in Kelvin, σAB is the collision parameter,

)(2/1 BAAB   , and Ω is a parameter dependent upon the interaction

between the two species. Parameters and the value of the molecular diffusion

coefficient for an air-DCM gas mixture are given in Table 4.2.

Table 4.2. Values of parameters to calculate the molecular diffusion coefficient
(Cussler 1997)

Parameter Value Parameter Value
σA (Air) [Å] 3.711 T [K] 293
σB (DCM) [Å] 4.182 σAB [Å] 3.9465
MA [g mol-1] 28.97 Ω 1.128
MB [g mol-1] 84.93 Dv [m

2 s-1] 1.14x10-5

Due to pore size restrictions, when the pore radius is less than the mean free

path of fluid molecules, the transport of the molecules in the pores may also be

influenced by Knudsen diffusion. The  flow in the pore decreases because of the

resistance of the wall (Yang 1997) and the Knudsen diffusivity (m2s-1) is given by:
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where rpore is the pore radius (m), T is temperature (K) and M molecular weight of

the diffusing species (mol g-1). Considering a mean pore diameter of 0.8nm, as is

the case of the ACM, and a temperature of 293K, the Knudsen diffusion coefficient

is 7.21x10-7m2s-1, which is lower than the molecular diffusivity (1.14x10-5 m2s-1).

Surface diffusion appears when the adsorbed phase is highly mobile and

there is a high concentration on the carbon surface (Yang 1997) . It is dependent on

temperature and concentration. Surface diffusion only occurs when molecules are

adsorbed and provided the surface attractive forces are not so strong as to prevent

surface mobility. It cannot be easily measured directly.

Internal diffusion takes place in the pore space and molecules move

randomly through the path. Therefore either Knudsen diffusion or Molecular

diffusion may be considered depending on local conditions. The effective diffusion

coefficient or diffusivity (Deff) is normally the combination of these two

mechanisms of intraparticle mass transport and it depends on the structure of the

pores. An approximation of the Deff is given by Froment and Bischoff (1990):


 p

Kveff DDD 
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(4.38)

where τp  is the tortuosity factor and ε the void fraction. Tortuosity is included

because diffusion follows a zig-zag path. The real value for the tortuosity is

unknown. Therefore considering tortuosity to be 65 (Chi 1994) and voidage 0.44,
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an estimation of the effective diffusion coefficient provided by Equation (4.38) to a

square channel monolith gives a value in the order of 8.21x10-8m2 s-1, using

Dv=1.14x10-5 m2s-1 and Dk=7.21x10-7m2s-1 obtained from Equations (4.36) and

(4.37) respectively.

Knowledge of the intraparticle mechanism of transport and accurate

calculation of the effective diffusion coefficient requires the solution of the gas

phase diffusion equations (Crittenden, et al. 2007). To simplify the calculations, the

Linear Driving Force approximation (LDF), developed originally by Glueckauf

and Coates (1947) has been used instead. LDF is defined as the difference between

the surface concentration on the adsorbent and the average adsorbed-phase

concentration:

 qqk
dt

qd
  (4.39)

where k is the internal mass transfer coefficient, q is the average loading on the

adsorbent and q* is the equilibrium loading. It is well known that k for spherical

particles can be written as a function of the particle diameter, dp (Glueckauf 1955):

2

60
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d

D
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Patton et al. (2004) obtained expressions derived from the LDF to transform

a monolith channel geometry into equivalent circular ducts. They assumed for

example a square channel has the same surface and wall volume per unit length as

a cylindrical channel. The geometry of the square channel has to be transformed

into an equivalent hollow cylinder (dimensions of inner radius ri and outer radius
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ro) with an isolated external surface (Table 4.3). Note that the wall thickness of the

square channel is considered to be half of the total wall thickness, e, since diffusion

into the channels occurs from both sides of the wall.

Table 4.3. Geometry channel transformation of square and hexagonal channel
geometry to a hollow cylinder applying LDF model (Patton, et al. 2004)

Channel
 shape

ri ro

Square


ch
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Using the quadratic driving force approximation (Liaw, et al. 1979), the

linear driving force equation for the equivalent hollow cylinder is given by the

expression developed by Patton et al. (2004):
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The internal adsorption rate coefficient (k from the LDF, Equation (4.39))

can be estimated in an alternative way by the measurement of the equilibrium
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uptake at regular intervals in the acquisition of data for an equilibrium isotherm.

These intervals are for the change in the pressure from one equilibrium point to a

new equilibrium point as the adsorption isotherm is followed. By using the IGA

equipment (Chapter 3, Section 3.2),  the change in weight of a carbon sample due

to the adsorption of a solvent for each pressure increment has been used to

calculate the kinetic parameter, k (Chagger, et al. 1995). The linear driving force

(LDF) is described by the following integrated form of the equation:

)1()( kteqtq  (4.42)

Here q(t) is the uptake (amount of solvent adsorbed onto the activated carbon) at

time t, ∆q is the total change in uptake for a given pressure increment and k is the

adsorption rate constant. Arranging Equation (4.42) to obtain the amount of

solvent adsorbed as a function of time (HIDEN 2003):

     ottk
oo eqqqtq  1)( 1 (4.43)

where q(t) is the mass uptake at time t, qo is the equilibrium uptake at to (initial

time of a pressure increment) and q1 is the equilibrium uptake at equilibrium time.

Values of k and q1 were obtained when Equation (4.43) is fitted to the experimental

data obtained from the IGA.

4.6 Adsorption of water onto activated carbon

Water vapour normally exists in industrial air streams and it is one of the main

problems associated with gas phase adsorption onto activated carbon (Qi, et al.
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2006) . Hydrophilic sites (oxygen surface groups) favour water adsorption on to

activated carbon (Do 1998) . For pure carbon with zero or low oxygen content,

water has a low affinity, leading to a Type V isotherm in the IUPAC classification

(Mowla, et al. 2003) . This type V isotherm can be analysed according to Dubinin’s

theory (Dubinin 1989) .  Many relationships have been derived from the original

Dubinin theory in order to adapt it to different materials. The Dubinin-Astakhov

equation (Dubinin and Astakhov 1971) seems to be an adequate correlation for

describing a Type V water isotherm onto activated carbon with a low oxygen

content and a low degree of burn-off (Do 1998). It is based on the Polanyi potential

field model (Polanyi 1932), which states that the vapour molecules are attracted

and captured by an existing potential field in the surface. The Dubinin-Astakhov

equation can be written as follows:






















n

o
o E

A
VV


exp (4.44)

where V  is the volume of the adsorbate in the micropore (cm3g-1), Vo is the

maximum micropore volume that the adsorbate can fill (cm3g-1), Eo is the

characteristic energy of the vapour (Jmol-1), β is the affinity coefficient

representing the specific interactions between adsorbed molecules and the surface

of the carbon and the parameter n describes the surface heterogeneity. A is the so-

called adsorption potential (Jmol-1):
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where R is the gas constant, T the temperature, P the partial pressure and Po

saturation pressure. Note that P/Po for water corresponds to the relative humidity,

RH. A common value for the affinity coefficient of water (β) is 0.06 (Wood

2004), which will be used in Section 4.7.6.

Organic solvents interact strongly with activated carbons filling almost the

total pore volume at low relative pressure, as manifested in a Type I isotherm. In

contrast, water is adsorbed by hydrogen bonds in the first stage and these

molecules act as new sites for capturing more water molecules. Pentamer clusters,

(H2O)5 of about 0.5 nm in size,  may grow in the micropores (Taqvi, et al. 1999).

Water molecules can be adsorbed even on relatively pure carbons with

infinitesimal amounts of oxygen groups, hydrogen atoms or even nitrogen residues

(Mowla, et al. 2003). Because of its importance, it is important to study the effect

of water adsorption on the adsorption capacity of VOCs on activated carbons.

The major breakthrough in humidity studies using activated carbon was

driven by work on gas mask canisters for military protection. Wood (2004) has

been one of the principal authors in these studies. He developed a model to predict

the service lives of organic vapour cartridges under humid conditions. He also

studied the skew of the breakthrough curves (Wood 2002a) to obtain a quadratic

expression for a defined skew parameter and gave equations for the adsorption rate

coefficients of organic vapours in the presence of humidity (Wood, et al. 1993).

Other authors, such as Yoon and Nelson (1984) published their predictive model

for humid organic vapour capacities. Whilst the Wheeler-Jonas (W-J) equation

(Jonas and Rehrmann 1974) was created for a single vapour, it has become

increasingly important in predicting breakthrough times in humid air conditions.
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The W-J model is derived from the dynamic adsorption capacity (Kaplan, et al.

2006):

 c
o

ADS
b WW

QC

N
t  (4.46)

where tb is the breakthrough time (min), Co the inlet vapour concentration (g cm-3),

Q the volumetric flow rate (cm3min-1), W is the mass of adsorbent (g), NADS the

adsorption capacity (g solvent g-1carbon), and Wc the minimum mass of carbon (g)

needed to obtain a tb>0  and it is defined as:
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Here ρc is the density of the packed bed (g cm-3), Cb the breakthrough concentration

(g cm-3) and kv (min-1) the overall adsorption rate coefficient. Combining Equations

(4.46) and (4.47), the form of the W-J breakthrough time equation as follows:
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This equation gives a S-shaped breakthrough curve and kv may be estimated

using semi-empirical equations (e.g. Equation (4.19)) (Wood 2002a) or can be

determined experimentally (Wu, et al. 2005). The substitution of the  second term

of the equation, ln[(Co-C)/Cb)], for ln(Co/Cb) as it was previously used makes less

than 1% difference in breakthrough time, but the shape of the breakthrough curve

changes from J-shaped to S-shaped at higher breakthrough C/Co values (Wood

2002b).
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4.7 Results and discussion

This section includes the study of both the equilibrium and the dynamics of  VOC

adsorption onto activated carbon monoliths. Equilibrium isotherms have been

shown to give important parameters and are derived from isotherm models

(Langmuir and Tóth). The dynamics of adsorption have been analysed from single

and binary water-solvent adsorption breakthrough curves and the mass transfer

equations described earlier.

4.7.1 Equilibrium adsorption isotherms

Adsorption isotherms have been obtained in order to determine the maximum

adsorption capacity of the activated carbon for DCM and acetone. IGA (Intelligent

Gravimetric Analyser) equipment has been used to produce isotherm data under

vapour conditions. The IGA methodology basically consists of taking readings of

mass uptake at regular intervals of pressure when the reading point is in

equilibrium at a steady pressure and temperature. Completed DCM and acetone

isotherms are shown in Figure 4.2. The fitting region for the modelling of the

isotherms is also illustrated in Figure 4.2. This corresponds with the convex zone.

This zone was chosen because the separation between the points on each isotherm

allows a clear and accurate fit to the experimental data in the region of interest.

Semi-empirical equations (see Section 4.1.1) are used to fit the experimental data

and obtain two very important parameters, namely the adsorption energy and the

affinity coefficient. They give an idea of the interaction between the solvents and

the activated carbon.
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Langmuir and Tóth equations were used to fit the isotherms (Figure 4.3).

Fits were carried out using ORIGINLAB software. A multiple fit to all the

experimental data has been carried out. This is because the adsorption capacity,

qmax, is fixed and should not vary with temperature whilst b is free to be adjusted

with the temperature. Visually, the Langmuir model fits the experimental data

poorly because it underestimates the adsorption capacity nearer to the saturation

pressure. The best fit is obtained with the Tóth model. If the square of errors

(SOR)- (see Appendix V) is calculated, the average of every set of isotherms gives

values of 3.7% of error for the Tóth fit and 25.8% for Langmuir. The Tóth equation

shows smaller errors than Langmuir because it has an extra parameter, n, which

improves the fit. This parameter characterises the system heterogeneity and the

deviation from unity observed for Sqr-21 (Table 4.4) means a large degree of

heterogeneity for the adsorption of DCM and acetone onto this sample. However,

Sqr-37, which has a 37% level of activation against the lower value of 21% for

Sqr-21, does not present such a large deviation.

The rest of the parameters obtained from the model are given in Table 4.4.

The affinity coefficient, b, at different temperatures for DCM and acetone

adsorption is shown in Table 4.5. The b parameter decreases as the temperature of

adsorption increases. This is expected because the affinity coefficient represents the

affinity of the adsorbate molecules with the surface of the adsorbent. Therefore, the

larger b is, the more the adsorbate molecules are attached to the surface of the

activated carbon. This can be explained from a thermodynamic point of view,

knowing that physisorption is a spontaneous process where the free energy in the

system decreases. The molecules lose their free degrees when they are adsorbed
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and therefore the enthalpy variation is negative and the process is exothermic

(ΔH<0) according to the Gibbs equation ΔG = ΔH − TΔS.. If the temperature

increases, the amount adsorbed decreases, thereby decreasing b.

The affinity parameter from the Tóth equation is related to the energy of

adsorption (E) as shown in Equation (4.6), )/exp( RTEbb o . The value of the

energy of adsorption is obtained when the multiple fit to the Tóth model is carried

out on the isotherm data. The adsorption energies obtained for two activated

carbons (Sqr-21 and Sqr-37) for two solvents (DCM and acetone) are shown in

Table 4.4. They range from 45.69 kJmol-1 to 57.61 kJmol-1. These data are within

the range expected for physical adsorption of an volatile organic solvent on

activated carbon as reported by Yu (2002) for a solvent such as toluene -(E) =

46.14 kJmol-1) and suggest that the interaction between VOCs and activated

carbons is strong. The isosteric heat of adsorption (ΔHADS) corresponds with the

value of the energy of adsorption (E) when the amount adsorbed is zero (Do 1998).

Therefore, this method cannot be used to calculate the energy of adsorption with

changes in the amount adsorbed. Instead, the van´t Hoff equation is used for that in

the next section.

The total loading of a solvent depends, for a given adsorbate molecule, on

the total pore volume of the micropores and the surface area. Figure 4.4 represents

the isotherms at 20ºC of DCM on to Sqr-15, Sqr-21 and Sqr-37. These results are

as expected. That is the higher the pore volume and surface area (Sqr-37>Sqr-

21>Sqr-15), the greater the amount adsorbed. The highest level of activation also

follows that pattern, with Sqr-37 as the highest activation level and the highest

loading capacity.
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Table 4.4. Tóth parameters obtained from fitting the DCM and acetone
adsorption isotherm at 20ºC for Sqr-21 and Sqr-37

.
Multiple fit Tóth parameters

Sample Solvent qmax

[mmol g-1]
bo

[Pa-1]
-(E)

[kJ mol-1]
t b, 20ºC

[Pa-1]
Sqr-21 DCM 5.475 4.76x10-10 46.78 0.53 0.10
Sqr-21 Acetone 4.942 3.85x10-11 57.61 0.43 0.71
Sqr-37 DCM 7.731 1.48x10-10 45.69 0.67 0.02
Sqr-37 Acetone 6.810 1.24x10-12 57.31 0.83 0.02

Table 4.5. Affinity parameter for adsorption of DCM and acetone on Sqr-21 at
different temperatures

Affinity parameter, b
T [ºC] DCM Acetone

5 0.29 2.54
10 0.20 1.64
15 0.14 1.07
20 0.10 0.71
25 0.07 0.48
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Figure 4.2. Isotherms for adsorption of Acetone and DCM onto Sqr-21
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Figure 4.3. Tóth and Langmuir fit to the experimental data for adsorption of
DCM on to Sqr-21
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Figure 4.4. Comparison of  DCM  isotherms of monoliths at different degrees
of burn-off (level of activation) at 20ºC

4.7.2 Isosteric heat of adsorption

Adsorption isosteres are obtained from adsorption isotherms using the van`t Hoff

equation when a constant value for the amount adsorbed is fixed (using Figure 4.6)

and curves of pressure as a function of temperature are plotted (e.g. Figure 4.6).

The linear form of Equation (4.7) has been plotted as: ln P (P in Pa) against 1/RT

(mol J-1). The slope of the curve obtained by linear regression gives the isosteric

heat of adsorption (-ΔHADS). Examples of these plots are shown in Figure 4.5 and

4.6. Results obtained using this method differ slightly from those obtained using

the Tóth model and errors must be had in mind in both methods. For our purposes,

both the Tóth of van’t Hoff equations show a higher value of heat of adsorption for

acetone than for DCM, suggesting that acetone is adsorbed more strongly.
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The isosteric heat of adsorption increases slightly as the amount adsorbed

increases, as can be seen in Table 4.6 for Sqr-LD-LA. Figure 4.5 and 4.6 show this

variation on the amount adsorbed where the plots are linear for each amount

adsorbed. Bearing in mind the error associated to this calculation, the variation of

the isosteric heat with the amount adsorbed suggests an energetically

heterogeneous surface for the activated carbon as was reported by Yun (2001) and

Do (1998) for adsorption of DCM onto activated carbon fibres. Otherwise, if the

values were constant, the system would be homogeneous.

Table 4.6. Heat of adsorption for DCM and Acetone isotherms into monoliths

Solvent Sample q
[mmol g-1]

(-ΔHADS)
[kJ mol-1]

Acetone Sqr-21 4.3 60.25 ± 0.33
Acetone Sqr-37 6.25 63.28 ± 1.50

DCM Sqr-21 5 59.67 ± 8.53
DCM Sqr-LD-LA 5 45.46 ± 0.82
DCM Sqr-LD-LA 4.52 44.50 ± 2.76
DCM Sqr-LD-LA 4 39.47 ± 2.33
DCM Sqr-26 5.5 53.08±13.12
DCM Sqr-37 7 56.62 ± 1.45
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Figure 4.5. Graph representing the plots for isosteric heat of adsorption (P is
in Pa) for Sqr-37 at a mass uptake of 7 mmol g-1



Chapter 4. Equilibrium and kinetics of VOC adsorption onto ACMs at the bench scale

127

0.00039 0.00040 0.00041 0.00042
5.0

5.5

6.0

6.5

7.0

7.5

8.0

Ln
 P

1/RT [mol J-1]

 q= 5mmol g-1

 q= 4.52 mmol g-1

 q= 4 mmol g-1

 Linear Fit

Figure 4.6.  Graph representing the plots for isosteric heat of adsorption for
Sqr-LD-LA at different fixed amounts of mass uptake

4.7.3 Breakthrough curve analysis

The breakthrough curves presented in this section were obtained under the ambient

conditions in the laboratory. Neither the temperature of the column nor that of the

feed gas was strictly controlled, but varied from day to day (and throughout each

day) between 20 and 25ºC. Adsorption isotherms shown previously (Figure 4.3)

showed little difference in the amount adsorbed when the temperature changed by

5ºC. Although the effect on the adsorption capacity is not significant, small

variations in feed concentration (expressed as ppm (v/v)) should also be borne in

mind.  Pressure is considered to be equal to one atmosphere, although small

changes due to changing weather conditions obviously do occur in the laboratory.
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4.7.3.1 Adsorption of volatile organic solvents

The sorption of VOCs is a big issue in industry as was pointed out in Chapter 1.

Activated carbon has been used extensively to adsorb VOCs (Gadkaree 1998) and

it is important to understand the performance of the new materials used in this

study of the dynamic adsorption of pollutants. The first generation of MAST

activated carbon monoliths appeared with the development of phenolic-resin type

activated carbon by Tennison (1998). This first generation of monoliths does not

have a homogeneous level of activation along the whole length, being higher

activated in the zones near the external surface than in the core of the monolith.

This fact is very critical when large molecules are being adsorbed because the

strength between the different parts of the monoliths at different levels of activation

may result in the collapse of the structure. This mechanical problem was observed

when they were tested with hexane and toluene. The research to be described

involves the materials development, characterization and process testing of the

second generation of activated carbon monoliths and the experimental work shown

in this thesis has been used to develop and improve this new generation of ACMs.

Experiments (see rig in Appendix VI) using the first generation of activated

carbon monoliths are shown in Figure 4.7 and 4.8. During the adsorption of hexane

and toluene, the monolithic structure cracked, as can be observed in the

discontinuity of Figure 4.8 for the toluene adsorption. Hexane and toluene destroy

the structure of the monolith after very few runs of adsorption (less than 5 runs)

making the lifetime of the monoliths too short. These molecules are also difficult to

desorb and remain in the pores when the regeneration temperature is lower than

180°C, thereby reducing the total adsorption capacity of the carbon. (Note that
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every run is considered to be a new adsorption process of the solvent onto the

activated carbon monolith since it is always regenerated fully after an adsorption

run).

Octane (Figure 4.7) has the peculiarity of being a very difficult

solvent to remove from the activated carbon, as were hexane and toluene.

Regeneration was carried out at 180°C and 0.5 lmin-1 of purge nitrogen gas flow

rate. Four runs of adsorption were carried out in a 1.52cm length first generation

monolith (Sqr-M3-1 with ~26% burn-off) at a feed concentration of 5000 ppm and

0.5 l min-1 flow rate of nitrogen/solvent. It was found that, as shown in Table 4.7,

the total loading decreased with each subsequent run. Breakthrough times also

became progressively shorter and the FBU parameter became smaller. Loadings,

breakthrough times and the FBU reduction indicate that residual octane was still

occupying the pores when adsorption takes place. That is, the regeneration process

at 180ºC was not hot enough to remove the octane and restore the activated carbon

to its original condition. Note that the value of the total loading shown in tables

along this thesis (Loading) is the adsorption capacity (NT) of the activated carbons

expressed in terms of percent of grams of solvent adsorbed per unit of adsorbent

(% w/w) and measured by weighing the activated carbon before and after the

adsorption process. Values of the FBU have been calculated using de adsorption

capacity obtained from the integration of the breakthrough curve.

A comparison between DCM, acetone and octane adsorption was carried

out using Sqr-HD-LA at a feed concentration of 1000ppm for each solvent and an

feed flow rate of 7 lmin-1. Breakthrough curves are shown in Figure 4.9 and total

loading values in Table 4.8. It can be seen that octane breakthrough appears quite
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early compared with acetone and DCM and that the loading capacity is higher for

octane than for acetone and DCM.

Other solvents have been tested during this investigation by research

partners MAST Carbon Ltd and Dstl:  pentane, isohexane, nonane, carbon

disulphide, methanol, trichloromethane and n-butane. They were successfully

adsorbed onto activated carbon monoliths with loadings (NT) quite high in the

range of 15 to 50% grams of solvent per grams of adsorbent.
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Figure 4.7. Octane adsorption at a feed concentration of 5000ppm and a flow
rate of 0.5lmin-1 into Sqr-M3-1.  Regeneration temperature of 180ºC and

0.5lmin-1 of purge flow rate

Table 4.7. Octane adsorption runs onto Sqr-M3.1 shown in Figure 4.7

Run no tb

[min]

Loading(NT)
[% w/w]

FBU

1 32 27 0.64
2 25 21 0.58
3 20 22 0.47
4 19 21 0.41
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Figure 4.8. Graphs showing the time when the monolith (~28%burn-off  and
9.8cm long) cracked after 4 runs of adsorption of toluene at high

concentration and 2 lmin-1 of feed nitrogen flow rate
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Figure 4.9. Comparison of adsorption of different solvents into Sqr-HD-LA at
7 lmin-1 and feed concentration of ~1000ppm
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Table 4.8. Total loading values for Sqr-HD-LA at ~1000ppm and 7 lmin-1

Solvent Molar Mass
[mol g-1]

Loading(NT)
[% w/w]

Acetone 58.08 20
DCM 84.93 25
Octane 114 27

4.7.3.2 Effect of flow rate

The effect of flow rate was studied at 5, 7, 9 and 13 lmin-1 for Sqr-LD-LA, Sqr-

HD-LA and Hex-24, with the initial concentration at around 1800ppm. A summary

of the breakthrough characteristics shown in Figure 4.10 to Figure 4.12 can be seen

in Table 4.9: flow rate, Q (lmin-1), feed concentration, Co(ppm), breakthrough time,

tb (min), Loading (% w/w) and fraction bed utilization, FBU (range from 0 to 1).

It can be seen from the breakthrough curves that as the flow rate increases

the breakthrough curves become slightly steeper, the breakthrough time is

decreased, as is the total adsorption time. These results occur because if the

velocity of the fluid increases, a greater amount of solvent molecules transfer from

the carrier gas by diffusion through the laminar film adhered to the carbon surface

and the kinetics of the adsorption increase causing the activated carbon to become

fully loaded faster. Theoretically, at high flow rates, the movement of the MTZ

increases as the breakthrough time is observed to shorten. The MTZ is expected to

be shorter when the mass transfer increases. A shorter and faster MTZ will make

the breakthrough curve become narrower and steeper (Schweitzer 1997).

Therefore a shorter mass transfer zone length obtained by using higher flow rate



Chapter 4. Equilibrium and kinetics of VOC adsorption onto ACMs at the bench scale

133

should increase the value of the fractional bed utilization parameter (FBU) for a

fixed monolithic length (Wankat 1990). However, values of the FBU were found to

decrease when the flow rate was increased (Table 4.9). As it can be appreciated,

FBU decreases with the flow rate and reaches its lower value at 13 lmin-1 with all

the types of monoliths. This apparent contradiction suggests that the fluid velocity

affects the rate of the movement of the MTZ rather more than on its length.

Mass transfer zone lengths (LMTZ) and velocities (vMTZ) have been

calculated in Table 4.9 (see Section 4.2 for the theoretical explanation). These

values have been obtained in the range of the breakthrough curve points from

C/Co=0.05 to C/Co=0.95. Figure 4.14 shows the relationship between the LMTZ

and the feed flow rate increases. It is observed that the increase in LMTZ contradicts

the theoretical behaviour of the MTZ. As it was exposed in the last paragraph, the

LMTZ should decrease when the flow rate increases. It was also observed that the

value of the LMTZ were higher than the real length of the monoliths for the majority

of the studied feed flow rates. These unexpected results suggest that the theoretical

equation used to calculate the LMTZ was not suitable for the obtained breakthrough

curves because this equation has been derived assuming a symmetrical and S-shape

breakthrough curve. The adsorption experiments have shown asymmetrical

breakthrough curves and a resulting long tail near the final saturation time.  The

mass transfer velocity has also been calculated and shown in Figure 4.15. It is

observed that the vMTZ increases when feed flow rate increases, as it was expected.

LMTZ  and vMTZ have been calculated for the pilot-scale monolith in Chapter 5.

Results of the scale-up monolith at the pilot plant have shown an increase in the
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LMTZ  when feed flow rate increase up to values higher than the maximum length of

the monolith as well as in the bench-scale monoliths.

Figure 4.13 shows graphically the values of the breakthrough time and the

time when C/Co=0.5 as a relationship with the flow rate. It is observed that in

general all the monoliths have very close breakthrough times at each flow rate. The

only monolith with a higher breakthrough time than the rest is Hex-24, which at the

lower flow rate of 5lmin-1, gives a longer breakthrough time.

Table 4.9. Summary of DCM breakthrough curve parameters (tb, NT, FBU,
LMTZ and vMTZ) for adsorption experiments onto Sqr-LD-LA, Sqr-HD-LA and

Hex-24 at different feed flow rates and similar feed concentration (around
2000ppm)

Monolith Q
[l min-1]

Co
[ppm]

tb
[min]

tb

C/Co=0.5
[min]

Loading
(NT)

[% w/w]

FBU LMTZ

[cm]

vMTZ

[cmmin-1]

Sqr-LD-LA 5
7
9
13

1700
1500
1870
1835

92
66
44
31

117.5
88

60.5
46

31.86
28.97
27.24
29.79

0.70
0.66
0.65
0.57

11.07
12.56
13.65
17.55

0.08
0.10
0.14
0.19

Sqr-HD-LA 5
7
9
13

1950
1770
1900
1870

94
71
47
35

123
90.5
61
46

30.84
28.94
30.04
29.86

0.74
0.73
0.70
0.68

6.98
8.41
9.81
11.17

0.08
0.10
0.15
0.20

Hex-24 5
7
9
13

1700
1880
1970
1820

106
69

42.5
33

134
88
56
47

30.83
32.33
31.87
30.67

0.81
0.77
0.68
0.63

7.15
10.64
16.27
19.51

0.07
0.11
0.16
0.19
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Figure 4.10. Feed flow rate influence onto Sqr-LD-LA at a feed DCM
concentration of ~1800ppm
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Figure 4.11. Feed flow rate influence onto Sqr-HD-LA at a feed DCM
concentration of ~1800ppm
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Figure 4.12. Feed flow rate influence onto Hex-25 at a feed DCM
concentration of ~1800ppm
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Figure 4.13. Representation of the breakthrough time (tb) (Table 4.9) and time
at C/Co=0.5 as a function of the feed flow rate (Q) for Sqr-LD-LA, Sqr-HD-

LA and Hex-24
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Figure 4.14. Mass transfer zone length (Lmtz)  as a function of the feed flow
rate (fixed feed DCM concentration of around 2000ppm) for Sqr-LD-LA, Sqr-
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Figure 4.15. Mass transfer zone velocity (vMTZ) as a function of the feed flow
rate (fixed feed DCM concentration of around 2000ppm) for Sqr-LD-LA, Sqr-

HD-LA and Hex-24
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4.7.3.3 Effect of concentration

To determine the effect of DCM concentration, the experiments were carried out at

a fixed 7 lmin-1 flow rate while varying the initial feed concentration. Table 4.10

shows a summary of the breakthrough curve parameters which are plotted in Figure

4.16 to Figure 4.19. Note that Loading is the adsorption capacity expressed in % of

weight of DCM per weight of ACM at the saturation time, measured by weighing

the monoliths before and after the adsorption process; and Ntb (mol kg-1) is the

adsorption capacity at the breakthrough time.

The effect of the increase in the feed concentration shown in Figure 4.16 to

4.19 is a decrease in the breakthrough time and a slightly steeper curve. These

changes are related to the increase in the number of DCM molecules present in the

bulk phase. This increment of the concentration of solvent on the surface of the

monoliths causes more solvent molecules to be in contact with the surface and the

rate of mass transfer is increased. A higher DCM concentration will increase the

rate of movement of the MTZ and as a consequence the breakthrough time will be

shortened. Table 4.10 shows values of DCM Loading increasing as the feed

concentration increases. As expected, the higher values of adsorption capacity

correspond with the activated carbon having a higher level of activation (Sqr-HD-

HA), reaching up to 41.4%  loading at a feed concentration of 4850ppm. The FBU

was found to be very high (>0.5) for all monoliths at every concentration. FBU

decreases with increasing concentration for the low cell density and hexagonal

monoliths (Sqr-LD-LA and Hex-24), but it increases for the high cell density

monoliths (Sqr-HD-LA and Sqr-HD-HA). The Sqr-HD-LA possesses a smaller
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wall thickness.  Therefore the solvent molecules have a shorter path through the

micropores and an expected better mass transfer rate.

Figure 4.20 shows a visual comparison between the total adsorption

capacity (NT) and the adsorption capacity at the breakthrough time (Ntb) as a

function of the initial feed concentration for all the experiments shown in Table

4.10. It can be seen that Ntb is more than half of the total adsorption capacity (NT),

which makes the saturated adsorbent zone larger than the fresh adsorbent zone at

the breakthrough time. The trend of the curves leads to a plateau where the

adsorption capacity will not depend on the feed concentration because the

adsorbent is fully saturated at these experimental conditions. This graph could be

considered as a type I adsorption isotherm (although isothermal conditions were

obviously not strictly applied).

In general, the shapes of the curves do not vary with concentration.

However, to their detriment, Sqr-LD-LA and Hex-24 monoliths present a plateau at

values near their saturation times. This may be attributed to diffusional problems

and will be referred to later on in this chapter. The Sqr-HD-HA monolith shows the

steepest breakthrough curves as well as the highest adsorption capacities.

The mass transfer zone length (LMTZ) and velocity (vMTZ) were also

calculated (Table 4.10) and the values found are shown in Figure 4.21 and Figure

4.22 respectively.  Results have shown that the LMTZ does not follow any clear

pattern since it decreases when concentration increases for Sqr-LD-LA and Sqr-

HD-HA and increases for Hex-24 and Sqr-HD-LA. As it was explained in the last

section, these unconnected LMTZ results may be caused by the use of an equation
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which is not appropriated for the experimental breakthrough curves. In the other

hand the mass transfer velocity increases when feed concentration increases as it

may be expected. vMTZ values are very close for all the kind of monolith when feed

concentration are compared.

Table 4.10. Summary of DCM breakthrough curve parameters (e.i. tb, NT,
FBU, LMTZ and vMTZ) for adsorption experiments onto Sqr-LD-LA, Sqr-HD-

LA,  Hex-24 and Sqr-HD-HA at different feed concentrations and similar feed
flow rate (7 l min-1)

Monolith Co
[ppm]

tb
[min]

Loading
(NT)

[% w/w]

Ntb
[mol kg-1]

FBU
LMTZ

[cm]

vMTZ

[cmmin1]

Sqr-LD-LA 1500 66 28.97 1.99 0.66 12.56 0.10
Sqr-LD-LA 3100 41.5 31.86 2.57 0.62 12.27 0.16
Sqr-LD-LA 4300 32 33.31 2.75 0.56 10.52 0.20
Sqr-HD-LA 960 90 24.61 1.82 0.70 8.41 0.08
Sqr-HD-LA 1770 71 28.94 2.68 0.73 8.26 0.10
Sqr-HD-LA 3015 46 34.87 2.96 0.71 9.03 0.16
Sqr-HD-LA 4450 35.5 35.38 3.35 0.73 10.22 0.20
Hex-24 1880 69 32.33 2.84 0.77 8.89 0.11
Hex-24 2970 47.5 34.21 3.08 0.70 10.42 0.15
Hex-24 4500 33 39.32 3.22 0.64 11.16 0.20
Sqr-HD-HA 2045 58.5 32.37 2.70 0.71 8.08 0.13
Sqr-HD-HA 2900 50 36.74 3.27 0.72 8.23 0.15
Sqr-HD-HA 4850 35 41.47 3.80 0.75 7.49 0.22
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Figure 4.16. DCM feed concentration effect over Sqr-LD-LA at a feed flow
rate of 7 lmin-1

0 50 100 150 200 250
0.0

0.2

0.4

0.6

0.8

1.0

C/
Co

Time [min]

 1000ppm
 1770ppm
 3015ppm
 4450ppm

Figure 4.17.  DCM feed concentration effect over Sqr-HD-LA at a feed flow
rate of 7 lmin-1
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Figure 4.18. DCM feed concentration effect over Hex-24 at a feed flow rate of
7 lmin-1
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Figure 4.19.  DCM feed concentration over Sqr-HD-HA at a feed flow rate of
7 lmin-1
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Figure 4.20. Total DCM adsorption capacity (NT) and adsorption capacity at
breakthrough time (Ntb) as a function of the initial DCM feed concentration

for Sqr-LD-LA, Sqr-HD-LA, Hex-24 and Sqr-HD-HA at a fixed feed flow rate
of 7 lmin-1

0 1000 2000 3000 4000 5000
0

2

4

6

8

10

12

L M
TZ

 [c
m

]

Co [ppm]

 Sqr-LD-LA
 Sqr-HD-LA
 Sqr-HD-HA
 Hex-24

Figure 4.21. Mass transfer zone length (Lmtz)  as a function of the feed
concentration (fixed feed flow rate of 7 lmin-1) for Sqr-LD-LA, Sqr-HD-LA

Sqr-HD-HA and Hex-24
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Figure 4.22. Mass transfer zone velocity (vMTZ) as a function of the feed
concentration (fixed feed flow rate of 7 lmin-1) for Sqr-LD-LA, Sqr-HD-LA

Sqr-HD-HA and Hex-24

4.7.3.4 Effect of channel shape

Monoliths Sqr-LD-LA, Sqr-HD-LA and Hex-24 have been used in this section to

study different channel shapes namely low density square channels, high density

square channels and hexagonal channels, respectively (Figure 4.23 (Crittenden, et

al. 2007)).  Experiments have been carried out using a relatively low flow rate, 5

lmin-1, and a DCM feed concentration of ~3000ppm. Table 4.11 provides a

summary of the breakthrough curve experimental parameters shown in Figure 4.24.

The time shown as t0.9-t0.1 in Table 4.11 is the time at C/Co = 0.9 minus that at C/Co

= 0.1.

The main difference between the results, apart from the obvious difference

in breakthrough time, is the last stage of the curve, where the final saturation or

adsorption time is reduced for the Sqr-HD-LA monolith compared with its



Chapter 4. Equilibrium and kinetics of VOC adsorption onto ACMs at the bench scale

145

homologue square channel Sqr-LD-LA. The time increment from time at C/Co= 0.1

(t0.1C/Co) to time at C/Co= 0.9 (t0.9C/Co) is also lower for the Sqr-HD-LA monolith

compared to the other two, showing that the reduced wall thickness gives a more

favourable mass transfer rate.  Unfortunately, monoliths with high density

hexagonal channels were not available at the time of writing of this thesis, and

comparisons with low density monoliths with this geometry could not be made.

Nonetheless, results from the square channel monoliths would suggest that a high

density hexagonal channel would produce better breakthrough and adsorption

times.

Properties Sqr-LD-LA Sqr-HD-LA Hex-24
Activation Level [%] 21.5 23.6 24.7
Channel shape Square Square Hexagonal
Monolith length, Lm [cm] 10.4 10.3 10.2
Monolith diameter,Dm [cm] 2.01 1.86 1.93
Carbon mass, W [g] 14.5 13.2 13.3
Channel size, dch [mm] 0.98 0.70 0.621
Wall thickness, e [mm] 0.49 0.35 0.519
Cell density, nD [cells cm2] 46.3 90.7 46.3
Bed voidage, ε [-] 0.44 0.44 0.49

Figure 4.23. Monoliths with hexagonal and square (high and low density cells)
channels and theirs geometrical dimensions
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Table 4.11. Adsorption experiments carried out onto Sqr-LD-LA, Sqr-HD-LA
and Hex-24  at similar feed DCM concentration (around 3000ppm) and at a

feed flow rate of 5 lmin-1

Monolith Co
[ppm]

Loading(NT)
[% w/w]

(t0.9-t0.1)
 [min]

FBU

Sqr-LD-LA 3050 32.69 139-65 = 74 0.71
Sqr-HD-LA 3200 33.41 125-68 = 57 0.73
Hex-24 2920 33.46 137-72 = 65 0.73
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Figure 4.24. Effect of channel shape at a feed flow rate of 5 lmin-1 and a feed
DCM concentration ~3000ppm

4.7.3.5 Comparison between extruded forms and monoliths

Extruded materials (also named as granules or pellets) produced by the same

manufacturing process as the MAST Carbon monoliths have been tested to observe

if the variations in terms of adsorption parameters (i.e. breakthrough time, loading

or FBU) make them much better performers. Breakthrough curves showing the
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adsorption of DCM at 7 lmin-1 onto Ext-18  extrudates and monoliths are shown in

Figure 4.25 and the adsorption parameters for all runs are compared in Table 4.12.

A commercially available Norit carbon is also included in the comparison.

Extrudates show steeper breakthrough curves than monoliths but with similar

breakthrough times to those of the monoliths. The important advantage of the

extrudates can be seen from C/Co = 0.5 onward. Extrudates do not have the final

long tail near saturation as the monoliths have. Assuming beforehand that both

types of material follow the same intraparticle kinetic and possess similar effective

diffusion coefficients because the pore structures have been developed in the same

way, it is clear that the extrudates have a mass transfer zone moving faster along

the bed than the monoliths. Extrudates forms are small particles about 0.5cm long

and 1.05 mm diameter. When they are packed in a bed ready for adsorption, the

whole surface area is exposed to adsorption. The monoliths are compact structures

where the adsorption takes places in the walls which have a wall thickness of

0.49mm for low channel density monoliths, 0.35 mm for high density and 0.52 mm

for the hexagonal one. The diffusion of the solvent molecules from the bulk phase

to the surface of the monolith is only possible from the side of the walls in each

channel, which compared to a full particle (with a cylindrical shape), makes a

smaller contact surface with the bulk phase. This observation can be seen in the

value of the fraction bed utilization. Ext-18 has an FBU value higher than for the

monoliths, at the same 7 lmin-1 flow rate and similar feed concentration which

indicates rapid mass transfer rates. Bearing in mind these results and seeing that the

breakthrough times are similar for both monoliths and extrudates, it can be

confirmed that the monoliths compete successfully with the equivalent granules at
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the initial stage of the breakthrough curve, which is the most important part in

terms of industrial application.

A commercial Norit C115 activated carbon has also been compared with

the MAST materials (Figure 4.25 and Table 4.12). It has a granular form with a

pore surface area of 1645 m2 g-1 and a micropore volume of 0.99 cm3 g-1 (Odunsi

2007), values which are much superior to the MAST materials. Its performance for

DCM adsorption is however relatively poor compared with the MAST materials

under the same conditions. Only 21.07% w/w of loading capacity is obtained

compared with 32.86% w/w for Ext-18.

Table 4.12. Summary of breakthrough curve parameters for the adsorption of
DCM (feed concentration around 3000 ppm) onto extruded forms (Ext-18 and

Norit C115) and monoliths (Sqr-LD-LA, Sqr-HD-LA, Sqr-HD-HA and
Hex-24) at different feed flow rates

Extrudates Q
[lmin-1]

Co
[ppm]

tb
[min]

Loading
(NT)

[% w/w]

NT
[mol kg-1]

Ntb
[mol kg-1]

FBU

Ext-18 7
9
13

3030
3075
2810

45
34

26.5

32.86
31.17
32.67

3.87
3.67
3.85

2.85
2.73
2.94

0.79
0.68
0.72

NoritC115 7 3000 25 21.07 2.48 1.40 0.65
Sqr-LD-LA 7

9
13

3100
2950
2820

41
36
23

31.86
32.14
30.76

3.75
3.78
3.62

2.57
2.78
2.41

0.63
0.63
0.57

Hex-24 7 2970 47.5 34.21 4.03 3.08 0.70
Sqr-HD-LA 7 3015 46 34.87 4.11 2.96 0.71
Sqr-HD-HA 7 2900 50 36.74 4.33 3.28 0.72
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Figure 4.25. Breakthrough curve comparison between Ext-18, NoritC115 and
the monoliths Sqr-HD-LA and Sqr-HD-HA at a feed flow rate of 7 lmin-1 and

a feed DCM concentration of 3000ppm

4.7.3.6 Estimation of the Breakthrough time and “apparent” adsorption rate
coefficient

Breakthrough times have been obtained for all experiments from the experimental

breakthrough curves. Summarising the previous sections, the breakthrough time

decreases when either the feed concentration or the feed flow rate is increased. For

dry conditions at ambient temperature and pressure, the breakthrough time may be

predicted using the Equations (4.14) to (4.18). These models were developed for

granular activated carbon and most of them for military gas canister applications.

They have not been applied previously to activated carbon monoliths.

Breakthrough times have been calculated using the Yoon (tb Yoon)-

(Equation (4.14)) and Wheeler (tb Wheeler)-(Equation (4.18)) model. The so-called

“apparent” adsorption rate coefficients (kv0.1C/Co) given in Table 4.13 have been

calculated using Equation (4.19). The current study does not try to analyse the
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different empirical equations for the apparent rate coefficient, as this has been

already studied extensively by others (Wood, et al. 1993) .  The current study tries

to estimate the breakthrough time through use of the Yoon and Wheeler equations

for monolith materials.

Predicted results of the breakthrough time equations are provided in Table

4.13 together with experimental breakthrough times (tb Experimental.). Calculated

breakthrough times have been plotted against the experimental breakthrough times

in Figure 4.27 where a linear regression was applied for each model. The deviation

from the linear fit gives a standard deviation of 5.06 for Yoon and 3.35 for

Wheeler. That is, the Wheeler model gives the best approximation to the

experimental values.

The adsorption “apparent” rate coefficients, kv0.1C/Co in Table 4.13 show the

same order of magnitude for monoliths and extrudates. As expected due to the

broader wall thickness, slightly lower values for the Sqr-LD-LA monolith are seen.

The apparent adsorption rate coefficients decrease slightly with increasing feed

concentration and increase with increasing flow rate, this being caused by a faster

mass transfer zone moving through the bed and decreasing the surface and internal

pore resistances.

In order to see what the behaviour of the breakthrough curves is when the

adsorption temperature is increased (Figure 4.26), Sqr-HD-LA was tested at around

60ºC and 3500ppm of DCM feed concentration. The results show a reduction in

loading capacity, from a normal loading of 35% w/w to 14% w/w. The results also

show a lower breakthrough time and lower apparent adsorption rate constant. It can
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be concluded that there is not any advantage in increasing temperature because

both the breakthrough time and the adsorption capacity are decreased with

increasing temperature.

Because of its simplicity, the Yoon model has been used to model both the

extrudates packed beds and the monoliths. Figure 4.28 shows the fit of the Ext-18

breakthrough curve to the Yoon model and Figure 4.29 shows the fitting for

monolith Sqr-HD-LA. It can be seen that the model fits the extruded materials

much better than the monoliths. One of the reasons for this poor fitting with the

monoliths is that the apparent adsorption rate coefficient equation used to do the

fitting curve (Equation 4.19) is applied assuming a symmetrical breakthrough

curve. For the monoliths Figure 4.29 shows that this in not the case.
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Table 4.13. Experimental and calculated breakthrough times and apparent
adsorption rate coefficients for breakthrough curve experiments at a flow rate

of 7 lmin-1 and 9 lmin-1 and different DCM feed concentrations

Monolith
Q

[l min-1]
Co

[ppm]
tb [min]

Exper.
kv0.1C/Co

[min-1]
tb [min]

Yoon
tb [min]
Wheeler

Sqr-LD-LA 7
7
7
9
9

1500
3100
4300
1875
2950

66
41
32
45
37

8910
8192
7319
10829
10607

85
44
31
49
36

74
48
39
50
42

Sqr-HD-LA

→ 60ºC

7
7
7
7
9
9

1770
3015
4450
3500
1910
3060

71
46
35
15
47
39

10981
10429
10366
8282
13634
13227

71
49
34
18
53
36

75
49
36
13
52
41

Hex-24 7
7
7
9
9

1880
2970
4500
1965
2980

69
47
33
43
37

11248
10973
9714
12952
13168

73
48
36
52
37

71
53
38
48
40

Sqr-HD-HA 7
7
7
9
9

2045
2900
4850
1890
3040

58
50
35
49
35

10015
10091
11728
13678
12474

67
50
36
54
37

62
53
37
54
37

Ext-18 7
7
9
9

1700
3030
1900
3000

76
45
49
35

10692
10381
12050
8510

77
48
50
31

71
45
48
34
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Figure 4.26. Breakthrough curves (feed flow rate 7 lmin-1) for Sqr-HD-LA at
25ºC (DCM feed concentration 3000ppm)  and ~60ºC (DCM feed

concentration 3500ppm)
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Figure 4.27. Comparisons of calculated breakthrough times with experimental
breakthrough times (experiments in Table 4.13) for DCM adsorption onto

monoliths at 7 lmin-1
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Figure 4.28. Breakthrough curve fit to experimental data using the Yoon
model for Ext-18 at a feed flow rate of 7 lmin-1 and a feed DCM concentration

of 3000ppm
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Figure 4.29. Breakthrough curve fit to experimental data using the Yoon
model for Sqr-HD-LA at a feed flow rate of 7 lmin-1 and a feed DCM

concentration of 3000ppm
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4.7.4 Theoretical dynamic mass transport phenomena

It has been shown previously that breakthrough curves for monoliths are broader

than those for extruded forms. This indicates the existence of a greater resistance to

mass transfer with the monoliths than with extruded forms. This observation was

also reported previously by Lee et al. (Lee, et al. 2000) for silicalite monoliths

compared with the equivalent packed beds of pellets. It is also seen from the results

in this study that a thinner wall thickness and a higher activation level both increase

the kinetic performance of the monoliths. The velocity of the fluid and the feed

concentration passing through the monolith have an influence on the adsorption

capacity, the breakthrough time, the FBU and the shape of the breakthrough curve

as has been seen in the experimental data.

 In order to be able to compare first the external mass transfer rate for the

monolith with that for the bed of extruded forms, it is necessary to choose the

appropriate correlation. The Hawthorn, Votruba and Bennett correlations have all

been used for monoliths and the Ranz and Wakao equation for extruded forms (see

Section 4.5). It has been found (Table 4.14 and Table 4.15) that none of these

equations give the same range of values reported by Hayes et. al. (1994). Even

though the external mass coefficient differs between these equations, the same

behaviour occurs in each monolith for each equation. That is, the external mass

coefficient is higher for the high cell density monolith, closely followed by the

hexagonal one and last the low cell density monolith. The Hawthorn equation has

been selected by others for monoliths and the Ranz and Marshall for the extruded

forms (Valdés-Solís 2003, Patton, et al. 2004). The results show that at a same

flow rate of 7 lmin-1 and assuming that the effective diffusion coefficient is the
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same for the extrudates and monolith, the extruded form gives a value of the

external mass transfer coefficient which is higher than that for the monoliths. This

suggests that the external resistance may have a large influence on the overall

kinetics of adsorption. If the Sherwood number is plotted as a function of the Re

number (Figure 4.30) it is found that the Sh  keeps increasing for the extruded form

as the Re number increases. In contrast, for monoliths, a constant value of the Sh

number is observed as the Re increases. Hence, Sh and the external mass transfer

coefficient (Sh=kdp/Dv) are not affected by the flow rate in monoliths.

Figure 4.31 shows the values of the external mass transfer coefficients (kd)

as a function of the interstitial velocity for the monoliths. It can be seen that the

high density monoliths (lower wall thickness) have a higher kd. That is, the external

mass transfer resistance may be reduced by increasing the number of channels and

reducing the wall thickness.

It is now necessary to consider that the overall resistance to mass transfer is

also influenced by internal diffusion resistances (Yang 1997, Crittenden and

Thomas 1998, Seader, et al. 1998). If pore resistance controls, parameters such as

void and pore volume, tortuosity and wall thickness are important in evaluating the

internal diffusion pore process. For simplicity, when only the adsorption rate needs

to be estimated, the LDF approximation can be used instead of solving the full

dynamic adsorption system which involves mass balances in the solid and gas

phases. An internal mass transfer coefficient (k) has been derived following Patton

et. al (2004) (Equation (4.41)) whose method involves channel transformations.

Results are shown in Table 4.14 for square and hexagonal channel monoliths and

the extruded forms. The internal mass transfer coefficient for the high cell density
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(HD) monolith is 17% higher than that calculated for the extruded form and the

low cell densidty (LD) monolith is 38% less than that for the extruded from. The

decrease in wall thickness for the square monoliths has produced the expected mass

transfer coefficient increase even higher than that for the extruded form. Little

variation is found between the low cell density and hexagon. Therefore, the optimal

design could well be a hexagonal channel monolith (calculations in Table 4.14)

with a high cell density (HD Hexagon). This can be seen in the simulation carried

out assuming a hexagonal channel monolith (Table 4.15) with the same dimensions

and voidage as the original one, but increasing the cell density to 90.7 cells cm-2.

This would only be a practical proposition if pressure drop is not considered an

important issue, because an increase in cell density would increase the pressure

drop.

The knowledge of internal and external adsorption rate coefficients together

with the shape of the experimental breakthrough curves may lead to the conclusion

that both resistances, internal and external are controlling the mass transfer from

the gas phase to the internal micropores. There is no clear reason to neglect either

of them.

Table 4.14. External and internal mass transfer coefficient determined with
different equations. Flow rate of 7 l min-1, Dv=10-5m2s-1 and Deff =1x10-11m2s-1

Channel
Shape

Hydraulic
Diameter,

 dh

mm

Internal mass
transfer, LDF

(x10-5)
k, s-1

External mass
Transfer, kd

Hawthorn
mm s-1

External mass
Transfer, kd

Votruba
mm s-1

External mass
Transfer, kd

Bennett
mm s-1

LD Square 0.98 25.67 35.87 8.02 1.46
HD Square 0.70 50.32 49.58 8.78 1.73
LDHexagon 1.08 23.56 37.85 7.96 1.42
HDHexagon 0.73 - 55.08 8.75 1.70

Particle
diameter,
dp, mm

Ranz Wakao

Extruded 1.05 41.67 73.57 169.09
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Table 4.15. Monolithic geometrical parameters used for determining mass
transfer coefficients in Table 4.14

Channel
Shape

Cell density, nD

[cells cm
-2

]

Voidage,
ε

Channel side
[mm]

Wall thickness, e
[mm]

Extruded - 0.45 - -
LD Square 46.3 0.44 0.98 0.49
HD Square 90.7 0.44 0.70 0.35
Hexagon 41.4 0.49 0.62 0.52
HD Hexagon 90.7 0.41 0.42 -

0 20 40 60 80 100 120 140 160

3

4

5

6

7

8

9

10

11

Sh

Re

 Sqr-LD
 Sqr-HD
 Hex-24
 Ext-18

Figure 4.30. Relationship between Sherwood and Reynolds numbers.
Hawthorn correlation used for monoliths and Ranz’s for extrudates
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Figure 4.31. External mass transfer coefficient (Hawthorn) as a function of the
interstitial velocity (flow rate from 1 lmin-1 to 13 lmin-1) for square and

hexagonal channel monoliths with low and high cell densities

4.7.4.1 Kinetics of adsorption obtained from equilibrium isotherms

Adsorption isotherms, obtained from the IGA, have been used in this section to

determine the internal adsorption rate coefficient for different adsorption

concentrations. The LDF model solution (Equation (4.43)) was selected to fit the

experimental data using ORIGINLAB software. To do the simulation, three points

on the isotherm (Figure 4.32), in the range of experimental concentration of

relevance (from 2500 to 4500ppmv), have been plotted in terms of mass uptake (g)

against time (min) (Figure 4.33). Figure 4.32 shows three points on an adsorption

isotherm. That is, the mass uptake of the adsorbent increases from equilibrium

point to another as the partial pressure increases in steps.



Chapter 4

160

It can be seen from the simulations (Figure 4.33) that the fit of the LDF

equation to the experimental data produces a deviation at the initial and near

saturation values in the three sections of the isotherm development. This suggests

that the adsorption mechanism in the activated carbon may be influenced by the

internal micropores resistantes.

The adsorption rate coefficient (kIGA) obtained from the fit of the Equation

(4.43) to each profile of mass uptake in function of time (Figure 4.33) is shown in

Table 4.16. The effective diffusion coefficient was obtained using the LDF

equation for spherical particles (Equation (4.40)), since the sample used in the IGA

was crushed to a non-uniform granule shape. The dimension of the nominal wall

thickness of the monoliths was used for the value of the particle radius in the LDF

equation. At theses solvent concentrations the effective diffusion coefficient (Deff)

and the adsorption rate constant (kIGA) increase when the concentration increases.

Deff  is much a lower, three order or magnitude lower,  than the one calculated

using Equation (4.38) which was 8.21x10-8 m2 s-1 because Equation (4.38) used for

the calculation depend on the tortuosity factor which is very difficult to estimate.

The internal rate coefficient calculated in the IGA provided values of the

effective diffusion coefficient which were used to calculate the internal rate

coefficient using the Patton et al. equation. Results show than the values of the

internal coefficients are one order of magnitude higher than the values obtained by

the Patton equation. Reasons for this disagreement are based on the errors

attributed to the Patton equation itself. That is, the transformation of the monolithic

channels to circular ducts introduces errors. It also noticeable that the kIGA was

calculated assuming that the carbon particles are homogeneous spheres.
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Table 4.16. Adsorption rate coefficients and effective diffusion coefficients
(Deff) for Sqr-21 determined using the LDF approximation derived by Patton
et. al (k,Patton) and using a 20ºC DCM adsorption isotherm (kIGA). tf is the
total time of the adsorption step to reach the equilibrium point of the DCM

isotherm

Conc
[ppm]

tf
[min]

NADS
[mmol g-1]

kIGA
[min-1]

Deff x10-11

[m2s-1]
k,Patton

[min-1]

2500 16.16 4.12 0.34 4.58 0.03
3500 11.43 4.29 0.51 6.96 0.05
4400 8.48 4.49 0.66 9.05 0.06
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Figure 4.32. Three points of the DCM adsorption isotherm of Sqr-21
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Figure 4.33. Three points of the DCM isotherm at 20ºC and the fit to the LDF
equation



Chapter 4. Equilibrium and kinetics of VOC adsorption onto ACMs at the bench scale

163

4.7.5 Pressure drop in monoliths

Pressure drop has been a major issue in all kinds of industrial processes. In

adsorption processes using carbon absorbents, it is an important parameter in terms

of energy consumed.

Experimental pressure drop measurements were carried out using a U-tube

manometer filled with water.  The two ends of the manometer were connected to a

column containing the monolith. Air, controlled by a float rotameter was passed

through the column from the top to the bottom of the monolith at flow rates from 1

lmin-1 to 13 lmin-1.  Differences in water height in the manometer give the pressure

drop according to the following equation:

gHP airwater )(   (4.49)

where ΔH is the difference between the height of water in the two legs of the U-

manometer (m) , g is the gravity constant (9.807 ms-2) and ρwater,, ρair  are the

density of water and air respectively. Water at 17ºC has a density of 998.804 kg m-3

and air at 17.5ºC, 1atm and 3.6%RH has a density of 1.215 kg m-3 and a viscosity

of 1.82·10-5 Ns m-2.

In Figure 4.34 the values for the experimental data obtained using the U-

tube manometer are shown and compared with the values obtained from Equation

(4.22) . It can be seen that the deviation is minimal for all cases except for the

monolith with high density cells, where the standard deviation of the square of the

difference between the experimental and calculated values is 13%. This deviation
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could be attributed to poor development of the flow pattern at the entrance and also

to non-uniformity of the channels.

In Figure 4.35, a theoretical representation of the pressure drop as a

function of the voidage is shown using geometrical data of the Sqr-LD monolith. It

can be seen that the voidage of the monolith has a large impact on the pressure

drop. When it increases, the pressure drop decreases. This behaviour is more

significant at higher flow rates. Pressure drops in monoliths also vary with cell

density and therefore the channel size and wall thickness. It can be seen in a

theoretical way in Figure 4.36 that the pressure drop increases as the size of the

channels is reduced. If these theoretical pressure drop values at the most

unfavourable case when pressure drop is the highest (highest cell density monolith)

are compared with the extruded samples shown in Figure 4.34, it can be concluded

that even if the cell density in the monoliths is increased, the pressure drop is still

low compared with that of the pellets.
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Figure 4.34. Experimental pressure drop of hexagonal, high and low density
channel monoliths and extrudates, as a function of the interstitial velocity
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Figure 4.35. Theoretical pressure drop along a Sqr-LD-LA monolith when
voidage changes from 0.30 to 0.55 at different feed flow rates
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Figure 4.36. Theoretical variation of the pressure drop with the interstitial
velocity for monoliths with different cell density (nD), size of channel (dch) and

wall thickness (tw)

4.7.6 Influence of humidity

4.7.6.1 Adsorption isotherms of water onto activated carbon monoliths

Equilibrium isotherms have been obtained for pure vapour water on Sqr-23. They

were carried out by Martin Smith at Dstl (a project co-funder) using a CISorp

instrument. The instrument used in these experiments outgassed the sample only up

to 60°C at atmospheric pressure. Data in Figure 4.37 show that the main filling of

the carbon micropores with water occurs at a higher %RH than 40%. The

adsorption and desorption paths form a hysteresis loop (Figure 4.38). The

equilibrium uptake at saturation pressures (%RH close to 100%) is not affected by

variations in temperature. This finding was also observed  by Haggahalli and Fair
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(1996) who concluded that no layers of adsorbed molecules were formed in the

pores. Instead they considered a pore-filling mechanism where the pores are

instead filled with condensate.

The desorption step is not shown in Figure 4.37 for clarity, but it can be

seen separately in Figure 4.38 for Sqr-23 and Sqr-32 monoliths at 12°C. The

desorption step shows a hysteresis loop for both samples, but a greater hysteresis

loop for Sqr-32. Dubinin (1980) reported this behaviour for activated carbons and

attributed it to the increase in pore width due to the activation process.

The experimental water isotherm data (Figure 4.37) has been fitted to the

Dubinin-Astakhov equation (Equation (4.34) using the ORIGINLAB software.

Agreement between the experimental and modelled results is described using the

mean absolute percent difference (MAPD). It has been employed to obtain the error

between the experimental and the modelled isotherms (Qi, et al. 2000) . It is:

  











N

i erimental

elederimental
i V

VV

N
VMAPD

1 exp

modexp100
(4.50)

where N is the number of %RH values used to determine the corresponding values

for Vi (volume of the adsorbate in the micropore), Vexperimental is the volume of the

adsorbate in the micropore obtained experimentally and Vmodeled  is the volume of

the adsorbate in the micropore obtained from the fit of the Dubinin-Astakhov

equation to the experimental data.  For all the isotherms, the MAPD is in the same

order of magnitude, about 30%. Making a visual analysis to the fit in Figure 4.37,

it is observed that the major MAPD difference may correspond with the beginning
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of the isotherm (up to 30%RH) where the isotherm has already started rising

slightly.

The characteristic adsorption energy (Eo) calculated in Table 4.17 has been

determined as a variable parameter from the fit of the Dubinin-Astakhov equation

to the experimental data. Eo is dependent on oxygen group interactions and is also a

inverse function of the average pore size. This indicates that the adsorption of

water depends on the structure of the carbon (Slasli, et al. 2004). Results do not

show any relationship between Eo and adsorption temperature.
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Figure 4.37. Water adsorption isotherms onto Sqr-23 at 12,22,32 and 44°C and
onto Sqr-32.2 at 22°C. Solid lines correspond to the fit of the experimental

data to the Dubinin-Astakhov equation (Dstl Isotherms)
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Figure 4.38. Experimental adsorption and desorption equilibrium isotherms of
water onto Sqr-23 and Sqr-32 at 12°C

Table 4.17. Adsorption isotherm parameters of the D-A model for Sqr-23 and
Sqr-32 at different temperatures

Sample Temperature
[°C]

Vo
[cm3g-1]

Eo
[kJ mol-1]

n MAPD
[%]

Sqr-23 12 0.32 33.85 5.70 32.04
Sqr-23 22 0.32 36.72 4.55 29.32
Sqr-23 32 0.32 23.79 4.93 34.69
Sqr-23 42 0.31 24.94 5.14 35.93
Sqr-32 22 0.40 33.74 5.08 33.69

4.7.6.2 Effect of co-adsorption of water and organic solvents on the adsorption
capacity of the monoliths

In this study of the influence of humidity, two VOCs were used as representative

solvents: DCM and acetone.  Activated carbon is essentially free of oxygen surface

groups and therefore the surface nature is essentially hydrophobic. Despite this

hydrophobic behaviour, water is adsorbed at all partial pressures, but mainly at

relatively high water partial pressures.  DCM is non-soluble in water and it is a
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polar molecule. Therefore it will compete with water molecules during the

adsorption process. In contrast, acetone is a water soluble molecule.

Experiments have been carried out using two monoliths with different cell

densities, Sqr-LD-LA and Sqr-HD-LA. Figures showing co-adsorption of a VOC

and water (e.g. Figure 4.39) give breakthrough curves of the solvent (on the left

axis) expressed as the usual C/Co and also the adsorption breakthrough of water (on

the right axis). Every %RH corresponds with one adsorption run. Three

percentages of relative humidity (~30, ~50 and ~80 %) were tested using the same

solvent concentration. Figure 4.39 and Figure 4.40 show the results obtained for a

feed DCM concentration of ~ 3000ppm and variations of relative humidity at

7 lmin-1 flow rate.  Both monoliths, Sqr-LD and Sqr-HD, show a reduction in the

breakthrough time when the humidity is increased. At 80% RH there is

displacement of the DCM by the water when the carbon is almost saturated. This

is a typical behaviour of binary adsorption mixtures (Marban and Fuertes 2004).

Water is more favourably adsorbed and displaces component B (the organic

solvent) from the adsorption sites.  In this case, water produces a decrease in the

loading capacity of DCM. The seemingly abnormal overconcentration (‘roll-up’)

observed at C/Co>1 shows clearly the ability of water to displace DCM.

Comparing the two monoliths, the high cell density variety performs much better

than the low cell density monolith, indicating again that a small wall thickness

enhances the rate of adsorption. This is mainly at C/Co> 0.5, when the low cell

density materials give a long tail to saturate completely with high (3000ppm) and

low (1000pppm) solvent concentrations (Figure 4.41).
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Dynamic adsorption parameters, such as adsorption capacity, loading, FBU

and breakthrough time are all affected by humidity. Figure 4.42 shows a strong

influence of humidity on the DCM adsorption capacity of carbon for monoliths of

both cell densities. The capacity is reduced by a factor of some 50%. At the same

time, the FBU of the bed increases slightly because the extra adsorption of water

makes the MTZ move faster. The effect of water adsorption on the total loading of

the carbon can be seen in Figure 4.43, where DCM loading (NI) , obtained from the

integration of the breakthrough curve (namely the integral in Figure 4.43),

decreases from 35% at 0% RH to 15% at 80%RH, while the total loading (NT)

calculated by weighing the monolith before and after the experiment, remains at

around 35%. This corresponds with the loading at 0%RH, indicating that the pores

are fully loaded by water and DCM with around half DCM and half water at

80%RH.  Breakthrough time also decreases with humidity, largely at high humidity

values in the same way for both monoliths.

In contrast to the roll-up behaviour of the DCM with 80%RH adsorption,

acetone is not displaced by water at high humidity (Figure 4.45 and Figure 4.46).

The adsorption capacity (Figure 4.47) decreases with increasing humidity, but in

less proportion compared with the change for DCM. The FBU is also higher than

for DCM (Figure 4.44). It is relevant to point out that the total loading (Figure

4.48) increases slightly in value with the acetone plus water adsorption. The

existence of condensed water seems to enhance the acetone adsorption capacity.

Figure 4.49 shows that the breakthrough time is also shorter when the humidity

level increases, as it was for the DCM-water breakthrough curves.
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The overall adsorption rate coefficient, kv, has also been calculated for the

humidity experiments. The Wheeler-Jonas (W-J) equation (4.48) has been used to

estimate these values by linear regression. An example of the DCM and humidity

regression of the W-J equation is shown in Figure 4.50. Table 4.18 shows the kv

value for the DCM and acetone humidity experiments. It can be seen that the rate

of adsorption decreases when the %RH increases, indicating competition between

the organic solvent and water for the adsorption sites. kv for DCM shows a larger

decrease than that for acetone. This is the case when the solvent competes strongly

with the water.

Table 4.18. Summary of the humidity adsorption experiments (co-adsorption
of DCM or Acetone with water) and parameters of the breakthrough curves
carried out onto Sqr-LD-LA and Sqr-HD-LA at a  feed flow rate of 7 lmin-1

and feed concentration of around 3100ppm of DCM and 1000ppm of acetone

Sample Solvent
RH
[%]

Co
[ppm]

tb

[min]

NI

[molKg1]

Ntb

[molKg1]
FBU

kv

[min-1]

Sqr-LD-LA DCM 0
30
50
80

3100
3130
3100
3150

41
40

35.5
73

4.13
4.07
3.41
2.40

2.54
2.53
2.17
1.82

0.62
0.62
0.63
0.76

10044
9886
9488
9167

Sqr-HD-LA DCM 0
30
50
80

3015
3170
2930
3130

115
42.5
38.5
32

4.29
3.68
3.26
2.60

4.29
3.68
3.27
2.61

0.70
0.77
0.72
0.81

17881
16889
15765
16733

Sqr-LD-LA ACET 0
30
50
80

1000
1083
1050
1100

85
81
68
61

2.66
2.65
1.81
1.68

1.71
1.74
1.41
1.31

0.64
0.66
0.77
0.78

11834
11708
10754
10780

Sqr-HD-LA ACET 0
30
50
80

1000
1250
1100
1080

91
80
73
66

2.47
2.75
2.08
1.53

 1.92
2.09
1.67
1.48

0.77
0.76
0.81
0.97

20356
19948
19662
19032
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Figure 4.39. DCM and water (%RH) breakthrough curves for Sqr-LD-LA at a
feed flow rate of 7 lmin-1 and a feed DCM concentration of 3000ppm and

different relative humidity (30,50 and 80% RH)
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Figure 4.40. DCM and water breakthrough curves for Sqr-HD-LA at a feed
flow rate of 7lmin-1 and a feed DCM concentration of 3000ppm and different

relative humidity (30, 50 and 80%RH)
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Figure 4.41. Comparison of the DCM breakthrough curves at a feed
concentration of 1000ppm and 3000ppm for Sqr-LD-LA and Sqr-HD-LA at

50% RH and a feed flow rate of 7lmin-1
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Figure 4.42. Adsorption capacity (NI) and fractional bed utilization (FBU),
obtained from the breakthrough curves of Sqr-LD-LA and Sqr-HD-LA at a

feed flow rate of 7lmin-1, and a feed DCM concentration of 3000ppm, as a
function of % relative humidity
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Figure 4.43. Total and Integrated loading as a function of %RH for the DCM
adsorption at a feed concentration of 3000ppm and a feed flow rate of 7 lmin-1

onto  Sqr-LD-LA and Sqr-HD-LA
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Figure 4.44. Relationship between the breakthrough time at C/Co=0.1 from
DCM breakthrough curves for Sqr-LD-LA and Sqr-HD-LA and the variation

of the relative humidity
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Figure 4.45. Acetone and water breakthrough curves for Sqr-LD-LA at a feed
flow rate of 7 lmin-1 and a feed acetone concentration of 1000ppm at different

relative humidity conditions
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Figure 4.46. Acetone and water breakthrough curves for Sqr-HD-LA at a feed
flow rate of 7 lmin-1 and a feed acetone concentration of 1000ppm at different

relative humidity conditions
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Figure 4.47. Adsorption capacity (NI) and fractional bed utilization (FBU),
obtained from the breakthrough curves of Sqr-LD-LA and Sqr-HD-LA at a
feed flow rate of 7lmin-1, and a feed acetone concentration of 1000ppm, as a

function of % relative humidity
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Figure 4.48. Total and Integrated loading as a function of %RH for the
acetone adsorption at a feed concentration of 1000ppm and a feed flow rate of

7lmin-1 onto  Sqr-LD-LA and Sqr-HD-LA
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Figure 4.49. Relationship between the breakthrough time at C/Co=0.1 from
acetone breakthrough curves for Sqr-LD-LA and Sqr-HD-LA and the

variation of the relative humidity
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Figure 4.50. Wheeler-Jonas curve fitting for DCM and water adsorption onto
a) Sqr-HD-LA and b) Sqr-LD-LA for different relative humidity conditions

4.7.6.3 Influence of pre-treatment with water

Water can also be present in activated carbon if it is exposed to the atmosphere. In

this case, the amount of water pre-adsorbed into the pores and surface may have a

negative influence on some organic solvents when they are adsorbed into the pre-

humidified activated carbon.
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Adsorption of DCM and acetone in monoliths pre-treated with water vapour

at different levels of humidity are shown in this section. The pre-treatment of the

monoliths has been carried out at 30%, 50% and 80% (± 5%) relative humidity in a

7 lmin-1 air stream. Temperature is not controlled and inevitably affects the percent

of humidity throughout the experiments. Variations of ± 5% RH from the initial

humidity concentration to the final value have been observed when the temperature

changes by only ± 3ºC. Monolith weights have been measured before and after the

humidity treatment to calculate the percent of loading (g water/g carbon). Results

are shown in Table 4.19. The final saturation time, tf, of the water breakthrough

curves is also indicated, showing a longer breakthrough curve when the percentage

of relative humidity is increased. The Sqr-LD-LA monolith needs more time to

reach saturation than Sqr-HD-LA and Sqr-HD-HA. The Sqr-HD-HA monolith also

gives the highest value of loading for 80% RH because it has the highest activation

level and therefore the highest micropore volume and surface area.

After the humidity pre-treatment, the monoliths were subjected to the

adsorption of the organic solvent, DCM or acetone. Breakthrough curves can be

seen in Figure 4.51 to Figure 4.53 for DCM adsorption into Sqr-LD-LA, Sqr-HD-

LA and Sqr-HD-HA monoliths respectively. The presence of adsorbed water

produces little change at low %RH, 30 and 50%. However, at 80%RH, a very early

breakthrough time appears for the three monoliths studied. In this case, the initial

loading of water is 33% (Table 4.19), indicating that most of the micropore volume

available for DCM adsorption is already filled with water. DCM will have

difficulty in displacing the adsorbed water because it has to compete with it.

Looking at the saturation pressure of the vapours (Table 4.20) it is clear that DCM
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has the higher saturation pressure, which makes it weakly adsorbed compared to

water, requiring more time to displace the water at high levels of humidity

(Lodewyckx and Vansant 1999). Breakthrough times are plotted in Figure 4.55 as a

function of the pre-humidity, showing a larger decrease of the tb when the pre-

humidity was 80%RH compared with the lower %RH.

Quite different behaviour of the monoliths regarding displacement of water

by a solvent occurs with the adsorption of acetone. Figure 4.56 shows the

adsorption of acetone onto a pre-humidified Sqr-HD-LA monolith at 30% and

80%RH. There is no strong variation observed with the dry condition breakthrough

curve at any pre-RH. This fact is attributed to the solubility of the acetone in water

(Wood 2004) and the more strongly adsorbed acetone.

The regeneration process is always carried out at high temperatures

(~250ºC) after all adsorption experiments. It has been demonstrated in this section

that water has a strong affinity with the activated carbon at high relative humidity

and it competes with organic solvents for the adsorption sites. Therefore, water

vapour could be used as a regeneration vapour. In Figure 4.54, it can be seen that

the DCM contained in the monolith has been replaced by water at 80%RH in Sqr-

HD-LA. The full process involved the following steps: firstly a pre-humidification

at 80%RH with subsequent DCM adsorption and consequent displacement of the

water (Figure 4.52) and secondly, the removal of the DCM (Figure 4.54) when an

80%RH stream of water vapour was passed through to displace the DCM from the

monolith. It can be observed that the water can be used as a regeneration stream, as

it can remove the DCM from the adsorption sites. The same type of experiment
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was carried out for the acetone pre-treatment (Figure 4.57). A broader desorption

curve is obtained with acetone compared to DCM.

Table 4.19.  Initial pre-humidity loadings of Sqr-LD-LA and Sqr-HD-LA at a
feed water vapour flow rate of 7 lmin-1

Monolith %RH Loading(NT)
[% w/w]

tf
[min]

Sqr-LD 30
50
80

6.03
21.71
33.08

82
148
210

Sqr-HD-LA 30
50
80

6.45
19.07
33.47

83
93
163

Sqr-HD-HA 30
80

2.87
37.36

111
136

Table 4.20. Saturation pressure of vapours calculated using the Antoine
equation at 23ºC

Vapour T
[ºC]

Psat

[mbar]
Water 23 28.00
DCM 23 536.30
Acetone 23 281.31
Octane 23 16.82
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Table 4.21. Summary of the DCM and acetone breakthrough curves
parameters obtained after water treatment of the monoliths with different

%RH

Sample Solvent Pre-RH
[%]

Co
[ppm]

tb
[min]

NI
[molKg1]

Ntb
[molKg1]

FBU

Sqr-LD-LA DCM 0
30
50
80

3100
3300
3050
3250

41
40
35
23

3.50
3.95
3.03
4.59

2.54
2.66
2.13
1.52

0.73
0.67
0.70
0.33

Sqr-HD-LA DCM 0
30
50
80

3015
3150
3300
3100

46
42
41
27

3.79
3.68

-
5.20

3.01
2.78
2.84
1.78

0.79
0.75

-
0.34

Sqr-HD-HA DCM 0
30
80

2900
3150
3100

115
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Figure 4.51. DCM (adsorption) and water (desorption) breakthrough curves
at a feed DCM concentration of ~3000ppm and a feed flow rate of 7 lmin-1

when the monolith Sqr-LD-LA has been pre-treated with 30, 50 and 80% RH
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Figure 4.52.  DCM (adsorption) and water (desorption) breakthrough curves
at a feed DCM concentration of ~3000ppm and a feed flow rate of 7 lmin-1

when the monolith Sqr-HD-LA has been pre-treated with 30, 50 and 80% RH
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Figure 4.53 . DCM (adsorption) and water (desorption) breakthrough curves
at Co ~3000ppm and 7 l/min when the monolith Sqr-HD-HA has been pre-

treated with 30 and 80% RH
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Figure 4.54. Effect of a 80%RH  feed stream at 7 lmin-1 onto Sqr-HD-LA
previously treated with 7 lmin-1 and 3000ppm of DCM
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Figure 4.56. Acetone (adsorption) and water (desorption) breakthrough
curves at Co ~1000ppm and 7 lmin-1 when the monolith Sqr-HD-LA has been

pre-treated with 30, 50 and 80% RH
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Figure 4.57. Effect of a 80%RH  feed stream at a flow rate of 7 lmin-1 onto
Sqr-HD-LA previously treated with 7 lmin-1  and 3000ppm of acetone



Chapter 4

186

4.8 Conclusions

The equilibrium adsorption isotherms for DCM and acetone onto MAST activated

carbon monoliths show a favourable Type I isotherm following the IUPAC

classification. Their values of qmax are quite large, increasing with the level of

activation, varying from 5.48 mmol g-1 at 21% activation to 7.73 mmol g-1 at 37%.

The affinity parameter obtained from the Tóth isotherm fit demonstrates a high

affinity (strong interaction) of acetone compared with DCM. The isosteric heat of

adsorption gives values in the range of 50 kJmol-1 for DCM and it changes with the

mass uptake, indicating an energetically heterogeneous surface.

MAST carbon monoliths are suitable for adsorbing a wide range of VOCs,

such as DCM, acetone, methanol, TCM, octane, butane, etc. The optimal

regeneration temperature must be studied to avoid any residual adsorbate.

Breakthrough curves are affected by flow rate and feed concentration.

Breakthrough time decreases with both increasing feed concentration and

increasing flow rate. A long tail is found in high density monoliths at times near

saturation. This tail is not found with granular materials and is significantly

reduced by decreasing the monolith wall thickness. This asymmetrical behaviour is

attributed to diffusional resistances.

Internal and external mass transfer rates were studied using geometrical

transformations of the LDF approximation and correlations for the Sh number

respectively (using the Hawthorn correlation). Both adsorption rates give higher

values for the extruded form of MAST activated carbon compared with low cell

density monoliths. However, high cell density monoliths give better internal mass
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transfer rates because the adsorption path of the micropores is shorter due to the

lower wall thickness.

The overall “apparent” mass transfer coefficient was also evaluated using

empirical equations such as the one developed by Wood (Equation 4.18) and

estimated using the Wheeler-Jones equation (4.48) under humid conditions. These

equations have shown that co-adsorption slows the kinetics of adsorption of

organic vapours.

Breakthrough times were estimated using Equations (4.14), (4.18) and

(4.21). These equations give a rough value for the breakthrough time. Also, the

Yoon Equation (4.14), can be used to simulate a breakthrough curve. This

simulation matches perfectly with experimental results for granular materials, but

fails for monoliths mostly in the final part of the curve.

Pressure drop is lower in monoliths than in granular materials. Pressure

drop increases with a reduction of the wall thickness of the monoliths up to values

that are still lower than values for the granular materials.

Humidity decreases the adsorption capacity of the activated carbon and also

competes with non water soluble molecules such as DCM for the adsorption sites.

DCM is displaced by high % RH at a point near the saturation time. A pre-

treatment of the monoliths with water reduces the adsorption capacity for the DCM

and also the breakthrough time. A water soluble molecule such as acetone gives a

better performance in its co-adsorption with humidity. Acetone is not strongly

affected by the presence of water and its adsorption capacity decreases in less

proportion when compared with DCM. A pre-treatment with water does not have
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any significant influence on its adsorption.  Both DCM and acetone can be

displaced with a humid stream of high relative humidity.
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Chapter 5

Dynamics of adsorption at the
pilot plant scale

5.1 Introduction

The dynamics and equilibria of adsorption have been studied in Chapter 4 at the

bench scale, using monoliths of length 10 centimetres. They have shown

encouraging results in terms of adsorption capacity, pressure drop as well as

performance in humid conditions. This chapter includes dynamic adsorption

experiments carried out in a laboratory pilot plant consisting of two activated

carbon monoliths. The pilot vessels and rig operation are described in Chapter 3,

together with the thermodynamics of the regeneration process. Experiments have

included investigations into the dynamics of adsorption, as well as regeneration

using electrical heating in order to optimize the regeneration conditions. DCM was
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chosen once again as the main VOC challenge to the adsorption process. Acetone

was also used in some experiments.

5.2 Commercialization of vessels employing electrically
regenerable monoliths

Adsorption of any VOC onto activated carbon comes accompanied by the

regeneration process. There are two methods mainly in use: PSA and TSA. In the

first, the pressure is higher during the adsorption process and then reduced to

remove the solvent. TSA uses heat for regeneration, maintaining low temperature

during adsorption.  A combination of both techniques may also be used. Table 5.1

shows the advantages and disadvantages of the regeneration modes and a

comparison with electrical regeneration.

Activated carbon monoliths have the main advantage of a large reduction in

pressure drop compared with packed beds (Crittenden, et al. 2005). It has been

theoretically demonstrated  by Crittenden et al. (2005b) that pressure drop is

drastically reduced if monoliths are used instead of packed beds. Associated power

requirement for monoliths would reduce the power requirement world wide to

0.05% of the total consumption of energy with packed beds used in VOC control

applications.
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Table 5.1. Advantages and disadvantages of some regeneration methods.
(Adapted from Noble and Terry 2004)

Method Advantages Disadvantages
PSA Rapid cycling adsorption-

regeneration.

Good for weakly adsorbed
(low B.P.) solvent removal.

Requirements of low pressure.

High energy consumption.

Low purity solvent recovery

TSA Solvent recovery at high
concentration.

Good for strongly adsorbed
solvents.

Deactivation of the adsorbent
(thermal aging).

Heat losses.

Long cycling time.
Displacement Avoid thermal aging.

Avoid reaction during
regeneration.

Recovery of the desorbated

Electrical regeneration Rapid cycling adsorption-
regeneration.

Low energy cost.

Good for weakly and strongly
adsorbed solvents.

Need suitable adsorbent

Technology partially explored

The low energy cost of electrical regeneration makes it very attractive for

small facilities (up to 10000 m3 h-1) (Crezee, et al. 2006). Considering that the

power required to heat one monolith to 210ºC is around 145W (0.145kW) at 11V,

and that the price of 1kWh in the United Kingdom in 2007 was around 10 pence,

the cost of running one monolith using 60 minutes of adsorption and 60 minutes of

regeneration is only 17.4 pence at day (0.145kW x 12 hours x 10 pence). The cost

of the regeneration gas has also to be added.

The main objective of this study is to study the commercialization potential

of an optimized vessel holding various monoliths, examples of which can be seen

in Figure 5.1. The assembly of these VOC recovery units is also important (Crezee,

et al. 2006). In this case, the number of monoliths connected in one vessel depends
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on the electrical properties of the material such as resistance (Place, et al. 2005),

which determines the voltage needed to apply through the monolith to increase its

temperature.

Figure 5.1. Prototype of a multireactor system employing several electrically
regenerable activated carbon monoliths (MAST Carbon Pers. Comm.)

5.3 Results and discussion

In order to carry out adsorption experiments, a study of the thermal properties of

the monoliths was accomplished as described in Chapter 3.  It was also pointed out

that although electrical regeneration does not require pre-heating of the

regeneration gas, a minimum regeneration flow rate is required to carry the

desorbed solvent from the monoliths out of the vessel.
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The investment in a new and partially explored technology obviously may

bring some negative aspects. One of the limitations observed in the electrical

adsorption/desorption of VOCs onto monoliths is the so-called “leakage” or

“slippage” associated with high flow rates (Place, et al. 2005) . This refers to the

amount of VOCs that are carried through the monoliths without being adsorbed

before the breakthrough time commences. This adverse aspect of performance

during the initial stage of the breakthrough curve is studied in this section to try to

derive an explanation to this phenomenon in terms of adsorption conditions such as

the influence of concentration or flow rate and the regeneration parameters

(including optimum combination of regeneration temperature and flow rate).

Two monolithic reactors have been tested in this chapter, Pilot-A and Pilot-

B. The monoliths correspond to Sqr-15 and Sqr-RE21 respectively using the

nomenclature of Chapter 2, Table 2.2. A summary of their properties is provided in

Table 5.2.

Table 5.2. Properties of the monoliths, Pilot-A and Pilot-B

Properties Sqr-15 Sqr-RE21
Monolithic reactor Pilot-A Pilot-B
Activation Level [%] 15 -
Channel shape Square Square
Monolith length, Lm [cm] 58.5 55.8
Monolith diameter,Dm [cm] 3.05 3.05
Carbon mass, W [g] 221 193
Channel size, dch [mm] 1.05 1.05
Wall thickness, e [mm] 0.70 0.70
Cell density, nD [cells cm-2] 32.7 32.7
Bed voidage, ε [-] 0.36 0.36
Surface area [m2 g-1] 1044 1406
Total pore volume [ml g-1] 0.43 0.62
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Adsorption history of Pilot-A and Pilot-B

Pilot-A and Pilot-B were used for more than 50 runs of adsorption-regeneration.

During this time, concentrations of DCM between 1500 ppm and 3000 ppm were

adsorbed at a range of flow rates between 40 to 120 lmin-1. The regeneration

temperature of Pilot-A was never taken above 180°C. Its adsorption capacity and

breakthrough time did not decrease as these adsorption runs took place. However,

leakage increased from the first run from 89 ppm at a feed concentration of

1150ppm and feed flow rate of 80 l min-1 to 139 ppm in the second run under

similar adsorption conditions. Afterwards the monolith displayed a constant

‘leakage’ as a function of flow rate and concentration.  In contrast, Pilot-B did not

show any leakage during the first run, but ‘leakage’ was evident during the second

and subsequent runs, gradually increasing to 100 ppm after 18 runs, during which

the regeneration temperature was maintained at 170°C. The regeneration

temperature had to be increased to 200°C or higher to attempt to remove any

residual DCM and hence to reduce the ‘leakage’. Afterwards, ‘leakage’ values

were maintained within the range of 10 to 30 ppm depending on regeneration

conditions (temperature and nitrogen flow rate), feed concentration and flow rate.

Note that leakages values were obtained as an average of the outlet concentration

during the first 30 minutes of adsorption.

Neither of the monoliths fractured or sustained any other damage for at least

50 runs of adsorption-regeneration and also some additional thermocycles which

were described in Chapter 3.
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5.3.1 Dynamics of adsorption-regeneration of Pilot-A

Adsorption experiments were carried out with the Pilot-A vessel using DCM as a

solvent. The maximum regeneration temperature was fixed at 170ºC as measured

by the thermocouple attached to the mid-point of the monolith (TM). The

regeneration flow rate was fixed at 3 l min-1 for all the experiments.

5.3.1.1 Influence of concentration and flow rate

Concentration and flow rate are the two main parameters affecting adsorption

behaviour. Figure 5.2, Figure 5.3, Figure 5.4 and Table 5.3 show the effects of

flow rate and concentration on DCM adsorption. As expected, both flow rate and

feed concentration produce a reduction in the breakthrough time when they are

increased. A significant feature is the high base line or leakage before breakthrough

occurs. Leakage increases markedly with feed flow rate and with the feed

concentration (Figure 5.4). At high flow rates such as 100 lmin-1 and  120 lmin-1,

the leakage exceeds the value of C/Co = 0.1 which is normally taken to indicate the

onset of breakthrough. This result is very important if low levels of outlet

concentration are required.

Adsorption experiments at different monolith temperatures were carried out

and the results compared with those obtained at ambient temperature. The results in

Figure 5.5 show a shorter breakthrough time when the temperature of the monolith

is increased. Also noticeable is the increase in the leakage with temperature (Table

5.4). Temperature profiles of the monolith for each adsorption run are shown in

Figure 5.6. It can be seen that the monolith is not at a uniform temperature, when it

is heated as was discussed in Chapter 3. The feed flow arrives at 21-22ºC and cools
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the top part of the monolith. The adsorption temperature in Figure 5.5 was taken to

be the range of the middle and bottom temperatures, ignoring the much lower top

temperature, which remains between 25ºC and 30ºC for each experiment.

Table 5.3. Summary of the adsorption experiments carried out at different
DCM feed concentrations and feed flow rates onto Pilot-A

Q
[l min-1]

Co
[ppm]

Leakage
[ppm]

80 1550 121
80 1850 134
80 2150 140
60 2300 164
80 2300 184
100 2400 245
120 2600 276

Table 5.4. Summary of DCM adsorption experiments carried out at different
adsorption temperatures onto Pilot-A

Adsorption
Temperature

[ºC]

Q
[l min-1]

Co
[ppm]

Leakage
[ppm]

25 80 2650 193
30ºC-40ºC 80 2650 284
40ºC-50ºC 80 2700 375
50ºC-60ºC 80 2600 426
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Figure 5.2. Influence of the feed flow rate at around 2500ppm of feed DCM
concentration in the Pilot-A monolith
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Figure 5.3. Influence of DCM feed concentration at a feed flow rate of 80 lmin-

1 in  the Pilot-A monolith
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Figure 5.4. Relationship between the feed flow rate (constant feed DCM
concentration at 2500ppm; left graph) and feed DCM concentration (constant

feed flow rate of 80 lmin-1, right graph) with the leakage of the adsorption
breakthrough curves in Pilot-A monolith
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Figure 5.5. Adsorption of DCM at different temperatures onto Pilot-A
monolith. Feed conditions: 80 l min-1 and 2650ppm
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Figure 5.6. Temperature profiles of Pilot-A for experiments shown in Figure
5.5. a)Adsorption at room temperature(25ºC), b) Adsorption between 30-40ºC
(middle and bottom temperature), c) Adsorption between 40-50ºC(middle and

bottom temperature), d) Adsorption between 50-60ºC(middle and bottom
temperature)

5.3.1.2 Adsorption-Regeneration cycles

Cycling times have been chosen to approximate those of a simulated

industrial process where the desorption stage is terminated before breakthrough

occurs. Two types of cycle were performed: Set I where the adsorption time was 40

minutes and regeneration 40 minutes at 170ºC (maximum monolith temperature)

and 3l min-1 of nitrogen flow rate; and Set II where the adsorption time was 50

minutes and regeneration was 40 minutes and 3 l min-1 of nitrogen flow rate plus
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10 minutes to cool the monolith down with 3 l min-1 of nitrogen. The adsorption

process of both sets is shown in Figure 5.7 and Figure 5.8 respectively. Feed

adsorption conditions were similar and equal to 2500 ppm and 80 l min-1 of feed

flow rate.

In Set I (Figure 5.7) , the adsorption process takes places after the

regeneration of the monolith at 170ºC. The monolith at the start of the adsorption is

still at 170ºC. When the feed adsorption stream at a flow rate of 80 lmin-1 and

DCM concentration of 2500ppm passes through the monolith, which is at an

average temperature of around 160ºC, the monolith is unable to adsorb well and a

peak of concentration is observed in the outlet stream. This peak of concentration

can be observed in Figure 5.7 during the initial five minutes. The adsorption feed

flow rate of 80 lmin-1 at ambient temperature of about 22ºC cools the monolith

(black curve in Figure 5.7) and the concentration peak generated as a consequence

of the high monolith temperature, is reduced. The adsorption of DCM takes place

subsequently.

 In contrast, Set II (Figure 5.8) allows 10 minutes of cooling down the

monolith before the adsorption takes place. The effect of cooling down the

monolith is noticeable, as the initial monolith temperature is 70ºC (black curve in

Figure 5.8 at initial time) instead of 170ºC. Thus, the peak of concentration at the

beginning of the adsorption is smaller than in Set I.

A representation of the temperature increase of the monolith during the

regeneration process of one of the cycles from Set II experiments is shown in

Figure 5.9. The regeneration time is 40 minutes and starts at a monolith
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temperature (between 20ºC and 25ºC) after the adsorption process. The

temperatures are increasing with time and reach the maximum value after 30

minutes of heating. These temperatures of regeneration are kept during the next 10

minutes until the regeneration is finished. This heating up process takes about 30

minutes to end at 170ºC for the middle temperature, 152ºC for the top temperature

and 143ºC for the bottom temperature, and therefore, this means that the

regeneration time, while the monolith is at high temperature, is reduced to 10

minutes.
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Figure 5.7. Set I: 40minutes of adsorption  at DCM feed concentration of
2500ppm and 80 lmin-1. Regeneration (not represented in the graph) was

carried out at maximum temperature of 170ºC during 40 minutes and 3 lmin-1

of nitrogen flow
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Figure 5.8. Set II: 50 minutes of adsorption at feed DCM concentration of
2500ppm and 80 lmin-1. Regeneration (not represented) at maximum

temperature of 170ºC during 40 minutes and 10 minutes of cooling down the
monolith at 3 lmin-1 of nitrogen flow
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Figure 5.9. Temperatures of the monolith during the regeneration process of
Set II and cycle 1
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5.3.2 Influence of concentration and flow rate in Pilot-B

It was seen previously for Pilot-A and in the bench scale rig, that when

concentration and flow rate are increased, the breakthrough time decreases. Pilot-B

monolith was also subjected to these types of experiment. Pilot-B has a higher level

of activation than Pilot-A, so is expected to produce a better performance.

Figure 5.12 shows the reduction in breakthrough time when the flow rate is

increased from 40 l min-1 to 100 l min-1 at a feed DCM concentration of 2000ppm

and Figure 5.10 shows results when the DCM concentration changes from

1450ppm to 2850ppm at a flow rate of 80 lmin-1. Prior regeneration of the monolith

was carried out at 200ºC and 4l min-1 of nitrogen flow rate during 80 minutes. A

summary of the breakthrough parameters is provided in Table 5.5 and Table 5.6. It

can be observed that the loading capacity (NI) increases when the feed flow rate

and concentration increase as expected. It is important to note that leakage appears

in the breakthrough curve and is a function of the flow rate (Figure 5.13). However,

changes in concentration produce lower variations in leakage than the flow rate

(Figure 5.11). The leakage in these tables has been calculated as the average of

concentration for the first 30 minutes of adsorption. The FBU is also quite high,

indicating a good adsorption efficiency and it decreased slightly with increasing

flow rate.

Acetone breakthrough curves have been obtained at 1000ppm with various

flow rates (Figure 5.14 and Table 5.7). The regeneration was carried out at 210ºC

and 1.5 l min-1 of nitrogen for 120 minutes. The regeneration process for acetone
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removal seems to be sufficient because there is no appreciable reduction of

adsorption capacity or increase of leakage.

Changes in temperature in the monolith’s outlet surface were observed

during adsorption. Two examples of this profile are shown in Figure 5.15 for

adsorption of DCM and Figure 5.16 for acetone. At the beginning of the adsorption

process, both profiles show an increase in temperature of around 6ºC in the middle

part. Afterwards, the temperature decreases in all three parts of the monolith. In the

case of acetone there is a small increment at the end of the breakthrough curve,

perhaps caused by the strong bonding of acetone with activated carbon. This

temperature response curve where there is a rapid initial rise and subsequent  return

to ambient temperature has been also observed for zeolite pellets in a batch system,

caused by a hot spot followed by a cooling process (Ilavsky, et al. 1980).

Table 5.5. Summary of the adsorption breakthrough experiments at a feed
flow rate of 80 lmin-1 when feed DCM concentration is changed. Previous

regeneration at 210ºC and 2 lmin-1 of nitrogen for 180 minutes

Co
[ppm]

Q
[l min-1]

tb
[min]

Loading(NI)
[% w/w]

NI
[mol Kg-1]

Ntb
[mol Kg-1]

FBU Leakage
[ppm]

1450 80 106 34.09 4.01 2.72 0.68 20
2100 80 89 39.22 4.62 3.29 0.71 21
2850 80 75 44.84 5.28 3.72 0.71 29
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Figure 5.10. Influence of feed DCM concentration at a feed flow rate of 80
lmin-1
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Figure 5.11. Relationship between the leakage and the DCM feed
concentration at a constant feed flow rate of 80 lmin-1
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Table 5.6. Summary of the adsorption breakthrough experiments at around a
feed DCM concentration of 2000ppm when flow rate is changed. Previous

regeneration at 200ºC and 4 lmin-1 of nitrogen for 180 minutes

Q
[l min-1]

Co
[ppm]

tb
[min]

Loading(NI)
[% w/w]

NI
[mol Kg-1]

Ntb
[mol Kg-1]

FBU Leakage
[ppm]

40 2000 154 - - 2.69 - 13
60 2025 115 35.66 4.20 3.08 0.73 22
80 2050 95 41.48 4.88 3.46 0.71 23
100 2130 79 47.38 5.58 3.80 0.68 39
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Figure 5.12. Influence of feed flow rate at a feed DCM concentration of
2000ppm
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Figure 5.13. . Relationship between the leakage and the feed flow rate at a feed
DCM concentration of 2000ppm

Table 5.7. Summary of the adsorption breakthrough experiments at around a
feed acetone concentration of 1000ppm when flow rate is changed. Previous

regeneration at 210ºC and 1.5 lmin-1 of nitrogen during 180 minutes

Q
[l min-1]

Co
[ppm]

tb
[min]

Loading(NI)
[% w/w]

NI
[mol Kg-1]

Ntb
[mol Kg-1]

FBU

60 1000 207 - - - -
80 1050 147 22.34 3.85 2.75 0.71
100 1000 131 24.46 4.21 2.96 0.70
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Figure 5.14.  Influence of feed flow rate at a feed acetone concentration of
1000ppm
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Figure 5.15.  Temperature profile of the Pilot-B monolith during DCM
adsorption. Feed conditions: 80 l min-1, 2000ppm DCM
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Figure 5.16.  Temperature profile of the Pilot-B monolith during acetone
adsorption. Feed conditions: 80 l min-1, 1050ppm acetone

5.3.3 Optimization of the regeneration process in Pilot-B

One of the most important steps in the design of an industrial adsorption process is

the regeneration technique. At least three parameters must be included: flow rate of

the regeneration gas, temperature of the activated carbon and regeneration time.

Regeneration temperature is the main parameter because it produces the physical

desorption of the solvent from the carbon micropores and surface. A regeneration

gas flow rate is required to carry the solvent to outside the vessel and a minimum

regeneration time is needed to desorb the whole (or nearly the whole) amount of

adsorbate. The electrical connections attached to the monoliths which provide the

heating current must be carefully designed to give a low contact resistance at all

temperatures and to accommodate expansion and contraction of the monolith due

to changes in temperature.
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The transformation of electricity into heat is not uniform along the whole

length of the monolith as noted in Chapter 3. The bottom thermocouple attached to

the monolith always reads a much lower value than the other two because of the

entrance of the nitrogen at a lower temperature and because of the thermal

conductivity of the activated carbon. This lower temperature has a direct effect on

the desorption of the solvents, as the temperature of the monolith must be high

enough to remove the VOC. Increasing the temperature at the top and middle of the

monoliths will however increase the temperature at the bottom.

The effect of the regeneration temperature on the subsequent adsorption

breakthrough curve performance can be seen in Figure 5.18 for the Pilot-B

monolith. Adsorption was carried out at a feed flow rate of 80 lmin-1 and DCM

concentration of around 2000ppm. The breakthrough time is shorter at the

regeneration temperature of 176ºC than when the regeneration temperature is above

200°C. Parameters found from these breakthrough curves are provided in Table

5.8. It can be observed that there is an increment in loading when the regeneration

temperature is increased, indicating a higher removal of the residual solvent (Figure

5.17).

Figure 5.20 shows the leakage as a function of the regeneration middle

temperature (from 200ºC to 230ºC) for the Figure 5.18 experiments. It is observed

that the leakage decreases with an increase in the regeneration temperature. Table

5.8 shows the values of these leakages and also the leakage for a middle monolithic

temperature of 176ºC, which was not included in Figure 5.20. The leakage for

176ºC appears to be lower than for the highest regeneration temperatures (220ºC

and 230ºC). This unexpected lower leakage result is based on the aging of the
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monolith. That is, only five runs had been carried out with the monolith when the

regeneration at 176°C was studied. For the rest of the regeneration temperatures in

Table 5.8, the monolith had already been used for more than 30 runs. The monolith

was fresher for the early runs and therefore the leakage was lower.

Pilot-A has been compared with Pilot-B for early runs of adsorption, when

the same low middle monolithic temperature of 170ºC was used for regeneration.

Results are compared in Figure 5.19 and Table 5.9. It can be seen clearly that the

Pilot-A monolith has a poorer performance for adsorption, as the loading,

breakthrough time and FBU are lower than for Pilot-B. Leakage is also drastically

reduced with Pilot-B to reasonable values, from 150ppm of the Pilot-A to 20ppm

of the Pilot-B at 80 lmin-1 of feed flow rate. These results are expected because

Pilot-B has an activation level, higher than for Pilot-A. It can be concluded from

the analysis of these results that the activation level, which produces higher surface

area and pore volume, has a large influence on the leakage effect, as well as on

adsorption capacity and breakthrough time.

The variation in the regeneration flow rate, from 1 to 5 l min-1, keeping

constant the temperature in the middle of the monoliths (fixed at 200°C) is shown

in Figure 5.21. Table 5.10 shows a better performance at the higher flow rates, 4

and 5l min-1, where the loading, breakthrough time and slippage give the best

results, even though the bottom temperature of the monolith is lower. All the

parameters, especially the leakage, are very close to each other and it is very

difficult to give a final verdict, especially when leakage is considered to be a

function of the regeneration nitrogen flow rate (Figure 5.22). In this case, the only

possible conclusion is that the leakage is reduced in a range of regeneration
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nitrogen flow rate, from 2 to 4 lmin-1. Some of the experiments have been repeated

to ensure that they are reproducible. The results have shown that the leakage is

repeatable and variations of ±3 ppm should be considered in all the cases.

Figure 5.23 provides a summary of the leakage found for the experiments

carried out in both Pilot-A and Pilot-B at a regeneration temperature of 170°C and

in Pilot-B when the temperature had to be increased above 200°C. To sum up, apart

from the direct influence of the flow rate, partial regeneration may be the main

reason for leakage on subsequent adsorption. When any residual solvent remains in

the pores, the total adsorption capacity of the activated carbon monoliths is not

available for the next adsorption run (Wankat 1990).

Table 5.8. Summary of the Pilot-B adsorption experiments at a feed flow rate
of 80 lmin-1  and a feed DCM concentration of around 2000ppm, at various
previous regeneration temperatures. Regeneration flow rate 4 lmin-1 for 180

minutes

Regeneration
Middle

Temperature
[°C]

Run Co
[ppm]

tb
[min]

Loading(NI)
[% w/w]

NI
[mol Kg-1]

Ntb
[mol Kg-1]

Leakage
[ppm]

176* 6 2000 88 36.38 4.28 3.11 18
200 31 2050 95 41.34 4.87 3.45 24
210 33 1950 99 42.49 5.00 3.45 22
220 34 2075 97 48.75 5.74 3.58 20
230 38 2050 - - - - 19

* Run number 6. Regeneration nitrogen flow rate was 3l/min
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Figure 5.17. Relationship between the loading and the regeneration middle
temperature (Table 5.8) for adsorption at a feed DCM concentration of
2000ppm and a feed flow rate of 80 lmin-1 onto Pilot-B. Regeneration

conditions: flow rate 4 min-1 along 180minutes

Table 5.9. DCM adsorption breakthrough curve parameters of Pilot-A and
Pilot-B monoliths, regenerated at a middle monolithic temperature of  170ºC,

180minutes and 2, 3 lmin-1 respectively

Pilot Q
[lmin-1]

Run Co
[ppm]

tb
[min]

Loading
(NI)[% w/w]

NI
[mol Kg-1]

Ntb
[mol Kg-1]

Leakage
[ppm] FBU

A 80 3 2450 47 33.99 4.00 2.04 150 0.51
B 80 3 2500 78 41.13 4.84 3.45 20 0.71
A 60 35 2650 60 31.33 3.69 2.08 188 0.56
B 60 9 2700 84 34.95 4.12 3.00 12 0.73
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Figure 5.18. DCM adsorption breakthrough curve experiments when the
middle regeneration temperature is changed for Pilot-B. Regeneration flow
rate is 4 lmin-1. Adsorption at a feed DCM concentration of 2000ppm and a

feed flow rate of 80 lmin-1
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Figure 5.19. Comparison of Pilot-A and Pilot-B DCM adsorption
breakthrough curves at feed flow rates of 80 lmin-1 and 60 lmin-1 and feed
DCM concentration of 2500ppm and 2700ppm respectively. Regeneration

middle temperature at 170ºC during 180 minutes and 2 lmin-1 for Pilot-A and
3 lmin-1 for Pilot-B
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Figure 5.20. Relationship between regeneration middle and bottom
temperature and leakage found at the first 30 minutes of adsorption.

Experiments carried out at a feed DCM concentration of 2000ppm and feed
flow rate of 80 lmin-1 (Pilot-B)

Table 5.10. Summary of the Pilot-B experiments with regeneration flow rate
variations. Regeneration middle temperature at 200°C for 180 minutes.

Adsorption at feed flow rate  80 lmin-1

Regeneration
Flow rate

[l min-1]
Run Co

[ppm]
tb

[min]
Loading(NI)

[% w/w]
NI

[mol Kg-1]
Ntb

[mol Kg-1]
Leakage

[ppm]

1 26 2000 95 39.10 4.60 3.38 43
1.5 29 1950 91.5 37.22 4.38 3.13 30
2 25 1950 95 37.43 4.41 3.30 28
3 27 1970 95 38.01 4.47 3.32 29
4 31 2050 95 41.34 4.87 3.45 23
5 35 1875 100 36.13 4.25 3.33 24
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Figure 5.21. Adsorption breakthrough curve experiments for the Pilot-B when
the regeneration flow rate is changed. Regeneration middle temperature is

200°C.  Experiments at a feed DCM concentration of 2000ppm and feed flow
rate 80 lmin-1
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adsorption . Regeneration temperature at 200°C. Experiments at feed DCM
concentration 2000ppm and feed flow rate 80 lmin-1 (Pilot-B)
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Figure 5.23. Leakage concentration as a function of feed DCM concentration
(Co) and feed adsorption flow rate for Pilot-A and Pilot-B. Regeneration

middle temperature from 170°C to 210°C

5.3.4 Desorption of DCM and acetone

During regeneration, the solvent is evacuated from the system by the carrier gas

and carried to the laboratory extraction system. No treatment has been applied to

recover the solvent, although it would be possible to condense it at around -20ºC.

The concentration of DCM or acetone leaving the monolith in the nitrogen stream

when the monoliths were fully loaded was not measured as it was feared that the

high level of concentration could damage the analytical equipment. For example,

the FID analyzer cannot take measurements higher than 9999 ppm. It was advised

by the manufacturer not to measure more than 3000ppm of DCM, which is the

composition of the calibration gas. The maximum concentration reading measured

by the FID has therefore limited the study of the desorption step. Desorption curves

were obtained for DCM and acetone (Figure 5.24 and Figure 5.25) when the

monoliths were not completely saturated with the solvents (60 minutes of
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adsorption only). Two desorption curves where obtained at the same regeneration

flow rate of 3 l min-1 and two different regeneration temperatures of 180ºC (voltage

applied:10V) and 210ºC (11V). Regeneration took place until the level of ppm

(concentration of solvent) in the outlet stream was very low (around 20ppm). This

occurred at around 120 minutes of regeneration. The regeneration was not

continued towards 0ppm in the outlet stream because 20ppm was a reasonably low

value compared with the feed concentration.

The regeneration temperature is an important and influential parameter in

desorbing solvent molecules. When the regeneration temperature is high (210ºC),

the concentration carried by the regeneration gas increases. It can be seen in the

DCM curve (Figure 5.24) that the peak obtained at 210ºC is higher that the one

obtained at the lower temperature, 180ºC. It may indicate that regeneration at

180ºC is not sufficient to remove most of the solvent. This effect cannot be

appreciated in the acetone curve (Figure 5.25) because the analyzer only gives

reading in terms of concentration below 3500 ppm of acetone (the analyzer was

calibrated with DCM which has one atom of carbon, and acetone has three).  Also,

in the case of acetone regeneration, the regeneration at higher temperature produces

an increase in the desorption kinetics, reaching a lower desorption concentration

sooner. These results are comparable in terms of desorption kinetics with those

obtained by others (Petrkovska, et al. 1991, Subrenat and Le Cloirec 2004). They

used activated carbon cloths to desorb different compounds such as ethyl acetate or

111-trichloroethane using electrical regeneration with varying flow rate and

temperature.
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Adsorption cycles were performed in Pilot-A (Section 5.3.1.2.) without the

measurement of the desorption concentration. This kind of cycle has been also

carried out in Pilot-B at a regeneration temperature of 200ºC and nitrogen flow rate

of 3 lmin-1 (Figure 5.26). After regeneration, the monolith was cooled down for 10

minutes. Curves shows similar patterns of regeneration temperatures and

concentration of adsorption (C/Co), demonstrating that 1 hour of adsorption and 50

minutes of regeneration plus 10 minutes of cooling could be an ideal cycle for

operating the system before breakthrough time occurs. The average value of

leakage from minute 5 of adsorption to minute 60 is 50ppm. It could be reduced to

the usual 20 to 30ppm if the monolith is at a lower temperature at the beginning of

the adsorption process.
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Figure 5.24. DCM desorption curves and temperature profile during
regeneration at a) 10V and b) 11V. Previous adsorption was carried out at

around feed concentration of 2900 ppm, feed flow rate 80 lmin-1 for 60
minutes
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Figure 5.25. Acetone desorption curve and temperature profile during
regeneration at a) 10V and b) 11V. Previous adsorption was carried out at

around feed concentration of 2000ppm, feed flow rate 80 lmin-1 for 60 minutes
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Figure 5.26. DCM Adsorption-desorption cycles. Conditions for adsorption:
feed concentration 2700ppm and feed flow rate 80 lmin-1. Conditions for

regeneration: nitrogen flow rate 3 lmin-1 and 11V and about 10 minutes cool
down

5.3.5 Pressure drop and mass transfer

The dimensions of the monolith (length, wall thickness, etc.) and particle size of

the extruded form affect both the pressure drop and the kinetics of adsorption.

Pressure drop changes with the Re number and it is roughly proportional to

interstitial velocity and inversely proportional to particle diameter and monolithic

wall thickness.

Pressure drop for the Pilot-B monolith and the granular materials has been

calculated using equations developed in Chapter 4. Equal diameter and length of

column have been used for both types of adsorbent (0.0305m of diameter and

0.558m of length). Granular materials (extruded form) were assumed to have a

diameter of 1.05 mm, similar to the wall thickness of the monolith. Plots of
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pressure drop versus flow rate are shown in Figure 5.27, where the differences

between the monoliths and the granules are seen to be quite considerable. The

benefits of using monoliths instead of packed beds for the reduction of pressure

drop are readily apparent.

Mass transfer coefficients have also been calculated for this system

configuration. The Ranz and Marshall equation (Equation 4.34) was used to

calculate the external mass transfer coefficient (kd) for packed beds and the

Hawthorn correlation (Equation 4.33) for monoliths. Internal rate coefficients (k)

have been calculated using an equation due to Patton. et. al (2004) (Equation 4.42).

Table 5.11 shows the coefficients for both materials. Packed bed granules perform

better in terms of the kinetics of adsorption, as discussed in Chapter 4.

Table 5.11. Pressure drop and mass transfer coefficients: external coefficient,
kd, calculated by Hawthorn equation (Equation 4.33) for Pilot-B monolith and
Ranz and Marshal (Equation 4.34) for extruded form materials and internal
coefficient calculated by Patton et. al. equation (Equation 4.42) for Pilot-B

monolith. (Dv=1.14x10-5 m2s-1 and Deff=1x10-11m2s-1)

Column
L

[m]
Q

[l min-

1]

ε
[-] Re Sh

dP/L
[kPa m-

1]

kd
[m s-1]

k (x10-

5)
[s--1]

Monolith
(dch=1.05mm,e=070mm)

0.558 80 0.36 355 3.10 2.68 33.75 11.70

Extruded form
(dp=1.05mm)

0.558 80 0.40 19 5.40 39.31 41.07 54.42

      *Data for extruded form are based in superficial velocity.
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Figure 5.27. Calculated pressure drop per length of a pilot monolith and
extruded form materials with equal column dimensions (diameter 0.0305 m

and length 0.558 m) and voidage for pilot monolith of 0.36 and 0.4 for
extruded form, as a function of the feed flow rate

5.3.6 Mass Transfer Zone

The effects of mass transfer from the bulk phase to the internal pores of the

monoliths are described by the breakthrough curves and the mass transfer zone

(Sattler and Feindt 1995). The mass transfer zone moves through the monolith until

the adsorbate appears at the outlet end. It is the region where the adsorption takes

place. The MTZ length can be calculated (Equation 4.8) and the MTZ wave can be

predicted if the shape of the equilibrium isotherm is known (Seader and Henley

1998). In an ideal case, the entire length of the monolith is used before

breakthrough occurs. However, in a real bed, internal transport limitations and axial

dispersion influence the development of the wave profile. The bed length depends
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on the sizes of the saturated and unsaturated zones. Therefore it is extremely

important that the monolith should be at least as long as the MTZ (Schweitzer

1997).

Breakthrough curves of pilot monoliths present leakage at all values of

concentration and flow rate studied. Therefore, it is very difficult to determine

where the MTZ begins and ends. For the calculations, the region of the MTZ will

be taken from C/Co=0.05 to C/Co=0.95.

MTZ lengths and velocities calculated for DCM adsorption onto Pilot-B are

shown from Figure 5.28 to Figure 5.31 and the results are summarized in Table

5.12. The effect of changes in the flow rate on the MTZ length and velocity, at

fixed feed concentration, can be observed in Figure 5.28 and Figure 5.29

respectively, where MTZ length and velocity increased with the flow rate. It can be

observed that the calculated length of the MTZ from 0 to 80 lmin-1 of flow rate is

close to the actual length of the Pilot-B monolith, 0.558 m. At a flow rate of

100lmin-1, the MTZ exceeds the length of the monolith in less that 0.01m. The flow

rate is too high for the solvent to be adsorbed completely.

When the feed concentration is increased, the rate of movement of the MTZ

(velocity of the mass transfer zone) increases, (Figure 5.31) while the length of the

MTZ decreases (Figure 5.30). A shorter and faster MTZ will make the

breakthrough time become shorter and the FBU increase. More experimental data

would be advised to obtain to understand this behaviour (Schweitzer 1997).
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Table 5.12. Summary of the DCM adsorption breakthrough curve
experiments and parameters onto Pilot-B and calculation of the mass transfer

zone length (LMTZ) and velocity (vMTZ)

Q
[l min-1]

Co
[ppm]

tb
[min]

Loading
[% w/w]

NI

[mol Kg-1]
Ntb

[mol Kg-1]
FBU LMTZ

[m]
vMTZ

[cm min-1]

40 1750 152 26.98 3.18 2.33 0.73 0.48 0.30
40 2500 123 30.86 3.63 2.65 0.73 0.51 0.35
60 1800 119 33.93 3.99 2.87 0.72 0.53 0.54
60 2025 115 35.66 4.20 3.08 0.73 0.48 0.35
60 2750 84 35.60 4.19 3.05 0.73 0.52 0.49
80 1450 106 34.09 4.01 2.72 0.68 0.56 0.36
80 2050 95 41.48 4.88 3.46 0.71 0.52 0.42
80 2850 75 44.84 5.28 3.72 0.71 0.52 0.51
100 2130 79 47.38 5.58 3.80 0.68 0.59 0.47
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Figure 5.28. Variation of MTZ length with flow rate at a feed DCM
concentration of 2000ppm
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Figure 5.29. Variation of MTZ velocity with feed flow rate at a feed DCM
concentration of 2000 ppm
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Figure 5.30. Variation of MTZ length with feed DCM concentration at 40, 60
and 80 lmin-1 of flow rate
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Figure 5.31. Variation of MTZ velocity with feed concentration at 40, 60 and
80 lmin-1 of feed flow rate

5.4 Conclusions

Pilot vessels and their monoliths have shown good performance for adsorption of

DCM at high flowrates (more than 40 lmin-1) and moderate concentrations (from

2000 ppm to 3000 ppm). They have demonstrated an adsorption capacity of almost

5 mmol g-1, which is in good agreement with the equilibrium isotherm mass uptake

(Chapter 4).

The Pilot-A monolith has only 15% of activation with a correspondingly

lower surface area and total pore volume than that of Pilot-B. This makes a big

difference in terms of adsorption capacity and other breakthrough parameters.

Pilot-A has also been regenerated at a maximum temperature of 170ºC in the

middle of the monolith. This appears to be a low temperature for DCM

regeneration since the whole monolith is not at a uniform temperature. The leakage
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of Pilot-A is its main drawback. Leakage remains at around 200 ppm when the

adsorption feed flow rate and concentration are 80 lmin-1 and 2000 ppm

respectively.

Adsorption-regeneration cycles at a maximum time of 60 minutes have

demonstrated that the carbon monolith can be rapidly heated to 200ºC and then

cooled by the adsorption stream. The study of the desorption concentration has

demonstrated that during a cycle period, regeneration for only 60 minutes is

enough to obtain a reasonable outlet concentration.

Calculated pressure drop in the monoliths is very low compared with

granular materials having the same length and diameter of column. The reduction

is in the order of 1/20th at 80 l min-1, making the monoliths more attractive

materials for low cost adsorption in terms of operating cost.

MTZ length and velocity calculations for the Pilot-B monolith have shown

a large value of the MTZ length, near to the total actual length of the monoliths.

Both parameters are influenced by the flow rate and concentration, giving higher

values of MTZ velocity and MTZ length when the flow rate is increased.
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Chapter 6

General conclusions and future
work

6.1 General conclusions

6.1.1 Activated carbon monoliths: manufacture & characterization

NovacarbTM activated carbon monoliths used in this thesis have been manufactured

by MAST Carbon Technology Ltd. They have used a production technique

(Tennison 1998) based on the utilization of phenolic resins (Novolak type) as

precursor materials. After carrying out processes such as polymerization, partial

cure, particle size formation, extrusion, carbonization and activation, which are
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explained in detail in Chapter 2, the resulting macro and microstructure of the

activated carbons were observed by microscopy techniques (SEM and TEM) to

verify the porous structure. The microscopic images showed a compact and

homogeneous macro-structure and a packed micro-structure containing carbon

spherical particles with a diameter between 8-20nm.

The porosity of the carbons was studied by nitrogen adsorption isotherms

using an ASAP 2010 equipment and various characteristic parameters such as total

volume, micropore volume, surface area and pore width were obtained. The

nitrogen isotherms showed a Type I isotherm as expected since this is a typical

behaviour for activated carbon materials (Do 1998) , which indicates that a total

micropore filling exists at relative low pressures. At a result, surface areas from

600 m2g-1 to 1600 m2g-1, equivalent to activated carbons with activation levels

ranging from 15% to 40%, were obtained from the isotherms. Furthermore, the

total pore volume also varied from 0.35 to 0.72 mlg-1 as does the activation level,

showing a clear increment in both pore volume and surface area with the increase

in level of activation.

Thermogravimetric analyses were carried out using a TG 9616 thermo-

balance. These analyses showed the loss of sample weight when temperature rose

linearly with time. Solvents such as acetone, DCM and water were tested on

activated carbons with different levels of activation (15, 21 and 37% of activation

level). The activated carbon samples with higher levels of activation gave higher

loss of solvent weight during the analysis, which show that these activated carbons

can hold a larger amount of solvent in their pores. Therefore, a high loading
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capacity is expected due to the higher surface area and pore volume, as it was

found with the nitrogen adsorption isotherms.

The electrical properties of the activated carbon monoliths are also

important qualities especially when an electrical regeneration process to remove

the VOCs needs to be tested. The electrical characteristics of the monoliths depend

on the manufacturing process, that is, the starting materials, the initial resin particle

size as well as the length of the monolith. The electrical resistivity indicates how

strongly the activated carbon monolith opposes electrical current. The decrease in

electrical resistivity or increase in conductivity found with increasing temperature

indicates that the activated carbon behaves as a semiconductor material and is

suitable for electrical regeneration. The coefficient of thermal conductivity is a

property that expresses the capacity of the material for the transport of heat and

depends on humidity and temperature. For the MAST activated carbon monoliths,

which are structures with a bunch of channels full of air, the thermal conductivity

coefficient decreases exponentially with an increase in temperature. The thermal

conductivity coefficient of an example monolith at 25ºC is 23Wm-1K-1, comparing

with graphite which is 50-150 Wm-1K-1.

6.1.2 Experimental apparatus and thermal dynamics

The special design of the pilot plant vessels allows the electrical regeneration of the

monoliths. A constant voltage was applied between the ends of a monolith to raise

its temperature and remove the VOCs. Although the monolith does not need any

hot gas flow rate to increase its temperature, a nitrogen flow rate was used to help
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transport the desorbed VOCs outside the containing vessel. From the thermal

experiments which were carried out on a regenerated monolith, it was concluded

that the temperature is not homogeneous within the whole length of the monolith. It

was found that Ttop>Tmiddle>Tbottom and that the regeneration temperature depends

on the voltage applied and the purge flow rate.

Thermal cycles of heating and cooling were applied to the monolith and it

was observed that temperature increased up to 200ºC within 30 minutes and

decreased to 30ºC within 30 minutes of cooling. Identical monolithic temperature

profiles were obtained for each thermal cycle and no degradation of the electrical

connections was observed during the use of the monolith.

6.1.3 Equilibrium and kinetics of VOC adsorption onto activated
carbon monoliths at the bench scale

Solvent isotherms (DCM and acetone) and breakthrough curves experiments were

studied under dry and humid conditions for activated carbon monoliths and

extruded forms at the bench scale. A theoretical study of mass transfer rates and

pressure drop was also accomplished.

Isotherms of adsorption showed a mass uptake of DCM onto a Sqr-15

sample (level of activation about 15%) of 30% of loading at 20ºC and almost 60%

for Sqr-37 (37% level of activation). A higher adsorption capacity was found for

DCM than for acetone. The adsorption capacity increases when the level of

activation increases. Although the amount of DCM adsorbed is higher than for
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acetone, the affinity parameter of the Tòth model gave higher values for acetone

adsorption than for DCM. Thereby the activated carbons have good potential to

adsorb acetone. This also was confirmed by the value of the energy of adsorption,

which was higher for acetone than for DCM.

Breakthrough curve experiments carried out using dry activated carbon for

the adsorption of DCM and acetone confirm that the dynamics of adsorption are

influenced by feed flow rate and concentration and by the shape of the monolithic

channels. For example, an increase in feed flow rate from 5 lmin-1 to 13 lmin-1

reduces the breakthrough time of the Hex-24 monolith in 31%. The loading

capacity of ACMs increases when the feed concentration rises (e.g. for Hex-24,

Loading increases 7% when the DCM feed concentration increases from 1900ppm

to 4500ppm). The hexagonal channel monolith has shown a longer breakthrough

time than the square channel ones. Among the square channel monoliths, the high

cell density version has given longer breakthrough times.

Monoliths were compared with extruded form materials, manufactured in a

similar process, and the results, under similar adsorption conditions, give similar

results of loadings and breakthrough times for both materials. Nonetheless extruded

forms have shown breakthrough curves which are steeper than those for the

monoliths. Even so, there are two main differences between them that make the

monoliths a better choice, namely the similarity of the adsorption properties and the

reduction of pressure drop for monoliths. Pressure drop was measured for both

materials and the monoliths, even with the high density channels, performed much

better than the packed beds of extruded materials.
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Kinetics of adsorption were evaluated to estimate the importance of the

mass transfer rates. The external mass transfer coefficient for the extruded

materials was better than for monoliths. Amongst the monoliths, the high cell

density one gives as expected, better results than low cell monoliths. That is, when

the wall thickness is smaller, the adsorption of molecules through the pores is

faster. The internal mass transfer coefficient calculated by using the LDF

transformation, was found to be higher for the high cell density monolith than for

the extruded form and the low cell density monoliths.

The influence of humidity conditions during adsorption of VOCs onto

activated carbon was studied. The co-adsorption of DCM and vapour water

reduced the adsorption capacity of the activated carbon monoliths when the percent

of relative humidity in the feed stream was high, around 80%RH. Some reduction

in adsorption capacity occurred when the monolith was pre-treated with water

before the DCM adsorption began. Acetone, a water soluble molecule, was also

tested under humid conditions. It gave a longer breakthrough time than DCM

during its co-adsorption with humidity.  Acetone competes strongly with water and

it is affected in less proportion compared with DCM in terms of adsorption

capacity and reduction of the breakthrough time.

6.1.4 Dynamics of adsorption at the pilot plant scale

The pilot plant contained two long monoliths (Chapters 3 and 5). Electrical

connections were attached to their ends to produce a difference of electrical

potential and as consequence, a rise in temperature. The electrical connections were
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used for the monolithic regeneration process. Breakthrough experiments were

carried out using DCM as a solvent and high flow rates from 40 to 110 lmin-1 were

fed during adsorption. It was found that the adsorption capacity of the pilot-scale

monoliths was similar to the bench scale monoliths (around 40% of loading). This

fact suggested that the regeneration process using electrical connections were

working properly, even after a long numbers of experiments carried out.

The discovery of an initial concentration in the outlet stream, called

‘leakage’, was the only disadvantage found for this electrical design. It has been

found that the leakage depends on the feed flow rate, the regeneration temperature

and the level of activation of the monolith. Increasing the flow rate, increased the

leakage. The solution found to reduce the leakage was to increase the regeneration

temperature up to values higher than 200ºC because high temperatures could

desorb any residual solvent remaining in the pores.

 Total reproducibility of the adsorption-regeneration cycles and a rapidly

heated monolith up to the regeneration temperature (in about 60 minutes) were

obtained during the experiments, concluding that the electrically regenerable

carbon monolithic adsorption system could be used in industrial applications for

the recovery of volatile organic chemicals.
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6.2 Future work

Monoliths used in this research have demonstrated that they can be used for single

VOC adsorbates. In the industrial field, waste streams are composed normally with

more than one component that needs to be removed before it reaches the

atmosphere. The next challenge is the study of multi-component adsorption onto

activated carbon monoliths. At the pilot-scale, a system for adsorption and recovery

of the pollutants could be designed. Industrial outlet streams could be simulated by

making up multi-component mixtures with and without humidity.

A larger range of components also need to be studied, including those with

oxygen groups, high boiling points and new challenging molecules. These include

aromatics such as toluene and xylene. For large molecules with kinetic diameters

higher than the mean pore size, mesoporous materials should be tested instead of

micropororous materials.

New channel shapes, such as the high density hexagonal monolith, must

also be studied experimentally, as they ought to better kinetics. It has been

demonstrated in Chapter 4 that the adsorption kinetics improved when the wall

thickness of the monoliths is reduced. The experimental test of this high cell

density hexagonal channel structure would be interesting to try and compare with

theoretical mass transfer coefficients.

One of the applications of activated carbon monoliths is their use in gas

masks, where a considerable reduction in pressure drop is a great advantage. The

simulation of a human respirator could be studied broadly under pulsating flow
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with hazardous compounds. Valdés-Solís (2004)) has already studied the

adsorption of low concentrations of n-butene into ceramic-coated activated carbon

monoliths with 10 seconds of adsorption and another 10 seconds of interruption

flow. She found that using the same flow velocity for pulsating and continuous

flow, the adsorption parameters (breakthrough capacity and breakthrough time) are

similar each other, which seems to make the monoliths suitable for gas mask

applications.
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Appendix I

Phenolic resins formation

Novolak resins are made by reacting phenol with formaldehyde in a ratio of

approximate 1: 0.8 in acidic conditions. The reaction is slow and gives ortho and

para methyl phenols:

OH

+ CH2

O
OHOH

+

OH

OH

These transition compounds condense rapidly to give three

dihydroxydiphenyl methane isomers (D.P.M): 2,2-D.P.M, 4,4-D.P.M. and

2,4.D.P.M.:

OHOH

+

OH OH OH

The pH controls the proportion of the created isomers. Details of the

experimental conditions are given in Tennison1 1998 paper.

 D.P.M reacts slowly with the formaldehyde creating more methylol groups

which continue reacting with the excess of phenol to obtain higher molecular

weight products. A typical structure may be:
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OH
OH

OH

OH

OH

This structure does not have any unreacted methylol groups and must be cross-

linked. Since heating does not produce any bonding, a hardener must be added to

form methylene bridges (curation step). Hexamethylenetetramine (HMTA) is the

agent used to cure the resin. The final resin structure may contain up to ca. 6% of

nitrogen bounding as amine bridges. The nitrogen cross links introduced with

HMTA remain:

OHOH

H

N

These final novolak resins are soluble and fusible with low molecular weights and

can already be used for the next step of the formation of the activation carbon

monoliths, these being, milling, extrusion, carbonization and activation.

1 Tennison, S.R. 1998 Phenolic-resin-derived activated carbon. Applied Catalysis A:
General. 173: 289-311
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Appendix II

Elemental Analysis

An elemental analysis of the two samples, Sqr-15 and Sqr-37 was carried out in the

Chemistry department at University of Bath by Mr. Alan Carver using an Exeter

Analytical Instrument CE-440 Elemental Analyser. Samples were dried in a oven

during one day at 200ºC and sealed in a flask before the analysis. Helium

atmosphere was presented when the analysis was carried out and the samples were

sealed in a chamber. Results obtained are shown in Table Ap II-I.

Table Ap II-1. Values of the elemental analysis of Sqr-15 and Sqr-37

Sample Carbon [%] Hydrogen [%] Nitrogen [%]

Sqr-15 84.6 84.4 1.46 1.47 0.73 0.63

Sqr-37 90.1 90.8 0.65 0.55 1.09 1.2

It can be seen from the results that the ACMs are mainly composed of carbon and small

quantities of hydrogen and nitrogen are also present. The rest of the composition is

unknown and it might be amorphous materials remaining from the curing process.
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Appendix III

ACM Power Supply

The unique electrical properties of the ACM allow it to be heated using alternating

current. Power supply and measurement of data are carried out using a variable

auto-transformer (Variac), which provided a voltage adjustable source of

alternating current electricity, an isolating 2:1 stepdown transformer, two low

voltage stepdown isolating transformers and a final digital wattmeter. It can be seen

in Figure Ap-II-1.

The first power supply element is a variable voltage transformer marked in

percent of input voltage (0-230Vrms). The Variac supplies an isolating 2:1 step-

down transformer with a rating of 750VA, which is in turn connected to low

voltage transformers (one per monolith) via contactors (on-off relays). Each low

voltage transformer is continuously rated at 500VA and has two secondary

windings, each giving a maximum nominal voltage of 12Vrms at a maximum

current of around 25A.

The maximum power which may be delivered to the two monoliths

simultaneously is determined by the rating of the 2:1 step-down transformer

(750VA), i.e. around 750W. Voltage and power supplied to the monolith are

measured with a digital wattmeter. In terms of reading errors, when the wattmeter

is making power measurements, it multiplies together the instantaneous voltage and

current values and then applies a low-pass filter to the product to give the average

real power in Watts (Wav) (John Bishop, pers. comm. 2007).

2Patsos, T. Adsorption of volatile organic chemicals by means of a fast thermal cycle
monolithic process. 2006.MSc in Environmental Chemical Engineering. Univeristy of
Bath.
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Figure Ap II-1. Power supplied diagram for Pilot Plant activated carbon monoliths ( T.Patsos. MSc Report, 20062)
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Appendix IV

Electrical connection wires power losses

The resistance (sometimes called linear resistivity) has been measured in Chapter 2

to determine the electrical properties of the monoliths. The value given corresponds

with the total system including activated carbon monolith, electrical connections

and wires attached to the electrical connections. This appendix separates the wire

resistance from the monolith and calculates the value only for the wires.

Two set of wires are connected to the electrical connections of the monolith

from a digital wattmeter: thick wires and thin wires. Dimensions of these wires are

shown in Table Ap IV-II. Two wires of each type exist: one to connect the top end

and another for the bottom end of the monolith.

The loss of power by the wires is shown in Table Ap IV-II . To

calculate it, Equation Ap IV-1 gives the value for the resistance assuming that the

current was 13A, which is the value read in the watt meter reader at 140W, when

the monolith is being heated:

A

L
R


 (Ap IV- 1)

Here L is the length of the cables, ρ is the resistivity of annealed copper at 30ºC

(1.673μΩm) and A is the cross section area of all the strands. Once the resistance is

calculated, the power loss is:
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RIP 2 (Ap IV- 2)

where I is the current in Amps and R the resistance in Ω.

Results have shown that the power losses generated by the wires (around

20W) are somehow quite high and they must be taken into account when a large

system holding multiple monoliths is heated. Although these losses are not

insignificant, it means that the monoliths can be heated even at less power (if the

values of the power loss of the wires are subtracted).

Table Ap IV-II. Dimensions of the wires attached to the monoliths.

Type Diameter
[m]

Total length
[m]

Resistance
[Ω]

Power loss
[W]

Thin 0.2mmx19strands 2.5 7.01·10-2 11.8
Thick 0.25mmx25strands 4.14 5.64·10-2 9.54
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Appendix V

Errors

V-I. Experimental errors

Experimental errors are those inherent to the sensitivity of the instruments used to

measure information. It is the smallest error that can be measured by the instrument

and is inevitably associated with each experimental aspect measured. Estimates of

the experimental errors of the equipment used in the pilot and bench scale rigs are

shown below:

FID: ±0.01 ppmv

Hygrometer: ±0.1 %RH

Syringe pump: ±0.1 cm3 h-1

K-Thermocouples: ±1 K

Power meter reader: ± 0.001 W

Bench scale rotameter: ±0.5 l min-1

Pilot scale rotameter: ± 20 l min-1

These errors are accompanied by systematic and random errors. The first are

constants and for example appear when an instrument is not operating correctly

showing the lack of accuracy. The second varies without any pattern measurement.

When the precision needs to be taken into consideration, no matter what the level

of accuracy, a set of data can be evaluated by two parameters, the mean, x  and the

standard deviation (STDV):
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(Ap V- 1)

where, xi is the value of every point and N the total number of points. It is said that the less

precise the measurements, the larger the standard deviation.

The propagation of errors along the calculations is difficult to obtain. Errors

should be calculated when a mathematical operation involves other errors. For

example, when two values are added or subtracted, x±sx and y±sy, the uncertainty in

the result is given by:

22
yxyx SSS  (Ap V- 2)

Propagation of errors has not been calculated in this thesis and the

experimental errors of the equipments has been given along Chapter 3. The

standard deviation also has been calculated when a set of data were available.

V-II. Non-linear fit of data

The equilibrium adsorption isotherm models described in Chapter 4 were employed

for fitting the experimental data. These models correspond with non-linear

equations. As it was pointed out previously, ORIGINLAB has been used for fitting

the experimental data to the empirical equations. Two methods are available in the

software for nonlinear regression: the Levenberg-Marquadt algorithm (L-M) and

the simplex method. L-M was the one used. It proceeds with the minimization of

the squares of the deviation. Values obtained after the fit are accompanied by a

standard error.

Another way to obtain the precision of a fitted model is using the residual.

It can give an idea of the random errors. They are defined as the difference between

the experimental data and the predicted data obtained from the model, r =
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yexperimental – ycalculated. If the residuals are random values, then the model is a good

fit of the experimental data. However, if any systematic pattern appears, the model

is not adequate. To give a value in percent of error , the Square of Residuals (SOR)

is normally used:

     2
exp100% calculatederimental yySOR (Ap V- 3)

The standard error of any regression, commonly called the root mean square

error (RMSE) can be use to weigh up the quality of a fit. It is defined as the

difference between the actual observations and the response predicted by the model

(Wikipedia 2007 1). The mathematical expression is:

 
par

calc

NN

yy
RMSE




  2

exp (Ap V- 4)

where Npar is the number of parameters of the equation to fit and N the number of

data.

1Wikipedia, 2007. The free encyclopedia. http://en.wikipedia.org/wiki/Mean_squared_error
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Appendix VI

Previous adsorption rig

The original adsorption rig used in Chapter 4 to test the first generation of activated

carbon monoliths is described as follows. As it is shown in Figure VI- 1, vapour is

generated in bubblers  passing through a nitrogen stream. This stream is diluted

with the main nitrogen inlet and it is lead to the adsorption column, set it in vertical

position. An FID analyzer (Signal, Model 3000) measures the amount of carbon

molecules in the outlet stream. Mass flow controllers (from Brooks) control the

flow rate through the bubblers and the dilution stream.  A bypass and a vent pipes

were also assembled. Regeneration is carried out in a column oven placed in the

adsorption rig and temperature is indicated and controlled.

Figure VI- 1 Old rig

http://en.wikipedia.org/wiki/Mean_squared_error
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