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ABSTRACT

Membrane, ion exchange, Malaysian oil palm shell, modified carbon, filter
A study of the use of seeded microfiltration with modified powdered activated
carbons (particle diameter, 42-50 flm) for treating aqueous solutions
containing metal ions is reported. The modified activated carbons were
derived from a cheap starting material, Malaysian palm oil shells, which is a
by-product from the palm oil industries. In the seeded microfiltration, surface
microfilters with pores or slots without tortuosity were used to minimise
internal fouling and to retain the carbon particles within a well mixed flow
circuit.
Characterisation of the modified carbons was performed, including: particle
size analYSiS, surface area and pore size analYSis, pH titration, determination
of functional groups and adsorption isotherms. These were undertaken in
order to understand the mechanisms of copper sorption.
The modified activated carbon showed significant sorption capacity for copper
ions due to functional groups introduced onto the surface of the carbon as a
result of the surface modification process using nitric acid oxidation. The rate
of copper sorption onto the carbon was found to be dependent upon mass
transport limitations due to aqueous film diffusion and intraparticle diffusion.
A homogenous solid diffusion model based on dual mass transport
mechanisms that includes both film diffusion and intraparticle diffusion was
developed and used to model the copper sorption.
The values of transfer coefficients obtained from batch seeded microfiltration
experiments were used to predict copper sorption during continuous seeded
microfiltration systems for both the staged (with respect to time) and nonstaged addition of modified activated carbon. A good agreement was
obtained between the model prediction and experimental results.
Seeded microfiltration can be effectively applied for the removal of copper
ions from aqueous streams, providing a high process water flow rate and a
low pressure requirement for filtration. However, overall performance is highly

ix

dependent upon the capacity of the modified activated carbon and the
prevailing sorption kinetics.
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1.0 INTRODUCTION

Discharging liquid wastes containing metals can adversely affect public health
and the environment, due to their toxicity to the ecosystem. In recent years,
because of the complexity of wastes generated by industries, most
developing and developed countries have formulated and enforced stringent
regulations to reduce the level of toxic metal discharges in order to safeguard
the safety of the public and to protect the environment. In the future, the
quality of discharges may even have to approach the drinking water standard.

In order to meet the required standards, many technologies have been
developed, and used, for treatment of effluents containing metals including
precipitation, solvent extraction, and ion exchange. Precipitation is the most
common method of treatment, however this method is not selective and
produces large amounts of metal hydroxide sludge that has to be disposed of
at a proper landfill. Precipitation is also less effective if organic ligands are
present in the wastewater to be treated (Rubin and Mercer (1987) and
Jevtitch and Bhattacharya (1993». The advantages and disadvantages of
other treatment technologies have been assessed by Peters et a/ (1980).
A combination process of adsorption (ion exchange) and microfiltration may
offer a suitable alternative for heavy metal removal and was investigated in
this study. In this process, activated carbon which has been modified in order
to enhance its metal binding capacity was dispersed and circulated within a
microfiltration system. The modified carbon particles were separated from the
treated effluent in the microfiltration module. This combination is called
"seeded microfiltration" because the modified activated carbon removed
metal ions by adsorption within the microfiltration system. The modified
activated carbon loaded with metal ions can be regenerated for further use.
While, the regenerated metal ions can be recycled. Membrane technology
was chosen because of its relevance in water and wastewater treatment for a
number of reasons: the efficiency of the technology keeps improving, its
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flexibility in combination with other treatment systems, the steady reduction in
processing cost and simplicity of operation.
In this study the use of seeded microfiltration (MF) with modified powdered
carbon focussed on the removal of copper ions from an aqueous solution.
The aim of the study was to look into the possibility of utilisation of suitable
modified activated carbons combined with membrane filtration (microfiltration)
as an alternative technique for the treatment and recovery of copper ions from
liquid wastes, to give high removal efficiency with low energy consumption. To
enhance the filtration process, the particle size of modified activated carbon
used was small because it provides a larger surface area and a shorter
diffusional distance for base metals to be adsorbed. Furthermore, in order to
minimise the fouling effect, a surface filter (nickel membrane) which had
pores, or slots, that passed directly from one side of the filter to the other with
no tortuosity was used.
Conventional methods of treating metal ions USing small adsorbent particles,
such as ion exchange resins in a packed column result in high pressure
drops. The proposed technique could overcome this type of problem and
could be used as a single step process without any preliminary pre-treatment
to remove suspended matter. Hence, it may be used as an alternative to
packed columns of ion exchange resin or activated carbons. For a packed
column system, the choice of particle size has to be a compromise between
process efficiency and pressure drop.
Copper ions were studied as a model since they are commonly found in
waste streams especially from the metal finishing industries, printed circuit
board assembly plants, cable manufacturing plants, industries involved with
wood preservation activities, paint and pigment industries, fertiliser plants and
non-ferrous metal works. In addition, they are readily removed from an
aqueous phase due to their high selectivity to most adsorbents, particularly
carboxylic and phenolic functional groups, which are also a characteristic
group on modified activated carbons. Furthermore, copper· is also easily
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analysed by various techniques and its chemistry in an aqueous solution is
relatively well understood.
In searching for a suitable activated carbon to be used in the study, Malaysian
oil palm shell (MOPS) activated carbon was compared with a commercial
activated carbon in terms of mechanical strength and capability of copper
sorption.
In order to gain a better understanding of the copper sorption rate onto the
carbon, the effect of stirring speed and copper concentration was observed
and a homogenous solid diffusion model (HSDM) was developed to describe
the copper sorption. The model considers dual mass transport mechanisms
of film diffusion across the hydrodynamic boundary layer surrounding the
activated carbon particle and intraparticle resistance within the particle in the
form of surface diffusion. In applying the model, the liquid-phase surrounding
the carbon particle is considered uniform and equilibrium between liquid
phase and solid phase is assumed to occur at the surface of the carbon
particle. This model consists of a set of mathematical equations (i) a partial
differential equation to describe the transfer process within the carbon
particle, (ii) an equation for average copper adsorbed on the carbon particle
(iii) a mass balance equation for the system studied, (iv) boundary conditions
for continuity of copper flux at the surface of the carbon particle, (v) an
adsorption isotherm equation, and (vi) an appropriate initial condition and
boundary conditions. These mathematical equations were solved numerically
using method of lines, using the PDESOL software package. To overcome
the computation problem of needing to know the average copper adsorbed on
the carbon particle at each integration step, the average copper sorbed was
calculated from the copper uptake rate by the particles with diffusion at its
surface, which can be easily achieved by the PDESOL package. The profile
of copper uptake rate within the carbon particle was assumed to satisfy the
equation q =a. +a,r where q is the local copper concentration in carbon
particle, a. and a, are the arbitrary constants and r is the radial co-ordinate
of a spherical carbon particle. For different values of n, this equation may

4
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represent a linear or parabolic profile of copper uptake within the carbon
particle.
Computation results from the model developed for a batch adsorption system
are compared with the results obtained from a well accepted programme
written in FORTRAN to validate the HSDM developed in this thesis. From this
premise, the HSDM was further developed for a variety of filtration modes
such as continuous mode, and continuous mode with staged addition of
modified activated carbon and ion exchange resin. The novel part of this
modelling work relates to the development of the model for continuous
filtration with staged addition of carbon and ion exchange .resin, which is
scarce in the literature. Comparison of experimental results with predictions
from these models is the main focus of the modelling study.

1.1 JUSTIFICATION OF THE STUDY
The system proposed could be a feasible option for the treatment of metal
ions. The reasons being:
i.

MF is capable of producing better rates of filtration with low
energy consumption than other membrane processes;

ii.

MF can handle small powdered adsorbents with low pressure
drop,

Hi.

Activated carbons are cheaper than conventional ion exchange
resin because they are in abundant supply. In the case of
Malaysia, according to DSM, (1981) about 1.44 million tonnes of
palm kernel shells, which is a by-product of the palm oil industry,
are generated annually and

this could be used as a cheap

starting material for modified activated carbon for this purpose,
and

5
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iv.

Activated

carbons

exhibit

better

resistance

to

strong

bases/alkalis compared to the conventional ion exchangers.
1.2 STRUCTURE OF THESIS
This thesis is divided into eight chapters and the content of each chapter is
summarised below.
Chapter 2: Literature Search
Chapter 2 is a literature review of known theory, which is further subdivided
into three parts; seeded microfiltration, preparation of activated carbon, and
sorption of metal ions by activated carbon. Under the seeded microfiltration,
the filtration techniques, mathematical models relevant to prediction of flux
and issues pertaining to membrane fouling are discussed. The use of
microfiltration in treating heavy metal wastes is included.

Under the

preparation of activated carbon, common methods of producing activated
carbon are highlighted especially in relation to MOPS. Methods of
modification of activated carbon surface to enhance the ion exchange
capacity are also assessed. In addition, methods on how to characterise
activated carbon are given. Under the metal sorption, the discussion focuses
on factors that affect the metal sorption on activated carbon such as pH, ionic
strength, and carbon loading. Other elements included are kinetic aspects of
metal sorption and sorption isotherms which are important in sorption
modelling.
Chapter 3: Experimental Procedure
This chapter

describes the

procedures used.

materials,

equipment

and

experimental
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Chapter 4: Modelling of Copper Sorption onto Activated Carbon

This chapter discusses the relevant models pertaining to metal sorption on to
activated carbon. Previous work on related fields is also covered. The model
used in this work will be discussed and verified.
Chapter 5: Results of Experiments
This chapter discusses the properties of two modified activated carbons
derived from commercial activated carbon (F400) and MOPS leading to the
selection for further work on the MOPS carbon, based on kinetic studies and
attrition tests. It focuses on characterisation of the activated carbon that was
selected and reports surface area, pH titration, direct titration to determine the
surface functional groups and adsorption isotherms. Kinetics of copper
sorption on the modified activated carbon derived from MOPS in a batch
mode experiment at different stirring speeds and copper concentrations are
qualitatively discussed.
Chapter 6: Discussion on Adsorption Modelling
Experimental results from batch experiments are compared with the
predictions from the model. The mass transfer coefficients (external and
internal)

obtained

for experiments

at

different stirring

speeds

and

concentrations are compared. The values of mass transfer coefficients
obtained are used to predict copper sorption in bench top continuous stirred
cell systems for both staged and non-staged addition of modified carbon, and
in a pilot scale rig under the appropriate experimental conditions. In this
chapter, the filtration flux during the sorption process based on three types of
nickel membrane in a pilot plant is considered.
As a comparison to the modified MOPS activated carbons, the results of
modelling work on a well-characterised ion exchange resin Dowex 50WX8 in
the removal of copper from bench top microfiltration experiments (continuous
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mode, and continuous and staged addition mode) are included and
discussed.

Chapter 7: Sorption and Desorption of Copper

Results from pilot plant experiments, in terms of sorption and desorption, are
discussed. The effectiveness of the method employed in desorbing copper in
the pilot plant and in the mini-column experiment is discussed. In addition,
the desorbing efficiency for the high capacity modified activated carbon is
predicted.

Chapter 8: Conclusions and Recommendations
To conclude the thesis, the overall experimental results and reliability of the
model and overall performance of sorption and desorption processes are
summarised, followed with possible recommendations for future work.
All supporting and relevant documents such as references, data and figures
are presented in appendices of this thesis.
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CHAPTER TWO - REVIEW OF SEEDED MICROFILTRATION LITERATURE

2.0 MEMBRANE FILTRATION

In recent years many applications of membrane processes have been used
for the treatment of liquid wastes. They include reverse osmosis (RO),
nanofiltration (NF),

ultrafiltration (UF) and microfiltration (MF). These

processes are pressure driven where semi-permeable membranes are used
as media for filtration of particles and solutes and normally are characterised
by the same parameters: water flux and rejection. Separation may be based
on sieving mechanisms: whereby particles bigger than the pore diameter of
the membrane will be retained by the membrane, except for NF and RO
where exclusion and diffusion mechanisms are involved in the separation
process. The main differences between these processes are the pore size of
the filter, the species size rejected and driving force applied for each process
which can be seen in Table 2.1.
Table 2.1: Filtration Processes and Their Characteristics.

Species
Separated
Suspended
particles,
emulsions
Macromolecules,
emulsions

Size Range
(microns)"
0.1-10

Nanofiltration

Dissolved salts,

0.0004-0.006

Reverse osmosis

Dissolved salts,

0.0001-0.001

Membrane
Process
Microfiltration

Ultrafiltration

a Source from Droste (1997)
b Source

from Sirkar et a/ (1999)

0.001-0.1

Driving Force D
Pressure
difference
(0.03-0.3 MPa)
Pressure
difference
(0.2-0.7 MPa)
Pressure
difference
(0.4-2 MPa)
Pressure·
difference
(2.7-14 MPa)
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In terms of filtration rate (flux) which is normally reported in volume of filtrate
per effective filter area per hour (I m-2 h-\ among these three processes, MF
produces the highest flux rate, typically higher than 100 I m-2 h-1, followed by
UF with less than 100 I m-2 h- 1 and RO with less than 10 I m-2 h- 1 _

According to the report compiled in 1998, (Anon, 1998), the MF sector
contributed 50 % of the overall membrane separation market in Europe_ This
is followed by UF; 23%, RO; 15_2% and electrodialysis; 11.4%_ It was
estimated that the membrane separation market would expand with strong
growth as quality standards become more stringent, particularly in the
pharmaceutical industries_

Usually, a MF process can be operated in two arrangements: dead-end and
crossflow filtration_ In the dead-end arrangement, pressure is applied to the
entire fluid to be filtered_ The liquid phase will pass through the membrane
and the particles larger than the pore size of the membrane are retained by
the membrane_ As the filtration progresses, a concentrated layer at the
membrane surface will continuously build up and this will slow down the
movement of fluid through the membrane, resulting in flux decline and finally
this will stop the fluid flow entirely (Oavis, 1992). To prevent particles
concentrating at the surface of the membrane, the fluid can be stirred. Oeadend devices are commonly used in filtration sterilisation cartridges in the
pharmaceutical industry and for various small-scale laboratory separations.
Generally, excellent rejection of particles can be achieved by dead-end
filtration, because the cake accumulated on the surface of the membrane
acts as a secondary filter medium which can capture smaller particles, but it
requires frequent cleaning of the membrane.

On the other hand, in the crossflow filtration arrangement, the flow of feed
fluid is forced parallel over the membrane surface to create shear on the filter
surface hence the particle build up can be prevented or minimised. This will
result in a much higher flux rate compared to dead-end filtration. In crossflow
MF, it has been observed that the flow rate of the feed (crossflow velocity)
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permeate rate, trans-membrane pressure (TMP) across the filter and the flow
regime within the system, are the driving forces of the system. Higher feed
flow rates will produce high fluxes because it creates a high shear force that
reduces the thickness of the fouling layer on the surface of the membrane
which reduces the resistance to permeate to flow. Other advantages of
crossflow filtration are as follows:

i.

Particle accumulation at the surface filter is minimised,

ii.

Filtration performance does not depend on particle size since it
is assumed that a filtration barrier can retain the particles,

iii.

Feed additives or filter aid such as flocculating agents are not
required, and

iv.

Retentate or products are not contaminated with filter aid.

The drawbacks of crossflow MF is that it will incur additional pumping costs
for the circulation of feed suspension over the membrane surface.

2.0.1 Membrane Fouling of Crossflow MF

For SOlid-liquid separation using crossflow MF, results show similar general
characteristics in terms of flux profiles. At the initial stage of the filtration
process, there is a sharp decline of flux compared to the initial clean water
flux. After this sharp fall of flux, the rate of decline reduces until an equilibrium
flux is achieved (Mir et ai, (1992)). This reflects that there is some degree of a
fouling of the filter with a high fouling rate at the beginning of the filtration and
an equilibrium fouling layer thickness may be reached where no further
growth of the thickness of the fouling layer occurs later.

In the literature, two mechanisms of flux decline have been explained, that is
due to internal and extemal fouling of the membrane (Tarleton and
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Wakeman, 1993). For intemal fouling, the rapid deposition and capture of
finer particles from the feed stream and their intrusion into the pores occurs.
The particles may adsorb onto the pore walls or block the pore or precipitate
within the filter. This generally happens for filters with significant depth and
open pore structure. The external fouling is caused by cake formation
resulting in further deposition of solids on the membrane surface and
subsequently further solid layers usually called a "dynamic" or "secondary"
membrane.
Because of this fouling, resistance to permeate flow increases hence
reducing the flux. The relation between flux (J), the membrane resistance
(Rm) , the total fouling resistance (R,) and applied TMP (11P) can be
represented by Darcy's law (see Equation 2.1).

(2.1 )

where:
f.J.

=viscosity of the suspending fluid.

The fouling behaviour of the membrane depends on various factors such as
process parameters (i.e. pressure), pore shape,

particle shape and

membrane morphology which has been studied extensively by various
researchers such as Persson & Nilsson (1991), Davis (1992), Belfort et al
(1994) and Tarleton & Wakeman (1993, 1994a, 1994b).
Membrane fouling will affect the performance of filtration processes in terms
of flux rate, causing an increase of energy requirement. However, membrane
fouling could be reduced by several techniques such as back-flushing of the
membrane, vibrating the membrane, and operating at a sub-critical condition
to avoid cake formation (Fane, 1996). Cleaning of the membrane by
chemicals has also been reported in the literature (Rushton, et al 2000).
Chemicals are used to dissolve or remove a species adhering to the
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membrane which can reduce the fouling. In addition, proper selection of the
membrane can also reduce the fouling. According to Holdich et al 1998a,
membranes that contain uniform pores, not connected to each other and pass
directly from one side to another side of membrane can be used to reduce
intemal clogging/fouling. A "surface filter", such as this, does not require a
tortuous flow channel to achieve its pore size rating.

2.0.2 Surface Filtration

Surface filtration functions mainly by direct interception of particles on the
surface filter medium (membrane), where particles larger than the pore size of
the membrane are screened at the membrane surface. This screening
process prevents the larger particles from entering or passing through the
pore opening (Christopher, 1997). This sieving mechanism provides the result
that no internal fouling can occur (Davis, 1992). Using surface filters, until
they suffer from mechanical failure, can eliminate the problem of internal
fouling. In comparison, depth filtration occurs by both direct interception of
particles on the surface of the membrane and by particle retention in the
membrane. For this type of filtration, larger particles may be trapped on the
surface layer and finer particles trapped in inner layers of the membrane as
was reported by Gupta et ai, (1995), and Lopez et ai, (1995).

Surface filters, can be manufactured using various materials including
polymeric

materials

or

metal

sheets.

For

polymeric

sheets

(e.g

polycarbonate), surface filters may be produced by nuclear bombardment of a
polymer sheet followed by chemical etching. This technique was developed
by Nuclepore (Rushton et ai, 2000). Typical thickness of this kind of surface
filter is 10 )lm.

A method for producing surface filters from

metal plate based on

electroforming and photo-etching was developed recently. Stork BV of the
Netherlands used this technique to produce a surface filter from 100% nickel
plate. The perforations, either round or slotted holes can be down to 10 )lm
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(Website (http://www.veco.storkgroup.com)). With a thickness up to 600 Ilm it
can

be formed into a tubular filter which is suitable for crossflow

m icrofiltration.

Currently, surface microfilters have been used to study the separation of
suspensions containing various matter including yeast, blood cells and oil
droplet dispersions. It was reported that stable flux rates can be obtained in
the range of 100-1000 I m· 2 h· 1 which is higher than for depth filters (Kuipler

et ai, 1998, Holdich et ai, 1998b).
2.0.3 Membrane Filtration For The Removal of Metal Ions

Based on separation mechanisms of pressure driven membrane processes,
only RO and NF are capable of retaining metal ions from aqueous streams.
Sourirajan and Matsuura, (1985) reported that RO with celulose acetate
membranes can reject various metal ions such as Cd 2 +, Cu 2 + and Ni 2+ (sulfate
as anions) at more than 99.9%.

NF also called "loose" RO, with a fixed

charge membrane, can retain divalent anions and the corresponding metal
ions. According to a report compiled by 8irkar et al (1999), rejection of about
98% can be achieved for 80 4"2 containing salts. However, the rejection for
monovalent anions such as

cr1 is lower at around 10-40 %. While UF and MF

are not capable of retaining the metal ions due to the nature of their
membranes where the pore size is bigger than the size of the hydrated metal
ions, hence metal ions pass through the membrane. 80, UF and MF require
precipitation or binder enhancement to separate metal ions. But, if UF or MF
can be used, it is possible to use a lower-pressure (lower operating cost) to
remove metal ions from aqueous phase compared to RO and NF.

Based on limitations of the conventional pressure driven processes, several
hybrid membrane processes have been developed and reported, including
the use of binders/adsorbents such as chelating agents, micelles, ion
exchange resin, powdered activated carbon, alum, polyaluminium chloride
coupled with either UF or MF. This process is called "seeded filtration".

14
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The principle of removing metal ions from aqueous streams by binding metal
ions to dispersed material coupled with membrane processes, particularly
ultrafiltration process, was first reported by Michaels (1968). Subsequently
various techniques of metal removal based on this principle were developed
including

chelating

agent-Ultrafiltration

(UF),

ion

exchange

resin-

UF/Microfiltration (MF), micelle-enhanced UF, precipitation-UF/MF, and
activated carbon-UF/MF. Possibilities of membrane processes for the
recovery of metal ions from aqueous stream can be summarised in Figure

2.1.
2.0.3.1 Chelating Agent-UF
For the process of chelating agent-UF, soluble macromolecules chelating
agents have been reported to be capable of removing metal ions selectively
even at trace levels. However, the use of chelating agents at higher solids
concentration causes the rate of filtration to decline due to a phenomenon
called "concentration polarization" on the surface of the membrane (Choe et

ai, 1986). The application of this technique for waste water treatment from
nuclear waste was reported on a large scale in Canada (Geckeler and
Volchek, 1996), however the performance obtained was low when compared
to the bench scale. Its application to the treatment of waste water depends
on the cost of the chelating agent.

Strathmann (1990), and Geckeler and

Volchek (1996), pointed out that at the present moment, because of its high
cost, the use of such a technique for the removal of metal ions is less
attractive compared to the conventional method: ion exchange resin in a
packed column. Application of chelating agent-UF for the removal of metal
wastes has been reviewed in detail by Chaufer and Deratani (1988) and
Geckeler and Volchek (1996).
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Figure 2.1. Possibilities of Membrane Processes for the Recovery of
Heavy Metals from Effluent.
2.0.3.2 Micelle-enhanced UF

For the micelle-enhanced UF process, surfactant is used to form micelles that
are capable of adsorbing metal ions (Scahemorn et aI, 1989). The
disadvantage of this process is that the ionic micellar solutions dissociate to
monomer if the total surfactant concentration is very low, hence metal ions
could not be bound effectively to the micelles (Sasaki, 1989). A similar result
was also observed by Ahmadi et aI, (1994). They observed that some
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micelles formed from lecithin, passed through the membrane so good
separation was not achieved.
2.0.3.3 Ion Exchange Resin-UF/MF
Ion-exchange resin is a well known method for the removal of heavy metal
ions. Ion-exchange resin has been tested in batch systems of UF and MF to
remove copper ions from an aqueous stream (Fane et ai, 1992, and Awang,
1993). In their studies the authors used Amberlite IRC-718 ion exchange
resin in the size ranges of 75 micron, 75-178Ilm, 178-251 Ilm and about 251
Ilm to remove 300 ppm of copper ion at pH 4, where the maximum binding
capacity of resin takes place. The use of resins coupled with MF and UF
systems were found to be capable of removing copper ion from a liquid
stream where the systems could produce rejections of copper approaching
100 percent. The use of smaller sizes of resin improved the efficiency of the
system, however the flux decreased. Overall, the study suggested that the
resin-MF system has an advantage over the resin-UF system because it
provided double the flux of the resin-UF system.
Exxchange Technology Lld has developed a process called Exxchange and
used it to treat underground water for drinking water. The process uses a
fabric support for dynamic membranes formed by deposition of powdered ion
exchange resin. This was done by dosing the resin into the feed tank. The
water containing resin suspension was pumped into the Exxflow filter to
separate resin from water and treated water. The resin was recirculated into
the feed tank and a fraction of the suspension was pumped and captured in a
sock filter which was later dewatered, and regenerated with brine solution of
two different strengths. Subsequently, it was reused for the next cycle. It was
reported that by using the Exxflow system, nitrate concentration of 55-85 ppm
in the ground water could be reduced to about 10 ppm (Exxchange, 1991).
Cumming and Turner (1989) used a very fine inorganic ion-exchange
material, copper ferrocyanide, to improve the decontamination process of
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radioactive effluent containing materials such as 137CS and

60CO using a

crossflow filtration technique. The membrane employed was a 0.2 )lm
Membralox membrane. The addition of copper ferrocyanide to the effluent
improved the removal of 137CS and 60Co to about 63-91 percent and 32-83
percent respectively. The work carried out was not intended to recover the ion
exchange material but to reduce the volume of sludges resulting from the
treatment and to produce a pumpable slurry which could be easily handled.

2.0.3.4 Precipitation-UF/MF
Microfiltration alone of metal ions from effluent will not produce any
separation. Chang and Hwang (1996) showed that metal ions were not
retained by microfiltration membranes, except when metal ions were pretreated prior to filtration by adding a binding material such as a flocculation
agent: polyaluminium chloride so that metal ions flocculated and formed
bigger particles which can be retained by the membrane.
Squires (1992) studied the removal of heavy metal ions using the system
called Exxflow which uses a fabric support for filtration that can retain
particles around 0.2 Ilm in diameter. Treating heavy metal effluent in the
range of 2.44 - 71.20 ppm, using lime dosing and crossflow filtration, the
Exxflow system removed metal ions down to 0.04 - 1.63 ppm, which is a
concentration similar to a conventional clarifier. The Exxflow system,
however, seemed to be better than a clarifier for a higher feed concentration.
It was reported that the residence time for the system was shorter compared
to the clarifier. The author also reported that such a system has been used in
treating a battery breaking effluent where the reduction of metal ions from

0.03-380 ppm to around <0.01 - 0.86 ppm has been achieved. Even though
this process can enhance the separation process, sludges generated from
the filtration need to be disposed of carefully at a proper landfill.
Enoch et al (1990) studied the removal of heavy metals from a wet limegypsum flue gas desulfurization plant in the Netherlands. The removal system
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consists of precipitation, clarification and finally microfiltration as a post
treatment. The microfiltration module used was the tubular membrane
(ENKA-Microdyn filter Module), with the pore size of 0.2 )lm. It was observed
that after the clarification stage, about 47.7% to 91.7% of metal ions was
removed and further removal of 77.8% to 99% was achieved when the
effluent from clarification was treated by microfiltration and meeting the Dutch
regulatory requirements (see Table 2.2 ).

Table 2.2. Characteristic of Raw and Treated Effluent
(Enoch et al (1990»
Parameter

Effluent

Concentration of

Concentration

Concentration

Standard

Raw Effluent

of Effluent

of Permeate

(Dutch)
PH

from Clarifier
6

9.6

9.6

As (ppm)

20

18

5

4

Cd ppm)

1

6

0.5

0.5

Cr (ppm)

15

27

7

0.3

Cu (ppm)

10

36

19

2

Hg (ppm)

1

6

1

1

Ni (ppm)

15

84

19

3

Pb (ppm)

50

125

15

3

551

123

80

316

46

20

Se (ppm)
Zn (ppm)

50

However, during the filtration operation, membrane fouling was experienced
due to Mg, AI, Si , Fe and gypsum deposited on the surface of membrane.
This phenomenon reduced the flux from 0.8 m3 m·2 h· 1 to 0.2 m3 m·2 h· 1 within
42 hours.

Membrane fouling however, was minimised by frequent back

washing, operating at lower pressures and increasing fluid velocity in the
tubular membrane.

Crossflow microfiltration was also tested for the removal of silver from photo
processing waste water (Nakamura and Iwano, 1995). A linear vinyl polymer
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containing thiocarbamate group which is capable of trapping silver ions was
used as a precipitant. In this process, the waste water containing silver was
first precipitated by the polymer with a stoichiometric ratio slightly more than
one in mixing tanks. Supematant liquid from the mixing tanks was channelled
into a microfiltration module consisting of microfilter YM 25 with the pore size
of 0.45 Ilm developed by Yuasa Corporation, Japan.

The microfiltration

process was operated at 78.5 kPa to produce permeate at 120 I m·2 h".
During the filtration process, it was found that free Ag which was not
precipitated was trapped by the polymer layer formed on the surface of the
membrane, this enhanced the effectiveness of the separation process.
Overall, the concentration of 25 ppm of Ag was reduced, using microfiltration,
to 0.001 ppm. And in the precipitation and settling process alone, the removal
of Ag was 0.3 ppm only.

2.0.3. 5 Powdered Activated Carbon-UF/MF

Activated carbon is a well known adsorbent material which will adsorb
organics and to certain extent inorganic materials. A number of studies
pertaining to the removal of metal ions by activated carbon were conducted
by various researchers such as Corapcioglu and Huang (1987), and Budinova

et a/ (1994). The findings suggested that with a proper selection of activated
carbon and operational conditions such as pH, activated carbon can be used
to remove heavy metal from effluent.

However, until recently this area of research has not been extensively
explored by researchers. So far, some work to remove metal ions using
activated carbon has been initiated by combining three processes namely,
precipitation, adsorption and filtration. van Gils and Pirbazari (1987), studied
the possibility of using activated carbon and ultrafiltration to remove metal
ions from laundry effluent. The effluent was coagulated using hydrated lime
followed by a settling process. The supematant liquid resulting from the
settling process was mixed with powdered activated carbon (1 % by weight)
and pumped into an ultrafiltration unit. Using this technique, supernatant liquid
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containing copper and lead with a concentration of 0.14 and 0.1 ppm was
reduced to 0.06 and 0.01 ppm respectively. The same technique was used to
remove metal ions such as zinc, and cadmium from effluent as reported by
Ku and Peters (1987). They found that activated carbon can reduce 50 ppm
zinc concentration by up to 64 - 97 % by adding 1g 1" of activated carbon.

Another research area concerning microfiltration or ultrafiltration combined
with activated carbons, which has received attention from researchers, is in
the field of biological or organic materials/wastes treatment. Pirbazari et al
(1992), conducted a study to treat contaminated waters with organic
compounds using MF and powdered activated carbon (PAG) known as the
MF-PAG process. The membrane used was a ceramic microfilter of pore size
0.2 Ilm and the particle size of PAG was in the range of 20-70 Ilm. They
found that the process was efficient in removing trichloroethylene giving more
than 98.8 % removal (200 Ilg 1" of TGE was removed to less than 5 Ilg 1").
They also observed that the use of PAG reduced the flux decline during the
filtration. Similar results were produced when Adham et al (1991) and Laine et
al (1990) used PAG in an ultrafiltration process for the treatment of water.

PAG was found be a good material to reduce flux decline. PAG acts as a
filter aid with high fluid permeability, and in a crossflow situation, it reduced
the thickness of the hydrodynamic boundary layer.
Results on crossflow microfiltration using the Membralox ceramic membranes
with pore sizes of 0.2 Ilm and 1.2 Ilm for the pre-treatment of leach ate with
powdered activated carbon was reported by Visvanathan et al (1992).
Removal of 94.7% of colour and 88.8 % of GOD was achieved when 30g 1" of
PAG and a membrane was used. However, the amount of PAG required to
achieve the same removal efficiency was double if PAG alone was used.

In

addition, the flux increased when higher doses of PAG was used for the
pretreatment of leach ate. The flux for the 1.2 Ilm membrane was lower than
for the 0.2 Ilm membrane due to fouling by material inside the microfiltration
membrane.
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Pirbazari et al (1996), studied the removal of landfill leach ate containing
largely organic materials (TOC, 862-965 ppm) and low concentration of heavy
metals (ppb range) using crossflow filtration and biologically activated
carbons. Membranes with an average pore size of 0.2 Ilm were used together
with bioactive powdered activated carbon (BPAC). BPAG was prepared from
activated carbon F400 (Galgon) by exposing the activated carbons to a mix of
microbial cultures. The results of their study showed that the removal of TOG
between 95-98 % was achieved. For leachate treatment without BPAC, the
flux declined to nearly zero within the first hour of treatment. However, with an
addition of 1 % BPAG flux decline was reduced. An important observation
made from this process was that the size of carbon, 40-50 Jlm, was reduced
to 1-10 Ilm due to the breaking up of carbon during the process. Therefore, it
is necessary for a strong activated carbon to be used for this type of process,
otherwise carbon particles will pass through the membrane if the pore size is
bigger than the carbon particles, thus making the process ineffective.
Biological powdered activated carbon (BPAG) with a microfiltration system
was also used by Seoet al (1996) to study the treatment of wastewater
containing organic compounds such as humin, tannin, lignin, protein,
carbohydrates and virus

(Q~).

The membrane used was a hollow fibre

membrane with a pore size of 0.2 Ilm developed by Memtec Australia. While
the carbon used was coal-based Toyo Galgon BL with particle size of 44 Ilm.
Q
The removal of TOG was 83% at 25 QC and 89.6 % at 15 C. It is believed that
the higher removal of TOG at lower temperature was due to micro-organisms
with 'less self-degradation'. On the other hand, the removal of the virus was
nearly 100%.

Other work pertaining to treatment of water containing organic matter using
activated carbon and membrane filtration can be found in a review made by
Glark et al (1996).

From the literature, the application of conventional activated carbons and
powdered activated carbon to treat heavy metals is scarce because the
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carbons usually have low capacities for metal ions and it is not feasible to
treat the metal ions using this method. However, there has recently been a lot
of research conducted to modify the properties of activated carbons. This is to
improve the ion exchange capacity by introducing more acidic functional
groups onto the surface of activated carbons in order to make them more
useful in treating liquid wastes containing metals.

2.0.4 Membrane Contactors
The concept of the process is similar to liquid/liquid extraction where a
membrane, usually a hollow fibre type of membrane, is used to provide
contact between two fluids and to remove the target metal ions selectively.
Walsh and Monbouquette (1993a, 1993b) extracted Cd 2+ and Pb 2+ from
dilute solution using metal-sorbing vesicles in a fibre cartridge. The metal
solution was circulated at 90 ml min·' along the shell-side and the metalsorbing vesicles (nitrotriacetic acid encapsulated in phosphatidylcholine lipid)
was continuously circulated in the tube-side circulated at the same flow rate.
From this continuous extraction process, the efficiencies of Cd 2+ and
Pb 2+were 95.7% and 98.8% respectively.
A similar approach was taken by Shao et al (1991) to extract a metal ion
2
(Cu +) using a number of hollow fibre cartridges. This process combines
membrane dialysis and ion-exchange techniques. The membrane in this
process is not used as to separate metal but acts as an interface barrier to
retain the ion-exchange resin and bind metal on the resin. This process
consists of two units namely a chelating unit and a stripping unit. The
simplified diagram for the process is as shown in Figure 2.2. The finely
divided resin suspension; ch elating ion-exchange resin XFS438400 (Dow
Chemical) was used as a metal carrier and was circulated in the chelating
and stripping units. In the ch elating unit, metal ions were reacted with the
resin, whereas, in the stripping unit, metal ions were separated from the resin
by pH adjustment. It was found that extraction and stripping rates were quite
low because two processes controlled the process: diffusion of copper across
the membrane and reaction between metal ions and ion exchange resin. It
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was concluded that the process can be enhanced by choosing a resin with a
high reaction rate, increasing the residence time, and increasing the surface
area of membrane.
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Figure 2.2. Membrane Contactor for the Recovery of
Heavy Metal Waste

Slys et al (1994), made a comparison of metal ions (Zn, Ni, and Cu) removal
using a binder (iminodiacetate ligand) at pH 4.5 based on two methods of
hybrid UF filtration:
i.

Affinity pertraction process (based on concentration gradient),
and

ii.

Affinity filtration (based on driving force, applied pressure
difference).

In method (i), the researchers carried out experiments similar to the work
carried out by Shao et al (1991). Slow mass transfer was observed and large
2

membrane area (250 m ) was required to remove 90% of metal ions in a feed
stream of 1 m3 h·1 . The process was governed by: the diffusion across the
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membrane and reaction between the binder and the metal ions where the
driving force is the concentration gradient.

In method (ii), the feed stream is mixed with the binders. The bound metal
ions are separated from the free metal ions by mean of membrane filtration.
The binder was then separated from the metal for further use. Fast metal
transfer was observed where instantaneous depletion of all metal during the
adsorption phase and the flux of UF system between 100 - 200 I m· 2 h· 1 was
achieved. They further suggested that an ultra-small bead of porous particle
of about 0.1 /lm could be used to increase mass transfer to the process .

. 2.0.5 Regeneration of Adsorbent
Regeneration of adsorbent in the filtration system can be done by pH
adjustment. For this, water or regenerant (acidic solution) is added into the
retentate and the metal ions that are "membrane-permeate species" are
filtered through the membrane. There are two modes of regenerating using
diafiltration that can be employed; continuous and discontinuous modes.
In the continuous mode, the retentate volume is kept at a constant value
during the filtration process. The water, or the regenerant, is continuously
pumped through the filtration system, normally at a constant flow rate. The
relation between retentate concentration and time can be derived as follows
(refer to Appendix A).

VI

-(-)

Cn =Cu e v,

where

Cn = Retentate concentration, at nth dilution,

Co = Initial retentate concentration,

(2.2)
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V,

=Volume of permeate, and

Vo = Volume of initial retentate.

In the discountinuous mode, the retentate volume (Vo) containing unbound
metal ions is first reduced to a desired volume (\t) using a standard UF or MF
process. The water or regenerant (V,) is then added to the retentate tank and
filtration proceeds. The filtrate collected is (V,.) To obtain the desired final
metal ion concentration and volume reduction, the above process can be
repeated several times. The relationship of retentate concentration with its
initial concentration can be derived as follows (refer to Appendix 8) .

cn =c

/J

(W'-V!)J"
V

(2.3)

o

where

Considering a filtration system with Vo = 400 ml, V =200 ml, V, = 200 ml and

Co = any arbitrary values of copper concentration, the efficiency of copper
recovery based on continuous and discontinuous diafiltration modes can be
derived from equations (2.2) and (2.3) and compared in Figure 2.3.
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Figure 2.3. Recovery Performance by Discontinuous Diafiltration
and Continuous Diafiltration
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From Figure 2.3, it can be seen that, theoretically, the discontinuous
diafiltration mode is more efficient than the continuous diafiltration mode for
metal (copper) recovery.
Another method of metal removal from carbon was reported in the literature
(Huang et al (1982) and Huang (1983)). They described the technique of
Cd(") removal from activated carbon in a completely mixed flow reactor. The
laden-Cd(") activated carbon was generated in a series of processes
including clarification and thickening followed by treatment with sulphuric acid
and rinsing with water. The acid solution was separated from carbon particles
using centrifuge. The Cd(II) contained in the liquor was 27 times more
concentrated than in the influent. The calculation was based on the
concentration of Cd(") in the influent at 11.4 ppm. This technique may be
very costly since several other operation units involved such as clarification
and thickening, and centrifugation.

2.1 ADSORPTION
Adsorption has become a standard separation process for the removal of
pollutants from liquid or gas phases. Adsorption is a term used to describe an
adhesion phenomenon of ions or molecules (sorbates) at the interface of
adsorbent; as a result, sorbates from the surrounding medium accumulate at
the adsorbent surface. The interface may include liquid-liquid, liquid-solid,
gas-liquid or gas-solid. So far, only liquid-solid adsorption is commonly used
in water and wastewater treatment processes.

Adsorption has been classified by the nature of forces that cause the
adsorption process as physical sorption (physisorption) and chemical sorption
(chemisorption). Physisorption involves only relatively weak forces, while in
chemisorption a chemical bond is formed between adsorbent and sorbate.
The differences between physisorption and chemisorption, are summarised
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in Table 2.3, (Noli, et a/ ( 1992 ), Humprey (1999), Kroshwitz and HoweGrant (1991), Smith (1981) and Donnet (1968)).
Amongst the adsorbents available, activated carbon is the most popular one.
It has been widely used as an adsorbent, traditionally to remove odour, taste
and colours which are caused by trace pollutants. Because of its adsorptive
capacity and versatility, the application of activated carbon has been applied
in various industries for treating waste streams.

With proper selection of

activated carbon and with appropriate operating conditions, activated carbon
according to Corapcioglu and Huang, (1987) can also be effectively used for
the removal of heavy metals.
Table 2.3. The Differences Between Physisorption and Chemisorption

Parameter

Physisorption

intermolecular

forces

Chemisorption

Forces of

Weak

where

adsorption

interactions between adsorbate and

the

adsorbent surface are due to Columbic,
van der Waals

or dipole forces.

Chemical bonding between
adsorbate

and

adsorbent

surface via electron transfer.

No

transfer or sharing of electron involved.
Energy of

Less than 10 kcal/mole.

Varying

between

20-100

kcal/mole

adsorption
Nature of

Both monolayer and multilayer sorption

adsorbed phase

may occur on the surface of the sorbent.
No dissociation of adsorbed species.

Only monolayer exist.

Adsorbed

species

may

dissociate.
Specificity

Non-specific in terms of site for adsorption.

Highly specific. Molecules or

Molecules or ions are free to cover the

ions are attached at specific

entire surface.

sites.

Reversibility

Rapid and fully reversible.

May be slow and irreversibile.

Temperature

Significant at relatively low temperature.

Possible over a wide range of
temperature. Often occurs at
high temperature.
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2.1.1 ACTIVATED CARBON

As pOinted out by Nair and Streat (1992), " activated carbon is a generic term
for a family of porous carbon materials, which cannot be characterised by
structural formula or by chemical analysis". It consists of residual elementary
carbon atoms which are grouped into stacks of flat aromatic sheet crosslinked
in a random manner with variable interlayer distances ranging from 0.34 to
. 0.8 nm. The variation in interlayer spacing is the source of the pores in the
activated carbon (Jankowska et aI, 1991).
Activated carbons typically have surface areas in the range of 2001000 m2 g.l, but the surface area of some carbons may up to 1500 m 2 g.l. In
addition to high surface area, they also contain high porosity. Because of
these properties, it is an excellent adsorbent for the removal of pollutants
from gaseous or liquid phases (Derbyshire et aI, 1995). However, because of
its very high surface area, activated carbons tend to lack physical strength
hence proper selection of activated carbon is required in a certain adsorption
applications (Kroschwitz and Howe-Grant, 1991).
Porosity of carbon is classified by pore structure such as micropores that have
effective radii less than 2 nm, mesopores with radii between 2 and 50 nm and
macropores with radii bigger than 50 nm (IUPAC, 1985). Micropores are
suitable for the adsorption of small molecules such as gases and solvents.
Whereas mesopores are effective for the adsorption of larger molecules such
as pigments, while macropores function as a route for adsorbates to the active
sites for adsorption (Janskowska et aI, 1991), and Kroschwitz and Howe-Grant
(1992). According to Hutchins (1980), activated carbons that have more pore
volumes in the range of macropores are suitable for liquid phase application.
This may also allow liquids to diffuse more rapidly into the mesopores and
micropores.
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2.1.2 PREPARATION OF ACTIVATED CARBON
Activated carbons are commonly prepared by two methods namely thermal
activation or chemical activation. In the first method, carbon material first
undergoes a carbonisation process at 600-650 oC followed by gasification of
the carbon by steam, CO 2 or a mixture of these, at temperatures in the range
of 700-1000oC. During carbonisation, non-carbon elements such as hydrogen
and oxygen are eliminated to produce a carbon with a pore structure. In the
gasification, C02 diffuses from the carbon surface and a porous structure
develops in the carbon. A typical flowchart of thermal activation process is
illustrated in Figure 2.4.

IStarting MaterialsJ
I Grinding or Classifying I

I Carbonisation I
I Activation I

l Crushing or Grinding I
J

IClassification

Figure 2.4. Processing of Activated Carbon by Thermal
Activation (Derbyshire et ai, 1995).
In the second method of activated carbon preparation, ZnCI 2 or H3P04
reagents are used as activant. The starting materials are mixed with either
reagent then dried and carbonised at a higher temperature. If H3P04 is used,
the temperature for carbonisation is around 400-600o C, while for ZnCI2 the
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temperature is in the range of 600-700oC (Jankowska et aI, 1991). These
reagents, which act as dehydrating agents as well as oxidants, can enhance
the volume and enlarge the pore diameters during the carbonisation stage. In
addition, these reagents are also able to prevent tar formation (Derbyshire et
aI, 1995). However, due to a number of reasons such as environmental

problems, corrosion and poor recovery of ZnCI 2 , the activation process using
this reagent has been less popular recently. A flowchart for activation of
carbon using H3P04 is shown in Figure 2.5.

i----...,

!r

IGrinding and Classification

Addition of
Phosphoric Acid

1

lStarting Materials

Heat Treatment
(200 0 C. I Hour)

!
Carbonisation
400-600 0 C,
15-20 Minutes

J

I Washing J
1

IDrying (

.: Classification]

,(Product

Figure 2.5. Chemical Activation Process for Producing
Activated Carbon (Derbyshire et aI, 1995).
The advantages of chemical activation include: the activation period is
relatively short and a high yield of activated carbon with good adsorption
properties can be produced. However, its disadvantages include removal of
activating agents from the activated carbon and the ash content of the
activated carbon produced is high (Jankowska et aI, 1991 ).
Activation of starting material such as coconut shell, olive stone and coal
using H3 P04 can produce a high quality activated carbon with high density
(Derbyshire et aI, 1995). Coconut shells also produce activated carbons with
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high mechanical strength with large micro pore volumes which are suitable for
vapour and liquid phase applications (Bansal et aI, 1988 ).
Several researchers (Frumkin (1930); Kruyt and deKadt, (1928); Garten and
Weiss, (1957a, 1957b); and Steenberg, (1944)), have reported that activated
carbons, which were produced at low temperatures below 500°C, are acidic
carbons. These carbons are capable of lowering the pH of neutral or alkaline
water and they have negative zeta potential and have hydrophilic properties.
This type of activated carbon is classified as L-type activated carbon. On the
other hand, activated carbons that are produced at temperature higher than
500°C, are defined as basic carbons having the properties opposite to that of
acidic carbons (Kruyt and deKadt, (1928); Garten and Weiss, (1957a, 1957b);
and Steenberg, (1944)). This activated carbon is classified as H-type.

2.1.3

PREPARATION AND

CHARACTERISATION

OF

ACTIVATED

CARBON FROM MALAYSIAN OIL PALM SHELL

An early study on the preparation of activated carbon from Malaysian palm
shell (MOPS) was reported by Daud and Hamid, (1991). Activated carbon
with a surface area of 950 m2 g. 1 was produced by physical activation.
Activated carbon originated from MOPS with high surface area was also
reported by Hussein et aI, (1996). The carbon was produced through a
chemical activation route where ZnCI 2 was used as an activant. The precursor
was impregnated in different concentrations of ZnCI2 solution ranging from 140% (w/w) , dried, then activated in a stainless tubular reactor at 500°C in
nitrogen flow for 3 hours, followed with carbon dioxide flow for one hour. The
results of activation showed that the surface area and micropore volume
increased with the concentration of activant. At 10% activant, surface area
and micropore volume achieved were about 1000 m2g.

1

and 50 %

respectively. This surface area had reached a constant value of 1500 m2 g. 1 at
activant concentrations higher than 15%. However, the micropore volume
started to decrease when the concentration of activant used was more than
10%.
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Investigation of the preparation of activated carbon from MOPS was
continued at the University of Sheffield. Results of the investigation were
reported by Muhd Yunus (1995), Wan Daud (1996) and more recently by
Abdul Rahman (1998).
Muhd Yunus (1995), produced activated carbon from MOPS for flue gas
cleaning. The activated carbon produced had a sorption capacity for S02,
higher than the commercial coconut shell activated carbon. However, no
comparison was made on the product properties, in terms of standard product
specification such as pore development. Wan Daud (1996) has successfully
developed a process to produce activated carbon from MOPS using physical
activation (steam activation) in a fluidised bed and a fixed bed. Activated
carbon with surface area of 1000 m2 g.1 was obtained at the optimum burn off
of 40%. The properties of the carbon are comparable to the activated carbons
produced from olive stone and coconut shell. In addition, this carbon contains
low ash content and no sulphur (not detectable), that may be suitable for a
special application such as in pharmaceutical industry.
Abdul Rahman (1998) presented results of his work on the preparation of
MOPS activated carbon by chemical activation method using three activants.
From three activants used ( ZnCI 2, KOH and H3P04), H3P04 was found to be
the most suitable activant for the production of activated carbon from this type
precursor. In addition, from three activating mediums investigated, i.e.
nitrogen alone, nitrogen-steam mixture, and air, it was found that the nitrogensteam mixture was the best medium that resulted in highest surface area and
porosity of activated carbon. Furthermore, surface area and porosity of
activated carbon increased with the concentration of H3P04 used. With the
concentration rising from 25 to 60% the surface area and pore volumes
increased from 1000 to 1800 m2g. 1 and from 0.45 to 1.08 cm3 g'1 respectively.
Increasing the concentration of H3P04 to 85% however, did not increase the
surface area significantly. The optimum activation temperature was found to
be at 450°C and the overall yields were between 35% to 38%. The carbon
produced was found to be suitable for the sorption of 80 2 . The capacity of
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the carbon for 80 2 was in the range 30-48 mg g.1 of carbon, similar to that of
commercial coconut shell activated carbons. Another finding was that the 80 2
- laden activated carbon is suitable to be used for the sorption of NO x and its
capacity was also comparable to that of the commercial activated carbon.
However, the strength of the carbon was not determined, hence a full

comparison cannot be made with commercial activated carbon.

2.1.4 CHEMICAL PROPERTIES OF ACTIVATED CARBONS
Literature on activated carbons seems to suggest that activated carbons
behave like ion exchange materials in aqueous solution. Detailed reviews on

this subject have been given by Garten and Weiss (1957a) and Jankowska et
aI, (1991). This is due to weakly acidic functional groups or basic functional

groups that exist on the surface of activated carbons. The functional groups
which have been identified on various activated carbons consist of acidic
oxygen surface functional groups and basic surface functional groups. The
acidic oxygen surface functional groups include carboxyl, phenolic, quinonoid,
lactone, fluorescein-type lactone and anhydride originating from neighbouring
carboxyl groups (Mattson and Mark, 1971). The basic surface functional
groups, include chromene (Garten and Weiss, 1957b) and pyrone-like
structures (Boehm, 1970). These surface functional groups could originate
from the starting material of the activated carbon, since it contains large
amounts of oxygen. In addition, oxygen can be introduced onto the activated
carbon surface during its processing especially during activation (Jankowska
et aI, 1991) or through surface modification of activated carbon.

Acidic functional groups in the activated carbons are normally analysed by a
titration method called Boehm titration (Boehm, 1966), where four main types
of bases; NaHC03, Na2C0 3, NaOH and sodium ethoxide are used to react
with acidic functional groups in activated carbons and back titrated with acid
solution. Neutralisation with NaHC0 3 is to determine the carboxyl groups;
Na2C03 is for the determination of carboxyl and lactonic functional groups;
NaOH for carboxyl, phenolic and lactonic functional groups; and sodium
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ethoxide is for all the acidic functional groups including carbonyl groups.
Other methods used to determine the surface functional groups including xray

photoelectron

spectroscopy

(XPS),

Fourier Transformed

Spectroscopy ( FTIR) ( de la Puente et al

Infrared

(1997 )), and Temperature

Desorption Programme Analysis (Otake and Jenkin, (1993)).

2.1.5 MODIFICATION OF ACTIVATED CARBON SURFACE

The ion exchange properties of activated carbon can be enhanced by
increasing the number of surface-containing functional groups. Ion exchange
capacity of 2-3 mmole per gram of carbon can be achieved by oxidising
activated carbon (Jankowska et ai, 1991).
There are four common oxidation methods that can be used to modify the
surface of activated carbon:
i.

wet oxidation,

ii.

air oxidation,

iii.

ozonotion, and

iv.

electrochemical oxidation.

For wet oxidation, activated carbon is heated in a selected oxidant such as
nitric acid, hypochlorite, or ammonia for 1 to 24 hours at a temperature of
o
around 100°C. For air oxidation, activated carbon is heated up to 300-500 C
in the presence of air flowing (up to 400 ml min" of air) (Papirer at ai, 1996).
While, ozone oxidation can be carried out by flowing ozone through activated
carbon at certain temperature. On the other hand, the electrochemical
oxidation is normally carried out by placing activated carbon between an
anode and cathode and electrical current is passed through the activated
carbon in the presence of electrolyte (e.g. KCI).

Various researchers such as Puri and Mahajan (1962), Donnet and Henrich
(1960), Donnet et al (1962), Vinke et al (1994), and Moreno-Castilla et al
(1995) reported that oxidising the activated carbons with HN03, hypochlorite

35

CHAPTER 2: LITERATURE REVIEW

or air can increase the acidic groups on the surface of activated carbon and
thus increase the ion exchange capacity. Jankowska et al (1991) reported
that oxidation of activated carbon with nitric acid results in high acidic
functional groups. More recently, oxidation by electrochemical methods,
which was initially carried out for activated fibres, was extended for granular
or powdered activated carbon and gave better results compared to nitric
oxidation (Yue et ai, 1999).

Some of the related work on surface modification of activated carbons are
now assessed. Nair (1990) oxidised a coconut based activated carbon by
oxidation in 8M nitric acid at 100°C for different oxidation times. After 18
hours of oxidation the surface area dropped from 1450 to 0.55 m 2 g'l and also
the total pore volume declined from 0.56 to 0.001 m3 g'l (see Figure 2.6).
However, the capacities for Sr and Cs both increased from 54.6 to 227 mg g'l
and 42.97 to 115.39 mg g,lrespectively.
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Figure 2.6. Surface Area and Pore Volume of Modified Activated
Carbon by Nitric Acid (data from Nair, (1990)).
Gierak (1996), modified the surface of activated plum stone-carbon. The
samples of activated carbon were treated using five different methods
namely:
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(i)

thermal treatment in the presence of hydrogen,

(ii)

oxidation with 14% nitric acid under reflux condition for one
hour,

(iii)

oxidation with hydrogen peroxide for one hour,

(iv)

thermal oxidation in the presence of an air stream at 300°C for
one hour, and

(v)

activation with steam at 3 different temperatures, 800°C, 850°C
and 900° C for one hour.

The surface area of samples after treatment was increased, except for the
sample which was oxidised with nitric acid. The highest surface area was
obtained from the steam activation at 900°C. In terms of ion-exchange
capacities, treatment at higher temperature increased the anion-exchange
capacity but decreased the cation-exchange capacity. On the other hand, with
nitric acid oxidation, the cation-exchange capacity was increased, but anionexchange capacity was decreased. Results of

the study are tabulated in

Table 2.4 for comparison.

Table 2.4. Properties of Oxidised Activated Carbon Obtained
from Different Methods of Oxidation (Gierak (1996».
Modification process

BET,

Pore

Cation-

Anion-

Surface

Volume

exchange

exchange

area

(cm3 g.1)

capacity

capacity

(mmol g.1)

(m mol g.1)

(m2 g.1)
Original sample

1093

0.77

0.5

0.27

1255

0.77

0.08

0.37

Oxidation with nitric acid

1090

0.66

1.33

0.11

Oxidation

1208

0.72

0.62

0.2

Air oxidation

1138

0.64

0.64

0.17

Steam activation: 800 0 C

1281

0.75

0.2

0.3

Steam activation: 850 0 C

1317

0.8

0.22

0.31

1618

1.02

0.23

0.30

Thermal

treatment

with

hydrogen
with

hydrogen

peroxide

0

Steam activation: 900 C
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Mahajan et al (1978) carried out the oxidation process on activated carbon by
four methods, namely air oxidation, nitric acid oxidation, hydrogen peroxide,
and ammonium persulphate (NH4l2 S20a oxidation. Air oxidation was carried
out in a furnace at 285°C with a flow of dry air or moist air at 400 ml/min for
20 hours. For nitric acid oxidation, the carbon was boiled in the concentrated
acid to almost dryness at 80°C. The ratio of carbon to acid was 1g/1 0 ml of
acid. For oxidation of carbon with hydrogen peroxide, and ammonium
persulphate, it was carried out in a similar manner, where carbon suspended
in each chemical was shaken for 48 hours. Surface oxygen functional groups
formed on the carbon surface depended on the methods of oxidation used
and the effectiveness was in the following order:
Nitric acid oxidation>persulphate (NH4l2S 20a oXidation>hydrogen peroxide
oxidation> moist air oxidation>dry air oxidation
Moreno-Castilla et al (1998), reported the results on treatment of activated
carbon produced from olive stones by various acids such as HCI, HF and
HN03. The amount of oxygen fixed on the surface of carbon was quantified
by measuring the amount of CO and CO 2 evolved after heating the treated
carbons at 1250K in a helium gas flow. The treatment of carbon by HN03
fixed the largest amount of oxygen on the carbon but generated the lowest
value of surface area, see Table 2.5.
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Table 2.5. Wet Oxidation of Carbon Using Different Types
of Oxidant (Moreno-Castilla et al (1998)).
Status

BET

Mesopore

treatment

Surface

(cm /g)

of carbon

area

of CO and

(m 2/g)

C02 evolved

Before

3

Macropore

0% (from

(cm 3/g)

the amount

1223

0.27

0.19

1.9

898

0.24

0.24

15.7

1129

0.28

0.17

1.9

1245

0.28

0.18

2.6

treatment
Treated with
HN03
Treated with
HCI
Treated with
HF

Bautista-Toledo et al (1994), studied the influence of oxygen surface
complexes on activated carbon obtained from Merck (labelled as M) during
the sorption of chromium ions. Prior to the experiment, a portion of carbon M
was oxidised with nitric acid at 80°C to introduce oxygen surface complexes
(labelled as MO). A portion of MO carbon was then heated at 873 K in a
nitrogen flow in order to eliminate some of the oxygen (labelled as MO-873).
Properties of activated carbon before and after oxidation, and after heat
treatment, are shown in Table 2.6.
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Table 2.6. Properties of Activated Before and After Oxidation and After
Heat Treatment (Bautista-Toledo et al (1994)).
Description

BET
surface

of carbon

Mesopore
(cm 3/g)

Macropore
3

(cm /g)

V(H 2O)

Capacity

3

area

Capacity

•

for CrG•

(mglg)

(mglg)

for Cr

(cm /g)

3

2

(m /g)

M (original

1089

0.092

0.259

0.654

2.7

6.9

164

0.036

0.188

0.371

25.3

15.5

555

0.024

0.215

0.619

0.2

1.8

carbon)
MO
(oxidised
carbon)
MO-873
(Heatedoxidised
carbon)

Note:
V(H 2 0) is pore volume that is accessible to water

From Table 2.6, it can be seen that the surface area and porosity of the
carbon were reduced by the oxidation process. The reduction of surface area
was about 85% and the reduction of porosity at various pore regions was
about 27-61%. In spite of this fact, the adsorption capacity for

cf+

and Cr6+

of oxidised carbon are much higher than for the non-oxidised. This can be
attributed to the presence of surface functional groups generated during the
oxidation process which are responsible for chromium sorption. The sorption
of Cr6+ on the oxidised carbon was believed to be due to a reduction reaction
taking place.

When surface functional groups were eliminated from the

surface of carbon by heating (MO-873), the capacity for

cf+

was reduced

drastically in spite of an increase of surface area. This showed that surface
chemistry of carbon is important for the sorption Cr3+. Sorption capacity of
MO-873 for Cr6+ was also found to be low because the reduction process did
not take place on this carbon. The researchers concluded that the removal of
Cr3+ or Cr6+ by activated carbons was enhanced by the presence of acidic
surface functional groups and it is more important than the value of surface
area.
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Toles et al (1997) carried out an air oxidation on two types of activated
carbons which were produced by means of acid or CO2 activation from
almond and pecan shells. The activated carbons were oxidised by air
oxidation (flowing at 0.1 m 3 h- ' ) at 300°C for 4 hours. Later, a copper sorption
study was conducted on non-oxidised and oxidised carbons_ Oxidation of
both types of activated carbons had increased the sorption of copper. The
oxidised acid-activated carbons exhibited a higher sorption capacity than the
oxidised C02 -activated carbons. Copper sorption on acid activated carbons
increased from 0.05 to 0.275 mmol go'. While the copper sorption on the CO 2 activated carbons increased from 0.075 to 0.2 mmol go'. That surface area
acid-activated carbons decreased upon oxidation may be due to the
production of meso and macropores. Whereas the surface area of some of
CO 2 -activated carbons may have increased because to the micropore area
had increased (see Table 2.7).

Table 2.7. Surface Area of Activated Carbon Produced by AcidActivation and CO2 activation, Before and After Air
Oxidation (Toles et al (1997)).
Types of

Surface Area for Acid-

Surface Area for CO2

Activated

Activated (m 2/g)

Activated (m /g)

carbon
Almond

2

Unoxidised

Oxidised

Unoxidised

Oxidised

955-1207

794-1000

104-349

197-328

992-1267

981-1144

294-485

422-572

shells
Pecan shells

The effect of different oxidising agents on the surface properties of activated
carbon was also studied by Pradhan and Sand le (1999). Two commercial
activated carbons were used; cloth activated carbon and granular activated
carbon. For each type of activated carbon, three samples were subjected to
three different oxidation methods. In the first method, carbon was oxidised by
1 M nitric acid for 24 hours. A portion of this oxidised carbon was heated
under the nitrogen flow for 5 hours at 600°C. The temperature increment was
fixed at 10°C per minute. For the second method, the activated carbon was
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contacted with 30% hydrogen peroxide for 48 hours. In the third method, the
activated carbon was contacted with ammonium persulphate (NH4)2 S208
also for 48 hours. The results of the study are given in Table 2.8.
Table 2.8. Surface Area and Surface Functional Groups From
Different Oxidation Methods (Pradhan And Sandle (1999».

Oxidation
Method

Cloth
Activated
Carbon
1047

Granular
Activated
Carbon
1416

Surface Oxygen
Functional Groups
(meq/g)
Cloth
Granular
Activated
Activated
Carbon
Carbon
1.60
0.60

Nitric acid

432

1235

5.67

1.88

Heat treated
on nitric acid
oxidised
carbon

736

1374

3.60

1.24

Hydrogen
peroxide

951

1315

1.64

1.02

Ammonium
persulphate

798

1275

4.96

1.60

Original
sample

BET Surface Area
2
(m /g)

From Table 2.8, the content of oxygen functional groups for oxidised carbon
is higher than the non-oxidised ones. The order of the prevalence of
functional groups, for both types of activated carbon, according to the
oxidation method is as follows:

nitric acid

ox~dation>

ammonium persulphate oxidation> hydrogen peroxide

oxidation.

This showed that oxidation of activated carbon by nitric acid is more
favourable compared to other methods. However, the surface area decreased
more compared to other methods of oxidation.
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Matsumura (1975) oxidised activated carbon (coconut-based) with 6-14 M
HN03. He found that the acidic functional groups increased with the time of
oxidation. However, the carbon surface area reduced up to 44% when the
carbon was oxidised for more than 1 hour. Oxidation for a shorter period
(1 hour) increased both strong and weak acid functional groups but with
longer oxidation period (5 hours), weak acidic groups were favoured.
Oxidation of activated carbon with 14 M HN03 for more than 3 hours resulted
in carbon destruction.
The effect of oxidation time for the formation of acidic functional groups was
also studied by Wu et a/ (1995). They oxidised carbon fibres for different
times. They found that the formation of acidic functional groups increased
according to the time of oxidation as can be seen in Figure 2.7.
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Figure 2.7. Acidic Capacities (NaOH uptake) Versus
Oxidation Time (Wu et at, 1995).
Nitric acid oxidation of activated carbon at higher temperature also resulted in
an increase of acidic functional groups (Bandosz et at, (1992)). These
researchers observed this when four types of activated carbons (wood, peat
moss, coal and coconut) were oxidised at the three different temperatures i.e.
25°C, 50°C and 75°C. The acidic functional groups in coconut-based carbon
significantly increased, by 13 fold. In addition, when oxidation was carried out
at higher temperature, acidic functional groups increased but the basic
functional groups decreased. The comparison of acidic and basic functional
groups on the activated carbons studied is tabulated in Table 2.9.

Table 2.9. Comparison of Acidic and Basic Functional Groups on Four Types of Activate
Carbons, Oxidised by Nitric Acid at Different Temperatures (Bandosz etal, (1992».
Temperature

Functional

Functional groups in

Functional groups In

Functional groups In

(QC)

groups in Wood

Peat-based AC

Coal -based AC

Coconut-based AC

-based AC

(meq/100g)

(meq/100g)

meq/100g)

(meq/100g)
Acidic

Basic

Acidic

Basic

Acidic

Basic

Acidic

Basic

groups

groups

groups

groups

groups

groups

groups.

groups

Original AC

75.0

13

23.7

68.2

22.0

30.0

18.0

36.2

25

121.0

0

75.0

27.0

71.9

19.4

72.5

25.0

50

236.2

0

97.5

31.3

100.0

22.5

102.5

12.5

75

440.0

0

205.0

10.0

240.0

7.5

230.0

30.0
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Apart from removing the mineral matter, treatment of activated carbon with
oxidant, such as nitric acid, can cause acid functional groups as well as basic
functional groups to be introduced on the surface of the carbon. Because of
the oxidation, the surface area and the porosity of the carbon are reduced.
There are two possible reasons that contributed to the surface area
reductions given by Matsumura, (1975) and Moreno-Castilla et al (1998). (i)
pore walls were broken up by oxidation or destruction of pores by surface
tension of the oxidising solutions, and (ii) the oxygenated terminal groups
block the pore.
Another method of surface modification is ozone oxidation. This oxidation
method was reported by Sutherland et at (1996). Carbon black was oxidised
using ozone /oxygen mixture in a laboratory-scale fluidised bed-type reactor
for two hours at an ozonation voltage 200 V at oxygen flow rate of 50 I h".
The oxidation increased the formation of oxygen functional groups which was
proportional to the total volume of ozone used per unit area of carbon. The
oxygen functional group that formed on the surface of carbon black was
carboxylic acid, as identified by high-resolution x-ray transform-infrared
spectroscopy. The results of this study also showed that the oxidation
process did not affect the surface area. The surface area after oxidation was
78 m2 g" compared to 79.3 m2 g" before oxidation.
Recently, Vue et al (1999) reported the results on oxidation of the activated
carbon fibre PAN-based fibres by an electrochemical method. Comparison
with two other oxidation methods namely, nitric oxidation and oxygen plasma
was also made. The products of oxidation were compared in terms of their
capability for adsorbing a precious metal (Ag). It was found that the activated
carbon fibre which was oxidised electrochemically was the best, where the
sorption of Ag was up to 12.5 mmol g" or 1.36 times of its weight.
Rangel-Mendez et at (2000), also showed that electrochemically oxidised
granular activated carbon WHK increased the content of acidic functional
groups from 3.36 to 7.29 meq g".
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Oxidation of activated carbons using HN03 and by an electrochemical method
does, however, generate a huge amount of brownish by-product which needs
to be washed from the carbons. There is sufficient evidence that the byproduct of oxidation of activated carbon is humic acid. It was shown by Kuzin
and Strashko (1967a, 1967b) that the infrared spectra of humic acid and that
of the by-products of the oxidised carbon had functional groups of the same
type.

The removal of humic acid is necessary to avoid contamination of solution
that comes into contact with oxidised activated carbon. Oxidation with air will
reduce the generation of humic acid, but the disadvantage is that the weight
loss will be very high i.e. more than 50 % (Janskowska et aI, 1991).

The cleaning methods that are normally employed to remove humic acids
from the surface of activated carbons are:

i.

Washing with NaOH solution followed by washing with an aqueous
mineral acid such as HCI or HN03

ii.

,

Heat treatment of oxidised carbon at 300-350°C under vacuum. This
method, however, may decrease the ion exchange capacity of the
carbon, and

iii.

Neutralisation and ref/uxing with sodium hydroxide followed by
extraction of humic acid with distilled water in a soxhlet apparatus (Wu

et aI, 1995).
Like conventional ion exchange resins, oxidised activated carbon also shows
selectivity towards metal ions. Hence, it is possible to remove metal ions
selectively from aqueous streams using oxidised activated carbons.

It was

reported that the MeZ+ - H+ (exchange constants) of oxidised carbon towards
metal ions are as follows (Janskowska et aI, 1991):
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Na+ < Rb+ <Cs+ < Mg2+ < Cd 2+ <Mn2+ <s(1+ < Ca2+ , Zn 2+ , Fe2+ <Ni2+ , A13+
<y3+<Cr3+ <8e 3+ <Cu 2+ <Fe3+

2.1.6 ADSORPTION ISOTHERM
Important information on the adsorption behaviour is given by the adsorption
isotherm, which is also important for adsorber design (Knaebel, 1999). The
isotherm

represents

a

chemical

equilibrium

in

which

sorbates

are

simultaneously adsorbing to, or desorbing from, the surface of activated
carbon at a given condition such as at a constant temperature and pH. The
sorbates may be bound at the interface of carbon by various forces such as
ion-exchange, hydrogen bonds, van der Waals, dipole-dipole interaction or
co-ordination as described in Section 2.1. The time taken for equilibrium
depends on the characteristics of the activated carbon and the sorbate.

The single solute adsorption can be described by the function

q

=fCC,) , at constant pH and temperature

q is the solid-phase concentration usually expressed in mg g.l or g kg· 1 and
C, is the liquid-phase concentration which is normally given in mgr 1 or g m·3.

A general equation developed by Fritz et at (1981) showing the relation of

q as a function of Ce can be used to described experimental data.

KC,
q= At BC,D

(2.4 )

where A, B, 0 and K are isotherm constants. Equation (2.4) can be used to
facilitate the evaluation of the isotherm constants on the basis of theoretically
sound and thermodynamically consistent assumptions which can include
some well known and established formulae such as the Langmuir, Freundlich
and Redlich-Peterson isotherms.
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2.1.6.1 Langmuir Isotherm
The Langmuir isotherm assumes that sorption takes place at specific sites
within the sorbent. Once the solute has occupied a site there is no further
sorption at that particular site. This monolayer sorption was formulated on the
basis of an equilibrium between the sorbed phase and the solute phase and
subject to a mass balance (detailed derivation of Langmuir equation can be
found in Reed and Matsumoto (1993b) and Cussler (1997)). Mathematically,
the Langmuir isotherm can be obtained by setting the constants A = D = 1 in
equation (2.4) to give

KC,
q = It bC,

(2.5)

or can be written as

(2.6)

where band qm are the Langmuir constants. The constant b is related to the
energy of adsorption which increases as the strength of sorption increases.
The constant qm, corresponds to the concentration of sorbate at the interface,
at monolayer coverage and represents the highest value of q that can be
achieved as C. is increased. In a linear form, it can be written as

C,
q

1
qmb

C,
qm

(2.7)

-=-t-

When C, is plotted against C" will give a straight line with a slope of _1 and
q
qm

.
I
an Intercept equa to

1
b'
qm

The Langmuir isotherm has been successfully applied to show results of
metal ions adsorbed from liquid phase on various sorbents including activated
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carbons (Reed and Matsumoto (1993); Budinova et ai, (1994); Onganer and
Temur, (1998), Alien et ai, (1992); Ho et al , (1996); AI-Asheh and Duvnjak
(1998), and Yang and Volesky (1996).
The essential characteristics of the Langmuir isotherm can be expressed in
terms of a dimension less constant separation factor or equilibrium parameter
(Rs) (Hall et ai, (1966)):

1

(2.8)

R, = 1+ be"

where Co is the initial sorbate concentration. When the dimensionless sorption
capacity based on the Langmuir isotherm is plotted against the dimension less
concentration for different Rs values, the shape of isotherm can be developed
and used to predict whether an adsorption system is "favourable" or
"unfavourable" (Weber and Chakrovorti, (1974». The plot of dimension less
adsorption capacity versus dimension less concentration can be seen in
Figure 2.8.
1
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Figure 2.8. Dimensionless Capacity Versus Dimensionless Concentration
The effect of the isotherm shape can be interpreted according the
classification in Table 2.10.
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Table 2.10. Effect of R, on Isotherm Shape.

Value of R,

Type of Isothem

R,>1.0

Unfavourable

R,=1.0

Linear

0<R,<1.0

Favourable

R, =0

Irreversible

2.1.6.2 Freundlich Isotherm

The Freundlich isotherm is an empirical equation that is applicable for
adsorption on a heterogeneous surface, therefore the monolayer assumption
is no longer valid. Mathematical derivation for the Freundlich isotherm has
been provided by (Morel, 1944).

From equation (2.4), the Freundlich

equation can be obtained by setting A = 0, resulting in the following formula:

(2.9)

n are the Freundlich constants. KL is related to capacity of
activated carbon and n is the heterogeneity factor that characterises the
isotherm. It has been reported that the constants of KL and n are related to

where KL and

the strength of adsortive bonds and the distribution of the bond strength
respectively (Reed and Cline (1994». These constants can be obtained by
Iinearising equation (2.9 ) in the form of equation (2.10)
Inq = InKL + nIne,

(2.10)

According to the Freundlich isotherm, the amount adsorbed increases
infinitely with increasing concentration. Hence, unlike the Langmuir Equation,
the Freundlich does not predict a maximum quantity of sorbate sorbed on the
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surface of carbon. So, this equation is not satisfactory at high coverage. It
should

be

also

noted

that

because

the

Freundlich

isotherm

is

thermodynamically inconsistent, at low surface coverage (q ~ 0), it does not
reduce to a linear isotherm according the Henry's Law. Henry's Law is the
simplest adsorption isotherm, which can be represented by q = KC, and is
only applicable for a very dilute adsorbed layer.

Normally, the amount

adsorbed corresponds to a fraction of one percent of the monolayer capacity.
However, this problem has been overcame by an extrapolation procedure
suggested by AI-Duri and McKay (1990). In general, the Freundlich isotherm
is satisfactory for the middle range of sorbate concentration.

2.1.6.3 Redlich-Peterson Isotherm

Another empirical equation for adsorption isotherm has been developed by
Redlich and Peterson (Redlich and Peterson (1959». This equation is used to
describe an adsorption isotherm that is applicable for both homogeneous and
heterogeneous surfaces.

This isotherm is applicable to a wide range of

systems, including low surface coverage with a good accuracy. The RedlichPeterson equation can be obtained by putting A=1 in equation (2.4).

(2.11 )

where h j K j and are the Redlich-Peterson constants.

P is

the heterogeneity

factor, lies between 0 and 1. Equation (2.11) can be linearised as follows:

(2.12)

Kjcan be estimated from the Langmuir constant qmb as a first approximation

and evaluated as well as back substituted into equation (2.11).

CHAPTER 2: LITERATURE REVIEW

~~~~~~~~~--~~-----------------------

In most adsorption cases involving metal ions, the constant

f3

51

approaches

unity, and then the isotherms approach the Langmuir form (McKayand Porter
(1997».

2.1.6.4 Further Development of Adsorption Isotherms

The expression of Langmuir, Freundlich and Redlich-Peterson isotherms can
be used if. all

relevant parameters are constant except metal

ion

concentration. So these isotherms cannot be used to predict the effect of
various solution variables such as ionic strength, pH, effect of electrostatics,
and types of electrolyte (Haworth, 1990). In order to combine such effects, the
isotherm equations have to be modified but they may not be applicable for a
wide range of experimental situations.

Tan and Teo (1987), studied the combination effects of carbon dosage and
initial adsorbate concentration on the adsorption isotherm of lead and
chromium by using four different commercial powdered activated carbons.
The results of the study showed that the lead and chromium uptakes
decreased with increase in the carbon dosage. Even though the equilibrium
data were well correlated with the Langmuir and Freundlich equations, it was
found that both the Langmuir and Freundlich constants varied with initial
metal ion concentration. These results showed that the existing Langmuir and
Freundlich equations were not able to describe adequately the equilibrium
relationships and suggested that the results obtained for any initial sorbate
concentration or carbon dosage should not be extrapolated to other
experimental conditions. To overcome this problem, the researchers have
modified the Langmuir and Freundlich equations to take account the effect of

•

such variables to suit the systems studied .

The effect of sorbent dosage and pH on sorption of copper ion in an aqueous
solution on sphagnum mass peat was study by Ho et aI, (1994). The
researchers found that the Langmuir and the Freundlich equations fitted well
with experimental data at different initial copper concentrations and pH
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values, but both the Langmuir and Freundlich constants varied with the pH
and initial copper concentration. This showed that these equations were not
able to describe adequately the equilibrium relationship.

Hence, the

Langmuir and the Freundlich equations were modified to suit their
experimental data.

2.1.7 SURFACE COMPLEXATION EQUILIBRIUM MODEL

A more systematic way to quantify metal ion sorption on the surface of a
sorbent at equilibrium is to take into account the effect of various solution
variables such as pH, ionic strength, types of electrolytes, and charges by
using surface complexation models. These models are chemical equilibrium
models originally developed to predict the adsorption of metal ions by metal
oxides (Davies and Leckie, 1978; Kent et al., 1986; Hayes and Leckie, 1987;
and Dzombak and Morel, 1990). These models were extended later for
adsorption onto activated carbon (Carapcioglu and Huang, 1987; Reed and
Novavinakere, 1992; Reed and Matsumoto, 1993).

The model considers that the uptake of metal ions by activated carbon is due
to the following processes which occur simultaneously: surface ionisation,
complex formation and the formation of an electric double layer (EDL) that is
located close to the surface of activated carbon. There have been a number
of surface complexation models developed. The most popular one includes,
the Basic Stem Model, the Constant Capacitance Model, the Diffuse-Layer
Model, and Triple-Layer Model. The main difference between these models is
in their description of surface complexation reactions and the electric double
layer. Detailed theory and examples on the surface complexation models can
be found in two books written by Tien (1994) and Yiacoumi and Tien (1995).

The use of a surface complexation model for metal sorption however, is not
simple and straightforward. First, the surface and solution reactions involved
in the adsorption process need to be established. In addition, concentration
and site concentration terms need to be estimated by specifying the location
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of the adsorption plane together with the structure of the EDL close to the
surface site. The parameters required for the model including surface area of
the activated carbon, surface site densities, association reaction constants,
and the capacitance(s) of the EDL. The adsorption isotherm can be
established by calculating the amount of metal ion adsorbed and remaining in
liquid in a given system based on the equations involved.

Yiacoumi (1992), used the "1-pK Basic Stem Model" to predict the sorption of
copper on F400 activated carbon using data obtained from experiments which
were carried out by Corapcioglu and Huang (1987). Copper sorbed on the
carbon at different copper concentration in liquid phase fitted well with the
prediction of the model. Other modelling work on sorption of metal ions such
as Cd, Zn, Cu , and Ni on activated carbon using surface complexation have
been shown by Gabaldon et al (1996), Marzal et al (1996), Seco et al (1997),
and Seco et al (1999).

Even though the surface complexation model for metal sorption can be used

to accurately predict the adsorption equilibrium under different experimental
conditions, sometimes it does not work as it should. As an example, Ch en et
al (1996), carried out equilibrium studies of copper adsorption on activated

carbon F400 using the surface complexation model where "the two-pK Triple
Layer Model" was employed to describe the sorption model. The two-pK
refers to surface ionisation that corresponds to surface sites such as SOH,
SO' and SOH2+. The triple layer refers to the location of ions in three different
layers. The model considers the sorption of copper was due to the formation
of surface complexes SO-CU2+ and SO-CuOH+. The surface complexes SOCU2 + was formed in the outer layer around the carbon surface and the surface
complex SO-CuOW was formed due to hydrolysis of SO-Cu2+. The final
results showed that there were some discrepancies between the experimental
data and prediction from the model used, due to unknown surface reactions.
Because there are still problems in the use of surface complexation models,
the modellers are forced to go back and use the empirical models such as
Langmuir or Freundlich isotherms. The application of these isotherms is still
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valid if the experimental conditions are similar to the conditions where the
isotherms were measured (Selim and Amarcher (1997), Yiacoumi and Tien,
(1995)). This was supported by Smith (1998) where he stated that "the
surface complexation approach or a more simple equilibrium expression,
such as the Freundlich or Langmuir, will produce essentially identical batch
rate model simulations provided that pH dynamics are properly incorporated".
The advantages of these isotherms over the complexation model are that only
two parameters are needed for the calculations and no extensive laboratory
work is required.

2.1.8 ADSORPTION OF METAL IONS BY ACTIVATED CARBONS

Adsorption of metal ions on the surface of activated carbon is a complex
phenomenon which depends on the water chemistry that determines the
species distribution and the chemistry of the carbon surface (Mattson and
Mark, (1971); and Sigworth and Smith (1972)). Various researchers found
that metal sorption is influenced by various factors namely, solution pH,
carbon types, carbon particle size, surface loading, temperature, contact time,
and competition interactions with other metals or elements (Netzler and
Huges, (1984); Corapcioglu and Huang(1987); Sigworth and Smith (1972);
and Peters et a/ (1985)).

2.1.8.1 Effect of pH

Generally adsorption of metal ions on activated carbons is determined by the
pH of the solution. This is due to the amphoteric properties of activated
carbons when it is added into water. This phenomenon is attributed to surface
functional groups such as carboxyl, phenolic, lactones and quinone that are
responsible for coordination of metal ions and release of protons (Corapcioglu
and Huang, 1987 and Reed and Matsumoto, 1993).

These surface functional groups of activated carbon will ionise by dissociating
protons at pH higher than their pK values. The higher the pH value, the more
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protons are released and the activated carbon will be more negatively
charged and this will adsorb more metal ions. Another explanation could be
that when pH is increased the competition between proton and metal ions for
surface site decreases, this enables metal ions to adsorb more easily.

Various studies showed that the amount of metal ions adsorbed on activated
carbon increases from a low value to almost 100% over a narrow pH range
(termed as pH-adsorption edge) (Netzer and Hughes, 1984 and Corapcioglu
and Huang (1987), and House and Shergold, (1984)). Low adsorption took
place at pH 1-2 and increases gradually with increasing system pH.
Depending on the nature of activated surface and surface loading, the value
of the pH-adsorption edge may vary for different metal ions involved. As an
example, the pH-adsorption edge of copper for 14 commercial activated
carbons obtained from the investigation of Corapcioglu and Huang (1987)
was between 3-5. The shape of pH - adsorption edge was shifted to the more
alkaline region when the concentration of copper was increased.
The pH of solution also will determine the metal species present in solution.
Metal ions may exist in complex form at higher pH values that makes
adsorption less effective compared with metals in free form. This can be
observed from experimental data obtained by Huang (1983), where the
researcher studied the adsorption of cadmium on activated carbons Nuchar
SN and Nuchar SA.

Adsorption of cadmium increased as pH increased.

However, adsorption of cadmium in the presence of cyanide, peaked at pH
6.6 and declined beyond that pH. At about pH 7, cadmium formed complexes
with cyanide that were probably less well adsorbed.

2.1.8.2 Types of Activated Carbon

L-type carbon contains more acidic functional groups that are excellent for the
removal of cationic metal ions. Whereas H-type, contains more basic groups
and it is not efficient in adsorbing metal ions. However, the capability of H-
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type carbon in adsorbing metal ions can be enhanced by the presence of
chelating agents/organic ligands (Huang, (1984» .

2.1.8.3 Initial Solute Concentration

The efficiency of metal removal is affected by initial solute concentration. The
efficiency of metal removal decreases as concentration of solute increases.
This was observed by researchers such as Reed and Matsumoto (1993)
(adsorption of cadmium onto Darco HOB and Nuchar SN activated carbons);
Seco et al (1999) (adsorption of cadmium onto Darco activated carbons);
Seco et al (1997) (copper and nickel on Darco activated carbons); Marzal et
al (1996) (zinc on Darco activated Carbon).
Reed and Matsumoto (1993) explained that activated carbon contains surface
sites with a range of binding energies. At low metal/carbon ratios, the majority
of metal adsorption is due to sites with higher energy. As the metal/carbon
ratio increases the higher energy sites become saturated leaving the sites
with lower energy to adsorb the remaining metal ions. This will result in the
reduction of removal efficiency. Corapcioglu and Huang (1987) on the other
hand explained that as surface loading increases, inter-adsorbent interaction
takes place resulting in a reduced metal ion adsorption. Another explanation
is that the metal ion activity may be reducing with an increase in ionic
strength.

2.1.8.4 Carbon Concentration

When the carbon concentration increases, the removal efficiency increases.
This is due to the increased availability of high-affinity surface sites. Cheng et

ai, (1993) showed that the Pb(lI) uptake increased with increasing carbon
concentration. However, above a certain concentration of activated carbon,
the uptake of Pb(lI) reached a plateau, and equilibrium, with sparingly soluble
Pb(II). These researchers explained that at a higher dosage of carbon, Pb(II)
adsorbed either blocked access to the internal pores or caused particle
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aggregation, hence reducing the availability of active sites. This occurrence
was also observed by Rivera-Utrilla et al (1984) during their investigation on
sorption of thallium, strontium and cobalt on almond shell activated carbon.
They found that adsorption of the metal ion involved increased strongly with
increasing amount of activated carbon added. However, with further addition
of carbon, the metal uptake no longer increased but remained constant.

Netzer and Hughes (1984) observed that metal sorption kinetics was faster
when the highest mass of carbon was used to adsorb lead, copper and
cobalt.

This observation was made when they used various amount of

carbon; 0.002, 0.01, 0.05 and 0.2 g of carbon to adsorb lead, copper and
cobalt with each metal concentration at 10 ppm in 100 ml of solution.

2.1.8.5 Effect of Contact Time
Sufficient contact time is required for metal ions to be adsorbed on activated
carbon.

When

intraparticie

diffusion

is

the

predominant

adsorption

mechanism, it may take some time for metal ions to be adsorbed by activated
carbon. Cheng et al (1993) observed that lead adsorption by granular
activated carbon increased with increasing contact time, but reached a
constant value after 5 hours of agitation. The researchers suggested that
longer time was required because the adsorption of lead was controlled by
intraparticie diffusion. They also found that bigger particies of activated
carbon required longer time to reach equilibrium.

Nertzer and Hughes (1984), from their adsorption experiments using lead,
copper and cobalt, found that longer time was required for adsorption system
with higher mass metal/mass carbon. The contact time to achieve equilibrium
was found to be proportional to the ratio of the number of adsorption sites to
the number of metal species.
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2.1.8.6 Effect of Particle Size

The rate of metal adsorption on activated carbon depends on the particle
size. Smaller particles will adsorb metal ions faster than the bigger particles.
Investigation by Rubin and Mercer, (1987) on adsorption of cadmium on
powdered (50-100 mesh) and granular (8010 mesh) activated carbons
showed that adsorption on powdered activated carbon was faster than for the
granular form. To achieve equilibrium, the powdered activated carbon only
took 6 hours, while the granular one took 95 hours. It was observed that the
equilibrium capacities for both types of activated carbons were nearly
identical. The researchers explained that the smaller particle adsorb faster
than the bigger one because the diffusional path reduces with decreasing
particle size.
The effect of particle size of activated carbon was also investigated by Nair
(1990). From this investigation it was found that Cs and Sr were adsorbed

faster on the powdered activated carbon than the granular activated carbon.
Fleming and Nicol (1984) reported that the stirring speed and the size of
activated carbon are important factors that influence the loading of gold on
activated carbons (the rate of adsorption was directly proportionate to the
stirring speed). However, it was inversely proportional to the size of activated
carbons.

Another advantage of smaller size of activated carbon is that it has lower
pH zpc (pH at zero point charge) than the granular ones. This means that at pH
values at neutral or slightly acidic, the powdered activated carbons are more
negative by charged than the granular activated carbons. This will encourage
the adsorption of metal ions onto powdered activated carbon (Huang et ai,
(1982) and Huang (1984)).
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2.1.8.7 Effect of Ionic Strength

Adsorption of metal ions by activated carbon was found to be influenced ionic
strength. Corapcioglu (1984) showed that metal ion sorption may increase
with increasing in ionic strength. This is because surface charge of activated
carbon decreases with increasing ionic strength. Similar phenomenon was
also observed for metal ion sorption on hydrous oxides (Dzombak and Morel
(1990) and Davies and Leckie (1980». This was attributed to compression of
the electrostatic double layer (EDL). Competition between metal ions and
other ions present in the solution for the functional groups is less important.

2.1.8.8 Competitive interaction Metal Ions or Other Elements

The effect of added metal on lead adsorption on activated carbon produced
from olive stones (H-8) and a commercial activated carbon (M) was studied
by Rivera-Utrilla et al (1986) which can be seen from Table 2.11. From this
Table, it was found that lead adsorption was not significantly affected by other
cations except by Fe(III).
Table 2.11. Effect of Lead Sorption on Activated Carbon
by Other Metal Ions.
Carbon
sample

Percentage of Lead adsorbed in the presence of added cation (%)
Lead

Ba(JI)

Ca(JI)

Co(lI)

Cu(lI)

Fe(llI)

Mg(lI)

90

89

95

98

91

81

98

98

97

100

100

95

94

100

Ni(JI)

Sr(lI)

Zn(lI)

94

94

84

100

100

100

only
H-8
(basic
carbon)

M
(acidic
carbon)

Note. Concentration of each metal

IS

•· 0

10 M.

The effect of anions such as chloride, bromide, acetate, nitrate, thiosulphate,
EDTA, tartate, citrate and ethylene diamine on the adsorption of Cs, TI, Sr
and Co on activated carbons was studied by (Rivera-Utrilla et al (1984». The
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presence of all the anions studied increased the metal sorption except tartate,
citrate and ethylene diamine which had a reverse effect. The reason given for
the enhancement of adsorption by anions was that the anions can be
adsorbed on carbon surface, this increased the negative charge density of the
carbon enabling more cations to be adsorbed. The negative effect of tartate,
citrate and ethylene diamine on adsorption metal was because stable metal
complexes were formed with ligands which may not be adsorbed by the
activated carbon.
2
Cheng et a/ (1993) conducted a study to investigate the effect of Ca +, Fe 3+,
Mg2+, AI 3+, nitrilotriacetate acid (NTA) and ethylenediaminetetraacetic acid
(EDTA) on sorption of Pb 2+ (50 ppb) onto activated carbon (300 mg r1). The
findings of the study were as follows:
i.

Ca2+suppressed the Pb2+ uptake significantly when the
Ca2+presence was more than 80 ppm. But the presence of Mg2+
up to 100 ppm had no effect on the Pb 2+ adsorption.

ii.

In the presence of AI 3+, as low as 10 ppm or Fe 3 + as lbw as 2
ppm, the uptake of Pb 2+ was completely suppressed. The
reason given was that hydrous aluminium oxide or ion oxide was
formed that might block the entry of Pb 2+ from adsorbing onto
the carbon. However, when more Fe 3+ was added (10 ppm)
more Pb2+ was adsorbed than. would be obtained using the
3

carbon alone. According to these researchers, when more Fe +
was added, Fe 3+ precipitated and affinity towards Pb 2+ becomes
greater.
iii.

in the presence of NTA and EDTA, the Pb 2+ uptake was
enhanced. These ligands might adsorb first on the carbon
2
followed by the interaction of the bound ligand anion with Pb +.
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The effect on adsorption of mixtures of metal ions on activated carbon
(Berney Cheney NL 1266) was also observed by Netzer and Hughes (1984).
The uptake of the metal ions by the carbon studied was in the following order:
lead> copper> cobalt. When lead, copper and cobalt were present in binary
or tertiary systems they seemed to compete for the adsorption sites. Lead
sorption was reduced when copper and cobalt were present. Copper
adsorption was only slightly affected by lead and cobalt. However, cobalt
adsorption was seriously affected by lead and copper.

The effect of salinity on lead adsorption onto a commercial activated carbon
was studied by Rivera-Utrilla et al (1986). They found that sodium in the
concentration range of 10-50 g

r' , reduced the adsorption of lead to 80%. In

the presence of sodium ion of 100 g

r',

lead adsorption was further reduced

to 1%. The reason of this phenomenon was due to competition between
sodium and lead ions.

2.1.8.9 Surface Chemistry of Activated Carbon

It has been quoted in the literature that activated carbons with higher surface
area will have more capacity than one with a lower area. This statement may
be true for the sorption of organic solute from both air and liquid phases but it
may not be necessarily true for adsorption of inorganic compound from
aqueous solution. There is sufficient evidence to show that the chemical
nature of activated carbon has in general more influence than the surface
area and the porosity of activated carbon. To illustrate this, Reed and
Matsumoto (1993) observed that during their study of cadmium adsorption on
two types of activated carbon namely Darco HOB (650 m2 g.') and Nuchar SN
2

(1600 m g.\ the adsorption of cadmium on Darco HOB was higher than the
adsorption Nuchar SN. It was found that the surface area was not a critical
factor for metal ion sorption on activated carbon.

Similar observation was made by Carrott et al (1998), who carried out
experiments for the removal of tetrachloromercury (11) complex from solution
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using five different types of commercial activated carbons obtained from
"Norit" and "Superactivated Carbon". They found that "Norit" carbons
adsorbed almost 100% of the mercury complex over the range of pH studied,
but "Superactivated Carbon" with a much bigger surface area and pore
volume than the Norit, was less effective especially at higher pH. It was
concluded that the removal efficiency of mercury is not directly related to the
surface area or pore volume but the surface chemistry of the carbon.

Gergova et al (1993), also showed that activated carbon with high surface
area did not give high adsorption of metal ions (copper). Physical and
chemical properties of activated carbon of the activated carbons studied are
summarised in Table 2.12. They observed that lignite activated carbon had
high functional groups with larger pore volume of macro and meso structures.
Activated carbon with large volume of macro and meso structures according
to them may provide an easy access for both hydrated and hydrolised copper
ions. This could be the reason why lignite carbon had the highest adsorption
for copper.
Table 2.12. Physical and Chemical Properties of Activated Carbon
Produced from Different Precursors.
Activated
carbon
precursor
Apricot
stone
Almond
shells
Nut Shells
Coconut
shells
Lignite
Grape
seeds

BET
surface

Micropore
vol.
(cm'/g)

Mesopore
Vol.
(cm'/g)

Macropore
Vol. (cm'/g)

Total
pore
Vol.
(cm'/Q)

Total
functional
groups
(meq/q)

Copper
sorption
(mg/g)

1175

0.76

0.14

0.10

0.91

3.47

6

946

0.13

0.35

0.07

0.55

2.67

22

904
700

0.20
0.21

0.14
0.17

0.12
0.22

0.46
0.60

3.52
11.3

38
20

600
487

0.07
0.16

0.32
0.22

0.59
0.24

0.98
0.62

8.34
3.37

62
24

area
(m'/Q)

Note: Functional groups were contributed by carbonyl and hydroxyl fUnctional groups.

That surface chemical properties are more important than physical properties
of activated carbon for metal adsorption was also supported by results of
experiments conducted by Nair (1990). This researcher showed that oxidation
of carbon with nitric acid reduced the surface area and pore volume of the
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activated carbon, but the capacities for both metal studies (Cs and Sr)
increased.

Other evidence of the importance of surface chemistry of activated carbon in
adsorption of inorganic compound is given by Bansal et aI, (1988), Solar et al
(1990),Leon y Leon and Radovic

(1994), Jia and Thomas (1999)

and

Pradhan (1997).

2.1.8.10 Effect of Temperature

The effect of temperature on the adsorption was observed by Corapcioglu
and Huang (1987). The adsorption of copper on F400 increases from 15%60% when the temperature increases from 25-100°C. However, the authors
found that the increase of adsorption with temperature was not in agreement
with thermodynamic principles.

Marzal et al (1996) also reported that

adsorption of cadmium on activated carbon increases slightly when the
temperature rises.

2.1.9 MECHANISMS OF METAL ADSORPTION ON ACTIVATED CARBON

Various studies of metal sorption on oxidised and non-oxidised carbon
showed that the main mechanism of metal sorption is by ion-exchange (Nair
(1990) and Periasamy and Namasivayam (1996». This was observed from
the amount of sodium ions sorbed by the carbon that were replaced by an
equivalent amount of metal ions. Other evidence confirming the sorption of
metal ion by activated carbon is as follows:

i.

the pH of the copper solution decreased during sorption studies.
This indicates that hydrogen ions were replaced by the solutes
studied,

ii.

sorption capacity of activated carbon

(modified and non

modified) increased when pH was increased, and
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metal ion sorbed on activated carbon was fully desorbed by
eluting with strong acids.

Apart from ion-exchange, other surface processes can occur. These include
surface complex formation, redox reaction, hydrolysis, anion sorption, nonequivalent cation removal.

2.1.10 MECHANICAL STRENGTH OF AGRICULTURAL BY PRODUCTS

Adsorbents may abrade pipes and pumps and break into smaller particle size
if the mechanical strength of the adsorbent is poor.
Marshall and Johns (1996) described how they carried out experiments to
determine mechanical strength of agricultural by-products. The mechanical
strength of the material in question was calculated based on the percentage
of solid retained by a filter (Whatman filter paper # 4) after the material has
been exposed to mechanical stirring at 250 rpm in a batch experiment for 2
hours. This method could be inaccurate because, some of the material may
have stuck in the pores of the filter.
For activated carbons, methods to determine mechanical strength that are
normally employed include the Abrasion Index Method and Wet Attrition
Method (van Dam, 1993). For the Abrasion Index method, 25 ml of dried
activated carbon is placed in a perforated cylinder containing a steel rod. The
cylinder is rotated by means of a dedicated machine. The fines generated
from the rotating cylinder are collected and measured to give the generation
rate (weight/minutes). Generation rate is defined as the Abrasion Index. The
lower the index the better the durability of the carbon in question.
For the Wet Attrition Method, activated carbon under investigation is
preconditioned with water in a stirred tank and screened from fines. The
preconditioned carbon was then subjected to an attrition process in the "pulp
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system". The fines generated are screened, collected, and dried. The weight
of the dried fines is measured and compared with the weight of the
preconditioned carbons.

The causes and other attrition test methods have been reviewed by Beurose
and Bridgewater (1987)

2.1.11 POWDERED ACTIVATED CARBON AND ITS APPLICATION IN
TREATING EFFLUENTS CONTAINING METALS

Activated carbons with a particle size less than 100 /lm are considered to be
powdered activated carbons (PAC). This type of carbon possesses a large
surface area and a small diffusional distance. This, results in high rates of
adsorption (Bansal, 1988). According to Suzuki (1990), intraparticle diffusion
is not the rate limiting step for powdered carbons but, of course, this depends
upon prevailing conditions within the aqueous phase.

Until recently it was not common to find powdered activated carbons being
used directly to treat effluent containing heavy metals. This may be due to a
number of factors such as, low binding capacity or difficulty in materials
handling. However, activated carbons have been widely used in biological
and chemical/physical systems for the treatment of biological waste, industrial
and municipal liquid wastes. It seemed that its application has been limited to
the tertiary stage of each treatment system, such as in the third step of
biological waste

water treatment

system,

or at the

final

stage

of

chemical/physical treatment system (Linstedt et al (1971), Culp et a/1978 )).
Perhaps, this is to capture the trace metal ions which escaped from those
processes.

The most common usage of powdered activated carbons is to treat the liquid
phase in a batch-stirred vessel. The liquid waste is allowed to adsorb for a
certain contact time and then the carbon is filtered from the liquid.

This
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method of treatment has been used in the food industry, and in water and
waste water treatment (Suzuki, (1990), Ray (1995)).
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CHAPTER THREE· EXPERIMENTAL PROCEDURES

3.0 INTRODUCTION

As described in Chapter 1 , this study is concerned with the removal of copper
ions from aqueous solutions using adsorbents combined with microfiltration.
At the early stage of the study, a preliminary investigation was carried out
using three types of adsorbents: modified activated carbon F400, modified
activated carbon derived from Malaysian oil palm shells (MOPS) and
dealginated seaweed. This led to the selection of modified MOPS carbon for
more detailed study.

Performance of modified MOPS activated carbon in

removal of copper in bench top microfiltration experiments (continuous mode
and continuous and staged addition mode) was compared to the performance
of a well-characterised ion exchange resin Dowex 50WX8. To demonstrate
the application of the adsorbent at a larger scale of seeded microfiltration, the
modified activated carbon (MOPS3) was also used in a pilot plant rig.
Experimental programmes involved in this study were carried out according to
the scheme illustrated in Figure 3.1 and the procedure for each experiment
is described under the relevant topic.

3.1 PREPARATION OF ACTIVATED CARBON FROM MALAYSIAN OIL
PALM SHELL

Malaysian oil palm shells (MOPS) were used as a precursor for preparation of
activated carbon. This material was supplied by the Palm Oil Research

Institute of Malaysia (PORIM). The shells were first separated from the
residual palm kernel and

contaminants such as dirt, stone or sand. The

shells were then wet screened using distilled water and dried in an oven for
14 hours. The cleaned and dried palm kernel shells were stored in a plastic
bag for further use. An attempt was made to break down the size of the shells
using a hammer but it was not successful due to their hardness. Hence, the
non-ground shells with a particle size ranging from 0.3 to 2 cm in diameter
were used for preparation of MOPS activated carbon.
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Figure 3.1. A summary of Experimental Programme for the Study
MOPS were treated with concentrated H3 P04 prior to activation. Two
treatment methods were tested for this purpose. In the first method (termed
as Treatment A), a sample of palm shells was soaked in a 1000 ml beaker
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containing an excess volume of concentrated H3 P04 (1000g of sample in
800 ml of H3 P04). The sample was heated at 80°C in a water bath for an
hour, later it was taken out from the water bath and left to cool for about 14
hours. Excess H3 P04 was drained out from the beaker and the sample was
transferred into a big glass funnel, later rinsed with about 1000 ml of distilled
water. The shells were then dried in an oven at 105°C for about 14 hours.

For the second treatment method (termed as Treatment B), after the sample
was heated at 80°C in the water bath for an hour, it was immediately
separated from H3 P04 and rinsed with distilled water. The shells were also
dried in the oven at 105°C for about 14 hours.

The treated shells were activated in a few batches. In each batch, about 100
g of treated shells were placed in a quartz boat and loaded in the middle of a
horizontal tubular electric furnace. The electric furnace and relevant
equipment used is shown in Figure 3.2. After the shells were loaded, both
ends of the furnace were sealed using rubber bungs and oxygen free nitrogen
was purged for 10 rninutes to drive out the air inside the furnace. After 10
minutes, the furnace was heated up to 600°C at the rate of 3°C min·' in the
presence of nitrogen gas flow. When the temperature had reached 600°C, a
stream of moisture laden nitrogen was introduced into the furnace for 2 hours.
Subsequently, the furnace was switched off and the nitrogen gas stream
without moisture was again introduced for about 18 hours to cool down the
activated carbon produced. The weight of activated carbon produced was
recorded. Throughout the process, the nitrogen gas flow rate was controlled
at 200 ml min·'. Activated carbons obtained from different batches using the
same treatment method were mixed thoroughly before grinding.
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Figure 3.2. Schematic Diagram for Activation of MOPS Activated
Carbon
3.2 GRINDING AND CLEANING OF ACTIVATED CARBONS

Activated carbons produced from MOPS and activated carbon F400 (coalbased) in granular form obtained from Chemviron, UK were crushed
separately to produce powdered activated carbons.

Each of the activated

carbons was ground in a dry mode using an industrial blender (Waring
commercial blender). Activated carbon was first ground in the blender for
about 1 minute. The ground material was transferred onto a 53 )lm sieve,
which was stacked on top of a 45 )lm sieve with a collecting tray fixed below
the 45)lm sieve. The sieve nest was shaken on a shaker made by Fritsch
for about 2-3 minutes. The fraction retained by the 53 )lm sieve was returned
to the blender, while the portion retained by the 45 )lm sieve was collected in
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a container for further cleaning. The fine particles collected in the collecting
tray were discarded. The blending and shaking of activated carbon was
continued until the desired ground activated carbon was obtained.

The activated carbons retained by the 45 )lm sieve was further separated
from smaller particles by dry sieving using an air jet sieve (Alpine Air Jet
Sieve Laboratory Type 200). The particles retained on the 45 )lm sieve were
further cleaned by spraying with Milli-Q water using a hand-pump water spray.
The cleaned particles were then dried ovemight in an oven at 105°C.
Subsequently, these powdered activated carbons were modified by nitric acid
oxidation to enhance their ion exchange capacity.

3.3 MODIFICATION OF ACTIVATED CARBON
Activated carbons of MOPS and F400 were modified by nitric acid oxidation.
A known amount of each activated carbon in terms of weight and volume,
together with Milli-Q water of 1.5 times its volume were placed in a 500 ml
round bottom flask. The flask was fitted with a reflux column that was
connected to a cooling water system. The flask was heated in a water bath at
90°C for the oxidation.

When the temperature in the flask had reached 90°C, 16 M HN03 with a
volume the same as that of the water was poured into the flask (by doing
this, the concentration of 8 M HN03 in the reactor was achieved). The carbon
slurry was stirred by nitrogen gas, which was continuously bubbled through
the slurry. Every 6 hours the slurry was decanted and rinsed with Milli-Q
water, then 8 M HN03 with a volume 3 times that of the activated carbon used
was added into the flask for further oxidation. The total oxidation time for both
F400 and MOPS carbons was 24 hours.

The modified activated carbon produced was transferred into a glass column
to remove excess HN03 and humic acid generated during the oxidation
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process. This was carried out by eluting with 0.1 M NaOH until the solution
leaving the column was colourless and pH was 4.S.

The modified activated carbon from the column was transferred onto a 4S /lm
sieve and sprayed with Milli-Q water to remove any smaller particles. The
cleaned modified activated carbon was transferred back into the glass column
where it was conditioned (protonated) with 0.1 M HN03 at a flow rate of 10
bed volume per hour for about 16 hours. It was then rinsed with Milli-Q water
to remove excess acid and dried for about 16 hours at 10SoC. The carbon
was tooled in a desiccator, then kept in an airtight bottle for further use. The
MOPS activated carbon produced from Treatment A was oxidised in three
batches and the modified products are termed as MOPS1, MOPS2, and
MOPSS. The MOPS activated carbons produced from Treatment B were
oxidised in two batches and the modified products are termed as MOPS3,
and MOPS4. The oxidised F400 is termed as modified F400. It should be
noted that the MOPS1 and modified F400 were prepared in the middle of
1997, while MOPS2, MOPS3, MOPS4 and MOPSS were prepared in early
1998. MOPS4, however, was not used in any experiment.

3.4 ANALYTICAL TECHNIQUE

Copper

and

nickel

Spectrophotometer

were

analysed

using

an

Atomic

Absorption

(SpectraAA-200 Varian) (AAS) at the wavelength of

324.8 nm 341.S nm respectively. This spectrophotometer was equipped with
a computer. Analysis of copper in the ppm range (above O.S ppm) was done
by flame mode, while copper in the ppb range (lower than SOO ppb) was
analysed using graphite furnace mode. Alkaline earth metals (Ca, Mg) and
alkali metals (K and Na) were analysed by a Dionex Ion Chromatograph
using a Perkin Elmer UVNlS Spectrometer Lambda 2.
AAS can be operated in two modes namely manual mode or automatic mode.
For the first mode, a series of standard solutions were prepared from a 1000
ppm stock solution to the required concentration using Milli-Q water. From
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these standard solutions, a calibration curve of absorbance versus metal
concentration was established and stored in the computer. This calibration
curve was re-established/re-sloped

after 25 samples had been analysed.

Using this mode, the samples were diluted manually when the concentration
of sample was beyond the calibration range.

For the second method, a 10 ppm standard solution was prepared for each
metal and a calibration curve of absorbance versus metal concentration was
established and stored in the computer. The measurement of metal
concentration of samples was done automatically by AAS based on this
calibration curve, provided that the minimum sample was about 5 ml.

Copper present in samples (in ppb range) was determined using a graphite
furnace AAS (GTA 100 spectrometer) equipped with a computer controlled
graphite

furnace

and

programmable

sample

dispenser

(PSD).

The

measurements were made in the peak mode at 324.8 nm with a slit width of
0.5 nm, based on a calibration curve established from a bulk copper standard
solution of 50 ppb. The graphite furnace programme temperature used was
55 seconds (s) at 85 - 120°C (drying), 8 s at 800°C (ashing) and 3.1 s at
2300°C (atomisation) and 2 s at 2300°C (clean-up). Argon was used as the
1

purge gas with a flow rate of 3000 ml min· during drying and ashing steps, 0
ml min· 1 during atomisation and 3000 ml min·1 during clean-up.

A mixed

sample volume of 20 III (blank and sample) was auto-injected into a pyrolytic
coated partitioned tube located in the furnace using the PSD unit. The results
were taken as the mean of two readings.

3.5

SCREENING

TESTS

OF

MODIFIED

F400,

MODIFIED

MOPS

ACTIVATED CARBON AND DEALGlNATED SEAWEED

In order to select the modified activated carbon to be used for further work in
this study, each modified F400 and MOPS1 (the first batch of modified MOPS
activated carbon) was subjected to three experiments namely, i) adsorption
capacity for copper, ii) adsorption and desorption studies and iii) attrition
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tests. However, dealginated seaweed was subjected to only one test

i.e.

filterability test.

3.5.1 Adsorption Capacity for Copper

Modified F400 and MOPS1 were tested for their adsorption capacities. For
this, 0.2 g of each modified activated carbon was added into several conical
flasks containing a known concentration of copper solution prepared from
copper nitrate salt. The pH of activated carbon slurry was adjusted by adding
dilute sodium hydroxide and was recorded before the flasks were sealed with
parafilm. The flasks were then agitated constantly for 24 hours at room
temperature by an orbital shaker. Each slurry was measured in terms of its
final pH and then filtered using 0.2 llm Whatman (PTFE) disposable filters.
The initial and final copper concentrations were analysed using the AAS.
The capacity of the modified activated carbons for copper was calculated
based on the following formula:

. fi C (mmol)
Capaczty or u - -

g

Vol. of Cu (I) x (Ini. Cu Con. - Final Cu Con.)
=---'----'-'---'-----------'-

(3.1 )

Vol. of Cu (I) x (Initial Cu Con. - Final Cu Con.)
=-.....::.--'-'---'------------'-

(3.2)

Weight of Carbon x 63.54 x 1000

or

. fi C (mg)
Capaczty or u .
g

Weight of Carbon x 1000

where the copper concentrations are recorded in mg r1.
3.5.2 Adsorption and Desorption Studies

Kinetic studies for adsorption and desorption of copper on each Modified
F400 and MOPS1 were conducted using a batch Perspex stirred cell. The
cell consisted of a Perspex cylinder with a detachable bottom fitted with an
outlet. It had a capacity of about 750 rnl and effective filtration area of 55.44
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cm 2 (diameter 8.4 cm). A flat sheet membrane can be fitted using o-ring
seals on a Perspex plate and tightened by six nuts at the bottom of the cell.
A schematic diagram of the filtration unit is illustrated in Figure 3.3.
pH Adjustment
pH Probe

Copper and

Carbon
Suspension

-.: Outlet
Frit

Pump

Figure 3.3: Schematic Diagram of Experimental Equipment
However, for this study a nickel membrane was not used, because it was not
suitable for the desorption phase,' hence a 13 mm diameter frit with pore size
of 20 Ilm was used and secured at the outlet, inside the cell. The frit acted
as a filter to retain the carbon particles. The suitability of the nickel membrane
for desorption was tested according to the procedure described in Section
3.6. A 500 ml slurry of activated carbon at a concentration of 0.8 g r 1 solids
containing 1 - 53 ppm of copper nitrate was used. For this experiment, 500 ml
of copper solution with a known initial concentration was first poured into the
cell, followed by 0.4 g of modified activated carbon.

The slurry was

continuously stirred at 530 rpm using a glass rod stirrer driven by an electric
motor. The filtrate was peristaltically sucked through the frit and recycled back
into the cell through a plastic tube. The fluid flow was about 38 ml per minute
at a pump speed of 55 rpm. During the adsorption, the pH of the slurry
declined hence alkaline solution was added from two burettes into the cell to
keep the pH constant at 4.6±O.2. In maintaining the pH, initially a few drops
of 1M NaOH solution from the first burette was added, followed by 0.1 M
NaOH solution from the second burette. The pH was maintained at such a
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level to avoid any precipitation, since copper hydroxide could be precipitated
at pH around 5.3.
After the adsorption process, the activated carbon was regenerated by adding
a known volume of 4 M HN03 to lower the pH to between 1.6 -1.8 and the
pH of the copper solution was recorded against time.

The residual copper concentration in solution within the cell during the
adsorption and desorption phases was determined by periodic removal of 5-

10 ml of filtrate. Prior to the removal of filtrate, the dead volume of filtrate
within the sampling valve (about 1-2 ml) was taken and poured back into the
cell. An electronic balance (Avery Berkel) was used to measure the weight of
the filtrate. The remaining fluid in the cell after the desorption experiment was
drained out and the weight of the filtrate was measured for the mass balance
calculation.
To determine the loading capacity of both modified activated carbons at
different cycles, a series of adsorption and desorption experiments on the
same batch of activated carbon were conducted. Firstly, copper capacity was
determined using a copper solution concentration of 50 ppm followed by 25
ppm and then 50 ppm. The second solution (25 ppm) was introduced into the
cell when almost all the first solution was drained out. The same procedure
followed, when the third solution was introduced into the cell. The solution
volume left in the system was calculated based on its initial feed volume and
total volume of filtrate collected.

The samples including filtrates and feed

solutions were analysed for copper by AAS.
CapaCities of both modified activated carbons at various time intervals were
calculated based on a mass balance, where the volume of. alkaline and acid
solutions added into the cell and samples removed from the cell were also
taken into account.
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3.5.3 Attrition Test for Modified Activated Carbons

The relative mechanical strength of modified F400 and MOPS1 was
determined by a wet attrition test.

For this purpose, a laboratory ball-mill

(Pascal with 2 litre capacity), ceramic balls of diameter of 1.3 cm, a horizontal
roller, an auto pipette (5 ml) with a glass rod fixed to the pipette so that the
depth of sampling position in the mill was fixed at 0.5 cm from the bottom of
the mill, a 500 ml measuring cylinder, a stop watch, sampling plates and
Coulter Multizer 11 (particle size analyser) were used in this experiment. The
total number of ceramic balls required was determined by placing the balls in
the mill so that all the balls are sitting in a single layer at the bottom of the mill
(about 1/8 of volume of the mill).
The background level of particles that could be contributed by the mill or the
ceramic balls was first assessed. For this,

200 ml of MiIIi-Q water was

poured into the mill containing a predetermined number of ceramic balls. The
ball mill, with its lid closed, was horizontally rotated on a roller at about 70 rpm
for 7 minutes. Before a 5 ml sample was drawn from the mill, the mill was
gently rotated in a circular motion 5 times. The sample location was in the
centre, 0.5 cm from the bottom of the mill.

A sample was then taken for

particle size distribution measurement.
5 g of cleaned powdered activated carbon and 200 ml MiIIi-Q water were
added into

the cleaned ball mill

containing cleaned ceramic balls. The

modified activated carbon was then ground in the horizontal ball mill for the
time intervals of 0.5 minute, 1 minute, 3 minutes, and 7 minutes. At the end
of each time interval, a 5 ml sample was taken from the mill based on the
same sampling technique mentioned above. All the samples taken were
subjected to particle size distribution determination.
Particle size analysis by Coulter Counter (Coulter Multisizer 11) was as follows:
a sample obtained at each grinding time interval as described above was
transferred into a 50 ml beaker containing a known volume of water and then

CHAPTER 3: EXPERIMENTAL PROCEDURES

78

gently stirred with a magnetic stirrer. Using a micropipette, the carbon slurry
was transferred into a 'Coulter beaker' containing a known volume of 1 per
cent of saline solution.

The volume of

modified activated carbon slurry,

which was transferred into the beaker, was recorded for the purpose of data
verification by means of a mass balance. A known amount of non-ground
modified F400 and non-ground MOPS1 were also analysed in termsof their
particle size distribution using the same procedure.

A comparison of mechanical strength of different activated carbons was
based on the particle size distribution. The strength was estimated from the
amount of fine fractions of carbons generated, or reduction of mean size of
the carbon particles.

3.5.4 Filtration of Dealginated Seaweed

Filtration of 0.2 g

r'

of dealginated seaweed was carried out in the pilot plant

rig at a fixed trans-membrane pressure according to the procedure described
in Section 3.9.8. The membrane used (nickel membrane of 18Jlm pore size)
was seriously fouled by the dealginated seaweed. At the transcmembrane
pressure (TMP) of 0.275 bar, the initial flux was 400 I m·2 h·' and after 4 hour
of filtration the flux had reduced to 8 I m·2 h·'. When the TMP was increased
to 0.35 bar, after the membrane had been back flushed with compressed air,
the initial flux was 820 I m·2 h·' but after 2 hours the flux was reduced to 10 I
m· 2 h·'. In view of the fouling problem, the dealginated seaweed was not
selected for further investigation.

3.6 LEACHING TEST ON THE NICKEL MEMBRANE

Nickel microfilters were supplied by Stork BV of the Netherlands. Prior to
their application in microfiltration systems for copper adsorption and
desorption phases, leaching tests on the nickel were carried out. This is
because microfiltration of copper using modified activated carbon or ion
exchange resin needs to be operated at different pH (pH 4.6± 0.2 for
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adsorption and pH 1.5-1.8 for desorption). For this purpose, leaching tests
were conducted on samples of a nickel membrane with a pore size of 18 Ilm
at different pH. The tests on the membrane, either on its own or in the stirred
cell without modified activated carbon, was to determine whether nickel (and
possibly copper) are leached into aqueous solution at different pH. The
results of the test determined the applicability of the nickel membrane in
microfiltration processes either in the bench top or pilot plant rigs.

3.6.1 Leaching Test on Nickel Membrane Alone
Samples of unused nickel membrane (3 cm x 3 cm) were soaked in conical
flasks containing 100 ml of acidic solution at different pH: 1, 1.65,2, 3, 4.67
and 5.41. Three samples were soaked in three solutions having the same pH
for the measurement of copper and nickel leaching at different times such
as 17 hours, 23 hours and 29 hours. All samples were agitated in an
incubator at 20°C. Samples from each flask were analysed for nickel and
copper using AAS.

3.6.2 Leaching Test on Nickel Membrane in a Perspex Stirred Cell
500 ml of Milli-Q water without copper and activated carbon was transferred
into the Perspex stirred cell fitted with the nickel membrane. The pH of the
solution was maintained at 4.6±0.2 to simulate an adsorption phase. During
a simulated desorption phase, the pH of the solution was reduced by adding

3-5 rnl of 4 M HN03 to give a pH around 1.6 -1.8. The leached nickel and
copper in solution within the cell during the simulated adsorption and
desorption phases were determined by periodic removal of 5-10 ml of filtrate
and analysed for nickel and copper using AAS. The experimental procedure
described in Section 3.5.2 was followed.
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3.7 FURTHER INVESTIGATION ON MODIFIED MOPS CARBON

After comparison between modified MOPS carbon and modified F400 was
made, it was found that modified MOPS has an advantage over the Modified
F400 in terms of mechanical strength. The modified

MOPS carbon was

further characterised in terms of surface area and pore size distribution,
scanning electron microscopy, pH titration, density and porosity as well as
copper adsorption isotherms. Further investigation in terms of batch kinetic
studies as well as sorption and desorption of copper in a mini-column system
were also carried out. In addition, continuous kinetic studies with or without
staged addition of carbon were conducted in a stirred cell.

3.7.1 Surface Area and Pore Size Distributions

Surface area and pore size distributions of modified and non-modified MOPS
carbon samples as well as samples of modified F400 were determined using
a Micromeritics ASAP 2010C automatic analyser.

Samples of modified

carbons were dried overnight in an oven at 105°C, cooled in a desiccator and
then degassed for 24 hours on the de gas ports of the analyser. The mass of
each carbon sample was calculated by taking the difference in weight of the
nitrogen back-filled degassed sample tube containing sample and empty
sample tube. The sample tubes were sealed using frits.

Nitrogen adsorption was carried out at the liquid nitrogen temperature,
approximately -196°C and analysis of nitrogen adsorption was obtained by
running

computer software within the ASAP2010C, that contains a number

of input files that were used to determine the adsorption parameters.

3.7.2 Scanning Electron Microscope (SEM)

Adsorbent samples were sent to the Institute of Polymer Technology and
Materials Technology (IPTME) at Loughborough University for scanning
electron microscopy. The adsorbent samples were glued to aluminium
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platforms before gold coating, then it was scanned using a Cambridge
Stereoscan 360 scanning electron microscope at accelerating voltages of 102kV. It should be noted that the microscope was operated out by a qualified
technician.

3.7.3 Density Determination for Modified MOPS Activated Carbon/Resin

The Micromeritics Multivolume Pycnommeter 1305 was used to determine
the true density (solid density) of activated carbon and resin. The method
employed is based on the principle of PV=constant at constant temperature.
The theory behind the density measurement is described by Suzuki (1990).
The equipment consists of two chambers; a sample chamber and expansion
volume chamber as can be seen in Figure 3.4.
Sample chamber

Expansion chamber
Valve
VI

Figure 3.4. Simplified Block Diagram of the Micromeritics Multivolume
Pycnometer 1305.
The sample of activated carbon/resin was dried in the oven at 105° o C for 24
hours, later was kept in a desiccator. Each modified activated carbon or resin
was accurately weighed in a sample cup with a nominal volume of about 5
cm 3 and placed in the sample chamber. Both sample chamber (volume=Vcell)
and expansion chamber (volume=Vexp) at the beginning of experiment are at
the ambient pressure (Pa ) and

temperature (Ta). Prior to the pressure

reading the sample chamber, containing the sample, and the expansion
chamber were flushed with helium gas 10 times. This was to remove any
contaminants

that

could

interfere

with

the

density

measurement.
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Measurement was performed by closing the valve (VI) and then the sample
chamber was pressurised with helium gas to an elevated pressure (PI).
normally to about 19 psig. The pressure PI was recorded when the pressure
reading was constant. Later. the valve (VI) was opened and the pressure P2
was recorded when a constant pressure reading was achieved. The sample
chamber was pressurised ten times and PI and P2 were recorded.

The solid density of the sample (p,) was calculated using the following
formula:

Mass of the sample (M,)
p, = Volume of sample o.~.am)

(3.3)

(3.4)

where
M, =weight of sample.
Vmm

=volume of sample.

P"

= pressure gauge reading from the sample chamber. and

1'"

= pressure gauge reading from the expansion chamber.

The derivation of equation (3.4) is given below:
Mass balance in the sample chamber when it was pressurised at PI is given
by:

(3.5)

where

ne= moles of gas in the sample cell. and
R = gas constant.
Mass balance in the expansion chamber (at the ambient condition) is:
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(3.6)
where

nexp =moles of gas in the expension chamber
When the valve is opened and the pressures in sample and expansion
chambers are in equilibrium (P2 ), the mass balance for the whole chambers
is:
(3.7)

Substituting equations (3.5) and (3.6) into (3.7) and rearranged becomes

(3.8)
or
(3.9)
or
(3.10)

Because the pressures are measured using gauge pressure, equation (3.10)
can be redefined as equation (3.11).

(3.11 )

where
~K = ~ -

P"

(3.12)

~K = ~ -

P"

(3.13)

Vcell and Vexp were obtained from the calibration procedure as described in
Appendix 4 of the Instruction Manual Multivolume Pycnometer, Micromeretic
(1987).
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3.7.4 pH Titration
pH titration was carried out

according to a procedure described by

Galbaldon et at (1996)~ 0.1 g of each adsorbent (MOPS3, MOPS5 and Dowex
5WX8) was weighed into separate 250 ml conical flasks. 50 ml of 0.1 M HCI
(volumetric standard solution supplied by Fisher Scientific Co.) was pipetted
into the flasks. The flasks were shaken by an orbital shaker for 14 hours to
equilibrate.

A blank solution containing the same volume of 0.1 M HCI

solution without adsorbent was prepared in another flask and was treated the
same way as samples containing adsorbent as an experimental control.
After 14 hours, the carbon in the flask was suspended by using a magnetic
stirrer and titrated with 0.1 M NaOH (volumetric standard solution supplied
by Fisher Scientific Co.) using a 5 ml burette with 0.05 divisions. pH changes
after an addition of the titrant was recorded against the total volume of base
added. pH value was recorded when the changes of pH and time
constant at 0.1 min

.1.

(I1~H ) was
tlme

This pH reading was obtained about 7-10 minutes

after each addition of titrant. This was 2-5 minutes longer than the time period
used by GaJbaldon et at (1996). It should be noted that during the titration
process, nitrogen gas was used to purge any carbon dioxide present in the
flask, that could interfere with the pH reading. The same procedure was
followed for the blank.

3.7.5 Direct Titration

The determination of functional groups on the surface of the modified
activated carbons was carried out by a titration technique suggested by
Boehm, (1966). 0.1 g of modified activated carbon was placed in a series of
flasks each containing: 20 ml of 0.1 M NaOH, 20 ml of 0.1 M sodium
carbonate, 20 ml of 0.1 M sodium bicarbonate.
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The flasks were sealed with parafilm and shaken for 10 days to equilibrate.
Aliquots from each flask were filtered using 0.2 )lm Whatman filter paper. 5 ml
of each filtrate

was pipetted and the excess base was titrated with

a

standard solution of 0.1 M HC!. Methyl red was used as an indicator in this
titration. Each sample was analysed in triplicate.

The sodium carbonate was prepared by dilution of 0.996 M volumetric
standard solution of sodium carbonate (supplied by Aldrich Chemicals). The
sodium bicarbonate was a standard solution supplied by Aldrich Chemicals.
The amount of functional groups (meq g.1) present in the modified activated
carbons was calculated using the following formula:

20 ml x Nonnality of base - 4 x Volume of HCI x Normality of HCI
Weight of Modified Activated Carbon

(3.14)

For the resin, the same procedure was followed but only sodium hydroxide
was used to determine its sodium capacity. The procedure of titration was the
same as for the modified activated carbon. The sodium capacity was
calculated using the following formula:

20 ml x Nonnality of base - 4 x Volume of HCI x Nonnality of HCI (3.15)
Resin Weight x Solid Content

3.7.6 Kinetic Studies of Copper Adsorption onto Modified MOPS
Activated Carbons (MOPS3 and MOPS5) in a Batch System

Experiments on the kinetics of copper sorption onto modified MOPS carbons
were carried out by contacting 0.1 g of each MOPS3 and MOPS5 (similar to
MOPS1) with copper solution at pH 4.6 ±0.2 in a stirred cell. The
experiments were carried out in the Perspex stirred cell fitted with a nickel
membrane. The copper concentrations used were 0.5 ppm, 1 ppm, and
6.3 ppm. For each copper concentration three experiments were carried out
at different stirring speeds: 320 rpm, 600 rpm and 1200 rpm. The procedure
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of the experiment was elaborated in Section 3.5.2. Samples of copper in the
cell were collected at the selected time intervals and assayed by the AAS.

3.7.7 Copper Sorption Isotherms

Copper sorption isotherms for MOPS3, MOPS5 and resin Dowex 50WXS
were established by conducting shaking flask experiments. For this, 0.1 g of
the modified activated carbon/resin was contacted with 100 ml of various
copper concentrations in conical flasks at pH 4.6

± 0.2,

at the room

temperature. The pH of copper solution was adjusted by adding dilute sodium
hydroxide solution. When the solution pH had stabilised at pH 4.6 ± 0.2 the
solutions were filtered using 0.2 Jlm Whatman (PT FE) disposable filters to
remove the carbon from the copper solution. The initial and final copper
concentrations were measured using AAS. The equilibrium copper uptake
(q) was calculated using the following equation:

q=

(C,,-C,)V

(3.16)

m

Co = initial copper concentration (mg r1),

C, =final or equilibrium copper concentration (mg

r\

m = weight of modified activated carbon or resin (g), and

V =Volume of copper solution (I)
Experimental data were fitted to either the Langmuir or Freundlich equations.

3.7.S Mini Column Experiments
Copper adsorption and desorption experiments in a mini column using
MOPS2 (Similar to MOPS1) and MOPS3 were carried out with the following
objectives:
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i.

to evaluate the carbon potential service life by determining the
copper sorption capacity in a series of sorption and desorption
experiments,

ii.

to investigate copper sorption mechanism onto modified MOPS
by measuring the pH

to calculate

hydrogen ions released

during the sorption process. If ion exchange is the mechanism
of copper sorption onto carbon, the pattern of breakthrough
curves based on proton released is similar to the actual copper
breakthrough curve, and
iii.

to investigate the effect of the alkaline metal ions (from the tap
water supply) on carbon capacity for copper.

The experimental set up used for the sorption and desorption of copper onto
MOPS2 and MOPS3 in a mini column is shown in Figure 3.5. The column
consisted of two mini columns. The first column acted as a reservoir and the
second column contained modified activated carbon or resin which was
connected to a flow cell (with retained liquid volume of 2 ml) where a pH
probe could be placed to measure the pH of effluent from the column. This
was to calculate the concentration of hydrogen ions released by the carbon in
the column. This mini-column was equipped with a computer to continuously
monitor the pH readings during the experiment using a computer programme
written in QBASIC language. The computer continuously recorded digital
signals from the pH meter which were converted to the pH values.
The column was prepared by packing 0.5 g or 1 g MOPS2 and MOPS3
between two frits with pore size of 20 !1m in the mini column. The dimension
of the mini column was recorded in terms of its diameter and height. For the 1
g of the modified activated carbon the dimension of the column was 13 mm
(diameter) and 12 mm (height). For 0.5 g carbon, the dimension of the
column was 9 mm (diameter) and 12.5 mm (height).
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Three preliminary steps were performed prior to the experiments. Firstly, the
modified activated carbon in the column was wetted with Milli-Q water to
remove the trapped air in the carbon. Secondly, a pH stability test was
conducted by measuring the pH of the effluent in the flow cell. This was done
by flowing continuously an

acidic solution into the flow cell and pH values

varying with time were recorded. At the same time, samples of the solution
from the cell were collected in test tubes and the pH of each sample was
recorded. It was found that the pH readings of the acidic solution from the cell
and the test tube were identical. Thirdly, a calibration curve (pH versus digital
signals) was constructed based on several buffer solutions with different pH
values. Their correlation was an important input for the computer programme
which needs to be adjusted accordingly from one experiment to another
experiment.
A known concentration of copper nitrate in the range of 1-2 mM at pH of
about 5 was prepared using either Milli-Q water or tap water. The copper
solution was passed through the column from a copper feed reservoir at a
predetermined flow rate (8.18 to 20.5 bed volume per hour (BV/hour)) by
means of a peristaltic pump. The pH of effluent from the column was
continuously monitored and recorded in the computer. Effluent from the
column was either collected by a fraction collector or continuously collected in
a 2 litre plastic container. When "the plastic container was used, 10 ml
samples were collected in test tubes at selected time intervals.
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Figure 3.5. Schematic Diagram for Mini-Column Experiment.
The modified activated carbon loaded with copper in the column was
regenerated to remove copper from the carbon by eluting with 0.1 M or 0.2M
HNOa. Before regenerating the modified activated carbon,· the column was
disconnected from the tubing system and excess copper solution in the
column was flushed out quickly by Milli-Q water. The copper solution
remaining in the tubing system was pumped out, rinsed using the regenerant
and finally rinsed with Milli-Q water. Eluate resulting from the regeneration
process was either collected in the 2 litre plastiC container or by the fraction
collector.

All copper analyses from the feed solution, effluent and eluate during
adsorption and desorption phases respectively were carried out using AAS
(flame mode). For the experiment where the copper stock solution was
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prepared from tap water, alkaline metals in all samples were analysed by the
Dionex.

When regeneration of copper was completed, the column was rinsed with an
excess volume of the regenerant, then rinsed with Milli-Q water by means of a
peristaltic pump until the pH of effluent from the column was about 4.5. The
unit was then ready for the next adsorption cycle. The adsorption/desorption
experiments were conducted for 2-5 cycles.

For each experiment involving pH measurement, the calibration curve of pH
versus digital signal was checked before and after the experiment, and the
protons released from the column were calculated.

Three series of experiments were conducted in the mini column and these
are detailed in Table 3.1.

For mini-column experiments, the procedure for the establishment of
calibration curves based on hydrogen released and the copper breakthrough,
together with calculation methods for copper capacity are described below:

3.7.8.1 Establishment of Copper Breakthrough Curves from Proton Released
Cu 2 + ions present in the effluent based on hydrogen ions released from the
column was calculated as follows:

Cu concentration in the effluent at a particular time (mg
=A-B

r')
(3.17)

where

A =Cu concentration in the feed solution (mg
B

r\ and

=Cu sorbed by the sorbent in the column at a particular time (mg r\
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Table 3.1. Experiments Conducted Using Mini - Column
Series

of

Experiment

Type
Carbon

of
and

Copper

No.of Sorption/

concentration

Desorption

Quantity
MOPS2: 1 g

A

Note

Cycles
1-2 mM

Feed

5

solutions

prepared

were

from

Milli-Q

No

pH

water.

measurement

for

the

effluent in the first two
cycles.

(Samples

collected

by

were

using

a

fraction collector)
MOPS2: 0.5g

B

1 mM

Feed solutions for the

3

first

two

cycles

made up from

were
Milli·Q

water, tap water for the
last cycle.

pH of the

effluent was monitored
for all cycles.
MOPS3: 0.5g

C

1 mM

Feed solution for the first

2

cycle was prepared from
Milli·Q water but from tap
water for the last cycle.
pH of the effluent was
monrrored in all cycles.

B can be calculated as follows:
B= £(mole) x E(-g-) x IOOO(mg )
D
I
mole
g

(3.18)

where

C

=number of moles hydrogen ions released

by the sorbent (mole

0= valency of copper (2), and
E = molecular weight of copper ( 63.54 g mole'\

r\
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Number of mole hydrogen ions released (C) can be calculated as follows

=10-(pH/) _lO-(pHini,ilil.')

(3.19)

where:

pHt is pH of the effluent at time t
pH initial is the pH of feed solution.

Substitute equations (3.18) and (3.19) into equation (3.17), Cu concentration
in the effluent (ppm) can be calculated from the following equation:

C

(A --x 63.54 x 1000)

2

The breakthrough curve for copper was established by plotting the calculated
copper concentration against time.

3.7.8.2 Actual Breakthrough Curve

The breakthrough curve for copper was also established by plotting the
measured copper concentration against time.

3.7.8.3 Calculation of Sorption Capacity for Copper

From the column experiments, the sorption capacity for copper can be
calculated as follows:

Mass of copper in the feed solution (CoVa)

=Mass of copper sorbed onto carbon

+ Mass of copper in the effluent +

Mass of copper in the samples collected.

(3.21 )
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i=n

CYo = M + cy, + I, CiY,

(3.22)

i=l

i=n

M

= C"Y"

-(C,V, + I,ciY,)

(3.23)

where:
Co

=copper feed concentration (mg r\

Ce = copper effluent concentration (mg r\
Cj = copper concentration in the collected sample (mg r1),
M = mass of copper sorbed (mg),

Vo

=volume of copper feed solution (I),

Ve = volume of copper effluent solution (I), and

Vi = volume of the collected sample (I).
Capacity of carbon for copper (m mole g.l)

= Mass of copper sorbed onto carbon/(Mass of carbon x 63.54)

(3.24)

Equation (3.24) can be written as
;=n

CoV. -(C,Y, + I,CiY,)
;=1

Mass of carbon x 63.54

(3.25)

3.7.8.4. Calculation for Copper Recoverv

Copper desorbed from the column (copper recovery) after eluting with HN03
was calculated as follows:

Mass of copper desorbed (mg)

=Total Volume of Eluate (l) x Copper Concentration mgr')

(3.26)

Percentage of copper recovered (%)

Mass of Copper Desorbed xl 00
Mass of Copper Sorbed

(3.27)
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3.8

BENCH

TOP

EXPERIMENTS

FOR

CONTINUOUS

MICROFILTRATION OF COPPER USING MOPS3 AND MOPS5 AND ION
EXCHANGE RESIN DOWEX 50WX8

3.8.1 Single Addition of MOPS3, MOPS5 and Dowex 50WX8

Experiments of continuous microfiltration of copper with modified MOPS
carbons (MOPS3 and MOPS5) as well as Dowex 50WX8 were carried out in
an Amicon stirred cell model 402. The cell consisted of a transparent plastic
cylinder with a detachable top and bottom. It had an effective filtration area of
3.32x10·3 m2 and was equipped with a screw cap fitted with a syringe located
on the detachable top. This was to enable sodium hydroxide solution/nitric
acid to be injected into the cell for the purpose of pH adjustment. In addition,
a pressure relief valve, inlet and outlet ports and magnetic bar coated with
teflon were also fitted to the cell. A flat sheet nickel membrane with 18 J.1m
pore size was fitted in the cell above the outlet port using a rubber O-ring to
retain carbon particles. Plastic tubes were used to transport the copper
solution from the feed tank to the stirred cell and from the cell to the flow cell.
The experimental set up using this stirred cell is shown in Figure 3.6.

j

Stirred cell

"/
pH
mete r
~

h
'-"

Feed tank

Peristaltic
pump

I
Magnetic stirrer

I

~

tj
Permeate

Diagram 3.6. Experimental Set Up for Continuous Filtration of Copper.

Flow cell
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Prior to the filtration experiment the following steps were taken:
i.

copper solution at a predetermined concentration (0.5 ppm) was
prepared by dissolving copper nitrate salt in a feed tank containing
10-20 litre MiIIi-Q water. The pH of the solution was adjusted to pH 4.6
using sodium hydroxide solution/nitric acid. In the stirred cell, 400 ml
of the modified activated carbon or resin slurry with concentration
0.6 g 1'1 was prepared using only MiIIi-Q water. The pH of the modified
carbon/resin slurry was also adjusted to 4.6,

ii.

the tube from the feed tank was filled up with the copper feed solution
before connecting to the cell. This was to remove air from the tube and
to ensure a proper displacement of copper solution from the feed takes
place, and

iii.

the speed of the pump was adjusted to the desired flow rate.

The filtration process was carried out by peristaltic pumping (Masterflex) of
copper solution from the feed tank into the stirred cell. The pH of the slurry
within the cell was maintained at 4.6± 0.2 by adding either dilute sodium
hydroxide or nitric acid. The flow rate of the permeate was monitored at a
selected time during the filtration process by measuring the time taken to
collect 25 ml of permeate sample. During the experiment the slurry was
stirred at 320 rpm. At the prescribed time intervals,S ml permeate samples
were collected and assayed by AAS (graphite fumace). In addition, the pH of
the permeate was monitored at the outlet (in the flow cell made from a glass
tube). The pH was recorded using a Mettler Tolledo 320.
For a determination of the mixing condition in the cell, the copper solution
was filtered through the cell in absence of carbon. The profile of copper
concentration in the permeate against time was recorded and compared with
the CSTR model. Mathematical derivation for CSTR models for both constant
or non-constant feed flow rate and tank volume are given in APPENDIX C.
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After each filtration experiment tube that was used to transport the copper
solution (feed and permeate) was washed by passing 10% HN03 followed by
Milli-Q water. The stirred cell without the membrane was cleaned by soaking
in 10% HN03 solution overnight followed by Milli-Q water. The nickel
membrane was cleaned with distilled water followed by Milli-Q water.

3.8.2 Staged Addition of Modified Activated Carbon/Resin

For experiments with staged addition, modified activated carbon/resin was
added three times to the cell but the total amount of the modified carbon/resin
used was the same as for the single addition experiment. At each addition,
0.08 g of the modified carbon/resin was added at 0 minute, 30 minutes and
60 minutes of experiment. The overall experimental procedure was the same
as for the single addition except for the second and third additions. The
procedure of the adsorbent addition into the cell for the second and third
additions is illustrated in Figure 3.7. The time taken for each staged addition
of adsorbent was about 1.5 minutes.

3.9 EXPERIMENTS IN PILOT PLANT RIG
3.9.1 Description of Filtration Rig
The filtration rig consisted of two main loops connecting the relevant
equipment by PVC pipes and flexible hoses. The first loop was for the copper
adsorption and the second loop was for the regeneration of carbon loaded
with copper from the first loop. For convenience, the first loop is termed the
adsorption loop and the second loop is termed the desorption loop. The
overall filtration rig used for sorption/desorption of copper using modified
activated carbon and crossflow microfiltration is shown in Figure 3.8.
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From the first
addition step

~

Continue with
sampling and ready for
next addition of
adsorbent

The pump and
the stirrer were
switched off

~

,
The permeate tube
was clamped

Pump and stirrer

were switched on

•

The cap of the cell was
unscrewed and the feed
tube was disconnected
from cell

The cap was screwed

back into the original

,

place, the feed tube was
reconnected to the cell
and the permeate tube
was unclamped.

Fluid in the cell was pipetted out of
the cell using a 50 ml special
designed pipette and the fluid was
temporary stored in the pipette.

I"

+

Pre-weighed
adsorbent (0.08 g) was
added into the cell
using a glass funnel

~

The adsorbent on the
glass funnel was rinsed
with the fluid stored in
the pipette

Figure 3.7. Procedure for Staged Addition of Adsorbent (Modified
Carbon/Resin)

The adsorption loop comprised a 25 I process tank made of a transparent
plastic container with an electrical motor powered agitator, a peristaltic pump
(Watson Marlow 603S) and a nickel membrane module (see Section 3.9.2 for
description of nickel membrane module). Three pressure transducers were
installed at the inlet (P1), on the membrane module (P2) and at the outlet
(P3). These transducers were connected to a computer in order to monitor
the inlet pressure, permeate pressure, and outlet pressure. The computer
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Figure 3.8. Crossflow Microfiltration Rig for the Removal of Copper Using Modified Activated Carbon
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recorded data on pressure can be used for analysis at the end of the filtration
experiment. This loop was also equipped with several valves; V1 (process
tank valve), V2 (sorption loop valve), V3 (retentate valve at the down stream
end of the filtration module) and V4 (filtrate valve). The functions of the valves
are listed below.

i.

V1 valve was used to stop the flow of fluid from/to the process
tank,

ii.

V2 valve was used to direct the flow of fluid to the sorption
loop. This valve must be used in association to V5 valve,

iii.

V3 valve was used to adjust the retentate flow rate and the
trans-membrane pressure of the nickel membrane, and

iv.

V4 valve was used to control the permeate flow.

In addition, another peristaltic pump (Watson Marlow 503U) was provided to
dispense sodium hydroxide solution into the process tank for maintaining the
pH of carbon slurry at pH 4.6± 0.2. This peristaltic pump together with pH
meter (Mettler Tolledo 320) were connected to the computer. The adsorption
loop was also fitted with a back flushing system using compressed air.

For filtration experiments involving continuous feeding, a 45 gallon steel drum
(referred to as a feed tank) and a stabilisation tank were used to supply the
copper solution into the 20 I process tank. The interior part of the steel drum
was first repainted with rustproof paint before use.

The desorption loop consisted of a ceramic membrane module (refer to
section 3.9.2), a 1 litre Perspex cylinder with a conical shape at the bottom
and a peristaltic pump (same pump as the sorption loop). The circuit was
also equipped with valves (V5, V6, V7 and VS). The function of the valves are
as follows:
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V5 valve was used to direct the flow of fluid to the desorption
loop. This valve must be used in association to V2 valve,

ii.

V6 valve was used to control the permeate flow,

iii.

V7 valve was used to adjust the retentate flow rate and the
trans-membrane pressure of the ceramic membrane, and

iv.

V8 valve was used to stop the flow of the fluid from/to the
desorption tank.

A pressure transducer (P4) was installed to measure the pressure applied
during the desorption process.

3.9.2 Membrane Module

Tubular nickel membranes with pores and slotted were used in the adsorption
loop. A flat sheet of nickel membrane was rolled and seamed to make into a
tubular membrane with an internal diameter of 14 mm and an effective length
of 315 mm. Each end of the membrane was brazed to a stainless steel tube
with an internal diameter of 14 mm. This tubular membrane was then placed
in a stainless steel housing which accommodated a single filter tube to make
a membrane module. A slotted tubular nickel membrane with 10 Ilm wide and
420 Ilm long, slots with the longest dimension is parallel to the retentate flow
is termed Configuration A. A slotted tubular nickel membrane with 10 Ilm
wide and 420 Ilm long, slots with the shortest dimension is parallel to the
retentate flow is termed Configuration B. A tubular membrane with pore size
of 18 Ilm is termed

Configuration C. Each of these membranes had an
2

effective area of 0.01386 m

•

The tubular membrane was chosen to minimise tube blockage and to
facilitate membrane cleaning, as pointed out by Zeman and Zydney, (1996).
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In the desorption loop, the membrane used was ceramic (Tech-Sep part of
Rhone-Poulenc). The membrane had seven tubes with an intemal diameter
of 5.0 mm. The length of the membrane was 340 mm. This membrane was
placed in a PVC housing. The ceramic membrane is known to be resistant to
an acidic environment, hence it was used for the desorption of copper from
copper laden carbon.

3.9.3 Calibration of Pressure Transducers

Pressure readings for inlet pressure (P1), outlet pressure(P3) and permeate
pressure (P2) were obtained from pressure transducers. For calibration of
transducers P1, P2, P3, tap water was circulated in the adsorption loop for 5
minutes while V4 valve was fully opened. Later, the V4 valve was fully closed
and immediately the peristaltic pump was switched off and Valves V2 and V3
were fully closed. Compressed air with known pressure values (0, 0.2, 0.3,
0.4, 0.5, 0.6 and 0.7 bar) was charged into the adsorption loop through the
inlet located at the housing of the nickel membrane module. The reading of
digital signals captured by the computer from pressure transducers (P1, P2,
and P3) were recorded at different compressed air pressures.

From this

data, pressure calibration curves were established to convert digital signals to
pressure reading (bar).

Trans-membrane pressure (TMP) was calculated as follows:

(3.28)
where

~

= inlet pressure

P2 =outlet pressure

P, = permeate pressure
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3.9.4 Calibration of pH Reading

During copper adsorption experiments in the filtration rig, pH of the carbon
suspension in the sorption loop was maintained by adding sodium hydroxide
solution and this was controlled by the computer. In order to have an
acceptable pH control by the computer, a correlation between pH reading and
digital signal was required. Therefore, a calibration curve for pH was carried
out by taking the reading of the digital signals that correspond to the pH
readings using aqueous solutions at different pH values ranging from 1.6 to
5.6. Correlation between 'digital signals and pH readings were made for the
computer programme written in the QBASIC computer language. It should
be noted that prior to each experiment, the pH calibration curve was checked
and if necessary, adjustment to the computer programme was made to
validate the pH calibration curve.
3.9.5 Preliminary Adjustment

During the planning stage, it was decided that the copper sorption experiment
in the filtration rig should be operated at a permeate rate of 1000 ml min· 1
(4330 I m"2 h· 1). Preliminary adjustment was carried out by circulating the Milli-

Q water around the adsorption loop and the flow rate of the retentate was
monitored. At a set retentate flow rate, the water was filtered through the
membrane and the retentate valve was partially closed in order to increase
the filtration pressure to get a permeate flow of the desired value. The
position of the valve, where it was partially closed to achieve a filtrate rate of
1000 ml min'l, was marked on the valve. This procedure was carried out for
different permeate flow rates of 200 ml min"\ 500 ml min' l , 750 ml min' l and
1500 ml min"l. These marks on the valve were used as a reference for the

, future microfiltration experiments in the rig.
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3.9.6 Trial Run of The Filtration Rig with Continuous Flow Mode
A trial run of continuous microfiltration was carried out in the filtration rig
(installed with the nickel membrane module of 18 J.lm pore size) in order to
observe the changes of solution flow rate from the feed tank and variation of
process tank volume during the filtration process. This is because the flow of
the solution was due to only gravity and siphon forces and no pump was used
to transport the solution from the feed tank to the process tank.
Prior to the experiment, 20 I of tap water was added to the process tank and
this was circulated around the sorption loop. The water level in the process
tank was marked outside the tank using a permanent marker pen. A plastic
ruler was also attached to the wall of the process tank, in order to monitor the
changes of the fluid level. In the feed tank, about 100 litres of tap water was
added and the water was allowed to flow into a flexible transparent plastic
hose via the stabilisation tank. The water level in the stabilisation tank was
adjusted to the level of the process tank. The water level in the stabilisation
tank was observed from the water level in the hose and compared with the
water level in the process tank.
To run a continuous filtration experiment using the solution from the feed
tank, the hose was filled up with feed solution (no air) and the end tip of the
hose was plugged with a rubber bung. The hose was then immersed in the
process tank and secured with a clamp. This was to avoid the hose from
contacting the stirrer. This arrangement was to allow the solution from the
tank to flow by gravity and transfer to the feed tank by a siphon method. The
filtration was started and the rubber bung was pulled from the hose using a
specially designed tong made of stainless steel tube. Simultaneously, the
pump and the stirrer were switched on and the retentate valve was partially
closed to the marked position. As soon as the experiment was started the
pressures were monitored by the computer. For this mode of filtration, the
filtrate was not returned into the process tank but discarded. Throughout the
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filtration process, the level of fluid in the process tank was recorded against
time to monitor the changes of water level which later can be used to
calculate the volume of fluid in the process tank. At the selected time interval
the permeate flux rate was determined by measuring the time to collect 250
ml of permeate using a measuring cylinder. The experiment was stopped
after 3 hours by closing the permeate valve and fully opening the retentate
valve and the pump was switched off. At the end of the filtration process the
rig was flushed with deionised water.
The flux rate (J) (I m2h'1)was calculated as follows:

J=

Permeate flow rate (I/min) x 60 (minlhour)
Effective surface area of the membrane (m2 )

(3.29)

The effective surface area of the membrane was 0.01386 m2

3.9.7 Determination of Mixing Conditions In Filtration Rig

An experiment was conducted to determine the mixing condition in the
filtration rig to check conformity to the CSTR model. For the experiment, the
nickel membrane of 18 J.lm pore size was used and the experimental
procedure was as follows.

In the process tank, 20 I of MiIIi-Q water was added and its pH was adjusted
to 4.6 by adding dilute sodium hydroxide or dilute nitric acid. While in the feed
tank, 1 ppm of copper solution was prepared by dissolving a predetermined
amount of copper nitrate salt in 200 I of deionised water. The copper solution
was stirred by a motor driven paddle and its pH was adjusted to 4.6

± 0.2

using dilute sodium hydroxide or nitric acid. During the preparation of copper
solution, the valve located at the bottom of the feed tank (V9) was fully
closed. After 5 minutes, the Vg valve was opened and the copper solution
was allowed to flow into the flexible hose. The end tip of hose was plugged
with a rubber bung and immersed into the process tank.
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The filtration was started when the rubber bung was pulled off from the hose
and the pump and the stirrer were switched on simultaneously. The
pressures in the filtration system were monitored by the computer. At
selected time intervals, filtrate samples were collected for copper analysis.
For this experiment, the filtrate was not returned into the process tank but it
was collected in a 200 I plastic container for further use. During the filtration
process, the level of fluid in the process tank was recorded

with time to

monitor the changes of the process tank liquid volume during the filtration
process. At the selected times, the permeate flux rate was also measured
and recorded. The experiment lasted for 3 hours and at the end of the
filtration process, the rig was cleaned with tap water and then rinsed with
deionised water to removed copper that remained in the rig.
The copper concentration profile in the process tank, obtained from the
measuring of the filtrate, was compared to the copper profile from the CSTR
model.
3.9.B Determination of Flux Rate of Membrane at Different Transmembrane Pressure

The purpose of this experiment was to observe the variation of flux versus
time at different applied trans-membrane pressures. For this experiment,
modified carbon slurries (MOPS3) at concentrations of 0.2 and 0.6 g 1'1 were
tested. Each of the modified carbon slurries was prepared in the process tank
using 20 litres of Milli-Q water. It was first stirred in the process tank and
circulated in the sorption loop for 5 minutes, then filtered through the
membrane module. The flux rates were measured at a fixed applied pressure
and time period. The pressure was then increased or reduced to a selected
pressure and maintained for another fixed time period. The flux rates were
again measured. During this experiment the permeate was recycled to the
process tank in order to maintain the slurry volume.
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3.9.9 Attrition Test of Modified Activated Carbon in the Filtration Rig
Attrition tests were conducted in the filtration rig in the sorption loop. 1 g 1"1 of
MOPS3 slurry was prepared in the process tank using 20 I of Milli-Q water.
The carbon slurry was agitated by a stirrer, driven by an electric motor at 320
rpm for 10 minutes, and the slurry was circulated around the adsorption loop.
During the experiment, filtrate valve (V4) was fully closed.

50 ml of carbon

slurry samples were taken, using a 50 ml syringe, from the process tank at
selected time intervals: 0, 15, 30, 45, 60, 120, 180, 240, 300 and 360
minutes. The samples were kept in glass bottles for further analysis in terms
of their particle size distribution. This was carried out using the Coulter
Multisizer 11 which was fitted with a 200 microns orifice tube and a 200 ml
Coulter beaker. In analysing particle size distributions, 50 ml of each· sample
was poured into the Coulter beaker containing 150 ml of 1.33% of saline
water so that the final concentration of saline water in the Coulter beaker was
1 %.

3.9.10 Batch Copper Kinetic Study in the Filtration Rig
Copper sorption on MOPS3 was studied in the sorption loop where the nickel
membrane of 18 j.lm pore size was used. The initial copper concentration of 1
ppm was prepared by dissolving a predetermined amount of copper salt in 20
I of Milli-Q water in the process tank. The initial pH of copper solution was
adjusted to 4.6. Copper solution was stirred at 320 rpm for 5 minutes to
dissolve the copper nitrate salt (the amount of salt required depends on the
desired initial copper concentration). Later, the V1, V2, and V3 valves were
opened and the copper solution in the process tank was circulated through
the sorption loop for 5 minutes by means of a peristaltic pump to. allow the
attainment of equilibrium. A Sample of copper solution in the process tank
was taken and analysed for copper concentration and this was considered as
an initial copper concentration.
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Later, 4 g of MOPS3 carbon was added to the process tank and immediately
the retentate valve (V3) was partially closed (to the mark for filtrate of 1 litre
per minute) and the permeate valve (V4) was fully opened. About 10 ml of
permeate sample was collected at each prescribed time interval for copper
analysis. During the experiment, the filtrate was retumed to the process tank
to keep the volume constant. The pH of carbon slurry was kept constant at
4.6 ± 0.2 by adding dilute sodium hydroxide by means of a peristaltic pump
controlled by the computer. At the selected time intervals permeate flux rates
were measured and recorded. An experiment lasted for 3 hours. Initial copper
solution and filtrate samples were analysed for copper concentration using
AAS.

The results of the kinetic tests were compared with the results obtained from
the bench top experiment using the Perspex stirred cell.

3.9.11 Sorption and Desorption of Copper in the Filtration Rig

3.9.11.1 Copper Sorption Experiment

Copper sorption experiments were carried out in the sorption loop using 20 I
of carbon slurry at a concentration 0.2 g

r1

containing 1 ppm of copper

nitrate. The procedure for preparation of copper solution was as the same in
Section 3.9.10.

A sorption experiment was started when a predetermined amount of activated
carbon (4g) was poured into the process tank. At this time the permeate valve
(V3) was adjusted to the marked position and permeate valve (V4) was fully
opened. For this copper sorption experiment, permeate was retumed into the
feed tank to maintain the fluid volume and the pH of slurry at4.6

± 0.2.

The

readings of pressure transducers were recorded by the computer from the
beginning of the experiment. At a fixed time interval, permeate samples (5 10 ml) were taken and analysed for copper concentration. From time to time,
permeate flux rates were also measured by collecting 250 ml of permeate in

!O8

CHAPTER 3:EXPERIMENTAL PROCEDURES

a measuring cylinder and the time taken was recorded.

The permeate

collected was returned immediately to the process tank after the permeate
flux rate measurement. After 3 hours, the experiment was stopped before
starting the desorption experiment.

3.9.11.2 Copper Desorption Experiment
Before a copper desorption experiment was carried out, the carbon slurry
from the sorption loop was transferred into the desorption loop. The
procedure for transferring of the carbon slurry was as follows .

•

i.

the volume of carbon slurry in the sorption loop was reduced to
about 1 litre by filtering the fluid in the process tank th rough the
nickel membrane module. This was important because the
maximum capacity of the desorption tank was about 1 litre.

ii.

when transferring slurry using the peristaltic pump, the valve V2
was fully closed and the permeate valve V6 was fully opened.
Other valves V1, VS and V8 were fully opened and V7 was
partly opened. The pumping process was continued until all
fluid had been transferred into the desorption loop. It was
noticed that carbon particles accumulated at the bottom of the
process tank and did not flow easily into the piping system due
to the flat surface of the tank. To overcome this problem,
deionised water was sprayed using a hand spray to guide the
particle flow into the piping system while the pump was still
operating. When most of the carbon particles in the process
tank had transferred, then valve V1 was fully closed to further
reduce the volume of water in the desorption loop. After the
volume of carbon slurry had reduced to 400 ml it was ready for
the desorption process.

The washing technique based on the discontinuous diafiltration method
(Zeman and Zydney (1996)) was used to recover the copper from the carbon
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during desorption. The procedure of washing was as follows. A known
amount concentrated acid was added into the desorption tank and the slurry
was circulated in the desorption loop. When the pH of the slurry was reduced
to the desired pH value, the volume of fluid in the desorption loop (about 400
ml) was first reduced to 200 ml by filtering the fluid through the ceramic
membrane and this permeate was collected. Subsequently, 200 ml of wash
fluid (regenerant) was added into the loop and the carbon was circulated
through the loop for S minutes and 200 ml of permeate was collected. These
washing and filtration steps were carried out up to 7 to 10 cycles.
When the desorption experiment was completed, the carbon slurry was
washed with an excess regenerant and subsequently rinsed with deionised
water. The water was filtered through the ceramic membrane module in order
to remove the residual copper in the desorption loop as well as to raise the
pH of the carbon slurry. The water was added continuously into the
desorption tank until the pH of carbon slurry had reached 4.6. At this point,
the slurry was ready to be transferred back into the sorption loop for further
sorption experiments. To achieve this, carbon slurry was pumped into the
sorption loop while the valves V1, V4 and V6 were fully closed and V2, V3
and V7 were fully opened and VS was half open. During this transferring
process, about 500 ml of de ionised water was added consecutively through
the desorption tank until no obvious carbon particles were observed in the
desorption tank. Then, the VS valve was fully closed and the remaining fluid
was transferred into the sorption loop and then the VS valve was closed.
The volume of carbon suspension in the process tank was later reduced to 1
litre. Then, 19 litres copper solution was prepared in a container by dissolving
copper nitrate salt. The pH of the solution was adjusted to 4.6. The amount of
copper salt was calculated in such a way that when this 19 litres of copper
solution was added to 1 litre of carbon slurry in the process tank, the desired
initial copper concentration was 1 ppm. This procedure was followed in order
prepare

a well-mixed copper solution to be used for the subsequent

adsorption experiment. The next adsorption cycle started when the 19 litre of
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copper solution was added to the process tank. This was followed by a
desorption process. For this experiment the adsorption/desorption process
was repeated 4 times. All the permeate samples were analysed for copper
concentration.
In order to optimise the copper recovery during the desorption phase, the
variation of pH of

the regenerant and circulation time of the slurry were

studied.

3.9.11.3 Continuous Microfiltration of Copper

These series of experiments were carried out in accordance to the procedure
in Section 3.9.7 to study the removal of copper by microfiltration in a
continuous mode . A 200 litre copper solution, at concentration ranging from
0.5 -1.2 ppm, was prepared in the feed tank. While 0.6 g 1'1 MOPS3 slurry
was prepared in the process tank. The copper solution from the feed tank
continuously flowed into the process tank and was mixed with the carbon
suspension. The unbound copper was filtered through the nickel membrane
module and analysed for copper concentration. Three different
nickel membrane were used in these experiments:

types of

nickel membrane with

pore size of 18 )lm, slotted membrane with pore sizes of 10 x 420 )lm and
420 x10 )lm. Filtrate samples were collected and the permeate rate was
measured at selected time intervals. The kinetic data obtained from these
experiments were modelled using the HSDM based on data obtained from
bench top experiments.

3.10 MEMBRANE CLEANING

When the flux of the membrane had significantly reduced from the initial flux,
the membrane was cleaned using a surfactant solution. The surfactant was
dissolved in the process tank and circulated around the membrane module
for one hour and left in the loop (without circulation) overnight. The rig was
later rinsed with tap water and finally with deionised water.
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CHAPTER FOUR - MODELLING OF COPPER SORPTION ONTO
ACTIVATED CARBON

4.0 INTRODUCTION
This chapter describes models used by different authors to explain the
sorption on to ion exchange particles in a stirred vessel. The models used in
this thesis are then described for the following modes of operation:
i.

Sorption in a batch stirred tank,

ii.

A continuously fed stirred tank, and

iii.

A tank continuously fed stirred tank with adsorbent added semicontinuously.

4.1 SOLUTE SORPTION ON ACTIVATED CARBON

In designing adsorption processes, information on kinetics of adsorption is
required. The kinetics of metal ion sorption onto modified activated carbon is
assumed to follow three consecutive steps as follows:
i.

External mass transfer of solute from bulk solution through the
boundary layer to the surface of activated carbon (film diffusion),

ii.

Diffusion of solute through carbon solid matrix (intraparticle
diffusion), and

iii.

Adsorption of solute molecules at the adsorption sites.

According to Helfferich (1995), step (Hi) is very fast as compared to the two
other steps, hence, this step is not the sorption limiting step. According to AIDuri and McKay (1990), the mechanism of intraparticle diffusion however
depends on several factors including the structure of the adsorbent, chemical
and physical properties of solute and adsorbent, equilibrium behaviour and

CHAPTER 4: MODELLING OF COPPER SORPTION ONTO
ACTIVATED CARBON

112

conditions of adsorption system. The intraparticle diffusion may follow pore or
solid diffusion mechanisms.
Pore diffusion refers to diffusion of solute molecules through the liquid filled
pores to the adsorption sites. Solid diffusion, on the other hand, refers to the
adsorption that occurs at the outer surface of the adsorbent and at the inner
pore wall through a surface hopping mechanism.
The rate of solute sorption on activated carbon may be limited by external
mass transfer or intraparticle diffusion or both. According to Van Lier (1989),
who has made a comprehensive review on mass transfer onto activated
carbon in aqueous systems, the common sorption models used to describe
the sorption of solute onto an adsorbent particle are as follows:

4.2

i.

Film diffusion model,

ii.

Pore diffusion model,

iii.

Surface diffusion model,

iv.

Pore and surface diffusion model,

v.

Film-pore diffusion model,

vi.

Film-surface diffusion model, and

vii.

Film -(pore and surface) diffusion model.

APPLICATION

OF

SORPTION

MODEL

FOR

METALJSOLUTE

SORPTION ONTO ADSORBENT

Alien et al (1997) reported that the film diffusion model was successfully
applied to predict sorption of copper and cadmium as single components onto
lignite and peat in batch systems when a high concentration of adsorbent was
used. When a lower concentration of adsorbent was used, the influence of
internal diffusion became prominent. However, no further attempt was made
to predict the diffusion of metal studied based on dual resistance model (film
and internal diffusions model).
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The film-surface diffusion model was used by (Smith, 1998) to predict
cadmium sorption onto iron-bearing material in a batch system. For this, a
series of experiments were carried out adsorbing 5 ppm of cadmium onto
iron-bearing particles size of 0.006-0.051 cm in diameter at a concentration
of 0.5 g

r'.

The initial pH of the solution was fixed at pH 7 and the ionic

strength was maintained at 0.01 M. It was found that the model can predict
well the kinetics of cadmium onto all sizes of the adsorbent studied. The
diffusion coefficients were inversely proportional to the size of the particle.
The experimental mass transfer coefficients from the study are tabulated in
Table 4.1.
Table 4.1. Results of the Cadmium Sorption Study

Size of

External Mass

Diffusion

Adsorbent

Transfer

coefficient

(cm)

(cm 5·')

(cm S·2)

0.006

4.5x10·~

0.011

4.6

0.021

4.0 x1 0.0

3.5 X10·

0.051

4.0 x1 0.0

2.4x10· "

x10·~

15.0 x1 0·"
6.5 x10· 11
,1

In addition, this kinetic data was also used to fit the second order rate
constant for the surface reaction model, where it was fitted for the bigger
particles i.e. 0.021 and 0.051 cm.
Sorption of cadmium on aluminium oxide particle was studied by Yiacoumi
and Tien (1995) using a film-pore diffusion model where cadmium sorption
equilibrium using a complexation model was taken into account. It was found
that both external and internal

mass transfer played important roles in

cadmium sorption on aluminium oxide. The values of external mass transfer
and pore diffusivity coefficients were 0.017cm s·, and 1.7x10·7 cm 2 s·,
respectively. There were some poor predictions from the model when

CHAPTER 4: MODELLING OF COPPER SORPTION ONTO
ACTIVATED CARBON

114

compared with experimental results because of the poor description of
sorption equilibrium.
Ch en et al (1996) reported the results of copper sorption by grannular
activated carbon F400 (Calgon) in a batch system either with or without pH
control. The model used was the film-pore diffusion model with metal sorption
equilibrium obtained from the complexation model. It was found that mass
transfer was the rate limiting step and both external and internal diffusion are
important. However, there were some poor predictions from the model. Again
the authors claimed that this may due to poor description of sorption
equilibrium or unknown reactions.
To study the sorption of cadmium onto biosorbent material, Yang and Volesky
(1996) carried out a series of experiments investigating batch desorption
kinetics instead of sorption kinetics. Desorption of cadmium from biosorbent
material "formal-dehyde cross-linked Sargassum f/uitans" was carried out at
pH 1 and 2 where the suspension was stirred at a high stirring speed (300
rpm) to eliminate the film mass transfer resistance. From the pore diffusion
model, it was calculated that diffusion coefficients at pH 1 and 2 were 3.4 x
10.6 cm 2 S·l and 1.65 x 10.6 cm 2

S·l

respectively. According to the authors the

model used was appropriate for the study because the diffusion coefficients
obtained were lower that the cadmium diffusivity in water.
Leyva-Ramos et al (1997) interpreted the rate of cadmium sorption on
activated carbon, F400, using the Film-pore diffusion model. It was found that
early in the experiment the mass transfer was controlled by film diffusion but
at a later stage it

was dominated by pore diffusion. The external mass

transfer coefficient and pore diffusion coefficient were 0.012 cm

S·l

and 2.5 x

10.6 cm 2 S·l respectively. The model was solved using the method of lines and
handled by PDESOL software package.
Costa and Rodriges (1985) have developed four different mathematical
models to describe solute adsorption onto macroreticular adsorbents. The
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models were useful for batch and CSTR systems. Four scenarios of
adsorption were developed based on:
i.

homogeneous surface diffusion (HSDM),

ii.

pore diffusion model (PO M),

iii.

combination of HSOM and POM acting in parallel, and

iv.

combination of HSDM and PDM acting in series.

However, the models were only applicable for the case of intraparticle
diffusion being the predominant mechanism of adsorption so film diffusion
was not included. The models were solved using the method of lines and
handled by GEARIB and POECOL software. To illustrate the applicability of
the models, experiments of phenol adsorption on Duolite ES861 with particle
size of 0.03 cm were carried out in both batch and CSTR adsorbers. The
Langmuir isotherm was used in the model to predict the sorption of phenol in
the systems studied. From the study, it was found that the experiment data
were within the range of HSDM and PDM mechanisms. However, the best fit
was by PDM.

Based on the diffusivity coefficient obtained from the batch

system, the prediction of the dynamic behaviour of a CSTR adsorber was
made and found to match experimental results. The diffusivity coefficient for
the phenol in the adsorbent studied was in the range 7.6-7.8 x 10.10 m2

S·l.

Loureiro et a/ (1988), used the sorption models developed by Costa and
Rodriges (1985) to study the recovery of copper, zinc, and lead using
chelating ion exchange resin Duolite ES346 containing amidoxime chelating
groups. The studies were carried out in CSTR and fixed bed adsorbers.
Based on PDM coupled with a single component isotherm obtained from the
mass action law relationship, it was found that the model can predict well the
sorption of metal ions in both systems studied. The effective diffusivities for
zinc nitrate, and lead nitrate were 1.6x10·6 cm 2

S·l

and 1.866x10-6 cm 2

S-l

respectively both for CSTR and fixed bed adsorbers. However, copper
diffusivity coefficients for the CSTR and the fixed bed were not the same
because the copper salts used were different.
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Other studies on solute sorption onto adsorbents are given in Table 4.2.

Table 4.2. Various Sorption Models for the Solute Sorption
onto Asorbents.

Mode

Solute

Adsorbent

Model

Reference

Atrazine

Activated
carbon

HSDM

Campos etal
(1998)

Dyes
Pentachlorophenol

Baggase
Activated
carbon

Batch

Radiotoxic
cesium and
iodine

McKay (1998)
Slaneyand
Bhamidimarri
(1998)
Song et al (1997)

Batch

Gold

Mixed
sorbent
(activated
carbon and
zeolitel
Activated
carbon

HSDM
Film
and
HSDM
HSDM

Vegter et al (1997)

Batch

2-nitrophenol
(2NP)
Phenol

Film
and
HSDM
HSDM

Continuous
(PAC/UF
process)
Batch
Batch and
Fixed Bed

Continuous
sti rred cell
Batch

Phenol and
o-cresol

CSTR and
Plug Flow
reactor
Batch

Organic
compounds
Aromatic
compounds

F400
Powdered
activated
carbon
Granular
activated
carbon
Powdered
activated
carbon
Activated
carbon

HSDM

KarimiJashi et al
(1997)
Lee et al (1997)

HSDM

Abu Zaid (1997)

HSDM

Najm (1996)

HSDM

Zhou (1995)
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4.3 DEVELOPMENT OF ADSORPTION MODEL IN A BATCH SYSTEM
AND SOLVING METHOD USED IN THIS STUDY

In this study the homogenous solid diffusion model was chosen to describe
copper sorption onto activated carbon since many studies have indicated that
sorption of solute onto activated carbon is governed by solid diffusion. This
model considers a dual mass transport mechanism across the hydrodynamic
boundary layer surrounding the activated carbon particle and intraparticle
resistance within the particle in the form of surface diffusion. Mathematical
equations involved are:

Mass balance for a batch system

dC
dq
-v-=
kA(C- C) = m dt
..,
dt

(4.1)

where

A =surface area of activated carbon (cm\
C =concentration of copper in liquid phase (g cm-\

Cs = equilibrium concentration of copper at the surface of activated
carbon (g cm -3 ),
k = external mass transfer coefficient (cm s-\
m =mass of carbon (g),

q

=average mass of copper on carbon particle (g of copper/ g of carbon),
and

V =volume of liquid containing copper (cm\
Average copper load in the carbon particle

q can be obtained by integrating the particle shell balance over its volume.
3

R

q= R3fqr2dr
o

where

q

= local concentration in the sorbed phase(g g-\

(4.2)
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= radial co-ordinate (cm), and

r

R = radius of carbon particle (cm).
Diffusion equation for a spherical particle according to Fick's Law

aq ]
Tt=? ar D,r ar
aq

1 a[

2

(4.3)

where

Os= surface diffusivity (cm 2s· 1), and

t

= time (s).

Initial and boundary conditions
At t = 0, C = Co, q = O.
At t>O r =0

,

At t>O

aq = 0

'at

dC
aq
r
=
R V-= -ApD (-)
,
'dt
s ar

3m
aq
= - - D (-)
R s ar

(4.4)

or

pD,

aq
Tt=
k(C- C,)

(4.5)

where

p = density of carbon particle (g cm·\

Adsorption isotherm

The amount of solute adsorbed on the surface of a carbon particle is
represented by the Langmuir isotherm:
KC.
q=l+bC.

where

q

=mass of solute/mass of carbon (g g.\

qm = maximum capacity of carbon (g g.\ and
b = Langmuir constant (cm 3 g. 1).

(4.6)
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It should be noted that in applying the model, the liquid-phase surrounding the
carbon particle is considered uniform and equilibrium between liquid phase
and solid phase is assumed to occur at the surface of the carbon particle. The
above equations need to be solved simultaneously.
The mathematical equations in the model have been solved by various
researchers using different techniques. Mathews and Weber (1976), used the
implicit finite difference scheme of Crank-Nicolson. McKay et a/ (1984),
employed the method proposed by Mathews and Weber (1976), with great
difficulty. So, they used a semi-analytic solution as a starting point so that it
satisfies the boundary conditions. The reader is referred to the original paper
by the author.
Larson and Tien (1984), solved the mathematical equations by changing the
equations into dimension less form and solved numerically using a 4th order
Runge-Kutta method. A programme written in FORTRAN based on this
solution was made available by Tien (1994). This programme was also used
as a comparison with the solving method proposed in this study. Roy et aI,
(1993a, 1993b) used the orthogonal collocation method to convert partial
differential equations to ordinary differential equations where these equations
were later transformed into algebraic equation using Laplace transforms
rather than the Runge-Kutta method of integration. The use of this method
results in a set of five non-linear algebraic equations with five unknowns. After
a trial value of the dimension less liquid phase concentration at the interface
( C, ) was used, the equations reduced to a set of linear algebraic equations
C"
which are relatively easy to solve.
There are two methods of using the model. First, the external mass transfer
coefficient (k), was initially evaluated from the single mass transfer resistance
model, then Os was evaluated using a computer search to match with
experimental data. In the second method, the values of k and Os can be
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determined by best fit correlation of dynamic model with the experimental
data (Smith, 1996).
In this study, the mathematical equations in the model were solved using the
method

of lines,

handled by the proprietary mathematical package

PDESOL™. This software was used by Leyva-Ramos (1997) to solve
diffusion of cadmium (11) onto activated carbon for the case of the pore
diffusion model. For the method of lines, ''the system partial equations are
transformed

into a coupled system of ordinary different equations by

discretizing all the equations in all but one independent variable and then
solving numerically these ordinary equations" (Leyva-Ramos and Geankoplis
(1984». This solving method seems to be simple and does not need a long
programme as written in the FORTRAN or other programming languages but
provides an accurate result as reported by Leyva-Ramos and Geankoplis
(1984).
Before going into detail development of the model based on dual resistance
(external mass transfer and intemal mass transfer) for different adsorption
systems (batch, continuous and staged addition), development of a single
resistance model based on external mass transfer will be first discussed.

4.4 ADSORPTION BASED ON SINGLE RESISTANCE (FILM DIFFUSION

MODEL (FDM» FOR A BATCH SYSTEM

When film diffusion is the rate limited step, the mass transfer coefficient can
be estimated from:

i.

Furusawa Model,

ii.

Weber Model, and

iii.

Film diffusion equation.
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4.4.1 Furusawa Model

Furusawa and Smith (1974) have developed a mathematical model to relate
the concentration decay of solute with extemal mass transfer coefficient
taking into account the data from the Langmuir isotherm. The Furusawa
model is expressed as follows:

C

-=
C,

I
m.K
l+mK
+
exp(kSt)
l+mK l+mK
mK

(4.7)

where
C = concentration of solute (g cm-3),

Co

=initial concentration

of solute (g cm-\

K = Langmuir constant (I g-\

= external mass transfer coefficient (cm s-\
rn. = mass of carbon per volume of solute (g r\
S =surface area of carbon per volume of solute (cm-\ and

k

t

= time (s).

The Langmuir isotherm expression is as follows:

KC,
q=l+bC,

(4.8)

where
K = qmb, and

b = Langmuir constant related to the heat sorption (I mg- 1).

However, the applicability of the isotherm data is only limited to the linear
region where the isotherm can be represented as follows:

q= KC.

where

b = Langmuir constant related to the heat sorption (I mg-\

(4.9)
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Ce = solute concentration at equilibrium (mgr\ and

q

= mass of solute

per mass of carbon (mg g-\

Equation (4_7) after rearranging becomes

C
Co

In(--I

1
mK
l+mK
)=In(
K)+(K kSt)
+mK
I+m,
m,

Mass transfer coefficient (k) can be obtained from a plot of

(4_10)

In(~Co

1 )
l+mK

- Wit-h a sIope = (- l+mK kS) an d-Intercept = ( mKK)' at t =0_
versus time
mK
I+m,
4.4_2 Weber Model

Assuming intraparticle diffusion at time near zero is negligible, Mathews and
Weber (1976), proposed that mass transfer coefficient (k) can be estimated
using the following equation:

d(C/Co)

I

dt

=-kS

(4_11 )

{=o

k can be calculated from the initial slope of a plot of C / Co versus t when S

(surface area of carbon per volume of solute) is known. Subsequently
assuming the concentration of solute at the surface of carbon at time near
zero is zero, the concentration decay of solute can be predicted from the
following equation_

C

6m,
Co = exp(-k d,p(1- e) t)

(4_12)

Equation (4_12) was obtained from integration of equation (4_13) with the
assumption that the concentration of solute at the interface is zero.
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4.4.3 Film Diffusion

4.4.3.1 Film Diffusion Equation (Normal Method)

A general equation for solute sorption onto activated carbon in a finite batch
where mass transfer is only controlled by film diffusion,

system

can be

represented by the following equation:

dC
-Vd(= kA(C- Cs)

(4.13)

Mass balance of copper in a batch system is represented by the following
equation

dC
dq
-V-=mdt
dt

(4.14)

where

A = surface area of activated carbon (cm 2),
C = concentration of solute in liquid phase (g cm'3),

Cs = equilibrium concentration of solute at the surface of activated carbon (g
cm'3 )

k = extemal mass transfer coefficient (cm s'\
m = Mass of carbon (g),

q=

average mass of copper on carbon particle (g of solute! g of carbon), and

v= volume of liquid containing solute (cm\
Assuming carbon is a spherical particle, the outer surface area of carbon (A)
can be calculated as follows:

6m

A=-,---d,p(1- e)

(4.14a)
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where
e = porosity of carbon (-),

p = density of carbon (g cm-\ and
dp

=diameter of carbon particle (cm).

Combining Equations

(4.13) and (4.14a) and substituting into Equation

(4.14), Equation (4.14) becomes

dq
dt

6k(C- C,)
dpp(l-e)

kSv(C- C,)
p(1-e)

(4.15)

where
Sv = (6Idp) = specific surface area of activ1!ted carbon (cm· 1).
Equation (4.15) can be rewritten as follows:

(4.16)

where

C, = bulk concentration at time i (g cm·\

C,' =copper concentration on the surface of carbon at time i (g cm· 3 ),
q, = average mass of copper per mass of carbon at time i, and
Or = time difference (s).

C,' can be calculated from the Langmuir isotherm (equation 4.8)

C,,=~(

1 )
qm - qi

(4.17 )

where
qm

=

maximum copper capacity (gig carbon, obtained from Langmuir

isotherm).

CHAPTER 4: MODELLING OF COPPER SORPTION ONTO
125
ACTIVATED CARBON
In addition, C, can be calculated from mass balance equation using equation
(4.18)

(4.18)

where

m,= concentration of carbon in suspension (g cm"3)
Co

= initial copper bulk solution (g cm"3)

Equation (4.16), (4.17) and (4.18) can be solved numerically to determine k
using the following steps:

First, the value of k needs to be approximated, then

q

was calculated at

different times with a fixed value of 8(.

At time t,

q ,--

kS,(Co - C,o) ~ . utt q
p(l-E)
0

(4.19)

where

At time t2

_ kS,(C,- C,) ~ q2 - p (I-E) uttq,

where

(4.20)
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) (from the isotherm equation 4.17)

At time b

(4.21 )

where

q;+, needs to be solved for the whole experimental time. Calculated
concentration decay against time is then compared with the concentration
decay obtained experimentally. The value of k that gives the best fit with the
experimental data is considered as a mass transfer coefficient for that
particular experiment.

4.4.3.2 Film Diffusion Equation Solved by PDESOL
The Film diffusion equation can also be solved using PDESOL software. The
mathematical equations in the model are developed based on the following
assumptions:
i.

external mass transfer is the only controlling sorption process,

ii.

the concentration of copper in the carbon and mass of solute in
the carbon are not dependent of the radial position, and

iii.

average mass of copper sorbed on carbon can be represented
by the Langmuir isotherm equation.
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The movement of solute from the liquid phase onto the carbon
dq

m-= kA(C-C)
dt
'

(4.22)

where

q= average solute concentration in the carbon particle (g g.\
Mass balance

The mass balance for the batch system is represented by the following
equation

dC

dq

V-=-mdt
dt

(4.23)

Adsorption isotherm

The amount of solute on the carbon particle is represented by Langmuir
isotherm as in equation (4.24)

(4.24)

where

q = mass of solute/mass of carbon (g g.1),
qm =maximum capacity of carbon (9 g.1), and
b = Langmuir constant (cm 3g.1).
Dimensionless Equations for Film Diffusion Model

The movement of solute
Equation (4.22) in a dimension less form can be written as
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~ ~~ = AkCo(if! - TJ)

(4.25)

Ak

dQ C"v
-=-(if!-TJ)
dB
qom

(4.26)

Introducing p into the equation (4.26)

dQ
Co Vp
-=--(if!-TJ)
dB qop m

(4.27)

and further simplified becomes

dQ a
- = -(41- TJ)
dB
w

(4.28)

where
q
C,
C
kAt
pqn
pV
Q=-; TJ= _. ; if! =-;B=-;w=-; and a = qo
Co
c"
V
Co
m

-

Overall mass balance in a batch system

Equation (4.23), can be turned into a dimension less form as follows:

V Co dif! = _ mqo dQ

-V

kA

dB

-V

dB

(4.29)

kA

(4.30)
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(4.31)

where

q
C
kAt
pV
pq
Q=-; i(!=-; B=-;a=- and w=-"
qo
Co
V
m
Co

Sorption isotherm
The Langmuir sorption isotherm (equation (4.24» can be rearranged

as

follows:

(4.32)

Introduce Co and qo into equation (4.32) becomes
q

G.\. =
Co

qo

(4.33)

(qm _ !L)bC
o
qo q(,

Replace TJ = C, and Q =!L into equation (4.33), becomes
C"
qo
(4.34)

General Model Equations For the Film Diffusion Model

General model equations for the Film Diffusion Model with their initial and
boundary conditions are as follows:
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Initial conditions
~

= 1 at 0 = 0

Q= 0 at 0 = 0
Isotherm equation
(4.35)

Model equations

Movement of solute from the liquid phase to the solid phase

dQ a
- = -(~- TJ)
dO
w

(4.36)

Overall mass balance in the batch system

d~
wdQ
-=dO
a dO

(4.37)

The programme using method of lines based on PDESOL software to solve
the dimension less equations 4.35, 4.36, 4.37 with appropriate

initial

conditions for film diffusion model is given in APPENDIX 01.

4.5 HOMOGENOUS SOLID DIFFUSION MODEL WITH EXTERNAL MASS
TRANSFER RESISTANCE FOR A BATCH SYSTEM

Governing Equations
Solid phase mass balance

The solid phase mass balance inside of the particle is described as equation
(4.38)
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1 J[

Tt=? Jr

2

Jq]

(4.38)

D,r Jr

where

Ds= surface diffusivity (cm 2s-\

r

= radial co-ordinate (cm),

q = local concentration in the sorbed phase (g g.\ and

t

= time (s).

Initial and boundary conditions

q =0

at t=O, O<r<R,

Jq

at t bO, r =0, Jr =0

I

dC
3mD, dq
at t >0, r =R, V-= - - - ( - )
dt
R
dr ,-R

(4.39)

or

I

pD,( Jq
Jr) ,-R = k(C- C,)

(4.40)

where
C = concentration of solute in liquid phase (g cm·

3

),

Cs = equilibrium concentration of solute at the surface of activated carbon
(g cm-3 ),

k = external mass transfer coefficient (cm s·\

m = mass of

carbon (g),

R= radius of carbon particle (cm),
V= volume of liquid containing solute (cm

p = density of carbon particle (g cm·

3

).

3

),

and
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Average sorbate concentration

The volume-average sorbate concentration is defined as
1

q= -J
q(r,t)dV
Vp
R

(4 .41)

p

0

Volume of a sphere is
4:rr 3
V=p
3

(4.42)

Differentiate Vp in equation (4.42) with respect to

r,

becomes

dVp 3( 4:rr2)
-=
or dV = 4:rr 2dr
dr
3'
p

(4.43)

Substituting equation (4.43) into equation (4.41) becomes

1

R

q=--,
fq(r,t)4:rr 2dr
4:rR"

(4.44)

__ 0

3

Simplified equation (4.44) becomes

q=

3

R
2
- 3 f q(r,t)r dr
0

(4.45)

R

Overall mass balance in a batch system

The mass balance for the batch system is represented by the following
equation

de
dq
V-=-mdt
dt

(4.46)
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where

q= average sorbate concentration in the carbon particle (g g-\
or

From equations 4_39 and 4.40, the movement of solute from the liquid phase
onto the sorbent particle can be be written as in equation (4.47)

dq
dt

3m
pR

m-=-k(C-C)

(4.47)

'

Adsorption isotherm

The amount of solute on the carbon particle is represented by the Langmuir
isotherm as in equation (4.48)

qmbC,

(4.48)

q = 1+ bC,
where

q

= mass of solute/mass of carbon(g g-\

qm =maximum capacity of carbon (g g-\ and
b = Langmuir constant (cm 3g-\

Dimensionless Equations
Solid phase mass balance

Using the following dimension less parameter:
and
Q =!L, ,"= ~
R'
q"

e = DJ
_
R2

where
q" =

:;~~
o

and Co = Initial solute concentration
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(4.49)

(4.50)

(5.51 )

Boundary condition
Equation (4.40). can be converted into the following equation

(4.52)

(4.53)

(4.54)

where

Q =!!...;
q"

1]

= C, ; IP =!:... ~ =~; and B= D;
C"

Co

R

R

134

CHAPTER 4: MODELLING OF COPPER SORPTION ONTO
ACTIVATED CARBON

135

Average solute concentration in adsorbent particle

The volume-average solute concentration {equation (4.45)) in the form of time
derivative is

aq
at

3

fR

R3

0

-= -

aq dr
(-)r
at
2

Substituting

aq
at

3

fR

R3

0

-= -

(4.55)

~; from equation (4.38) into equation (4.55)

D, a
aq dr
-[-er
-)]r
r2 ar ar
2

2

(4.56)

Equation (4.56) rearranging becomes

aq
at

3D, JR
-= _.

R3

0

a -)]dr
aq
[-er
ar ar
2

(4.57)

According to Li and Yang (1999), equation (4.57) can be expressed as
equation (4.58)

aq = 3D, (aql )
at R ar

(4.58)

"R

The derivation of equation (4.58) is shown in APPENDIX 02. This equation
can be converted into dimension less form as follows:

(4.59)

Equation (4.59) can be simplified as (4.60)
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aQ

(4.60)

aCe) = 3a(q) ~=l

where

Overall mass balance in a batch system

Equation (4.46) can be turned into a dimension/ess form as follows:

Cn diP
mqn dQ
V R2 de = - Ji2 de

D,

(4.61 )

D,

(4.62)

dljJ
dB

w dQ
a dB

(4.62a)

-=---

where

-

q
C
Q = - ; tP = - ; and
qo
Co

Dt
e= --T

R

pq

w = - " ; and

Co

pV

a=-

m

Equation (4.47) in a dimension/ess form can be written as

q" dQ 3m
m R2 de = pR kC,,(iP D,

T)

I~=l)

(4.63)
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d Q _ 3R
dO-D

kC (m

/ )
.'f'-7]~=1

spq(}

(4.64)

where

Sorption isotherm

The Langmuir sorption isotherm {equation (4.48)) can be written as follows:

At the surface of carbon C = Cs and

q = qLR' so

Rearranging equation (4.65)

qL-R

C =
s (qm -q/'=R)b

(4.66)

Introduce Co and qo into equation (4.66) and balance it becomes

q/~R
Cs

q.

C" =

(4.67)

(l.!!!.. _ q/'=R )bC"
qo

qu

Replace 7] = Cs and
C

"

7]= - --,;q"-,,- -

(qm _ qLR )bC"
q(J

q()

Q/..,.. R = q/'=R
q

into equation (4.67) becomes

"

(4.68)
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Finally, equation (4.68) becomes

(4.69)

where j3 = qm

qo

Evaluation of Dimensionless Equations

From equation (4.54):

equation (4.60):

and equation (4.64):

dQ _

I )

3R kC (A.
,,"1'-77"=1 '
,pq"

dB - D

it can be seen that from equations (4.54), (4.60) and (4.64)

dQ aQ
-=dB

aB
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Q
(d
is defined as uptake rate of adsorbent and its derivation and justification
dB

are discussed in APPENDIX 02).

General Model Equations For HSDM

General model equations for HSDM with their initial and boundary conditions
are as follows:

Initial conditions

~=l,

8=0

Q=0,8=0

Initial boundary condition

iJQ

(~) ;=0 = 0
Final boundary condition

Isotherm equation
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Model equations

Solid phase mass balance

Relationship between average sorbate concentration and local concentration
sorbed phase

Overall mass balance in the batch system

dr/J
wdQ
-=---

de

a de

Programme Using Method of Lines Based On PDESOL Software

The programme for HSDM with external mass transfer resistance for a batch
system using method of lines based on PDESOL software is given in
APPENDIX 03.
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4.6 VALIDITY AND ACCURACY OF THE MODEL SOLVED BY PDESOL

The HSDM based on dual resistance was solved by both PDESOL package,
and by a FORTRAN programme which was published by Tien (1994). The
results of concentration decay against time from both methods were
compared in order to validate and to determine the accuracy of the model
solved by PDESOL package. For this, an arbitrary batch adsorption system
with parameters shown in Table 4.3 was chosen and solved by both methods.

Table 4.3. System Parameters for Adsorption System Used
in the by PDESOL and FORTRAN Programmes.
Parameter

Value

Volume (cm')

500

Carbon mass19)
Radius of carbon particle
(cm)
Density of carbon (g cm''')
Copper concentration, Co
(Q cm·3 )
LanQmuir, K (I Q")
Langmuir, b (cm" g")
qo=qm*b*Co/(1 +b*Co)
qm
Porosity
Os (cm" s")
K (cm s·')

0.1
0.0021

317.8750
4.0410E+6
75.8614E-3
78.6624E-3
0.0200
5E-11
0.0095

Maximum time (s)

3600

1.6750
6.7E-6

The grids in terms of radial position and dimension less time used for
PDESOL and the FORTRAN programme were 40 and 100 respectively.
Comparison of concentration decay obtained from PDESOL and FORTRAN
programmes can be seen in Table 4.4.
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Table 4.4. Concentration Decay From Both PDESOL
and FORTRAN Programmes
Time*

Concentration

Concentration

Difference

(s)

from PDESOL

from FORTRAN

(%)

(mg (1)

programme
(mg (1)

0

6.70

6.70

0.00

9

6.60

6.62

0.29

36

6.32

6.35

0.52

130

5.47

5.49

0.36

190

5.04

5.04

0.00

520

3.54

3.54

0.00

900

2.56

2.56

0.00

1300

1.88

1.89

0.48

2300

0.96

0.96

0.00

2600

0.81

0.81

0.00

3600

0.50

0.50

0.00

Note:
Selected time where the values are the same from both programmes.

From Table 4.3 it can conclude that the HSDM can be accurately solved by
PDESOL package.
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4.7 DEVELOPMENT OF HSDM FOR ADSORPTION OF SOLUTE ONTO
ADSORBENT IN A CONTINUOUS FILTRATION MODE

Under this topic, three scenarios of adsorption in continuous filtration mode
will be evaluated namely:

i.

Only film diffusion is the controlling step with the solute
concentration on the surface as zero,

ii.

Only film diffusion is the controlling step with the solute
concentration on the surface not equal to zero, and

iii.

Both film diffusion and intraparticJe diffusion are important.
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SORPTION OF SOLUTE

ONTO ACTIVATED CARBON IN A CONTINUOUS FILTRATION SYSTEM
WHERE THE SORPTION IS CONTROLLED ONLY BY FILM DIFFUSION
AND THE SOLUTE CONCENTRATION AT THE INTERFACE (Cs) IS ZERO

Consider the sorption process shown schematically in Figure 4.1 and the
relevant parameters are as follows:

Co
Qo

v

C
Qe

Figure 4.1. Continuous Filtration of Copper

A = surface area of the sorbent (cm 2 )
Co = concentration of copper in the feed stream (g cm·

C = concentration of copper in the effluent (g cm·

3

3

)

)

Cs = concentration of copper on the surface of carbon particle (g cm·3)
k = external mass transfer of copper (cm s")
V = volume of the fluid in the mixing tank (cm3 );
3

Qo

= volumetric flow

rate of feed (cm· s·')

Q/

=volumetric flow

rate of effluent (cm· s·')

3

Mass balance in a continuous system

dC
dt

Q Co =QeC+V-+kA(C-C,)
o

(4.70)
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Let mass transfer be film controlled; Cs = 0 and Qo=Qe and rearranging
equation (4.70)

dC
V-=Q
C0 -C(Q0 +kA)
dt
0

(4.71 )

f Q"C" - C(Q"
dC
+kA)

(4.72)

f~

1

t
In[Q"Co-C(Qo+kA)]=-+B
(Q" +kA)
V

-

(4.73)

where

B = a constant
when t=O, C=O

B

=

(4.74)

(Q" :kA) In[Q"CJ

Substituting

(4.74) into

(4.73) becomes

1
In[Q"C" -C(Q" +kA)]
(Q" +kA)
Q"C"

=!...

(4.75)

V

rearranging

In[Q"C,,-C(Q,,+kA)]=

(Q,,+kA)t

Q"C"

V

Q

c - C(Q

(Ill'

+ kA)
f}

QOC

II

)=e

(4.76)

Wo+kA)'

v

(4.77)

CHAPTER 4: MODELLING OF COPPER SORPTION ONTO
ACTIVATED CARBON
+ kA)

C(Q

(1-(

0

.(Q,+kA),

)=e

v

(4.78)

QoCo

Q

C
_=
Co

0
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(Qo+kA)t

(1-e

v

)

(4.79)

(Qo +kA)

if a carbon particle is assumed to be

spherical, surface area A can be

estimated as follows:

6m
A=--d p p(1-e)

(4.80)

where
m = mass of carbon particle (g)
dp = diameter of carbon particle ( cm)

p = carbon true density (g cm .3)
e

=porosity (-)

Equation 4.79 can be analytically solved. A software package such as Excell
can be use for this purpose. In addition, equation 4.79 can also be solved
using PDESOL programme which is given in APPENDIX 04 (as an example).

4.7.2

MATHEMATICAL MODELLING FOR

SORPTION OF SOLUTE

ONTO ACTIVATED CARBON IN A CONTINUOUS FILTRATION SYSTEM
WHERE THE SORPTION IS CONTROLLED ONLY BY FILM DIFFUSION
BUT THE SOLUTE CONCENTRATION AT THE INTERFACE (Cs) IS NOT
ZERO
Consider the adsorption process takes place in the system as shown in
Figure 4.1. This model assumes that the diffusion rate is so rapid that the
concentration of sorbed material is constant throughout the particle.
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The movement of solute from the liquid phase onto the carbon

-

dq
m-= kA(C- C)
dt
'

(4.81 )

where

q= average sorbate concentration in the carbon particle (g g'1).
Mass balance in a continuous system

The mass balance for the batch system is represented by the following
equation

dC

(4.82)

QoCo =Q,C+V-+kA(C-C,)
dt

Rearranging becomes
dC

Vd!

= QoCo -QoC-kA(C-C,)

(4.83)

where

Qo =Q,
Adsorption isotherm

The amount of solute on the carbon particle is represented by Langmuir
isotherm as in equation (4.83)

(4.84)

where:

q= average mass solute/mass of carbon

(g g'1).

qm = maximum capacity of carbon (g g'\ and
b = Langmuir constant (cm3 g'1).
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Dimensionless Equations

The movement of solute

Equation (4.81) in a dimension less form can be written as

q" dQ

mV- dO =AkCo(~- 7])

(4.85)

Ak

dQ

cy

dO

q"m

- = - ,-(~-1'/)

(4.86)

Introducing p into the equation (4.85) and balance it

dQ
dO

C" Vp

-=--(~-1'/)

q"p m

(4.87)

and further simplifying

dQ
dO

a

-=-(~-1'/)

w

(4.88)

where:

Mass balance in a continuous system

Equation (4.83) in dimension less form can be written as:

Q" (C" -1/lC,,) - kA( 1/lC" -ryC,,)

(4.89)
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simplified this becomes

dIP

de

= Q" (l-tfJ)-kA(tfJ-1])

kA

(4.90)

where

C,
1/=-";
C"

C

kAt

Cn

V

~=-;e=-

Sorption isotherm

The Langmuir sorption isotherm (equation (4.84»

can be rearranged as

follows:

(4.91 )

Equation (4.91). becomes non-dimension as follows:

Q

17 =

(/3 - Q)bCu

(4.92)

where

The programme using method of line based on PDESOL software is given in
APPENDIX 05.
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MATHEMATICAL MODELLING FOR
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SORPTION OF SOLUTE

ONTO ACTIVATED CARBON IN A CONTINUOUS FILTRATION SYSTEM
WHERE THE SORPTION IS CONTROLLED BY FILM DIFFUSION AND
ITRAPARTICLE DIFFUSION (THE SOLUTE CONCENTRATION AT THE
INTERFACE (Cs) IS NOT ZERO)

All the governing equations for the adsorption of solute onto activated carbon
in a continuous filtration system, where the sorption is controlled by both film
diffusion and intraparticle diffusion, are the same as the equations for the
batch system (refer to section 4.5) except, the system mass balance. The
system mass balance for the continuous system is as follows:

dC
dq
V-=Q C -Q C-mdt
"""
dt

=concentration of
Co =concentration of

C

(4.93)

solute in liquid phase (g cm'\
solute in the feed stream (g cm,3),

Os = surface diffusivity (cm 2s'\
m

=mass of

carbon (g),

Q" = volumetric flow rates of feed stream and effluent (cm 3s'\

q=average mass solute/mass of carbon

(g g'\

=time, and
V =volume of process tank (cm 3).

t

Equation (4.93) needs to replace the equation (4.46) in section 4.5 in order
to develop HSDM for a continuous system.

Transform the equation (4.93) in to dimensionless form to become

~~"df/J =Q"C" -Q"C"f/J
-de
D,

mD,q" dQ
R2 de

(4.94)
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(4.95)

equation (4.95) becomes

(4.96)

where
q
C
Dt
pV
C
pq
Q = - ; ~ = C; 8 =
a = - ; ~ = C' ;and w = c"
q(J
()
m
0
()

-

R; ;

If the flow rate of feed solution or effluent (Q,,) or the volume of the process
tank (\I) or all of them are changing with time, each relationship with respect
to dimension less time needs to be obtained. These relationships should be
defined and replaced Q" or Vin the equation (4.96).

General Model Equations For HSDM

General model equations for HSDM with their initial and boundary conditions
are as follows:
Initial conditions

~=I,

8=0

Q=O,8=0

Initial boundary condition

iJQ

(J[l ~=O = 0
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Final boundary condition

Isotherm equation

. 17 =

QI':R
(/3 - QI,:R )bC"

Model equations

Solid phase mass balance

Relationship between average sorbate concentration and local concentration
sorbed phase

Overall mass balance in the continuous system

The programme using method of lines based on PDESOL software is given in
APPENDIX 06.
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4.8 HSDM FOR STAGED ADDITION OF ADSORBENT IN CONTINUOUS
FILTRATION SYSTEM

Supposing a staged addition model for a continuous filtration system involving

3 additions of fresh adsorbent, where the adsorbent is added into the system
at predetermined time intervals. At the beginning of the process (at time to)
the amount of the adsorbent added is ml. At time tl the amount of adsorbent
added is m2, and at time t2 the amount of adsorbent added is m3. The
operation ends at time t3. For this model, the amount of copper adsorbed by
ml. m2. and m3 are Ql. Q2. and q3 respectively. The external mass transfer
coefficient (k) and intraparticle diffusion coefficient (Os) are assumed to be
constant at all adsorption stages. The theoretical curve for copper
concentration against time can be illustrated by Figure 4.2.
Stage 1

Stage 2

Stage 3

1 1 1
Copper
Concentration

Time

Figure 4.2. Staged Addition of Adsorbent
To predict the profile of copper concentration in the permeate, a staged
addition programme was developed based on the model developed in section

4.7.3.
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The profile of I/J (I/J =

~
Co

) versus dim ens ion less time (Cl =
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D{
) at stages 1, 2
R

and 3 needs to be combined to get the overall profile of I/J versus
dimensionless time, which finally can be converted to copper concentration
versus time.

At stage 1, the programme only considers m, and q, with initial conditions
are:

I/J=O
QI=O

where I/J = ~ Q1 =!lJ.. as defined previously.
Co
qv

The programme for the stage 1 is run from time to to t,. The outputs of the
programme required are:

i.

I/J versus time,

ii.

Q1 versus'; (dimension less radial position in adsorbent

particle), and
iii.

the value of I/J at time t,.

At stage 2, the programme considers m, and q, as well as m2 and q2. The
programme is run from t, to t2, with the initial conditions are:

I/J = the value of I/J at t,
Q1 = the profile of Q1 versus'; from stage 1
-0
Q,where Q, = q, as defined previously.
q"
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The outputs of the programme required are:

i.

tjJ versus time,

ii.

Q, versus;,

iii.

Q2 versus;, and

iv.

the value of tjJ at time t2

At stage 3, the programme considers m1 and q1, m2 and q2 as well as m3 and
q3. The programme is run from time t2 to Is. The initial conditions are:

tjJ = the value of tjJ at t2

Q,

= the profile of

Q, versus; from stage 2

Q2 = the profile of Q2 versus

c; from stage 2

Q3 =0
where QJ

= q,

as defined previously.

qu

It should be mentioned that the profiles of Q versus ;, at each stage was
saved in notepads (under windows programme) in the form of spreadsheet
as inputs to PDESOL programme.

The output of the programme required is:

i.

tjJ versus time,

The overall profile of tjJ versus dimension less time at stages 1, 2 and 3 are
combined and normalised to the values of copper concentration and real
time. This profile can be compared to the experimental data. The value of k
and Os can be determined from the best fit of experimental data.

The PDESOL programme for staged additions (3 additions) is given in
APPENDIX D7.
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4.9 SUMMARY
This chapter, has reviewed the models for solute sorption onto adsorbents.
Application of adsorption model for metal ions was also compiled. From the
compilation, it was found that the metal sorption on activated carbon can be
described by dual mass transport mechanisms of film diffusion (out side of
carbon particle) and surface diffusion (within the carbon particle) known as
homogenous solid diffusion model (HSDM). Because this model involved of
film diffusion and

surface diffusion,

two sets of mathematical derivations

were developed to described metal adsorption process in a batch system.
They are:
i.

Adsorption by only film diffusion, and

ii.

Adsorption by both film diffusion and surface diffusion (HSDM).

The mathematical equations for the adsorption by both film diffusion and
surface diffusion (HSDM) were solved by PDESOL software package. The
computation results obtained were as accurate as computation results
obtained from a well accepted programme written in FORTRAN programme.
From this model, HSDM was further developed for metal adsorption in a
continuous system with non-staged and staged addition of adsorbents. For
this,

several sets of relevant mathematical

derivations were further

developed:
Non-staged addition of adsorbent

i.

Only film diffusion is the controlling step with the solute concentration
on the surface as zero,

ii.

Only film diffusion is the controlling step with the solute concentration
on the surface not equal to zero, and

CHAPTER 4: MODELLING OF COPPER SORPTION ONTO
ACTIVATED CARBON
iii.
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Both film diffusion and intraparticle diffusion are important (with the
solute concentration on the surface not equal to zero)

Staged addition of adsorbent

i.

Both film diffusion and intraparticle diffusion are important (with the
solute concentration on the surface not equal to zero)
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CHAPTER FIVE - EXPERIMENTAL RESULTS

5.1 LEACHING TEST ON NICKEL MEMBRANE

A leaching test on the membrane was conducted to determine whether any
contamination, especially from copper or nickel, is released from the
membrane during microfiltration experiments. The membrane was subjected
to pH changes during these experiments. For example, during extraction of
copper (adsorption phase), the pH of a solution was 4.6 and during
regeneration (desorption) the pH was lowered to between 1.5 - 1.8. A series
of leaching tests were conducted by shaking samples of membrane in conical
flasks at different pH: 1, 1.65, 2, 3, 4.67 and 5.41 and for different times.

The leaching tests showed that no copper leached from the membrane, even
though the membrane was leached for a period of over 29 hours. However,
nickel did leach from the membrane, nickel concentration against time is
shown in Figure 5.1.
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Figure. 5.1. Nickel Leaching from the Membrane at Different pH
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Figure 5.1 shows that the lower the pH of solution, the greater the nickel
leached. Nickel was severely leached at pH 1, with a concentration of nearly
3400 ppm after 29 hours. At pH 2 and 3 about 300 ppm and 24 ppm nickel
were detected in the solutions. However, at pH 4.67 and 5.41, nickel was not
detected.
In an experiment conducted on the membrane fitted in a stirred cell in the
presence of modified activated carbon (F400) and water, but copper ions, it
was observed that no nickel leached during the adsorption phase (pH 4.6) but
nickel was leached during the desorption phase (pH 1.5-1.8). The result is
shown in Figure 5.2.
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Figure 5.2. Leaching of Nickel with Carbon in the Stirred Cell.
Similar results were also obtained when the membrane was tested with
deionised water in. the stirred cell under the same operation conditions, i.e. pH
4.6 and pH 1.5-1.8 in the absence of carbon (refer Figure 5.3). It was found
that no copper leached from the membrane, or the stirred cell system, at pH
4.6 but nickel was highly leached at pH 1.5-1.8.
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Figure 5.3: Leaching of Nickel Without Carbon in the Stirred Cell.
It should be noted that the higher nickel concentration in Figure 5.3,
compared to Figure 5.2, may be because it was the same membrane used in
both experiments.
From these results, the nickel membrane seems to be unsuitable for
desorption use but is suitable for the sorption phase.
5.2

EVALUATION OF ADSORBENTS

FOR

MICROFILTRATION

OF

COPPER FROM EFFLUENT

Three types of adsorbents were considered in this study: dealginated
seaweed, commercially available activated carbon (F400) which was oxidised
by hot nitric acid (modified F400) and modified activated carbon derived from
the Malaysian oil palm shell (MOPS). In addition, ion exchange resin Dowex
50WX8 was used as a comparison.

5.2.1 Evaluation of Dealginated Seaweed

There is potential for biosorption by dealginated seaweed residues, including
dealginated residues derived from Lessonia flavicans (DLF) (a waste product
of algin extraction), as cheap adsorbents for metal recovery/removal from
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aqueous waste water as studied by Malik (1999). The characteristics of the
material is given in Table 5.1.
Table 5.1. Characteristics of Dealginated Residues
Derived Lessonia flavicans (DLF)
Value

Parameter

Dry bulk density (g
Wet bulk density (g
Dry volume (cm

0

cm·~)

cm·~)

g.')

0.68
0.28
1.47

Capacity for copper at pH 4, wet 0.8
basis (mmol g.1)
Regenerant

0.1 M HN03

Diffusion coefficient for copper 9.6x 10·· cm< s·
(based on the Shrinking Core
Model)

According to Malik (1999), the capacity of DLF for copper was higher than for
cadmium, nickel or zinc. From mini column experiments (bed volume used
was 4 ml), DLF was able to treat 200 bed volumes of 0.4 mM of copper
solution, and about 75 bed volumes of each solution containing cadmium (0.6
mM), nickel (1.0mM) .or zinc (0.8 mM). The results obtained from the column
experiments showed similar adsorption performances for the DLF compared
to its native virgin biomass. These results indicate that DLF could be a viable
binder material to be used for the removal of heavy metals from aqueous
solutions because it is much cheaper compared to seaweed that contains
more valuable algin-rich material. The reader is referred to the thesis written
by Malik (1990) for detailed information on this material.

Preliminary study to determine the possibility of using DLF (prepared by
Malik, 1999) as a binder to remove metal ions coupled with microfiltration was
carried out by filtering dealginated seaweed in a microfiltration pilot plant rig at
fixed trans-membrane pressures. For this, a 20 I suspension containing
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0.2 g 1"1 of dealginated seaweed with particle size ranging from 45-710 Ilm
was filtered through a tubular nickel membrane of 18 Ilm pore size.
At a trans-membrane pressure (TMP) of 0.275 bar, the initial filtrate flux was
400 I m-2 h-1 , however, after 4 hours of filtration the flux reduced to 8 I m·2 h· 1•
When dealginated seaweed was filtered at 0.35 bar and the membrane was
back-flushed with compressed air, the initial flux increased to 820 I m·2 h· 1 but
after 2 hours, the flux declined to 10 I m·2 h· 1 as can be seen in Figure 5.4.
This showed that the membrane was seriously fouled by the dealginated
particles. The cause of the fouling may be due to the fibrous dealginated
seaweed, that easily blocked the pores of the membrane. The back flushing
did not help to improve the filtration process. In view of the fouling problem,
the dealginated seaweed is not a suitable material to be used in the seeded
microfiltration process using the nickel membrane.
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Figure 5.4. Flux Profiles for Filtration of Dealginated Seaweed

163

CHAPTER 5: EXPERIMENTAL RESULTS
5.2.2 Evaluation of Activated Carbons
5.2.2.1 Adsorption and Desorption of Copper on Modified F400

Modified F400, with a mean particle size of 42.3 J.lm and surface area of 800
m2 as measured by ASAP, was used in loading experiments with copper ions.
The loading experiments in three cycles were carried out in a stirred cell fitted
with 20 J.lm frit. The volume of copper solution was 500 ml and the amount of
carbon was 0.4 g. In each cycle, copper was extracted from solution at pH 4.6
followed by regeneration at pH 1.6. Initially the concentration of copper was
51.7 ppm, followed by 24.2 ppm and 51.6 ppm. The capacity during the
second cycle was limited by the copper solution rather than the amount of
carbon, whereas there was sufficient copper present to just saturate the
carbon exchange sites when extracting from more concentrated solutions.
Figure 5.5 shows copper uptake for each cycle and indicates that the ion
exchange process took place with relatively fast kinetics.
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Figure 5.5. Profile of Copper Adsorption on Modified F400.

The profiles of copper concentration decay during the first and the third cycles
with both initial concentrations of 51.7 ppm and 51.6 ppm were similar, as can
be seen in Figure 5.6. This suggests that the binding sites on the carbon
remained active and can be easily generated. From all desorption cycles,
copper desorbed from Modified F400 to a recovery of more than 90%.
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Figure 5.6. Profiles of Copper Concentration During Adsorption
of Copper onto Modified F400.
5.2.2.2 Adsorption and Desorption of Copper onto MOPS1
MOPS1, with a mean particle size of 45.9 Jlm and surface area of 8 m2 as
measured by ASAP, was used in loading experiments with copper ions. The
MOPS1 exhibits good ion exchange properties; this can be seen from
loading/stripping experiments of copper onto MOPS1 at pH 4.6 and pH 1.6
(Figure 5.7). The feed solution was initially 48.3 ppm copper solution.
Regeneration was performed with nitric acid at pH 1.6. Two more cycles with
the same carbon were conducted with 24.2 ppm and 48.0 ppm copper
solution. The capacity during the second cycle was limited by the copper
solution rather than the amount of carbon, whereas there was sufficient
copper present to just saturate the carbon exchange sites when extracting
from more concentrated solutions (Figure 5.8). Figure 5.8 indicates that the
ion exchange process is fully reversible and adsorption kinetics were very fast
under these operating conditions. From all desorption cycles, it was also
observed that copper desorbed from MOPS1 to a recovery of about 90%.
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Figure 5.7. Copper Loading onto MOPS1 During 3 Cycles
of Adsorption and Desorption Experiments.
Figure 5.8 shows that almost all copper has been adsorbed onto the carbon
within 10 minutes and the profiles of copper concentration decay during the
first and the third cycles, with initial concentrations of 48.3 ppm and 48.0 ppm,
were similar.
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Figure 5.8. Copper Concentration Decay Versus
Time During Adsorption onto Mops1.
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5.2.2.3

Adsorption and Desorption of Copper at Low Concentration onto

Modified F400 and MOPS1
Further tests on both modified F400 and MOPS1 were conducted using
reduced amounts of modified carbon and copper. For this, 0.1 g of carbon in
500 ml of copper solution with concentration of 1 ppm, Le 1000 ppb, at pH 4.6
were used in the experiment. The results for both types of carbon are
indicated in Figure 5.9. From Figure 5.9, it is clearly seen that both carbons
gave similar results with modified F400 having marginally faster kinetics.
Examining the particle size distribution for both types of carbon, it was found
that the particle size of the modified F400 was slightly smaller than the
MOPS1. The mean sizes of modified F400 and MOPS1 were 42.3 !!m and
45.9 !!m respectively.
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Figure 5.9. Profiles of Copper Concentration Decay for
Modified F400 and MOPS1
Despite the fact that the capacity for copper is higher for the modified
MOPS1 than the modified F400, kinetics for both carbons are about the same
at low copper concentration because a limited amount of copper in the
solution can be easily scavenged by functional groups located on the surface
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of the carbon. At low concentration, the copper ions do not need to travel
deep into the solid matrix of the carbon for rapid sorption to take place.
Regeneration of carbons loaded with copper by pH adjustment, released
most of the copper back into the solution. Copper was released from the
MOPS1, up to about 80%, and more than 90% for the Modified F400 as
indicated in Figure 5.10. The recovery rate for MOPS1 might be lower
compared to the modified F400 as the generation for MOPS1 was carried out
at pH 1.77, which was 0.1 unit higher than the pH used for the modified F400.
It should be mentioned that the amount of 4 M HN03 used to adjust the pH
was the same i.e. 3 ml.
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Figure 5.10. Copper Uptake on Modified F400 and MOPS1
Against Time During Adsorption and Desorption
Processes
5.3 MECHANICAL STRENGTH OF MODIFIED CARBONS

Several standard methods to assess mechanical strength of activated
carbons are available such as AWWA (1990) and ASTM (1994). However,
AWWA (1990) and ASTM (1994) are only applicable for activated carbons
with particle size bigger than 150 )lm and 180)lm respectively. Since activated
carbons involved in this study were smaller than 150)lm i.e. 45·53 )lm, a new
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test protocol was developed to determine a relative mechanical strength of
activated carbons. The testing protocol developed was based on wet grinding
of activated carbons at a given time interval using a laboratory ball-mill.
Preliminary grinding tests were carried out in order to establish a
representative sampling technique. For this purpose, three sampling methods
for ground activated carbons were tested. Theoretically, the sampling method
which provides samples with constant concentration of activated carbon
throughout the grinding period is the appropriate technique to use.

Figure

5.11 shows the concentration profile of activated carbons during the grinding
process resulting from the three sampling methods, namely Method A,
Method B, and Method C.
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Figure 5.11. Profiles of Carbon Concentration Usin~ Various Method of
Grinding Test Methods and 25 mg mr Carbon
Method A: samples were taken immediately from the mill after set times of
grinding. Method B: samples were taken immediately from the mill after a
given grinding time interval. However before sampling, the mill was rotated in
a circular motion five times, and Method C: samples were taken immediately
from the mill after a set times of grinding, however, prior to the sampling, all
the ceramic balls were taken from the ball mill, then the mill was rotated in a
circular motion 5 times.

CHAPTER 5: EXPERIMENTAL RESULTS

169

It appears that the concentration of samples by method S was almost
constant throughout the grinding process i.e. 25 mg mr1, and equal to the
known mass per unit volume added to the mill. The same result was obtained
when the same type of activated carbon with two different sizes (45-53 llm
and 53-10711m) were ground and sampled using this method. This is due to a
more uniform distribution of carbon particles achieved when the mill
containing ceramic balls and activated carbon were rotated prior to the
sampling. In the other methods, carbons particles seemed to settle quickly or
were unevenly dispersed, resulting in inconsistency in carbon concentration
during sampling.

5.3.1

Comparison of Mechanical Strength Between Modified F400 and

MOPS1

Based. on Method S, the strength of modified activated carbons F400 and
MOPS1 were assessed by grinding them individually in the mill at different
times. The samples were then analysed by the Coulter Counter for particle
size distribution. The mean particle size obtained for each type of carbon was
obtained. Figure 5.12 shows how the mean particle size by mass varied with
crushing time. The change in mean size by mass is defined as follows:

mean by mass at time t - mean by mass after 420 seconds
mean by mass after 420 seconds

The MOPS1 carbon has a lower change in diameter than the Modified F400
for all times considered, apart from the reference time of 420 seconds. The
modified F400 appears to be brittle and significant amount of break-up
occurred during the first 30 seconds. From these results, the MOPS1 carbon
would be expected to last longer in a seeded crossflow microfiltration
process.
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5.4 SELECTION OF ADSORBENT FOR SEEDED MICROFILTRATION
Based on the experimental results using dealginated seaweed, and modified
F400 and MOPS1 crushing, it was decided that modified activated carbon
from Malaysian oil palm shell (MOPS) should be used in the study. It could
also be an important local market for palm shells. For this, MOPS2 and
MOPS5 which were prepared the same way as MOPS1 were used in further
work together with MOPS3.

5.5 CHARACTERISTICS OF MODIFIED ACTIVATED CARBON FROM
MALAYSIAN OIL PALM SHELL (MOPS)

5.5.1 Scanning Electron Microscopy (SEM)

The photographs of MOPS3 and MOPS5 used in the study obtained from
SEM are shown in Figures 5.13 to 5.16. The shape of both carbons are
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irregular granular particles similar to "flint sand". The surface texture of both
carbons appears to be similar with "cheese with a pore structure".

Figure 5.13. Carbon Particle of MOPS3

Figure 5.14. Carbon Particle of MOPS5
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Figure 5.15, SEM Photograph of MOPS3's Surface Structure

Figure 5.16. SEM Photograph of MOPS5's Surface Structure
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5.5.2 Physical and Chemical Properties of MOPS3 and MOPS5
5.5.2.1 Nitrogen Adsorption/Oesorption

The nitrogen adsorption/desorption for MOPS3 and MOPS5 are shown in
Figures 5.17 and 5.18.

Adsorption isotherm shapes are normally classified into five groups according
to Braunner et al (1940). Type I isotherm is the Langmuir isotherm, typical
adsorption in microporous adsorbent. Type 11 isotherm generally represents
an adsorption onto non-porous solid or macroporous adsorbent. Type III is
adsorption on an adsorbent with mesopores. Types IV and V are the same as
Types 11 and III with the exception that they have a finite limit as equilibrium
pressure approaches the saturation vapour pressure of the liquid due to the
finite pore volume of the porous solids.
Looking at the shape of adsorption isotherm for MOPS3, it is very difficult to
categorise the shape of the adsorption isotherm to match with those five
isotherms. However, there is adsorption-desoprtion isotherm hysteresis
observed where the desorption curve is above the adsorption one, the
adsorption isotherm for MOPS3 may be classified as Type III isotherm.
According to Do (1998) at low pressure, the adsorption is low. At high
pressures, the adsorption is due to capillary condensation in mesopores. The
shape of the adsorption isotherm for MOPS5 on other hand, is similar to the
Langmuir isotherm (monolayer coverage) which can be classified as a Type I
isotherm (Figure 5.18).
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The shape of the adsorption isotherm for MOPS5 is similar to the adsorption
isotherm for the un-oxidised MOPS5 (Figure 5.19) which typifies the Langmuir
isotherm (Isotherm Type I).
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Figure 5.20 is the adsoprtion pore distribution plot based on .Barret-JoynerHalenda Method (BJH). The detailed explanation on how this method is used
to compute pore volume in porous material can be found in the article written
by Barrett et al (1951).
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Figure 6.20 shows that MOPS3 contains mainly mesopores 2-S0 nm. On the
other hand, MOPSS contains less mesopores than the MOPS3. Even though
the adsorption isotherm for MOPSS (Figure S.18) indicates that the carbon is
microporous (pore less than 2 nm), the plot does not indicate the presence of
micropores within the carbon. This could be due to the limitations of the BJH
method.
S.S.2.2 Surface Area and Porosity of Carbons
The BET surface areas for MOPS3 and MOPSS, the product of modified
MOPS carbons are quite small: 17.71 m2 g"l and 20.73 m2 g"l respectively,
other physical properties for the carbons including density as well as void
fraction for both carbons are tabulated in Table S.2.
For comparison, the BET surface area for un-oxidised MOPSS is about 373
m2 g"l. This means that the surface area for MOPSS reduced to 94.4% of the
original surface area after oxidation with nitric acid for 24 hours. This may be
due to destruction of pore walls that reduced the value of pore volume.
Table S.2. Physical Properties of MOPS3 and MOPSS
Pore

Type of

BET Surface

Density of a

carbon

Area

carbon

volume

fraction

(g cm"3) .

(cm"3 g "1)

(%)

(m2 g"l)

Void

D

MOPS3

17.71

1.69

0.026

4.0

un-modified
MOPSS
MOPSS

372.79

1.68

0.166

21.8

20.73

1.68

0.011

2.0

Note:
a
b

Density of carbon was determined by the Micromeretics Multivolume
Pycnometer 130S.
Pore volume was obtained from nitrogen sorption on activated carbon
analysed using ASAP 2001 based on the BJH sorption model.

The pore volume and void fraction for MOPS3 are twice the MOPSS value,
which agrees with the pore distribution as indicated by Figure S.20. The SEM
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photographs, (Figures 5.15 and 5.16), also confirm that the porosity for
MOPS3 is bigger than for MOPS5. It should be noted that calculation of void
fraction of the carbons was made in accordance to the procedure shown in
APPENDIX E (Part A).

As seen in Table 5.2, the densities of both MOPS3 and MOPS5 are about 1.7
g cm·

3

.

This higher density value and lower porosity makes the MOPS

stronger than the modified F400 which was tested and discussed previously.
The particle density and the porosity of F400 are 1.35 g cm-3 and 60%
respectively (Rangel-Mendez, 1997).

5.5.2.3 Particle Size of Carbons
From the SEM photographs of MOPS3 and MOPS5, size analysis was
performed to obtain the mean particle size of both carbons. From the
analysis, the specific surface was calculated, assuming spheres and the
specific surface area (S'v) = 0.0917 f.lm-1 giving the particle size of carbon as
65.4 f.lm. However, since the carbon was sieved using two sieves of 45 f.lm
and 53 f.lm, it is expected that the particle size of the carbon should not be
more than 53 f.lm. Looking at the carbon particles, their shape seems to be
similar to "flint sand", and correcting for sphericity using If/ (surface area of
sphere of same volume as particle/surface area of particle) =0.78; the
v IS -S'v = 0.0917
correc ted specl'f'IC area 0 f th e carbon (S)'
If/
0.78

.
O. 1175 f.lm -1·
giVing

the Sauter mean particle diameter (d) = ~ = 51 f.lm. The Sauter mean
S,
diameter is defined as "the diameter of a sphere having the same equivalent
specific area as the particle, sometimes called the surface volume mean"
(Rushton et aI, (2000)). However, for simplicity, the diameter of carbon
particle used in the modelling work in Chapter 6, is 50 f.lm.
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5.5.2.4 Potentiometric Titration

The results of potentiometric titration of 0.1 g of MOPS3 and MOPS5 in 0.1 M
50 ml of HCI with 0.1 M NaOH in the form of pH titration curves are shown in
Figure 5.21. The pH titration curves are characteristic of adsorbents
containing weakly acidic functional groups which can be seen from a gradual
rise of pH in the solution as small amounts of alkali are added into the carbon
suspension system. The titration curve for the blank (0.1 M HCI) shows a
steep curve showing a characteristic of a strong acidic solution.
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Figure 5.21. Titration of MOPS3 and MOPS5

Figure 5.21 also shows that MOPS5 has slightly more binding capacity than
the MOPS3.

The functional groups of the carbon can be normally identified from the
inflexion points of the titration curves. However the inflexion points could not
be observed easily from the titration curve. A method suggested by Horword
(1998) to obtain pKa values of weak acid functional groups using a buffer
capacity concept could be employed to achieve this objective. Buffer capacity
is defined as the quantity of base which can be added to acid solution before
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the pH of the solution changes drastically. If this definition is turned into a
mathematical term, the buffer capacity is the slope of the titration curve within
the buffer region. The bigger the slope, the poorer the ability of the buffer to
maintain the pH. The slope of the curve is called the buffer index

(B~.

I!.C
Bl=-I!.pH

where
I!.C is the changes of quantity (moles or volume) of strong base added, and
I!.pH is the changes of pH.

If BI is plotted against pH of the solution, "blip(s) " show the maximum buffer
capacity appearing at the pH around the pKa for a particular acid. Knowing
the pKa, the name of the functional groups may be identified.
To demonstrate the application of this technique for determination of
functional groups in a weak organic acid, the titration data for acetic acid was
. obtained from the chemistry text book ( Skoog et aI, 1996) and the data was
plotted as shown in Figure 5.22
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Figure 5.22. The Plot of Buffer Index for Acetic Acid

From Figure 5.22, the blip appears at pH 4.75 and indicates that the pKa is
4.75. This pKa is the value for the carboxylic functional groups present in the
acetic acid.
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The applicability of this method for identification of functional groups in
activated carbon has been shown by Biniak et a/ (1997).

The B/ plots against pH for both MOPS3 and MOPS5 can be seen in Figure
5.23 and Figure 5.24 respectively.

The "blips" at the pH ranges of 2.5-7

indicates the presence of carboxyl groups, and in the pH ranges 8-10
indicates the presence of phenolic functional groups (Morel, 1944). According
to Matsumura (1975), surface acidity groups neutralise up to a pH 7 would be
carboxylic acids, and those neutralised at pH higher than 9, would be mainly
phenols. The pH titration curve for a blank (HCI against NaOH) has shown
that there is no "blip" throughout the titration process indicating no weakly
acidic or phenolic functional groups exist in HC/.
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Figure 5.24. Plot of Buffer Index Against pH for MOPS5
5.5.2.5 Direct Titration

Quantification of functional groups present in the carbon was conducted by
direct titration.

Both MOPS3 and MOPS5 contain carboxylic, lactonic and

phenolic functional groups that are responsible for adsorption of metal ions
onto the carbons. Based on total sodium capacity, it is found that the MOPS5
has more adsorption capacity than the MOPS3. The total sodium capacity for
MOPS3 and MOPS5 are 4.4751 meq g.1 and 5.2418 meq g01 respectively.
The results of the titration are given in Table 5.3.

Table 5.3. Concentration of Oxygen-Containing Groups

Types of
Carbon

Functional Groups (meq/g)
Carboxylic

Lactonic

Phenolic

Total Sodium
Capacity
(meq/g)

MOP3

2.4325

1.1612

0.8814

4.4751

MOP5

2.4268

1.9526

0.8624

5.2418
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5.5.2.6 Copper Sorption Isotherms
Copper sorption by MOP3 and MOP5, follow the Langmuir expression

bC

q = qm , . The sorption isotherms for MOPS3 and MOPS5 are depicted in
1+bC,

Figure 5.25 and Figure 5.26 respectively. From these figures, it was found
that the equilibrium parameter (Rs) for both carbons as defined by Hall (1966)
are less than 1 but not zero, indicating "very favourable" isotherms. Examining
the equilibrium parameters, they also indicate that the adsorption system for
both carbons should be reversible. However, the reversibility" of carbons will
be confirmed by experiments and will be discussed in Chapter 7.

Further examination of the isotherm shape also indicates that the isotherm is
the H-type (high affinity) isotherm which is a normal characteristic of sorption
of the adsorbate by an ion exchange as described by Giles et a/ (1 960).
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From the isotherm plots, the Langmuir constants and other relevant
information on the isotherm are summarised in Table 5.4.

Table 5.4. The Langmuir Constants for the MOPS3 and MOPS5.

Name of Modified

Parameter

Activated Carbon

Langmuir*

Langmuir*

Correlation

Constant

Constant

Coefficient

(b)

(qm)

(r2)

(I mg· 1 )

(mg g.1)

MOPS3

7.35

22.8

0.999

MOPS5

4.04

78.7

0.999

Note'
band qm values were taken from the linear plots of the Langmuir isotherms

(refer to equation 2.7, Chapter 2.)

From Table 5.4, it is shown that the maximum sorption capacity MOPS3 and
MOPS5 for copper are 22.8 mg g.1 (0.359 mmol g.1) and 78.7 mg g.1 (1.239
mmol g.1) respectively.
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Looking at the surface oxygen content for MOPS3, it is about 85.34% of the
MOPS5 value. One would expect that the adsorption capacity for copper on
MOPS3 would be around 85% of the capacity on MOPS5. However, the
MOPS3 equilibrium capacity for copper is only 29% of the MOPS5. This is
not proportional to the surface oxygen content.
There is no simple explanation offered for this discrepancy. It could be that
other functional groups may be present in the MOPS5 and responsible for
more copper ions bounds compared to the MOPS3. The possibility of
phosphate groups in MOPS5 cannot be ruled out, as the precursor for
MOPS5 was soaked in H 3P0 4, 13 hours longer than the precursor for MOPS3.
It is believed that H3 P0 4 impregnated in the precursor for MOPS5 and
oxidised to phosphorus oxides during the carbonisation process. According to
Laine et a/ (1989), not all phosphorus oxides react with water and leach into
the wash water during the carbon cleaning process. From the work of Toles et
a/ (1997), even though the carbon was thoroughly washed up to 36 hours,
there was still about 3wt.% of phosphorus left in the carbon particle as
determined by X-ray fluorescence analysis (XRF) before acid oxidation and
about 2 wt% after oxidation. This is supported by the work of Jagtoyen et a/
(1992). The remaining phosphorus oxides can react with oxygen- and OHcontaining hydrocarbons to form phosphoric acid functional groups.
The presence of phosphorus functional groups in the activated carbon
prepared by chemical activation (H 3P04) was detected by Laine et at (1989),
from the reading of infrared spectra at the band of 985 cm· 1• The researchers
suggested that that band could be due to P-O stretching from either inorganic
or organic species.
Literature also reported that (Strelko, Jr. et a/ (1999) if phosphorus functional
groups are present in the adsorbent, the groups are more acidic than the
usual functional groups on surface modified carbons. This could be true for
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MOPS5, since there is a blip at a lower pH range 3-4 (Figure 5.24) and it did
not appear in MOPS3 (Figure 5.23).
The actual determination of phosphorus functional groups, however, was not
carried out in this study, due to the complicated procedure required and
expensive analysis involved.

5.5.2.7 Mechanism of Copper Adsorption onto MOPS3 and MOPS2
The mechanism of copper sorption onto modified MOPS was determined by
mini column experiments. Copper bearing solution was passed through a mini
column containing MOPS2 and MOPS3, the details are in Table 5.5.
Table 5.5. Parameters for Column Experiments Using MOPS2 and MOPS3

Type of

Bed

Bed

Concentration

Flow rate

Carbon

Height

Volume

of copper feed

(ml hour-1)

(cm)

(ml)

solution
(mg r1)

MOPS2

12.5

0.795

65.63

16.18
(20.35 BV/h)

MOPS3

12.5

0.795

62.40

16.30
(20.5 BV/h)

The pH of solution exiting the column was monitored and recorded at 30
seconds intervals throughout the column experiment using a computer
programme written in QBASIC. The pH profiles and breakthrough curves for
MOPS2 and MOPS3 are shown in Figure 5.27 and Figure 5.28. From both
figures, it can be seen that the pH rapidly fell below the pH of the feed
solution and remained constant during the sorption phase. This indicates that
protons have been exchanged by copper ions at the functional groups
attached onto the surface of the activated carbon. After this period, the pH
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increased steadily approaching the initial pH value. The copper ions
exchanged in the column, calculated from pH measured, coincide with the
profile of breakthrough curves as shown in both Figures 5.27 and 5.28. This
indicates that the ion exchange process (copper sorption) took place, onto
modified MOPS, where 2 moles of protons were exchanged with 1 mole of
copper ions.
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5.6 KINETIC EXPERIMENTS

5.6.1 Sorption Kinetics of Copper onto Modified MOPS3

Kinetics of copper sorption onto modified MOPS3 were evaluated by
contacting 0.1 g of the activated carbon in two different initial copper
concentrations at about 0.5 ppm, and 1 ppm at different stirring speeds such
as 320 rpm, 600 rpm and 1200 rpm.
The effect of stirring speed on the rate of copper adsorption onto carbon in
copper solution of 0.5 ppm and 1 ppm are given in Figure 5.29 and Figure
5.30 respectively. In a copper solution of 0.5 ppm, adsorption of copper onto
MOPS3 increases as stirring speed increases from 320 rpm to 600 rpm but,
further increase in stirring speed (1200 rpm) does not improve the adsorption.
In copper solution of 1 ppm, adsorption of copper, however, did not vary very
much with stirring speed. This could imply that the effect of liquid to particle
mass transfer is negligible.
The effect of bulk concentration on the rate of copper adsorption at a fixed
stirring speed of 320 rpm, 600 rpm and 1200 for both copper concentrations
are illustrated in Figure 5.31, Figure 5.32 and Figure 5.33 respectively. At a
fixed stirring speed, the rate of copper adsorption is faster at 0.5 ppm than at
1ppm. This may be due to higher energy binding sites becoming saturated as
the metal/carbon ratio increases. This, reduces the efficiency of copper
sorption (Reed and Matsumoto (1993a)).
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5.6.2 Sorption Kinetics of Copper onto MOPS5

The effect of stirring speed on copper adsoprtion onto MOPS5 at initial
copper concentrations of 0.5 ppm, 1 ppm and 6.7 ppm can be seen in Figure
5.34, Figure 5.35 and Figure 5.36 respectively. It was observed that in all
experiments as the stirring speed increased from 320 to 600 rpm, the copper
adsorption increased but the adsorption rate did not increase thereafter; even
though the stirring speed increased to 1200 rpm. This may be interpreted
that at low stirring speed, aqueous film diffusion is the controlling factor but at
higher stirring speeds (higher than 600 rpm), the film diffusion is no longer
dominating, but intraparticle diffusion is.
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The effect of initial copper concentration on copper adsorption onto MOPS5 is
shown in Figures 5.37 - 5.39. These figures show that the rate of adsorption
is faster at lower initial copper concentration both at 0.5 ppm and 1 ppm
compared to 6.7 ppm.
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The rate of copper sorption on modified MOPS5 at 0.5 ppm and 1 ppm of
copper solution is faster than the MOPS3 from all experiments carried out at
300 rpm, 600 rpm and 1200 rpm as can be seen in Figures 5.40 - 5.42 (data
for 1 ppm are not shown). This is due to the fact that the copper capacity for
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modified MOPS5 is higher than the modified MOPS3. In addition, the surface
area of modified MOPS5 is marginally higher than the modified MOPS3.
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Figure 5.40. Copper Adsorption Kinetics by Modified MOPS3 and
MOPS5 at Stirring Speed of 320 rpm (Cu=0.5 ppm).
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5.7

SUMMARY

In this chapter results have been presented to show that the nickel
microfiltration membrane may be used in the adsorption phase for copper
removal but is not appropriate at pH values required for desorption. Copper
can be loaded onto, and off, the modified carbons by suitable pH adjustment,
but the physically strongest carbon for use in the seeded MF circuit appears
to be derived from MOPS. The particle size of the MOPS is approximately 50
I1m and the modification process has enhanced the number of ion exchange
groups on the particle surface, and within the pores. A Langmiur type
isotherm adequately represents the equilibrium data for copper in/on the
modified carbon. The hydrodynamic conditions, such as stirring rate, does
influence the mass transfer kinetics up to a threshold, beyond which the
kinetics are independent of stirring speed. This type of behaviour is often
encountered and these are encouraging results for the application of mass
transfer models of adsorption/ion exchange that will be applied in the next
chapter.
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CHAPTER SIX - ADSORPTION MODELLING DISCUSSION

6.0 INTRODUCTION

In order to understand the mechanism of copper adsorption onto MOPS3 and
MOPS5 as described in Chapter 5, an attempt was made to determine
important parameters for copper sorption: external mass transfer coefficient
(k) and internal diffusion coefficient (Os). The combined effect of k and Os on
the copper adsorption was later assessed for both batch and continuous
systems.
6.1 ADSORPTION OF COPPER IN A BATCH SYSTEM
A simple diffusion model was initially used to fit experimental data to try and
determine the values of external mass transfer coefficient and internal
diffusion coefficient.

Conventional plots of In (1-F) vs t and In (1-F2) vs t

(where F is fractional approach to equilibrium and t is time, as defined in
equation (6.1)) have been successfully used by Nair (1990) to predict the
mechanism of adsorption of radionuclides Sr, Cs, and Co onto oxidised
activated carbon. The plot of In (1-F) vs t will result in a straight line passing
through the origin if the adsorption process is controlled by film diffusion
(Harland, 1994). On the other hand, the plot of In (1_F2) vs t should be a
straight line passing through the origin if intraparticie diffusion is controlling
(Vermeulen, 1953).

F

the amout of copper adsorbed at time t
total amout of copper adsorbed at equilibrium

(6.1 )

However, the use of such plots was unsuccessful in representing copper
adsorption data onto MOPS3 and MOPS5 in the batch system in this study.
The use of such plots may be best suited to describe diffusional transport of
non-ionic species or isotopic exchange.
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In view of this, the combined effect of external mass transfer coefficient (k)
and internal diffusion coefficient (Os) on the copper adsorption was assessed.
This was achieved by obtaining isotherm constants and mass transfer
coefficient values together with relevant system parameters such as, amount
of carbon, carbon density, carbon particle size, volume and concentration of
copper solution. These parameters were applied using the homogenous solid
diffusion model (HSDM) which was described in Chapter 4. The data
generated from the model could be compared to the experimental data
obtained from various experimental conditions.

In doing so, the values of k and Os were determined by the best-fit correlation
of the model with experimental data as suggested by Smith (1996). To help in
estimating the value of k, a film diffusion model consisting of the three
following equations was solved simultaneously and the model was fitted to
the experimental data. The theory on this model has been described in
Chapter 4.

dq

m-= kA(C- C)
dt
'

dC

dq

V-=-mdt
dt

(6.2)

(6.3)

(6.4)

The definition of the terms was described in Chapter 4.

Based on HSDM, the values of k and Os obtained for copper adsorption onto
MOPS3 and MOPS5 under various stirring speeds and copper bulk
concentrations are given in Table 6.1. This table shows the results generated
from the prediction from HSDM using of k and Os values for MOPS3 and
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MOPS5 that are a correct match with the experimental data shown in Figure
6.1 to Figure 6.15.

Table 6.1. External Mass Transfer Coefficient and Diffusion Coefficient for
Copper Sorption on MOPS3 and MOPS5 at Different Copper
Bulk Solutions and Stirring Speeds.

MOPS3
MOPS3
MOPS3

50
50
50

Initial
Copper
Con.
(mg rl)
0.478
0.478
0.478

MOPS3
MOPS3
MOPS3

50
50
50

0.917
0.917
0.908

320
600
1200

1.20E-02
2.20E-02
2.50E-02

1.2E-11
1.2E-11
1.2E-11

MOPS 5
MOPS 5
MOPS 5

50
50
50

0.571
0.571
0.591

320
600
1200

1.20E-02
2.20E·02
2.50E-02

7.0E-11
7.0E-11
7.0E-11

MOPS 5
MOPS 5
MOPS 5

50
50
50

0.919
0.919
0.862

300
600
1200

1.20E-02
2.20E·02
2.50E-02

7.0E-11
7.0E-11
7.0E-11

MOPS 5
MOPS 5
MOPS 5

50
50
50

6.7
6.7
6.7

320
600
1200

1.20E-02
2.20E-02
2.50E-02

7.0E-11
7.0E-11
7.0E-11

Diameter
Type of
Carbon (Microns)

Stirring
Speed
(mg rl)

Mass
Difusion
Transfer
Coefficient
(cm 2s'1)
Coefficient
(cm S·l)
1.2E-11
320
1.20E·02
600
2.20E-02
1.2E-11
1.2E-11
1200
2.50E-02
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Figure 6.1. Curve Fitting for Sorption of Copper onto MOPS3
(Cu = 0.478 ppm, Stirring Speed =320 rpm).
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Figure 6.2. Curve Fitting for Sorption of Copper onto MOPS3
(Cu = 0.478 ppm, Stirring Speed =600 rpm).
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Figure 6.3. Curve Fitting for Sorption of Copper onto MOPS3
(Cu = 0.478 ppm, Stirring Speed =1200 rpm).
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Figure 6.4. Curve Fitting for Sorption of Copper onto MOPS3
(Cu = 0.917 ppm, Stirring Speed =320 rpm).
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Figure 6.6. Curve Fitting for Sorption of Copper onto MOPS3
(Cu = 0.908 ppm, Stirring Speed =1200 rpm).
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Figure 6.9. Curve Fitting for Sorption of Copper onto MOPS5
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Figure 6.10. Curve Fitting for Sorption of Copper onto MOPS5
(Cu = 0.919 ppm, Stirring Speed =300 rpm).
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Figure 6.11. Curve Fitting for Sorption of Copper onto MOPS5
(Cu = 0.919 ppm, Stirring Speed =600 rpm).
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Figure 6.12. Curve Fitting for Sorption of Copper onto MOPS5
(Cu = 0.862ppm, Stirring Speed =1200 rpm).
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Figure 6.13. Curve Fitting for Sorption of Copper onto MOPS5
(Cu = 6.7 ppm, Stirring Speed =320 rpm).
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Figure 6.14. Curve Fitting for Sorption of Copper onto MOPS5
(Cu = 6.7 ppm. Stirring Speed =600 rpm).
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Figure 6.15. Curve Fitting for Sorption of Copper onto MOPS5
(Cu = 6.7 ppm, Stirring Speed =1200 rpm).
The results from the model are good agreement with all experimental data as
shown in Figures 6.1 - 6.15. The kinetics of copper sorption in modified
MOPS is found to be transport limited as follows: a rapid first step resulting
from extemal mass transport resistance alone and then a steady decline due
to metal ion diffusional resistance through the solid modified MOPS matrix.
From the modelling work, it can be concluded that the diffusion coefficient
values for MOPS3 and MOPS5 are 1.2x10· 11 cm 2

S·1

and 7.0x10· 11 cm 2

S·1

respectively and they were independent of the prevailing hydrodynamic
conditions.
However, both diffusivities for the copper within the carbons are low. These
diffusion coefficient values are much slower than diffusion of copper in water
i.e. 7.14x 10.6 cm 2

S·1

(Slater,1991). A BET investigation showed that the

intemal porosity was only 2% to 4 %, and these diffusivities are consistent
with ones recorded for highly cross-linked (Iow porosity) ion exchange media.
The diffusivities obtained from this study are within the results reported in the
literature. For a comparison, the surface diffusivities within activated carbon
F400 which has been impregnated with oxine for various metal ions such as
cadmium, lead and zinc are 5 x 10-10 cm 2
8 x 10.11 cm 2

S·1.

S·1,

1x1 0. 10 cm 2

S·1,

and

These data were obtained from a prediction of HSDM using

the work of Ravindran et at (1999).
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These results indicate the excellent predictive capability of the model when
surface diffusion may be considered as the only significant mechanism for the
intraparticle transport of copper ions into the modified MOPS.

Surprisingly, the properties of MOPS3 in terms of diffusivity of copper within
the particle reduced from 1.2x10·" cm 2 s·, to 4x10·'2 cm 2 s·, after nine
months of MOPS3 storage.

This was observed from the results of batch

kinetic experiments conducted in March to July 1999 using the stirred cell and
pilot plant rig. The last kinetic study prior to this experiment was conducted in
June 1998. Within that period of time the MOPS3 had been stored in a glass
container stoppered with an uncovered rubber bung without any disturbance.
Comparison of copper kinetics studies using 0.5 g

r' MOPS3 in

1 ppm of

copper solutions within the period of June 1998 and in March 1999 is given in
Figure 6.16.

As can be seen from this Figure, the concentration decay

obtained from three (3) experiments from March to July 1999 were similar but,
"shallower" than the results obtained in June 1998.

This means that the

diffusion of copper in the MOPS3 particle was slower than in June 1998. It
should be noted that the deeper the concentration decay the faster the
copper sorption kinetics.
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Figure 6.16. Copper Concentration Decay (Copper Sorption
on MOPS3 in 1998 and 1999)
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To investigate this change, a series of flask shaking experiments were carried
out again, to establish a new copper sorption isotherm and it was found that
there was negligible change in the constants of the isotherm (result not
shown).
In view of this, the values of the sorption constants for MOPS3 obtained in
1998 (see Table 5.4) were used to predict copper concentration decay for
these experiments. Good agreement was obtained between the HSDM
prediction and experiment data. The results of experiments on March 4, 1999
(stirred cell) and March 22, 1999 (pilot plant rig) and July 14, 1999 (pilot plant
rig) with predictions from HSDM are given in Figure 6.17, Figure 6.18 and
Figure 6.19 respectively. All these experiments give a constant value of Os as
4x1 0. 12 cm 2 S·1.
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Figure 6.17. HSDM Prediction on Copper Concentration
Decay (Cu=0.976 ppm, 320 rpm, Stirred Cell,
March 4, 1999)
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(1 ppm , 320 rpm, Pilot Plant, July 14, 1999).
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6.2 ADSORPTION OF COPPER IN A CONTINUOUS FILTRATION SYSTEM
To confirm the diffusivity value for MOPS3, it was tested in a continuous
filtration system using a 400 ml stirred cell fitted with a nickel membrane with
pore size of 18 Ilm. The cell contained 0.6 g

r1

of MOPS3 suspension.

Copper solution with concentration of 0.527 ppm was fed into the cell at a
permeate flow rate of 0.78 ml

S·1.

Prior to the experiment, mixing conditions

for the system was checked, and it was found that the system fitted the CSTR
model as shown in Figure 6.20. This experiment was also designed to
investigate whether the distribution of carbon particles in the bottle used to
keep the carbon influenced the adsorption results. For this, two samples were
taken from the top and the bottom of the bottle. Each sample was used in an
experiment.
For each experiment, copper concentration in the permeate was monitored
and compared with the prediction from the HSDM where Ds = 4x1 0. 12 cm 2
Figure 6.21 shows that with Ds = 4x1 0.12 cm 2

S·1,

the model was able to predict

the profile of copper in the permeate well.

0.60
0.50

Ea. 0.40

.s
c 0.30
8

c3

•

0.20

Experimental data

-CSTRModel

0.10
0.00

_-~-~--~-~-~-

o

2000

4000

6000
Time (s)

BOOO

S·1.

10000

Figure 6.20. CSTR Model of Copper Filtration Using
a Stirred Cell. (Cu=0.526 ppm,
Flow Rate = 0.8 ml S·1, Stirring Speed=320 rpm)
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Figure 6.21. Prediction and Experimental Data.
(Cu=0.527 ppm ,320 rpm, Flow Rate=0.783 ml s·'
k=0.015 cm S·l and D=4x1 0.12 cm 2 s·" Stirring
Speed 320 rpm).

From Figure 6.21, it is shown that the sample from the top and the bottom of
the bottle gave similar results leading to the conclusion that the distribution of
particles in the bottle was even, and this was not the reason for the reduction
in the apparent diffusivity value for MPOS3 from 1.2x10·11 cm 2
cm 2

S·l

S·l

to 4 X10· 12

but it could be due to unknown changes in properties of the carbon.

MOPS5 carbon was also tested in the continuous adsorption system. The
results of the experiment are shown in Figure 6.22. MOPS5 showed a faster
kinetics with higher removal efficiency for the copper compared to MOPS3.
This can be seen from the profile of copper concentration in the permeate
where a lower concentration of copper was observed.
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Figure 6.22. Prediction and Experimental Data.
(0.24 g of MOPS5 Carbon with Cu=0.527 ppm,
at Flow Rate = 0.73 ml s'" pH 4.7 and Stirring
Speed=320 rpm)

When applying the HSDM, with Os =7.0x1 0. 11 cm 2

S·l ,

once again the model

prediction successfully fitted the experimental data. This is consistent with
the results from batch kinetic experiments.

6.3 ADSORPTION OF COPPER ON MODIFIED MOPS IN STAGED
ADDITION MODE
The mass transfer coefficient and diffusivities were found to be consistent
under various operating conditions for many experiments for both MOPS3
and MOPS5. This led to confidence in modelling the adsorption of copper
onto modified carbons in staged addition mode, where carbon is added at
fixed time intervals to the continuous filtration system to remove copper. The
efficiency of copper removal using this mode, and adsorption in the
continuous system without staged addition, are compared.
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The results of staged addition of MOPS3 carbon to the continuous
microfiltration system are illustrated in Figure 6.23 for a flow rate of 0.67 ml

S·l

and Figure 6.24 is for an experiment conducted at the flow rate of 0.808 ml s'
1.

From these experiments, the HSDM for the removal of copper using the

microfiltration system successfully fitted the experimental data with a
diffusivity of copper of Os =4 x 10.12 cm 2 S·l.
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Figure 6.23. Model Prediction and Experimental Data.
(0.08 g of MOPS3 is added at 0, 30 and 60 min.
Flow Rate = 0.67 ml s'" Cu =0.541 p,Pm,
k=0.013 cm S·l and D=4x1Q·12 cm 2 s' ,
Stirring Speed = 320 rpm).
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Figure 6.24. Model Prediction and Experimental Data.
(0.08 g of MOPS3 is added at 0, 30 and 60 min.
Flow Rate = 0.808 ml S·l, Cu initial =0.542 ppm,
k=0.013 cm S·l and D=4x1 0. 12 cm 2 S·l, Stirring
Speed =320 rpm).
Examining Figures 6.23 and 6.24, it can be observed that more copper was
adsorbed when fresh MOPS3 was added at 30 minutes and 60 minutes after
starting the experiments, by looking at the reduction of copper concentration
immediately after each addition of carbon.

The concentration of copper

gradually increased after each introduction of fresh carbon, as the functional
groups on the carbon become saturated.

These two experiments also showed that the performance of copper removal
is better at lower feed flow rate as predicted by HSDM. This is due to the fact
that the contact time between copper and the carbon allows more of the
copper to adsorb leaving less copper in the permeate.
The performance of copper removal from the filtration system using single
addition and staged addition can also be compared. For easier discussion,
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the results from the model prediction for single and staged addition of carbon
will be used to represent experimental data under the experimental conditions
from Figure 6.24. This is quite reasonable because the single and staged
additions of carbon in the microfiltration were successfully predicted by the
HSDM.

The results from single and staged addition of carbon in the

microfiltration are shown in Figure 6.25 .
0.6
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Figure 6.25. The Profile of Copper Concentration in the Permeate
from Single and Staged Addition of MOPS3 (0.08 g of
MOPS3 is added at 0, 30 and 60 min. Flow Rate= 0.808
ml S·l, Cu initial =0.542 ppm, k=0.013 cm S·l
D=4x1 0. 12 cm 2 S·l and Stirring Speed = 320 rpm).
From Figure 6.25, at the beginning of the experiment until 3600 seconds the
removal of copper was more efficient by the single addition compared to the
staged addition mode. However, between 3600 and 11000 seconds

the

staged addition mode showed better performance than the single addition
mode. Beyond 11000 seconds, the performance in copper removal for both
filtration modes were similar.

However, the overall performance of these

modes are similar since the amount of copper removed is about the same.

CHAPTER 6: ADSORPTION MODELLING DISCUSSION

216

Copper removal by the microfiltration system was also tested using MOPS5 in
staged addition mode. The results of the experiments are illustrated in Figure
6.26. The HSDM fitted the experimental data reasonably well. The diffusivity
of copper in the carbon that fitted the model is the same as the diffusivity
value obtained from the batch and continuous experiments i.e. Os =7.0x1 0'"
cm 2 s·'. This, again confirms the validity of the diffusivity of copper in the
MOPS5 carbon.
Similar copper sorption behaviour, as for MOPS3, was also observed in the
experiment involving MOPS5.

More copper was removed from the liquid

phase when fresh MOPS5 carbon was added at 30 and 60 minutes. The
concentration of copper in the liquid phase gradually increased as the
functional groups on the carbon become saturated.
However, under such experimental conditions, the removal of copper by
MOPS5 was better when single addition mode was employed compared to
staged addition mode. After 3600 seconds, the copper concentrations in the
permeate were almost the same for both modes of carbon addition. This was
probably due to the MOPS5 adsorption being more influenced by the film
resistance. Whilst the MOPS3 adsorption was more strongly controlled by the
internal diffusion.
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Figure 6.26. Measured and Predicted Copper Concentration in Permeate
(0.08 g of MOPS5 is added at 0,30 and 60 min. k=0.014 cm 5-1
and 0 =7x1 0-11cm 2 5- 1. Flow Rate 0.775 ml 5·1, Cu initial =0.545
ppm, Stirring Speed =320 rpm)
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6.4 MICROFILTRATION EXPERIMENTS IN PILOT PLANT RIG

6.4.1 Preliminary Tests on the Filtration System

The volume of fluid in a fully enclosed process tank (stirred cell) during
continuous microfiltration can be maintained at a constant level as long as
there is no air space in the cell. Thus, when fluid is pumped into the cell, the
flow rate of fluid to this system can be assumed the same as the permeate
flow rate.
However, when the process tank is an open tank and gravity flow, with an aid
of siphon, is used to transport the fluid into the tank, the volume of fluid in the
process tank (referred to as tank volume) may change during the experiment.
The tank volume, therefore, needs to be observed and recorded.
In view of this, an investigation in the pilot plant crossflow microfiltration rig in
terms of change of tank volume during the filtration process was carried out at
fixed TMP using tap water, without carbon or copper ions. This was important
because the feed solution from a 20000 ml tank was fed to the process tank
without using a pump, but by means of gravity and a siphon. The other
important parameter recorded was the permeate flow rate. The flow rate of
feed solution was not measured so it was estimated from the tank volume
change and permeate flow.
When the water waS filtered through the membrane module, fitted with a
nickel membrane with 18)lm pore size, which was connected to the process
tank, the permeate flow rate was found to be constant. However, the tank
volume slightly declined as the filtration process progressed.

This can be

seen from the results of two experiments shown in Figure 6.27 and Figure
6.28.

Figure 6.27 shows the results of the first experiment where the

permeate flow rate was constant at about 780 ml min'l but the tank volume,
with an initial value of 20000 ml, declined to 18200 ml after 4050 seconds of
experiments. Figure 6.28 shows the results for the second experiment where
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1

the permeate flow rate was constant at about 760 ml min· but the tank
volume, with an initial value of 20000 ml, declined to 17300 ml after 10800
seconds of experiment.
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Figure 6.27. Variation of Permeate Flow Rate and ank Volume
when the Tap Water is Filtered (First Experiment).
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Figure 6.28. Variation of Permeate Flow Rate and
Tank Volume when the Tap Water is Filtered.
(Second Experiment)

CHAPTER 6: ADSORPTION MODELLING DISCUSSION

220

The effect of tank volume on the mixing condition was further investigated by
feeding a copper solution of 1.07 ppm from the feed tank to the process tank
containing 20000 ml of deionised water. The fluid in the process tank was
filtered through the 18 M-m membrane. Its volume and the concentration of
copper in the permeate were monitored and recorded. The concentration of
copper in the permeate was compared to a CSTR model prediction based on
equation (6.5). Prior to using the equation, the mathematical relation between
the fluid volume in the process tank (V) and time (t) together with the
mathematical relation between the permeate flow rate (Qo) and time (Q were
obtained. For easier calculation, it was assumed that the feed flow rate equals
the permeate flow rate.

C

-' =(1- e

(~2s!.,)

(6.5)

v )

Co

where

Co = concentration of copper in feed stream (g cm·\ and
Ce = concentration of copper in effluent (g cm·3 ).
Equation (6.5) was solved numerically using PDESOL software, where the
values of Qo and V in relation to time (in equation (6.5)), were respectively
obtained from Figure 6.29 and Figure 6.30.

Q o= .4E.Q8t'

+ 0.0006t + 10.794

R' = 0.8601
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Figure 6.29. The Plot of Permeate Flow Rate Against Time
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Figure 6.30. Variation of Tank Volume Versus Time

The values of 0 0 and V in relation to time are represented by equation (6.6)
and equation (6.7) respectively.

Q" == -4 x 10-8 t 2 + 0.0006t + 10.794

(6.6)

V == -o.l21606t+19018

(6.7)

The profile of the normalised copper concentration (.E...) obtained from the
Co
CSTR model solved by PDESOL software is shown in Figure 6.31.

As a

comparison, the normalised copper concentration from the CSTR model
calculated from a mass balance, numerically solved according to the
procedure described in APPENDIX C, is also shown in the Figure 6.31 (refer
to

APPENDIX

model).

F, a spreadsheet for numerical calculation for the CSTR
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Figure 6.31. CSTR Model Prediction and Experimental Data for
Mixing Condition in the Pilot Plant Rig
From Figure 6.31, it seems that the prediction CSTR model, solved by
PDESOL, produced slightly better results than the predicted CSTR model
solved based on a mass balance. However, overall, the copper profile in the
permeate agreed reasonably well with the CSTR model with copper in the
permeate being slightly higher than the model at the experiment time between
1600-6000 seconds. It is expected that with incorporation of feed flow rate
profile into the equation, a better CSTR model prediction might be obtained.
Unfortunately, with the set up of the filtration rig, the measurement of the feed
flow rate was not able to be carried out.
During the filtration, the profile of the TMP against time is shown in Figure
6.32. From this Figure, the TMP was lower than 0.125 bar.
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Figure 6.32. The Profile of TMP During the Filtration
of 1.07 ppm of Copper Without Carbon.

6.4.2 Seeded Crossflow Microfiltration for Removal Copper Combined
With MOPS3
The applicability of a nickel membrane of different configurations, combined
with MOPS, in the removal of copper from solution using the crossflow
microfiltration rig in the pilot plant was tested. Three membrane configurations
were used namely:

i.

Configuration A: slotted membrane with 10 Ilm wide and 400 Ilm
long, slots with the longest dimension parallel to the retentate
flow,

ii.

Configuration B: slotted membrane with 10 Ilm wide and 400 Ilm
long, slots with the shortest dimension parallel to the retentate
flow, and

iii.

Configuration C: normal nickel membrane with a uniform pore
size of 18 Ilm.
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6.4.2.1 Seeded Crossflow Microfiltration for Removal Copper Combined with
MOPS3 (with Configuration A Membrane)
The slotted nickel membrane with configuration A was tested, removing
copper in a continuous filtration mode with 0.66 ppm of copper solution, from
the feed tank, fed into the process tank containing 0.6 g rl of MOPS3 carbon
suspension (12.02 g MOPS3 in 20 litres). The profiles of permeate flow rate
and tank volume during the filtration are illustrated in Figure 6.33. The
permeate flow rate declined from 12.3 ml

S·l

to 7.1 ml

S·l

during 3 hours of

filtration, indicating about 42.3% reduction of permeate flow rate. The fluid
volume in the process tank steadily decreased from 20000 ml to 18700 ml
during the same period. The average transmembrane pressure (TMP) for this
filtration operation was 0.17 bar which can be seen in Figure 6.34.
For the purpose of modelling, the individual relations between the permeate
flow rate and tank volume, with dimension less time (theta

=

D{), were
R

obtained and are shown in Figure 6.35 and Figure 6.36 respectively.
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Figure 6.33. The Profiles of Permeate Flow Rate and
Tank Volume Versus Time.
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Based on the information collected, in terms of the profiles of permeate flow
rate and tank volume, the model prediction using Os

= 4 x 10.12 cm

S·2

was

compared with the experimental data as shown in Figure 6.37. It can be seen
from Figure 6.37, that the model prediction did not match the experimental
data well. It seems that the carbon capacity was slightly lower in the
continuous filtration operation than the batch operation. This could be due to
loss of the bulk carbon concentration during the adsorption process. Poor
correlation of the parameters involved with dimension less time used in the
modelling may also contribute to the results.
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Figure 6.37. Comparison Between Predictions and
Experimental Data. (Copper con =0.66 ppm,
320 rpm, and Carbon Con.=0.6 g 1'1)

The reduction of the bulk carbon concentration in the adsorption loop was
observed during a number of experiments involving filtration of carbon
suspension with and without filtrate. For brevity, results from an experiment of
crossflow microfiltration of carbon suspension with an initial concentration of
0.2 g 1'1 is shown in Figure 6.38 and will be discussed.
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Figure 6.38. Profile of Carbon Concentration at
Different Permeate Flow Rates
Figure 6.38 shows the profile of carbon concentration in the process tank at
different permeate flow rates (at different TMP). During the first 1200
seconds, carbon suspension was circulated at a flow rate of 4.615 I min-1
within the filtration loop. At this time the filtrate valve was not yet open. After
1200 seconds the permeate valve was fully opened to get a permeate flow
rate of 13.3 ml

S-l.

Later, the retentate valve was opened to reduce the

permeate flow rate in stages. After 7200 seconds, the retentate valve was
tightened to increase the permeate flow rate in stages. After reaching the
permeate flow rate of 12.9 ml

S-l,

the permeate valve was fully closed; while

the retentate valve was left at the same position. From Figure 6.38, the
concentration of carbon reduced from 0.2 g rl to 0.1154 g

rl even though the

filtration loop was not filtering. The carbon particles are believed to be stuck
behind the retentate valve. When the TMP increased, a greater reduction of
carbon concentration was observed as more carbon particles stuck at the
retentate valve and some of the carbon was deposited on the membrane_ The
reduction of TMP did not help to release all of the deposited carbon particles
back into the liquid phase. From this experiment, it is shown that carbon is
lost from the liquid phase during the filtration process.
However, the profile of the carbon concentration during copper adsorption in
the continuous mode of microfiltration was not measured, to avoid any
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complication to the modelling work, as carbon particles would have been
taken out of the system, for the carbon concentration measurement.
This observation is not unique in seeded
(1999)

reported

microfiltration; Chang and Ch en

that biomass (Psedudomonas aeruginosa)

used for

continuous biosorption of metal ions such as lead, cadmium and copper using
hollow-fibre crossflow microfiltration (HFMF) reduced from 7.3 to 4.3 g 1'1
during 60 hours of filtration operation. They suspected that the reduction of
bulk biomass concentration was due to packing or diffusion of biomass to the
membrane used. Because of this occurrence, the biomass became less
effective for metal sorption. Therefore, the mass balance equation used in the
seeded microfiltration as shown in equation (6.8) was modified to equation
(6.9) taking into account of an "effectiveness coefficient, "/' to represent the
total effective biomass concentration in the filtration system. The y value was
in the range of 0 to 1.

v dC
=Q (C
dt

"Q

_C)_WV

dq

(6.8)

dt

where

Co =concentration of metal ions in feed stream
C= concentration of metal ions in effluent

q

= the amount of adsorbate per weight of biomass,

0 0 = the feed flow rate and the effluent flow rate,
V = the working volume of the HFMF process,
W = total biomass concentration in the HFMF

dC = Q,,(C -C)-w/q

dt

V

Q

(6.9)

dt

where

r= effectiveness coefficient

for biomass concentration.
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From their study, it was found that the yvalue was 0.6045 for the biosorption
of metal using the seeded microfiltration system used. Based on their study,
one can conclude that the effective biomass concentration for the system
studied was 60.45% of the initial biomass concentration. This can also be
interpreted that the effective weight of biomass involved in the biosorption in
that seeded microfiltration was 60.45% of the initial weight biosorbent used.

Taking into consideration the effective mass of carbon in the seeded
microfiltration system, the mass balance equation (4.96) in Section 4.73 was
modified for continuous microfiltration in the pilot plant rig. The equation
(4.96) of the Chapter 4, becomes equation (6.10)

where

y= effectiveness coefficient for carbon mass
After using equation (6.10) with r-=0.792, the model prediction using

Os = 4 x 10.12 cm

S·2

was compared with the experimental data as shown in

Figure 6.39. It can seen from Figure 6.39, that the model prediction matched
the experimental data reasonably well.

CHAPTER 6: ADSORPTION MODELLING DISCUSSION

230

0.6
•

Experimental data

0.5
-Model: k=O.015 cm/so
D=4E·12 cm"2Is,

•••
•
•
•
••

E 0.4
c.

.e

.: 0.3

0

"

::I
(J

0.2
0.1
0
0

2000

4000

6000

8000

10000

Time,s

Figure 6.39. Comparison Between Prediction and
Experimental Data (Cu con. =0.66 ppm,
Carbon Con=0.6 g 1'1 and and r=0.792)
Another experiment using this slotted membrane was carried out to remove
copper from the feed tank containing copper solution of 0.57 ppm. This
copper solution was fed into the process tank containing 0.6 g 1'1 of fresh
MOPS3 carbon suspension. The profiles of permeate flow rate and process
tank volume during the filtration are illustrated in Figure 6.40 and the pressure
applied was about 0.135 bar as indicated in Figure 6.41. From Figure 6.40, a
reduction of about 36% of the permeate flow rate was obseNed after three
hours of filtration operation. The permeate flow rate declined from 12.7 ml
to 8.1 ml

S·1

S·1

and the tank volume steadily reduced from 20000 ml to 17900

ml during 3 hours of filtration operation. Again, for the purpose of modelling,
the individual relation of. permeate flow rate and tank volume with
dimension less time (theta) were respectively obtained and are shown
Figure 6.42 and Figure 6.43.
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Figure 6.40. The Profiles of Permeate Flow Rate and
Tank Volume Versus Time.
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Figure 6.41. TMP Profile During Filtration of 0.55 ppm Copper
with 0.6 g rl of MOPS3 Carbon
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Based on the profiles of permeate flow rate and tank volume, the model
prediction compared with the experimental data is shown in Figure 6.44. The
model prediction again matched the experimental data well when an
effectiveness coefficient of carbon mass (J:l = 0.4574 was used.
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Figure 6.44. Model Prediction and Experimental Data.
(Copper Con.=0.55 ppm, Carbon Con =0.6 g 1"1 and
r-=0.4574).
6.4.2.2 Seeded Crossflow Microfiltration for Copper Removal Combined with
MOPS3 (with Configuration B Membranel

The nickel membrane with configuration B was used in copper ion removal in
the pilot plant rig as a comparison. Prior to use for copper removal, a series
of filtration tests on MOPS3 suspension with concentrations of 0.2 g
0.6 g

1"1

1"1

and

MOPS3 were carried out in order to determine the permeate flow rate

at different TMPs.

The tests indicated that filtrate flow rates as high as

1

1500 ml min· could be obtained from the filtration of two concentrations of
carbon suspension at low TMP of around 0.08 bar, with no indication of flux
decline. Figure 6.45 and Figure 6.46 show the filtration rate versus time for
filtration of 0.2 g

1"1

and their respective TMPs. Similarly, Figure 6.47 and

Figure 6.48 show the filtration rate versus time for filtration of 0.6 g
their respective TMPs.

rl

and
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Figure 6.45. Profiles of Filtration Rate at Different TMPs
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Figure 6.48. Profiles of TMP at Different Permeate Flow Rates
During Filtration of 0.6 g rl of MOPS3.

In addition, this membrane configuration was also used to filter MOPS3
carbon suspension of 0.6 g

rT at different permeate flow rates.

The permeate

flow rate was reduced or increased in sequence during the filtration process.
It was observed that there was no indication of membrane fouling occurring
during the test and the TMP at different permeate flow rates did not vary
significantly. TMPs at all permeate flow rates were below 0.1 bar, as can be
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seen in Figure 6.49. The use of this membrane with this configuration for
copper removal combined with modified activated carbon seems to be very
promising.
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Figure 6.49. TMPs for Different Permeate Flow Rates
During Filtration of 0.6 g rl MOPS3.

The ability of the membrane to remove copper, using modified activated
carbon MOPS3, in seeded microfiltration was investigated by filtering 0.57
ppm copper solution mixed with a 0.6 g

rl

carbon suspension in the process

tank. The variation of permeate flow rate and the volume of process tank
during filtration is indicated in Figure 6.50.

The TMP applied is shown in

Figure 6.51. From Figure 6.50, the reduction of permeate flow rate was about
9.6% during the whole filtration operation (three hours).
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The individual relation between permeate flow rate and tank volume with
dimension less time is plotted in Figure 6.52 and Figure 6.53. These relations
were used in the model to predict the copper profile in the permeate.
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With the effectiveness coefficient of carbon mass (/:\=0.5830 the HSDM
prediction shown in Figure 6.54 seems fit the experimental data well.
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6.4.2.3 Seeded Crossflow Microfiltration for Removal Copper Combined With
MOPS3 (with Configuration C Membrane)

The use of nickel membrane with configuration C, combined with MOPS3
(0.6 g rl), showed its limitation in the removal of copper ions from solution.
The filtration rate seriously declined (more than 60%) during the filtration
process indicating serious fouling of the membrane (Figure 6.55). This could
be due to the plugging of carbon particles in the pores of the membrane. To
avoid serious membrane fouling back-flushing was required during the
filtration process. The TMP applied in the process is given in Figure 6.56. As
can be observed from Figure 6.56, the average TMP applied was slightly
above 0.15 bar. The variation in permeate flow rate, and the tank volume,
with dimension less time are given in Figure 6.57 and Figure 6.58 respectively.
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Based on data collected for the modelling, the model prediction using
Ds=4x10· 12 cm 2

S-1

and the effective mass coefficient,

r=

0.6337, was

compared with the experimental data and this is shown in Figure 6.59. The
model prediction and the experimental data match well.
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The use of a nickel membrane with configuration A, has shown a permeate
flow rate declining by between 36-43 %. The operating pressure was
between 0.135 - 0.17 bar. Configuration B gave a higher permeate flow rate
with less membrane fouling. Less than 10% permeate flow rate decline was
observed during three hours filtration. The operating pressure as measured
by TMP was very low, Le 0.12 bar. The use of the nickel membrane with this
configuration has shown promise for the removal of copper using seeded
crossflow microfiltration. On the other hand, the nickel membrane with
configuration C showed a serious permeate flow rate decline: up to 61 % and
the operating pressure was at around 0.16 bar.
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This section discusses experimental work pertaining to copper removal using
crossflow microfiltration with ion exchange resin as a comparison to activated
carbon.

6.6 CHARACTERISTICS OF ION EXCHANGE RESIN (DOWEX 50WX8)

The ion exchange resin used in this study was Dowex 50WX8, supplied by
Dow. According to the supplier the resin is a strong acid cation resin having
the characteristics as shown in Table 6.2.

Table 6.2. Characteristics of Dowex 50WX8
Mesh Size

200-400

Exchange capacity

Water retention

(wet basis) (meq g-l)

capacity (%)

2.13

50-58

From direct titration of the resin, its sodium capacity was measured at 2.64
meq g-l (wet basis) which is higher than the value of exchange capacity
supplied by the supplier. It may be affected by excess acid in the resin since
the resin employed was not treated (rinsed) prior to use.

The slope of dV/pH that was obtained from the resin titration data, was
plotted against the volume of alkali used (V). The plots for the resin and the
blank were compared. Both plots producing similar results with no blips in the
pH range of 3-11 (Figure 6.60). In addition, there is no inflection point from
the titration data as shown in Figure 6.61. This means that the functional
groups in the resin are completely dissociated at lower pH, and confirmed that
the resin is a strong ion exchange resin as supplied (strong acid cation resin
with S03H functional group).
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From laboratory measurements, the density of resin was 1.443 g cm-3 as
measured by a Pycnometer_ The water retention of the resin was

52 %

which is in the range of the value given by the supplier (50-58%)_ Solid
content of the resin was 48 %_ Based on the values of density (1.443 g cm-3),
the moisture and solid contents of the resin, the porosity of the resin can be
calculated and was found to be 60_3% (refer to APPENDIX E, Part B)_

In terms of resin particle size, the mean particle size was 104 J-lm as obtained
from measurement using a Malvern Instruments Mastersizer_ The particle size
distribution of the resin is given in Figure 6_62.

30

100
90

25

..

~ 20

80

~

70

...

-c

.."'

u

.

-""""'

60 ::>
50
::;;"'
40

:; 15

"c-

Le

~
-!!

10

30

•
•

5
0
0

50

100

150

200

;"
>

20

:;
E

10

(J

"

0
250

Particle Diameter (microns)

Figure 6_62. Particle size Distribution for Dowex 50WX8
The adsorption isotherm for the resin at pH 4.6 is shown in Figure 6.63. The
best fit of experimental data follows the Langmuir equation, with maximum
capacity of the resin (qm) being 120.48 x 10-3 g g-l and the Langmuir constant

(b) is 13.83 x 10-6 cm 3 g-l_ This Langmuir equation fit gives the correlation
coefficient (,-2) as 0.935_ Examining the isotherm shape, indicates that the
isotherm is the H-type (high affinity) isotherm, which is a normal characteristic
of sorption of the adsorbate by an ion exchange as described by Giles et a/
(1960).

CHAPTER 6: ADSORPTION MODELLING DISCUSSION

246

140

•

120

Ci
'" 100

.5.

-

•

'"
'0
'"
'.""

Exp. data

80
- - Langmuir best fit

Il.

60

~

Il.
Il.
0

40

0

20
0
0

1

2

3

4

5

6

7

8

9

10

11

12

Copper con. at equilibrium (pp m)
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6.7 MODELLING OF COPPER ADSORPTION ONTO THE RESIN
6.7.1 Adsorption of Copper onto Resin in a Batch System

From a batch kinetic experiment involving 0.1 g of Dowex 50X8 in 500 ml of
0.548 ppm copper solution, copper concentration reduction was successfully
modelled using HSDM with

k =0.03 cm

S-l

and D=7.2x10-7 cm 2

6.64).
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6.7.2 Adsorption of Copper onto the Resin in a Continuous System
When copper solution with a concentration of 0.549 ppm was fed into a
stirred cell (400 ml) containing 0.25 g 1'1 resin suspension at a flow rate of
0.89 ml

S·l,

the copper adsorption of copper onto the resin was also

successfully modelled by HSDM (k = 0.03 cm

S·l

and Os = 7.2x10·7 cm 2 s")

(Figure 6.65).
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Figure 6.65. Predicted and Experimental Data (0.1 g of resin
with Cu=0.549 ppm, at Flow Rate = 0.9 ml S·l,
pH 4.6 and Stirring Speed=320 rpm)
When a similar copper adsorption experiment onto the resin at a higher
concentration of resin suspension (0.6 g 1") was carried out, the pattern of
copper profile in the permeate could also be modelled using the dual
resistance model with an external mass transfer coefficient of 0.04 cm
the internal diffusion coefficient of 7.2x1 0.7cm 2

S·l.

S·l

and

The internal mass transfer

coefficient for copper in the resin was found to be the same as the previous
experiment, but the k value was slightly larger, this may be due to higher
agitation speed (Figure 6.66).
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By comparing Figure 6.65 with Figure 6.66, it can be seen that, as expected,
the use of more resin to remove copper in a continuous filtration system
resulted in better adsorption performance. It should be noted that in Figure
6.65, the amount of resin used was 0.1 g where as in Figure 6.66, the amount
of resin used was 0.24 g.
6.7.3 Adsorption of Copper onto the Resin in a Continuous System with
Staged Addition of Ion Exchange Resin
A staged addition of resin experiment was carried out by adding 0.08 g of
resin at time 0, 30 and 60 minutes of experiment. It was intended to maintain
the feed flow rate at 0.87 ml

S·,

throughout the experiment. However, the flow

rate decreased after a new addition of resin was made into the system, but
the flow rate was almost constant at each stage of resin addition. This may be
due to some of the resin particles depositing on the surface of the membrane,
when the stirrer was switched off during the addition of the resin. The flow
rate profile versus time during the experiment can be seen in Figure 6.67.
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Figure 6.67. Flow rate Versus Time (Staged Addition
of Resin, Cu=0.548 ppm and Stirring
Speed= 320 rpm)
When the internal mass transfer coefficient with the value of 7.2 x 10.7 cm 2 s·'
was used in the dual resistance model with staged addition of resin and
taking into account the flow rate at each stage of resin addition, the overall
copper concentration profile from the model can be generated as can be seen
in Figure 6.68. It was found that the copper profile from the model matched
the experimental data.
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Figure 6.68. Profile of Copper Concentration During Staged
Addition of Resin (Cu = 0.538 ppm, pH = 4.5, 320 rpm).
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SUMMARY

The batch adsorption/ion exchange modelling successfully found values of
the mass transfer coefficient and diffusion coefficient for copper transfer to,
and within, the modified carbon particles. The film mass transfer coefficient
(k) was found to be a function of the hydrodynamic conditions, and k was

shown to be independent of the different carbons tested. However, the
internal diffusion coefficient depended strongly upon the carbon tested but
was independent of the hydrodynamic conditions. The internal diffusion
coefficient was found to vary between 4x10· 12 and 7x10· 11 cm 2

S·1.

The

modelling of MOPS5 carbon gave consistent results using the same value for
transfer coefficients in both the batch and continuous rigs, matching
experimental data well. However, there was some evidence to suggest that
the diffusion coefficient does change as a function of time, or ageing, in
another carbon. For comparison, the Dowex ion exchange resin had a
diffusion coefficient of 7x10· 7 cm 2

S·1,

and the modelling was found to be

robust for this system as well as for the carbon.
Staged addition of carbon during continuous extraction was also successfully
modelled and, under some circumstances, the outlet concentration of copper
is lower when using staged addition compared to a single addition of the
same mass of carbon from the start. For the microfiltration, very high
permeate flux rates were achieved (6000 I m·2 h· 1) and low pressure drops
«0.1 bar).
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7.1 COLUMN EXPERIMENTS

Reversibility and service life of the carbon can be determined by adsorbing
and desorbing metal ions from the carbon surface. Normally, sorption and
desorption experiments can be conducted in small columns in order to obtain
predictions of breakthrough behaviour in full scale columns.
The use of small (mini) column experiments to study adsorption and
desorption of heavy metals on activated carbon has been studied by many
researchers including Taylor and Kuennen (1994) (lead on GAC); Strelko (Jr)
and Streat (1997), (lead on activated carbon); Tai and Streat (1998), (Cu, Zn
and Ni on oxidised and non-oxidised on Ceca BGP), Tai et al (1999) (Zn, Cu
and Ni on ion exchange resin and activated carbon); and recently RangelMendez et al (2000), (Cd on oxidised granular activated carbon WTK).
Another method to evaluate reversibility and service life of the carbon is by
adsorbing and desorbing the metal ions in the batch system that was briefly
described in Chapter 5.
To evaluate the sorption and desorption of copper onto modified MOPS,
mini column experiments were carried out according

to the procedure

reported in the literature. The breakth rough curves for adsorption of copper
from a mini column containing 1.0 g of MOPS2 in five cycles are shown in
Figure 7.1. In the first cycle, about 130 ppm of copper nitrate solution was
passed through the column for about 600 bed volumes, then 0.1 M HN03
was used to regenerate the column which was then rinsed with water to
pH 4.5. This procedure for adsorption and desorption of copper was carried
out for all five cycles. However, for the second to fifth cycles, 600-1000 bed
volumes of a 60 ppm copper solution were passed through the column
instead of 130 ppm solution.
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The S-shaped breakthrough profiles on MOPS2 that are shown in Figure 7.1
are reasonably steep indicating favourable equilibrium between copper ions
and the binding sites in the carbon.
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Figure 7.1. Breakthrough Curves for Copper Sorption onto MOPS2
(1.0 g Column)
When more concentrated copper solution was used, functional groups on
the carbon were saturated faster than at the lower copper concentration. This
can be observed from the first cycle where the breakthrough curve for 130
ppm copper solution occurred at about 200 bed volumes and for 60 ppm the
breakthrough occurred at approximately 400 bed volumes which is twice of
the 130 ppm.
The breakthrough curves for 2-5 cycles showed a similar pattern, indicating
that the capacity for the binding sites of the carbon at each cycle did not
significantly change. This also indicates that the adsorption of copper onto
MOPS2 is fully reversible. In view of this, the prediction of reversibility of
copper adsorption from the equilibrium parameter (Rs) (which is less than 1
not equal zero), obtained from the copper adsorption isotherm seems to be
valid (refer to Chapter 5).
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Since no significant change in the metal sorption onto MOPS2 was observed
after five adsorption and desorption cycles, it can be deduced that the
MOPS2 can be reused with constant sorptive performance.

The experiment using 1 g of MOPS2 however, took a long time for carbon to
fully saturate the functional groups, therefore a 0.5 g MOPS column for
copper adsorption and desorption was used in the study. Figure 5.2 shows
the breakthrough curves for the column containing 0.5 g MOPS2.
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Figure 7.2. Breakthrough Curves for Copper Sorption
onto MOPS2 (0.5 g Column)
In the first and second cycles, the copper solutions were prepared using
deionised water but for the third cycle, the copper solution was prepared from
tap water. From the first and second cycles, it can be seen clearly that the
breakthrough are similar to each other where copper breakthrough occurred
at about 200 bed volumes, indicating that the functional groups on the carbon
are fully reversible. However, when calcium is present in the copper feed
solution, it slightly affected the breakthrough curve, as the breakthrough
occurred at about 180 bed volumes. Calcium was found to be adsorbed onto
MOPS2 where the initial Ca concentration of 64.4 ppm (in the feed solution)
was reduced to 60.4 ppm (measured in the total effluent). Other metals such
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as sodium and magnesium did not influence the copper sorption as their
concentrations were the same in the feed solution and effluent from the
column.

Copper bound to MOPS2 can be eluted by 0.1 M HN03 to produce 90.3%
copper recovery (see Figure 7.3). However, when 0.2 M HN03 was used,
better copper recovery with a lower volume of regenerant was obtained (see
Figure 7.4).
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Investigation on adsorption and desorption of copper in 0.5 g MOPS3 mini
column experiments was also carried out. The results of experiments are
shown in Figure 7.5. The breakthrough curves of copper sorption with and
without

calcium, sodium and magnesium overlap each other. It can be

concluded that the functional groups on MOPS3 are fully reversible and the
presence of alkaline metals in the copper solution has little effect on copper
adsorption in this column system.
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Figure 7.5. Breakthrough Curves for Copper Sorption
onto MOPS3 (0.5 g Column)
Copper can be recovered to nearly 100% from the MOPS3 column using 0.2
M HN03 .

7.2 BATCH EXPERIMENTS
Reversibility of copper sorption onto MOPS3 was also studied

in batch

experiments. Four cycles of adsorption and desorption of copper onto
MOPS3 were carried out in a process tank (20 I) in the pilot plant rig. For the
adsorption cycle, the initial copper concentration of 1 ppm was allowed to
contact with MOPS3 suspension for three hours. The profiles of copper
concentration decay during the adsorption steps over four cycles are shown
in Figure 7.6. The rates of copper concentration decay are similar for each
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the functional groups on the surface of activated

carbon are fully active at each cycle.

1,

11 FIrst cycle

0.9

• Second cycle

0.8

A. Third cycle

0.7

-8
"7'

-

• Forth cycle

t

0.6

0.5

0 0.4

•

0.3
0.2
0.1
0
0

2000

4000

6000

8000

10000

TIme(s)

Figure 7.6. Copper Concentration Decay During Copper Sorption
onto MOPS3 (1 ppm of Copper with 4 gram of MOPS3).

During the adsorption cycle, the copper adsorbed onto MOPS3 at each cycle
was about

15 mg. Four different

washing methods (method of adding

regenerant) were tested to recover copper from the MOPS3. The objective of
these tests was to recover the copper with a high concentration factor. The
concentration factor is defined as the ratio of copper concentration in the
regenerant to the copper concentration in the feed solution. The higher the
concentration factor the better is the washing method.
For the desorption process, the carbon suspension loaded with copper from
the process tank was transferred to the desorption tank and the volume of
carbon suspension was reduced to 400 ml. Then 5ml of concentrated HN03
was added into the desorption tank, the carbon suspension was circulated
within the desorption loop for three hours in order to release copper ions from
the MOPS3 suspension. Later, 200 ml of the permeate was collected from the
desorption loop through the ceramic membrane.

MOPS3 suspension was
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first circulated for three hours because the result from the bench top
experiment showed that more than 82% of the copper was desorbed three
hours of pH adjustment. The washing methods tested for this purpose are
tabulated in Table 7.1.

Table 7.1. Different Washing Method to Recover Copper from MOPS3
No.
Washing
Step

No. of Desorption Cycle

of
1

2

3

4

(Method 1)

(Method 2)

(Method 3)

(Method 4)

0

5 ml HN0 3

5 ml HN03

5 ml HN0 3

5 ml HN0 3

1

200 ml H2O

200 ml H20, pH1.04

200 ml H2O

200 ml H2O

2

200 ml H2O

200 ml H20, pH1.04

200 ml H20 +5

200 ml H20 +5

ml HN0 3

mlHN0 3

3

200 ml H2O

200 ml H20, pH1.04

200 ml H2O

200 mlH 20

4

200 mlH 20

200 ml H20, pH1.04

200 ml H2O

200 ml H20 +5
mlHN0 3

5

200 ml H2O

200 ml H20, pH1.04

200 ml H2O

200 ml H2O

6

200 ml H2O

200 ml H20, pH1.04

200 ml H2O

200 ml H20 +5
ml HN0 3

7

200 ml H2O

200 ml H20, pH1.04

200 ml H2O

200 ml H2O

The results of copper recovery using four different washing methods as
described in Table 7.1

are given in Figure 7.7. It was found that washing

method based on method 4 is the most efficient method among the four
washing methods investigated.
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Figure 7.7. Profiles of Copper Recovery Based on
Four Methods of Washing.
However, 100% copper recovery was not quickly achieved because not all
the copper ions that were bound to the carbon particles were released into
the liquid phase within three hours, compared to the model prediction for
"perfect washing", calculated from equation (7.1) where V (minimum fluid
volume in the filtration loop) =200, and Vo=400 .

(7.1 )

n = washing steps
The reduction may be due to the lack of agitation in the desorption loop,
resulting in slower mass transfer from the particle surface to the liquid
surrounding the particle. Another factor that may effect the efficiency of the
copper washing is the limitation of the desorption loop configuration itself,
where the fluid in the desorption loop needs to be maintained at a minimum
volume of 200 ml. At a lower volume of fluid below 200 ml, the carbon
particles will be abraded by the peristaltic pump causing carbon breakdown
into smaller particles that can pass through the membrane. This will make
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the system of microflitration combined with activated carbon less efficient.
According to the theory of discrete volume washing, the smaller the volume is
retained in the filtration system (desorption loop), the higher the efficiency of
the washing

in terms of time taken and the concentration factor. The

prediction of normalised copper concentration in the filtration loop versus
number of washing steps at different minimum volumes of fluid in the loop
(V) with

Vo =400 ml can be seen in Figure 7.8.

From Figure 7.8, the

smaller the value of V, the faster the copper ions removed from the filtration
system and the lower the amount of the regenerant required.
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Figure 7.8. C/C o Versus Number of Washing Steps at Different
Minimum Volume of Fluid in the Loop (V)
In terms of

concentration factor, based on six washing steps, washing

.method no 4 giving the highest concentration factor: nearly 10. However, for
economic reasons, washing method no 3 could be more viable because it
does not require as much nitric acid to be added to the system. The copper
recovery with concentration factor achieved according to the washing method
is shown in Table 7.3.

CHAPTER 7: SORPTION AND DESORPTION OF COPPER

260

Table 7.3. Copper Recovery and Concentration Factor from Different
Washing Methods.
Washing

Copper

Concentration

Mode

Recovery

Factor

(%)
Mode 1

67.50

9.19

Mode 2

84.43

9.20

Mode 3

91.46

9.97

Mode 4

93.66

9.99

It is predicted that a higher concentration factor can be achieved when an
adsorbent with higher capacity for copper is used in the seeded microfiltration
system and a larger mass of adsorbent. The adsorbent should be capable of
fast copper release when the pH adjustment is made. If 20 9 of MOPS with
capacity for copper; 0.079 g of copper per gram carbon is used, the quantity
of copper adsorbed will be 1.58 g. If a copper solution with concentration of 1
ppm is used, the volume of copper solution treated will be about 1600 I.
Using the same washing procedure described above, after six washing steps,
the concentration factor that can be achieved will be

more than

1100.

However, optimisation of the concentration of carbon slurry needs to be
studied

because microfiltration flux may decline if the concentration of

carbon slurry is increased.

7.3 ATTRITION TEST OF MOPS IN THE MICROFILTRATION
ADSORPTION LOOP

Possible changes in particle size of MOPS3 was checked during circulation
of 0.6 g 1'1 MOPS suspension in the adsorption loop for six hours as depicted
in Figure 7.9. Figure 7.9 shows the median particle size of carbon particles
was

constant throughout the experiment indicating that carbon particles

were not broken into smaller sizes.

CHAPTER 7: SORPTION AND DESORPTION OF COPPER

261

60

~ 50

.~
g

•••

• • • •

40

~
:

30

ic.

20

u

:;

'5 10
::;:

"

o

3600 7200 1080014400180002160025200
TIme (s)

Figure 7.9. Profile of Particle Size of Activated Carbon Versus
Time.

7.4

SUMMARY

Column experiments showed that copper could be reversibly adsorbed and
stripped from the carbon over many cycles, with good (>90%) recovery of the
copper from the column. The presence of sodium and magnesium did not
affect the extraction but calcium did have a small influence on it. For stripping,
0.2 M nitric acid was found to be effective. Some work is reported on the
optimisation (and understanding) of the stripping conditions in the stirred and
pumped pilot plant rig.
The modified carbon MOPS3 showed good resistance to attrition in the pilot
plant rig, there was no evidence of particle break-up over several hours of
operation. An adsorbent that can resist breakage is essential to the
successful operation of a pumped and mixed system such as seeded
microfiltration.
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CHAPTER EIGHT - CONCLUSIONS AND RECOMMENDATIONS

8.1 CONCLUSIONS
This study has reviewed research work related to metal ion removal using
microfiltration and activated carbons from aqueous streams. Until recently
there has not been much work reported in the field of microfiltration combined
with modified activated carbon as an adsorbent for the removal of liquid
waste containing metal ions. Much of the previous work has been focused
only on the use of non modified activated carbon combined with microfiltration
for the purpose of organic waste/materials removal.
A study of the use of modified powdered activated carbons as adsorbents
with seeded microfiltration for treating aqueous solutions containing metal
ions was carried out. The modified activated carbons were derived from a
cheap starting material: Malaysian palm oil shell (MOPS) which is a byproduct from the palm oil industries. Activated carbon from MOPS was
selected because the information on metal sorption by MOPS activated
carbons is scarce even though various studies on production of MOPS have
been carried out, and it may be an important market for this waste material.
In the seeded microfiltration process, surface microfilters with pores, and
slots without tortuosity were used to minimise intemal fouling. From the
literature, the use of activated carbons in microfiltration processes reduced
flux decline. In view of this, the novel microfiltration process combined with
modified activated carbon is a promising technique for the removal of metal
ions from aqueous streams.

The use of a slotted nickel membrane with slots 10 Ilm wide and 400 Ilm long
(the slots with the shortest dimension parallel to the permeate flow) produced
better performance in terms of high flux with lower flux decline. High
permeate rates at about 14 ml S,l or flux of 3640 I m2 h,l can be achieved.
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Less than 10% permeate flow rate decline was observed during three hours
filtration period. The operating pressure, as measured by TMP, was very low
Le at 0.12 bar. The use of the nickel membrane with this configuration has
shown very promising results in the removal of copper using seeded crossflow microfiltration.

Adsorption results from this study have shown that modified carbon derived
from MOPS can effectively remove copper from liquid streams. Modification
of the carbon was done by boiling the activated carbon in hot nitric acid for
24 hours. The modification of activated carbon increased the formation of
surface functional groups that are responsible for copper adsorption. In
addition, these were stronger than the modified activated carbon F400
(Chemiviron, coal based). The modified MOPS carbons with copper
capacities of 0.023 and 0.079 grams of copper per gram of carbon were
subjected to adsorption

experiments in various modes such as column,

batch microfiltration, continuous seeded microfiltration with staged and non
staged addition of carbon.
The predominant mechanism of copper adsorption onto modified MOPS was
found to be ion exchange as determined by breakthrough curves predicted
using

pH

measurement

which

closely

matched

the

actual

copper

breakthrough obtained from the mini column experiments. The quantification
of the ion exchange capacity was carried out using a titration method. From
this quantification, it was found that carboxylic, phenolic and lactonic
functional groups are present in the modified MOPS carbons.

For comparison, ion exchange resin (IER) Dowex 50WX8 was used as an
altemative adsorbent in the seeded microfiltration system for the removal of
metal ions from aqueous streams.
The rates of copper sorption onto the carbon as well as onto the IER were
found to be dependent upon mass transport limitations due to aqueous film
diffusion and intraparticle diffusion.

A homogenous solid diffusion model
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based on dual mass transport mechanisms that includes both film diffusion
and intraparticle diffusion was developed and used to model the copper
sorption.

The model has been successfully applied to the prediction

of

copper sorption in batch and continuous seeded microfiltration systems for
both the staged and non-staged addition of modified activated carbon and
IER either in stirred cell or pilot plant rig. However, for the pilot plant rig, the
mass balance equation in the HSDM for continuous microfiltration needs to
be modified to include the "effective carbon mass,(y)" in the filtration loop.
This is because the carbon concentration in the process tank was not
constant throughout the filtration process due to some carbon accumulated at
the retentate valve and on the surface of the membrane.

The model

developed can be used in scaling up the adsorption process in seeded
microfiltration combined with modified MOPS carbons or IER.
The use of the staged addition technique to continuously treat

effluent

containing metal ion using high capacity adsorbents such as MOPS5 and
IER, seems to be less advantageous compared to the single addition
technique. This is because the amount of metal ions that can be adsorbed by
the single addition is greater than the staged addition. Staged addition might
be suitable for low capacity adsorbent as shown from the result of
experiments using MOPS3.
The metal sorption on the modified MOPS carbon is reversible and HN03 is
capable of eluting the copper ions bound to the carbon. The copper adsorbed
onto MOPS from pilot plant rig experiments can be recovered with the
concentration factor of about 10, using a technique of discontinuous
diafiltration using 5 ml of HN03 followed by washing with deionised water and
then finally washing with deionised water for 5 cycles. Higher concentration
factors can be achieved if a bigger quantity of modified activated carbon, with
higher capacity for copper, is used in the process.
The use of modified MOPS may have an advantage over the IER due to the
high cost of the resin. From the data supplied by the resin supplier, the cost of
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the resin is about £62000 per tonne (Dowex, 1999). It is expected that the
cost of activated carbons from MOPS will be much cheaper than the resin
because the raw materials for the carbon are abundant and the production of
carbon does not require a high technology. Even though there are two small
plants that produce the activated carbon in Malaysia, however, the data on
the cost is not yet readily available at the moment.

With proper selection of activated carbon and operating parameters, seeded
microfiltration may be effectively applied for the removal of copper ions from
aqueous streams providing a high process water flow rate and a low pressure
requirement for filtration. However, overall performance is highly dependent
upon the capacity of activated carbon and the prevailing sorption kinetics.

8.2 RECOMMENDATIONS
From this study it can be concluded that modified activated carbons, derived
from the Malaysian oil palm shell, have a good potential for use in
combination with crossflow microfiltration for the treatment of liquid waste
containing metal ions in a large scale operation. It is recommended that
further studies should be carried out in order to improve the process. Areas to
be covered are as follows:

i.

A method to produce activated carbon from Malaysian palm oil
shell with more mesopores in its structures might be developed
in order to improve metal ion adsorption in the carbon particles.

ii.

The use of electrochemical oxidation to enhance oxygen
functional groups on the surface activated carbon should be
explored. This process will avoid the consumption of nitric acid.

iii.

There is a problem removing the humic acids from the modified
carbon because it consumes a lot of alkaline solution. The
modified carbon produced might not be clean of humic acids if it
is used for the adsorption of metal ions below the alkaline limit
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(below pH 7), since they are not leached into the liquid phase
within that pH range.

iv.

To get the highest concentration factor of metal ions in the
recovered fluid, the optimum amount of activated carbon versus
microfiltration flux

required for the process needs to

be

studied.

v.

The adsorption and desorption of metal ions to/from carbon
might be done in the same filtration loop. For this surface filters,
preferably slotted membrane,

made from materials that are

resistant to acidic and alkaline conditions

need to

be·

investigated. By using this type of membrane, only one filtration
loop needs to be constructed for adsorption and desorption of
metal ions. This will simplify the process procedures.
vi.

A seeded microfiltration system with constant feed solution flow
rate and constant tank volume should be designed. This is to
facilitate the adsorption modelling work of metal ions onto
carbon particles.

vii.

A valve needs to be installed at the bottom of the desorption
tank, so that the carbon suspension can be sedimented in the
tank not in the filtration loop. The carbon suspension could be
stirred during the desorption process to facilitate copper mass
transport from the carbon particle to the liquid phase.

viii.

More efficient method of regenerating carbon slurry loaded with
metal ions should be studied. The carbon slurry may be
transferred to a "sock filter" so that it can be captu red,
dewatered, contacted with the regenerant and rinsed before use
for the next adsorption cycle.
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Detailed adsorption/desorption study of other metal ions and
their removal using seeded microfiltration system.

x.

The use of IER for the removal of metal ions using seeded
microfiltration might be viable if the cost of the material is low,
but its mechanical strength needs to be evaluated.

NOMENCLATURE

A

=surface area of activated carbon (cm 2 )

b

= Langmuir constant (cm 3 gO')

B

= Cu sorbed by the sorbent in column system at a particular time
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(g cm"3)
C

= solute (copper) concentration in liquid phase (g cm"3)

C,

tJ. C,

=solute concentration in permeate or effluent or at equilibrium (g cm"3)
=variation of solute concentration in effluent (g cm"3)

Cl

= solute concentration at time i in process tank or solute
concentration in effluent sample from column system (g cm"3)

Cn

= retentate concentration at nth dilution

Co

= solute concentration in feed stream or initial solute concentration in
process tank (g cm"3)

C,

= solute concentration in regenerant (g cm"3)

Cs

= equilibrium solute concentration at the surface of activated
carbon .(g cm"3 )

Cs,

= solute concentration on the surface of carbon at time i in process
tank
(g cm"3)

dp

= diameter of carbon particle (cm)

o

= valency of copper

Os

E

= surface diffusivity coefficient (cm 2s"')
=molecular weight of copper (63.54 9 mole"')

J

= flux (I m2h"')

k
K

= external mass transfer coefficient (cm sol)
,;, Langmuir constant (cm 3g"')

m

= mass of carbon particle or modified activated carbon or resin (g)

m,

=carbon concentration in suspension or mass of carbon per solute
volume (g cm"3)

M

= mass of solute sorbed on carbon (g)

pHI

= pH of the effluent at time t (from column system)

pH initial = pH of feed solution (from column system)
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NOMENCLATURE
q

= local solute concentration in the sorbed phase or mass of
solute/mass
of carbon or equilibrium solute uptake

Q,

(g g-1)

3 1
= volumetric flow rate of permeate or effluent (cm s- )

3 1
11 Q, = variation of permeate or effluent flow rate ( cm s- )

q;

= average mass of solute per mass of carbon at time i

qm

= maximum capacity of carbon (g g-1)

Qo

= volumetric flow rate of feed or regenerant (cm s- 1)

11 Qo

= variation of feed flow rate (cm 3 S-1)

r

= radial co-ordinate (cm)

R

= radius of carbon particle (cm)

R,

= total fouling resistance

Rm

= membrane resistance

3

S

= surface area of carbon per volume of solute (cm-1)

Sv

1
= (6/dp ) = specific surface area of activated carbon (cm- )

t

= time (s)

St

= time difference (s)

TMP

=trans-membrane pressure (KPa or bar)

V

= volume of fluid containing or without containing solute in process
tank (cm 3)

11 V

= variation of fluid volume in process tank (cm 3)

V,

= volume of effluent (cm

V,

= volume of permeate (cm 3 )

V;

= volume of sample from column system (cm

V"

= volume of initial retentate in process tank or volume of feed solution

3

)

from column system (cm 3 )

Vp

= total volume of void in carbon particle (cm 3 )

Vs

= total volume of solid carbon (cm 3)

3

)

NOMENCLATURE
Greek Symbols

p

= density of carbon particle (g cm"3)

p,

= density of solid carbon (g cm-3)

t:

= porosity of carbon (-)

r

= effectiveness coefficient (-)

J1

= viscosity of the suspending fluid

Definition of Dimensionless Variables
pV

a=m

6=

~t (for film diffusion)

6=

~':

q= ~
C

~=-

Co
C

1]=-"

Co
pqo
Co

w=-

-

q

Q=q"

(for intraparticle diffusion)
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APPENDIX A

CALCULATION OF COPPER CONCENTRATION IN THE PERMEATE
DURING REGENERATION

OF ADSORBENT IN A MICROFILTRATION

SYSTEM BY CONTINUOUS DIAFILTRATION

Cr

v

c,

Figure 1. Continuous Diafiltration for Copper Ions Recovery

Copper ions that bound to adsorbent are assumed to be 100 % released
from the adsorbent

after pH adjustment is made and regenerant (acidic

solution without copper ions) is continuous fed into the stirred cell.
following are the parameters considered for the modelling.

Co = Initial concentration of copper in stirred cell (g cm·3 ) ,
Ce= Concentration of copper in permeate (cm 3 s·\

Cr=Concentration of copper in regenerant (g cm·\

Q,,= Volumetric flow rate of regenerant (cm 3 s· 1),
Q,= Volumetric flow rate of permeate (cm 3s·\
V

=Volume of the fluid in the mixing tank (cm3 ), and

V,= Volume of permeate at time t (cm\

The
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Mass balance

V dC, = QoC, - Q,C,
dt

(A1 )

Cr =0, no copper ion present in the regenerant ,and
Qo=Qe the regenerant flow rate equals with the effluent flow rate

Equation (A 1) can be simplified as

(A2)

rearranging

dC,
C,

=_( Q, )dt
V

(A3)

integrate equation (A3) becomes

InC, =-(Q')t + A
V

(A4)

A =Constant
At time t=O, Ce=Co, substituting into equation (A4)

A=lnC.

(AS)

Substituting equation (A4) into equation (A4) becomes

In C,

=-( Q,
V )t + In C•

InC. -lnC, =(Q')t
V

(A.6)

(A.7)
(A.B)
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C

(Q.)l

(__
O)=e v

C,

(A.9)

_( Qe)1

C, =C"e

v

Since Q e

x t = Vr, equation (A 10) can be written as equation (A.11)

(A. 10)

VI

C, =C"e

-(-)

V

(A.11 )
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APPENDIX B

CALCULATION OF COPPER CONCENTRATION IN THE PERMEATE
DURING REGENERATION OF ADSORBENT IN A MICROFILTRATION
SYSTEM USING DISCONTINUOUS DIAFILTRATION

In discontinuous diafiltration method, a known amount of concentrated acid is
added into the stirred tank containing carbon slurry loaded with copper ions
to release copper from the carbon particles. When the pH of the slurry is
reduced to the desired pH value, the initial volume of fluid in the stirred cell
(say Vo ml) is first reduced to V ml by filtering the fluid through membrane
and

permeate collected is V, ml:

Subsequently, V,

ml of

wash fluid

(regenerant) is added into the stirred cell and the carbon slurry is stirred for a
predetermined time and V, ml of permeate is collected. These washing and
filtration steps are carried out up n cycles.
Concentration of copper in the permeate at different filtration steps can be
calculated based on mass balance (refer to column I of Table 81) and can be
represented by the following equation

n-C []n
V
n- [(V + VI) ] - Vo

C -C

V

0

(81 )

0

where

n = filtration step
or

_ [Vo
_VI]n
--=---"-

Cn - Co
where

v"

(82)

Table B1. Concentration of Copper in the Permeate at Different Filtration Steps During Desorption Phase
AFTER FILTRATION

BEFORE FILTRATION
No. of
filtration
steps

Initial

Volume

(A)

Copper
Concentration
in the
Desorption
Circuit
(8)

Copper
mass

Vol. of

Total

Eluent
Added

Volume

(C)

(D)

(E)
:(A)+(D)

Con. of
Copper in the
Cell After
Adding
Eluent

Volume of

(F)

(G)

Permeate
Collected

:(C)/(E)

Mass of
Copper in the
Permeate

Copper Con.
in the Permeate

(H)
:(F)x(G)

(I)
:(H)/(G)

0

V+V,

C"

W +V1)C" 0

V+V,

C"

V,

VfC"

C"

1

Y..

C"

vc

V+ V,

VC"
1'+1'f

V,

VV,C"

C

1'+1'1

I

2

V

C _ VC"
IV + Vf

3

V

C _
2 -

4

V

C _
.l -

5

V

C
,

=

V,

"

2

V C
"
1'+Vf

2

V)C

V+ V,

V C
"
W +1'1)2

V,

V Vf C"
(II+VI )2

V,

V+ V,

V'C

V,

V~1'C

V C"
(11 + V )2

(V +V})2

V)C"
(V +V »)
1

V'C
"
(V +Vf)'

V,

V'C"
W+V,)4

V'C
"
(V+V,)4

V,

I

2

V,

"

2

"

V+ V,

V·C

V,

"

(1'+1',)'
V+ V,

V'C
"
(V + V,)'

V,

VC"
1'+1'

J

2

C _ V C"
2- W+V )'
1

C =

J "

~

W+V1 »)

W+V)"'
J

=

V'VIC"
W + 1',)4

C

V'V,C"
W + V})'

c

V~C

(.
(I' + V f )'

V'C

= W + 1'/)'
"
4

.5

,.

=

v'e

"
(V +Vf )'
w
oIJ
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APPENDIX C
CSTR MODEL FOR COPPER MIXING IN A MICROFILTRATION SYSTEM

v

C,

Q,

Figure C1. Continuous Flow and Mixing Process of Copper

Continuous mixing process of copper is according to Figure C1 and

the

following are the parameters for CSTR modelling:

Co = concentration of copper in feed stream (g cm-\
Ce = concentration of copper in effluent (g cm-\

Q"= volumetric flow rate of feed (cm 3s- 1),
Q,= volumetric flow rate of effluent (cm 3s-\ and
V

=volume of the fluid in the mixing tank (cm\

Mass balance

dC,

Q"C" = Q,C, +Vd(

(C1)

For a constant flow rate, Q" = Q" equation (C1) after rearrangement becomes
(C2)
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(C3)

Integral equation (C3) becomes

~Ot+B

-In(Co-C.)=

(C4)

where
B is a constant,

At

t = 0,

Ce= 0, then

(CS)

Subsituting (CS) into (C4)

(C6)

(C7)

(ca)

(C9)

C
- ' = (1- e

(_.22./1

v

)

Co

(C10)

Equation (C10) above can not be used to calculate the copper concentration
in the effluent/tank if the feed flow rate and volume of mixing tank are not
constant. Its calculation needs to be done numerically as follows:
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Parameters for the CSTR modelling are:
3
(cm s"\

00

=Feed flow rate

fl 00

= Variation

Co

=Concentration of copper in the feed (g cm"\

fl Co

=0

oe

of feed flow rate (cm3s"1);

(Copper feed concentration is constant) (g cm"3);
= Flow rate of effluent ( cm 3s"1);

3
fl Oe = Variation of effluent flow rate ( cm S"l);
fl C" = Variation of copper concentration in effluent (g cm"\
V

=Volume of the mixing tank (cm3); and

fl V

= Variation of mixing tank volume (cm 3)"

At time t + fl

t,

Feed flow rate
Volume of mixing tank

= V+fl

V

Effluent flow rate

Mass balance on copper

Copper mass in the feed stream:

At time t
Attime t+fl t= (Oo+fl Oo)(Co+fl Co)

=(00 Co + 00 fl
=(00 +

Co +fl 00 Co+fl 00 fl Co)

fl 00) Co (assuming Co is constant, fl Co =0)

Average of copper mass enters the tank from time

=

[(Q"

tto time t+fl t

+ flQ")C,, + Q"C"JM
2

=(Q + flQ,,)C M

(}

2

()

(C11)
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Copper mass in the effluent:

At time t
Attime t+~ t= (Qe+~ Qe)(Ce+~ Ce)

Assuming

~ Qe~

from time t to time

Ce is negligible , average of copper mass out of the tank
t+~

t

[(2Q, C, + Q,~ c,) + C,~ Q,JM

2

(C12)

Copper mass in the tank

Accumulation of copper mass in the tank from time t to time t + ~ t

(C13)

Assume

~

V~ Ce is negligible, so the last term of equation (C13) is zero.

Overall copper mass balance

Copper in = Copper out + Copper accumulated in the tank

Overall balance for the fluid system

(C15)
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substituting equation (C15) into equation (C14), becomes

[(Q,

+ ~;' )M+ ~ V]C"

Q
= [2 ,C,

+ Q,~C, + C,~Q, ]M+ V~C, + C,~ V

(C16)

Rearranging equation (C16)

(Q,

+ ~)M+ ~ V]Co -

~C, =

Q
[2 ,C, ~ C,~Q, ]M-

C,~ V
(C17)

QM

(--'z+ V)

Verification of the model

Equation (C17) should be the same as equation (C10) if feed and effluent
flow rates as well as tank volume are constant. Hence, equation (C17) can be
simplified using the following parameters:
and

~

dC

= [(Q,)dt]C" -[Q,C,]dt

~

Oe = 0;

~

CB = d( Ce);

~

V=0

t= d(t) and becomes

,

(Q,dt

+ V)

(C18)

2

dC = --,2[;..;;:(Q=,,--)d-=t]--'Co"---_2..=;[2=-C,=ld_t
,
(Q,dt+ 2V)

(C19)

dC, (Q,dt + 2V) = 2Q,C"dt - 2Q,C,dt

(C20)

Q,dC,dt + 2VdC, = 2Q,C"dt - 2Q,C,dt

(C21)

The first term of equation (C21) is small, so Q,dC,dt = 0, then equation (C21)
becomes:
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dC = Q,(C" - C,)dt

,

(C22)

V

Equation (C22) can be integrated using appropriate condition, giving the
same expression as equation (C10). Therefore, equation (C17) is valid for
determination of

copper concentration

variation in the effluent from the

mixing tank system where the feed and effluent flow rates and tank volume
are not constant.
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APPENDIX 01

THE PROGRAMME USING METHOD OF LINES BASED ON PDESOL
SOFTWARE FOR THE FILM DIFFUSION MODEL IN A BATCH SYSTEM

In writing up the programme, terms having subscript symbol such as qm
should be written as qm, since it is not allowed to do so in the programme. In
addition, the value of constant as marked as (?) need to be given. A
programme using method of lines based on PDESOL software can be written
as follows:

'Constants unlikely to need changing (radius, langmuir b, Langmuir qm,
density, process volume).
'Langmuir parameter (cm 3 g.1)
b=?
'Initial solute concentration (g cm .3)
Co=?

'Porosity of carbon particle (-)
E=?
'Film mass transfer coefficient (cm S·1)
k=?

'Mass of carbon (g)
m=?
'Maximum capacity of carbon (g g.1)
qm=?
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'Particle radius (cm)
R= ?
'Density of carbon (g cm- 3 )
rho= ?
Volume of fluid (cm 3)
V=?

'End of constant

'Definition of equations
qo=qm*b*Co/(1 +b*Co)
w=rho*qo/Co
Alpha=rho*V/m
Area=3*m/(rho*R*(1-E))

'Initial Conditions

phi@!O=1
Qave@!O=O

'Model Equations

Qave_t=Alpha/w*(phi-eta)

eta=Qave/((qm/qo-Qave)*b*Co)

phU=-w/Alpha*Qave_t

'Outputs
Real time =V*t/(Area*k)
C=phi*Co*e6
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APPENDIX 02

UPTAKE RATE AT THE SURFACE OF THE SORBENT

According to Tien. (1994). boundary condition for the sorption process by
surface Isolid diffusion on spherical sorbents is

Jql

Dp--

, Jr r=R =k(C-C)
'

(02.1)

C and Cs vary with time
where

C = concentration of solute in liquid phase (g cm·3).
Cs =equilibrium concentration of solute at the surface of activated carbon.
(g cm·3

).

k = external mass transfer coefficient (cm s·\

q =mass of solute per mass of carbon (mg g.\
R= radius of carbon particle (cm). and

p = density of carbon particle (g cm·3).
Movement of solute from liquid phase onto the surface of the carbon can be
represented by the following equation:

dC
-V-=Ak(C-C)
dt
'

where
t = time (s)

V= volume of liquid containing solute (cm\

(02.2)
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Combining equations (02.1) and (02.2), equation (02.3) can be obtained

aql

dC

-V-= ADpdt
'ar ,=R

(02.3)

Mass balance in a batch system is

dC

dq

-V-=m-dt
dt

(02.4)

where
m

=Mass of

carbon (g),

q= Average mass of solute/mass of carbon particle (g g'l).
Combine Equations (02.3) and (02.4) becomes

q

aql

i ADpm--=
dt
'ar ,oR

(02.5)

Simplified Equation (02.5)

i q= 3D,~
dt

R

~I'=R

(02.6)

where

3m
A=-

pR

(02.7)
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So the uptake rate of sorbent "with the diffusion flow at its surface entrance"
(Tien. 1994) is

i q= 3D, (}ql
dt

R (}r

(02.8)
,=R

Equation (02.8) is important as it relates the average concentration in the
particles to the concentration gradient at the surface of the particle. The rate
of change of average concentration is needed for the overall material balance
on the transferring species and, using equation (02.8), this is determined
from the numerical solution of the diffusion equation given a suitable value of

Os. Liaw et aI, (1979), as reported in Seader and Henley (1998), rationalise
this equation by stating that it follows from an assumption of a parabolic
adsorbate loading profile. However, the equation can be deduced using any
assumed loading profile of the form:

as illustrated below.

Supposing the sorbed-phase concentration (in the carbon particle) has the
following relation

q = ao + a2 r"

where

a" and a2 =arbitrary function of time

r = radial distance measured from the centre of the carbon particle
n = arbitrary number
Differentiate (02.9) becomes

(02.9)
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aql
dr,

= na2 r n-'

(02.10)

The average sorbate concentration in the carbon particle is

(02.11)

Differentiate equation (02.11) becomes

aq
3 JR aq 2
- = -3 (-)r dr
at R 0 at

(02.12)

but

aq

q
2 a ]
ar D,r ar

1 a [

7ft = ?

(02.13)

(from the mass balance inside of the carbon particle)

Substituting

-

~~ from equation (02.13) into equation (02.12), becomes

JR

aq
3 D, a 2 aq 2
=-[-er -)]r dr
at R3 0 r2 ar
ar

-

(02.14)

Rearranging equation (02.14)

aq
at

3D, JR a 2 aq
[-er -)]dr
R3 0 or
or

-= _.

(02.15)

Substituting equation (02.10) into equation (02.15)

-

J
R

aq= _
3D,. [-er
a 2na,r n - , )]dr
at
R3 0 or
-

(02.16)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 315

Rearranging

(02.17)

Therefore

(02.18)

and expand

(02.19)

a2 in equation (02.19) needs to be replaced via the following relationship

dql

=na 2R'-'

-

dr

(02.20)

,=R

(equation (02.20) is obtained from equation (02.10))

Therefore

a2

=

1
R ,_,
n

~

a;-lr=R

(02.21)

and

(02.22)

simplified further becomes
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(02.23)

and finally it can be written as

aq

3D, aq
R ar

(02.24)

--=--

at

r=R

It was proven from equations (04.40), (04.47) and (04.58) in Chapter 4, that

-

-

dq aq
-=-dt

(02.24a)

at

therefore equation 02.24 can be written as follows

dq = 3D, aq
dt

R

ar

(02.24b)
r=R

Equation (02.10) can be written as

q
In(a )

at =In(na) + (n -I) In(r)

(02.25)

q
The plot of In(a ) against In(r) will give a straight line with the gradient of

dr

(n -I) and intercept point of In(na 2 ).

The data from POESOL can be plotted according to equation (02.25) to
check whether the assumption of equation (02.9) holds.
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From

the

run

of POESOL programme for the continuous seeded

microfiltration of copper (0.55 ppm) with the relevant parameters such as,
V=18500 ml, F=12.81 mls'\ k=0.008 cm

S-1

and 0=1.2E-11 cm 2

S-1

(data from

MOPS5 carbon), the prediction of copper concentration in the permeate
according to dimension less time (theta) is shown in Figure 02.1.

__- -______- -________

~

~

-

0.0 -l-____

-

0.3

O.E+ 2.E- 4.E- 6.E- B.E- 1.E- 1.E- 1.E- 2.E- 2.E- 2.E- 2.E00

~

~

~

~

~

~

~

~

~

~

~

Dimensionless time (theta)

Figure 02.1. Cu con vs Theta

The data of

~;

according to r at fixed dimension less times of

8.3E-4, 1.245 E-3, 2.905E-3

4.15E-4,

and 2.03E-2 were extracted and plotted

according to equation (02.25). Their plots can be referred to Figure 02.2,
Figure 02.3, Figure 02.4, and Figure 02.5 respectively.
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In(r)

-0.06

-0.04

-0.02

0.00
4.0

i

3.0

Y=59.957x + 1.034
R2 =0.9975

2.0
1.0

~

a't:I

0.0

.E

-1.0
-2.0
-3.0

Figure 02.2. In (dQ/dr) vs In(r) at theta=4.15E-4

-0.15

-0.10

In(r)

-0.05

0.00
4.0

y = 50.509x + 1.5991
R2= 0.9815

2.0
0.0

~

~

o't:I

-2.0:5
-4.0
-6.0

Figure 02.3. In(dQ/dr) vs In(r) at theta

= 8.3E-4

______________________________________________________ 319

1n(r)

-0.20

-0.15

-0.10

-0.05

0.00
4.0
2.0
0.0
-2.0

y

•

=47.403x + 2.0795
R2 = 0.9579

Figure 02.4. In(dQJdr) vs In(r) at theta

-4.0

a~

'C

:s

-6.0
-8.0

= 1.245E-3

Figure 02.5. In(dQ/dr) vs In(r) at theta = 2.905E-3
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The data from POESOL was plotted according to equation (02.25) and the
plots of In(oq) against In(r) are linear. The values of n coefficients for linear
or

plots of Figures 02.2 to Figure 02.5 and their correlation

coefficients are

given in Table 1. So, the assumption of equation (02.9) holds.

Table 1. Values of

n and Correlation Coefficients of the Plots

List of Figure

Correlation

Value of n for

coefficient

linear plot

for linear
plot

Figure 2 ( Theta = 4.15E-4)

0.998

61

Figure 3 (Theta = 8.3E-4 )

0.982

52

Figure 4(Theta = 1.245 E-3)

0.956

48

Figure 5 (Theta =2.905E-3)

0.973

28
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APPENDIX D3
PROGRAMME FOR HSDM WITH EXTERNAL MASS TRANSFER
RESISTANCE FOR A BATCH SYSTEM USING PDESOL SOFTWARE

'Constants unlikely to need changing (radius, Langmuir b, Langmuir qm,
density, process system volume)

R=?;

b=?

qm=?

rho=?

'Film mass transfer coefficient
k=?

'Particle diffusivity
D=?

'Volume of process vessel

v=?
'Non-dimensionalising concentration parameter - same as feed concentration
Co=?

'Mass of carbon used
m=?

'End of constants
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'Oefinition of equations
qo=qm*b'Co/(1 +b*Co)
beta=qm/qo
alpha=V*rho/m
w=qo*rho/Co
QJ=dx(Q)

'Equation required for upper boundary condition
eta=Q@xu/«beta-Q@xU)'b'Co)

'Initial conditions
phi@tO=O
Q1@tO=O

'boundary condition
Q_x@xL=O

Q_x@xU=k*Co'R'(phi-eta1 )/(rho*O'qo)

'Diffusional equation
Q_t= 1/(x> 1e-4)"2' dx(xA2*Q_x)

'Dimensionless mass balance
phU=-3'w/Alpha*Q_x@xU)

'Outputs
Realtime=t*RA2IO
Cu Con=phi'Co'1 E6
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APPENDIX D4

THE

PDESOL

PROGRAMME

TO

SOLVE

THE

FILM

DIFFUSION

EQUATIONS WHERE Cs IS ZERO (AN EXAMPLE)

'Constants
k=O.012; F=O.8; R=O.0025; m=O.24; V=400; Co=O.5466; rho=1.675; Ep=O.02

'Ends of constants

'Difinition of equations
A=3*m/(rho*(1-Ep)*R)
B=F+k*A

'Diffusional equation

C=Co*F/(8)*(1-exp(-B*W»
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APPENDIX D5

PDESOL PROGRAMME FOR SORPTION OF SOLUTE ONTO ACTIVATED
CARBON IN A CONTINUOUS FILTRATION

SYSTEM WHERE THE

SORPTION IS CONTROLLED ONLY BY FILM DIFFUSION BUT THE
SOLUTE CONCENTRATION AT THE INTERFACE Cs

;t: 0

'Constants
m=O.1; R=O.0025; rho=1.675; qm=78.6624e-3; V=400; k=O.012; b=4.041 e6;
Co=O.547e-6; F=O.8; Ep=O.02
'Ends of constant

'Definitions of equations

qo=qm*b*Co/(1 +b*Co)
beta=qm/qo
A=3*m/(rho*(1-Ep)*R)
w=rho*qo/Co
Alpha=rho*V/m

'Initial Conditions
Qbar@tO=O
phi@tO=O

'Equations
eta=Qbar/«beta-Qbar)*b*Co)
QbaU=Alphalw*(phi-eta)
phU=F/k*A * (1-phi)-(phi-eta)

'OUTPUTS
TIME=t*V/(k* A)
C=phi*Co*1 e6
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APPENDIX D6

PDESOL PROGRAMME FOR SORPTION OF SOLUTE ONTO ACTIVATED
CARBON IN A CONTINUOUS FILTRATION

SYSTEM WHERE THE

SORPTION IS CONTROLLED BY FILM DIFFUSION AND INTRAPARTICLE
DIFFUSION AND THE SOLUTE CONCENTRATION AT THE INTERFACE
Cs ;toO

The programme using method of lines based on PDESOL software can be
written as follows (example):

'Constants unlikely to need changing (radius, Langmuir b, Langmuir qm,
density, process system volume)

R=O.0025; b=4.041 e+6; qm=78.6624e-3; rho=1.675

'Film mass transfer coefficient
k=0.014

'Particle diffusivity
D=7e-11

'Volume of process vessel
V=400
'Volume flow rate into/from vessel
00=0.775

'Non-dimensionalising concentration parameter - same as feed concentration
Co=0.545e-6

'Mass of carbon used
m=O.0799
'End of constants
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'Definition of equations

qo=qm*b*Co/(1 +b*Co)
beta=qm/qo
Q_x=dx(Q)

'Equation required for upper boundary condition
eta=Q@xU/((beta-Q@xU)*b*Co)

'Initial conditions
phi@tO=O
Q@tO=O

'boundary condition
Q_x@xL=O
Q_x@xU=k*Co*R*(phi-eta)/(rho*D*qo)

'Diffusional equation
Q_t=1 /(x> 1e-4JA2*dx(xJ\2*Q_x)

'Dimension less mass balance
phU=R"2*Qo*( 1-ph i)/(D*V)-3*qo/(V*Co) * (m *Q_x@xU)

'Outputs
Real Time=t*R"21D
Copper Con=phi*Co*1 E6
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APPENDIX D7
THE PROGRRAME FOR STAGE ADDITION OF ADSORBENT (AN
EXAMPLE)
For Stage 1

'Constants unlikely to need changing (radius, Langmuir b, Langmuir qm,
density, process system volume)
R=O.0025; b=4.041e+6; qm=78.6624e-3; rho=1.675

'Film mass transfer coefficient
k=O.014

'Particle diffusivity
D=7e-11

'Volume of process vessel
V=400

'Volume flow rate into/from vessel
Qo=0.775

'Non-dimensionalising concentration parameter - same as feed concentration
Co=0.S4Se-6

'Mass of carbon used
m1=0.0799

'End of constants

'Definition of equations
qo=qm*b*Co/(1 +b*Co)
beta=qm/qo
Q1_x=dx(Q1)
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'Equation required for upper boundary condition
eta1=01@xU/((beta-01@xU)*b*Co)

'Initial conditions
phi@!O=O
01@!O=O

'boundary condition
01_x@xL=O
01_x@xU=k*Co*R*(phi-eta1)/(rho*D*qo)

'Diffusional equation
01_t=1/(x> 1e-4)"2*dx(x"2*01_x)

'Dimensionless mass balance
phU=R"2*00*(1-phi)/(D*V)-3*qo/(V*Co )*(m1*01_x@xU)

For Stage 2

'Constants unlikely to need changing (radius, Langmuir b, Langmuir qm,
density, process system volume)
R=O.0025; b=4.041 e+6; qm=78.6624e-3; rho=1.675

'Film mass transfer coefficient
k=O.014

'Particle diffusivity
D=7e-11

'Volume of process vessel
V=400
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'Volume flow rate into/from vessel
00=0.775

'Non-dimensionalising concentration parameter - same as feed concentration
Co=0.545e-6

'Mass of carbon used
m1=0.0799; m2=0.0799

'End of constants

'Definition of equations

qo=qm*b*Co/(1 +b*Co)
beta=qm/qo
01_x=dx(01)
02_x=dx(02)

'Equation required for upper boundary condition

eta1=01 @xU/((beta-01 @xU)*b*Co)
eta2=02@xU/((beta-02@xU)*b*Co)

'Initial conditions
phi@tO=0.5293
Q1 @to=lintc("d:\18_12\A10.txt",x)
Q2@tO=0

'boundary condition
Q1_x@xL=0
01_x@xU=k*Co*R*(phi-eta1)/(rho*D*qo)
Q2_x@xL=0
Q2_x@xU=k*Co*R*(phi-eta2)/(rho*D*qo)
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'Diffusional equation
01_t=1/(x> 1e-4)"2*dx(x"2*01_x)
02_t= 1/(x> 1e-4 )"2* dx(x"2*02_x)

'Dimension less mass balance
phU=R"2*00*(1-phi)/(D*V)-3*qo/(V*Co)*(m 1*01_x@xU+m2*Q2_x@xU)

For Stage 3

'Constants unlikely to need changing (radius, Langmuir b, Langmuir qm,
density, process system volume)
R=0.0025; b=4.041 e+6; qm=78.6624e-3; rho=1.675

'Film mass transfer coefficient
k=0.014

'Particle diffusivity
D=7e-11

'Volume of process vessel
V=400

'Volume flow rate into/from vessel
00=0.775

'Non-dimensionalising concentration parameter - same as feed concentration
Co=0.545e-6

'Mass of carbon used
m1=0.0799; m2=0.0799; m3=0.0802

'End of constants
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'Oefinition of equations
qo=qm*b*Co/(1 +b*Co)
beta=qm/qo
Q1_x=dx(Q1)
Q2_x=dx(Q2)
Q3_x=dx(Q3)

'Equation required for upper boundary condition
eta1 =Q1 @xU/((beta-Q1 @xU)*b*Co)
eta2=Q2@xU/((beta-Q2@xU)*b*Co)
eta3=Q3@xU/((beta-Q3@xU)*b*Co)

'Initial conditions
phi@tO=O.3802
Q1 @to=lintc("d:\18_12\A11.txt",x)
Q2@tO=lintc("d:\18_12\b10.txt",x)
Q3@tO=O

'boundary condition
Q1_x@xL=O
Q1_x@xU=k*Co*R*(phi-eta1)/(rho*O*qo)
Q2_x@xL=O
Q2_x@xU=k*Co*R*(phi-eta2)/(rho*O*qo)
Q3_x@xL=O
Q3_x@xU=k*Co*R*(phi-eta3)/(rho*O*qo)

'Oiffusional equation

Q1_t=1/(x> 1e-4 )"2*dx(x"2*Q1_x)
Q2_t=1 /(x> 1e-4 )"2*dx(x"2*Q2_x)
Q3_t=1/(x> 1e-4)"2*dx(x"2*Q3_x)
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'Dimension less mass balance

phU=RI\2*Qo*(1-phi)/(D*V)3*qo/(V*Co)*(m1*Q1 x@xU+m2*Q2 x@xU+m3*Q3 x@xU)
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APPENDIX E
PART A. RELATIONSHIP BETWEEN VOID FRACTION, PORE VOLUME
AND SOLID DENSITY OF CARBON

Relationship between void fraction, specific pore volume and solid density of
carbon is based on schematic diagram in Figure E1.

Figure E1. Schematic Diagram for Carbon Particle
with Void and Solid Volumes

Refer to Figure E1, consider the following:

m

= mass of carbon particle (g)

Vp

= total volume of void (cm 3 )

Vs

= total volume of solid carbon (cm 3 )

Vp + Vs

= total volume of carbon particle (cm 3)

Pp

= density of carbon particle (g cm .3)

p"

= density of solid carbon (g cm .3)

e

= porosity of carbon (-)

Porosity of carbon is defined as
V

(0) =

p

Vp

+V,

(E1)
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Density of carbon particle is defined as
(E2)
Density of solid carbon is defined as

m

(E3)

p,=y,
Rearranging equation (E2) becomes equation (E4)

m
Vp+V, =Pp-

(E4)

Rearranging equation (E3) becomes equation (E5)

m
p,

(E5)

V=-

,

Combining equation (E4) and equation (E5), rearranging, becomes equation
(E6).

m

m

p Pp

p,

V

=---

(E6)

Porosity of carbon can be calculated by substituting

equation (E6) and

equation (E4) into equation (E1)

m

e

=

m

Vp = Pp p" = 1- fe.
Vp +V,
mp"

(E7)

Pp
V
The specific pore volume of carbon (J..) can be obtained from the data of
m

pore distribution of nitrogen sorption on activated carbon analysed using
ASAP based on BJH sorption model (from BET surface area determination of
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carbon). P., can be measured from Helium Pycnometer.

So Pp can be

calculated from equation(E6), and porosity of carbon can be estimated from
equation (E7).

PART B. CALCULATION OF POROSITY FOR RESIN

Volume of liquid in the resin
.
P oroslty = --------'--"----------Volume of liquid + volume of solid

(E8)

Equation (E8) can be transformed into equation (E9)

Mass of of liquid
P
. _
Density of liquid
oroslty - Mass of of liquid
Mass of of solid
------"'-~--

Density of liquid

(E9)

+ -----''------Density of solid

Simplified Equation (E9) becomes

Mw
Porosity =

Pw

Mw M"
---+-Pw

(E11 )

p,

Further simplified Equation (E10) becomes

.
Poroslty =

1
M
l+--'-x Pw
p, Mw

(E12)

The moisture and solid contents of the resin are 0.514 9 g-l and 0.486 9 g-l
respectively and the density of resin (dry basis measured by pycnometer) is
1.433 g cm- 3 , the porosity of the resin can be calculated as follows:
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Porosity

1+0.486 x_l_
0.514 1.433
Porosity =0.603
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APPENDIX F
CALCULATION OF CSTR MODEL BASED ON MASS BALANCE
(NUMERICAL METHOD)
A1=(Q o*dT)/2)+V
A2=(Q o+dQ o)/2*dT +dV
A3=(2*Q o*c+CdQ o)/2+dT
dC=(A2*C o-A3-C*d V)/A 1
C=Co+dC
Copper feed concentration (Co)=1.07 ppm
Calculation for CSTR Model
Time
(Seconds) d T

00

o

dO,

V (ml)

Al

dV

A2

A3

120
240

120
120

300
409

60
109
71

0.0109
0.0109
0.0106

0.0004
0
-3E-04

18.939
18.869
18.939

-0.14 19.396 0.5
-0.07 19.535 1.12
0.071 19.256 0,84

120
120
30

0.0113
0,0113
0.0113

0.0007
0
0

18.939
18.798
18.656

0 19.576
-0.14 19,619
-0.14 18.968

90
104
64
101
121

0.0111
0.0111
0,0111
0.011
0.0112

-2E-04
0
0
-1E-04
0.0001

18.727
18,869
18,798
18.727
18,869

0.071
0.141
-0.07
-0.07
0.141

19.166 1.08
19.307
1.3
19.225 0,64
19.361 1.05
19.395 1,48

0.32
0,42
0.29
0.48
0.63

111
39

0,0112
0,0116

0
0.0004

18.798
18.727

-0,07 19.488 1.17
-0.07 19,016 0.37

0.64
0.24

1440
1488

60
48

0.0116
0,0116

0
0

18,727
18.656

0 19.075
0.7
-0.07 19,005 0.49

0.39
0.32

1650
1720

162
70

0.0116
0,0125

0
0.0009

18,656
18.586

0
-0.07

19.596 1.88
19.062 0,77

1810
2001

90
191

0.0125
0.0121

0
-4E·04

18,798
18.586

0.212
-0.21

19.148
19.991

2064
2160

63

0.0121

0

18,586

0

96
109

0.0121
0.0121

0
0

18.656
18.586

480
600
720
750
840
944
1008
1109
1230
1341
1380

2269
2400

dC

C
0,000

0.0105
0.0105
0.0105

0
0

20
19.293
19.081

-0.71
-0.21

20.631 0.55
19.924 1.05

0
0.04
0.05
0.13
0.13

1.32 0.27
1,22 0.36
0,2 0.11

C/Co

o

0.029

0.029

0
0,027

0,055
0.026

0.084
0.109

0.078
0.102

0,055
0,039

0.164
0,204

0.154
0,19

0,058

0.262

0.245

0,050
0,008
0,042

0.312
0.32
0,362

0.292
0,299
0,339

0.048
0,022
0,035

0.41
0.432
0.467

0,383
0.404

0.046
0,033
0,010

0.513
0.546
0,557

0.436
0.479
0.51
0.52
0,538
0,549

0.019

0.575

1.1
0.53

0.013
0.046
0,018

0.588
0.634
0,652

1.34
2.13

0,73
1.6

0,029
0,042

0.681
0,722

0.636
0.675

18.966 0.76

0.55

19.165
19.314

1.23
1.25

0.85
1

0.736
0.758

0.688

0.071
-0,07

0.014
0,021
0.020

0.778

0.708
0.727

19.376

0.593
0.609

131

0.0127

0.0007

18,656

0.071

1.7

1.26

0.026

0.804

0.751

167

0,0124

-3E-04

18.586

·0.07

19.72 2,03

1.69

2661

94

0.0124

0

18.586

0

19,169 1,17

0,97

2700
2870

39
170

0.0121
0.0121

-3E·04
0

18,586
18.515

0
-0.07

18.828 0.48
19.613 1.98

0.4
1.75

0.027
0.015
0,006

0.831
0.845
0,851

0.777
0,79
0,795

0.022

0.873

2940

70

0.0123

0.0002

18.515

0

18,938 0.85

0,75

60
150

0.0123
0.0123

0
0

18,586
18.586

0.071
0

18.885 0.81
19,51 1,85

0.65
1.65

0.882
. 0.89

0.816
0.824

3000
3150

0.009
0.008
0,017

0.907

3240

90
60

0,0127
0,0127

0.0003

18.586

0

o

o

1.02
0.7

0.010
0,006

0.917
0.923

0,863

180
120
120

0.0127
0,0121
0,0121

0
·6E·04
0

18.586
18.515
18.586
18.515

19,14 1.12
18,966 0.76

·0.07
0,071
·0.07

19.726 2.21
19.275 1.56
19,312 1,38

2.1
1.4
1.38

0.016
0,011
0.009

0.939
0.95
0.959

0.878
0,888
0.896

2567

3300
3480
3600
3720

0.832
0.848
0,857
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3900
4309
4508

180
409
199

0.0126
0.0125
0.0125

0.0005
-lE-04
0

18.586
18.444
18.586

4740

232
360

0.0125
0.0128

0
0.0003

18.586
18.586

2.13
5
2.48

0.013
0.023
0.010

0.972
0.995
1.005

20.039 2.91
20.841 4.56

2.92
4.63

0.009
0.012

1.014
1.027

240

0.0128

4E-05

18.444

-0.14 20.123 2.94

3.16

0.006

1.033

60
180

0.0128
0.0128

0
0

18.515
18.515

0.071
0

18.83 0.84
19.671 2.31

0.8
2.39

0.002
0.004

1.035

180
120

0.0128
0.0126

0
-2E-04

18.444
18.444

-0.07 19.671 2.24
0 19.215 1.53

2.4
1.59

0.004

1.039
1.042

0.002

1.044

120

0.0126

0

18.515

0.071

1.58

1.58

300

0.0129

0.0003

18.444

-0.07 20.406 3.75

4

0.002
0.004

1.047
1.051

120
180

0.0129
0.0127

0
-lE-04

18.444
18.515

0
0.071

19.217 1.55
19.604 2.38

1.63
2.43

0.002
0.002

1.052

6600
6720
6900

120
180

0.0127
0.0127

0
-3E-05

18.444
18.374

-0.07
19.28 1.46
-0.07 19.591 2.22

1.61
2.42

0.001

7015

115

0.0127

0

18.444

0.071

19.105

1.53

1.55

7200
7483
7740

185
283

0.0126
0.013

-9E-05
0.0003

18.444
18.303

0 19.621
-0.14 20.231

2.34
3.48

2.48
3.84

257
60

0.0127
0.0127

-2E-04
0

18.232
18.303

-0.07 19.967 3.23
0.071 18.614 0.84

3.5
0.81

143
157

0.0127
0.0129

0
0.0002

-0.07
-0.07

115
185
180
120

0.0129
0.0129
0.0129
0.0128

o

18.232
18.161
18.161

19.214 1.75
19.232 1.94
18.903 1.48

1.94
2.14
1.58

3E-05
0
-lE-04

18.161
18.091
18.091

0
-0.07

o

19.355
19.325
18.866

2.39
2.26
1.54

2.54
2.48
1.65

100
114

0.0128
0.013

0
0.0002

18.02
17.949

-0.07
-0.07

18.731
18.75

1.21
1.4

1.37
1.57

73
213

0.013
0.013

0
0

17.949
17.879

0
-0.07

18.422 0.95
19.33 2.69

155
65
300

0.013
0.0129
0.0128

0
-9E-05
-7E-05

17.879
17.737
17.737

0
-0.14
0

180
206

0.0128
0.0128

3E-05
0

17.737
17.596

64
115

0.0126
0.0126

-2E-04
0

46
180

0.0126
0.0129

72
97
120

5100
5340
5400
5580
5760
5880
6000
6300
6420

7800
7943
8100
8215
8400
8580
8700
8800
8914
8987
9200
9355
9420
9720
9900
10106
10170
10285
10331
10511
10583
10680
10800

0.071 19.604 2.3
-0.14 21.172 5.01
0.141 19.691 2.64
0
0

o

19.201

1.055
1.056

0.908
0.93
0.939
0.948
0.959
0.965
0.967
0.971
0.974
0.976
0.978
0.982
0.984
0.986

1.057

0.987
0.988

0.001

1.058
1.06

0.989
0.99

0.002
0.001

1.062
1.063

0.992
0.993

0.000
0.001
0.001

1.063
1.064
1.064
1.065

0.994
0.994
0.995

0.002
0.001

0.000
0.001
0.001
0.000

1.066
1.066
1.066
1.067

0.995
0.996
0.996
0.997
0.997
0.997
0.997
0.998

1.01
2.95

0.000
0.000
0.000
0.000

1.067
1.067
1.067

18.883 2.01
18.3
0.7
19.667 3.85

2.14
0.9
4.11

0.000
0.000
0.000

1.068
1.068
1.068

0
-0.14

18.889
19.058

2.31
2.5

2.46
2.82

0.000
0.000

1.068
1.069

17.737
17.596

0.141
-0.14

18.006 0.96
18.464 1.31

0.87
1.55

0.000
0.000

1.069
1.069

0
0.0002

17.525
17.454

-0.07
-0.07

17.886 0.51
18.663 2.22

0.62
2.45

0.000
0.000

1.069
1.069

0.0129

0

17.384

-0.07

17.917 0.86

0.99

0.000

1.069

0.999
0.999

0.0127
0.0127

-2E-04
0

17.313
17.313

-0.07
0

18.007
18.072

1.32
1.62

0.000
0.000

1.069
1.069

0.999
0.999

1.17
1.52

0.998
0.998
0.998
0.999
0.999
0.999
0.999
0.999
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SEEDED l\flCROFILTRA TION OF IONIC COPPER WITH
'iMODIFIED POWDERED ACTIVATED CARBON
,1
:1

! R.G. Holdich, I.W. Cumming, M. Streat and AR.E. Awang

: Department of Chemical Engineering, Loughborough University, Leicestershire, LE!! 3TU.
Crossflow filtration has been combined with ion exchange using modified powdered
activated carbon (PAC) for the removal of trace copper from aqueous solutions. Tests
on two types of oxidised PAC have demonstrated a high capacity of 2 meq go! (63
mg/g) for copper at pH 4.6. Two samples of PAC with mean particle sizes of 42.3
and 45.9 JlIIl gave fast reaction kinetics. The copper adsorption data appears to fit a
liquid film diffusional model in the range 5-1000 ppb copper in solution. Adsorbed
copper is efficiently eluted by lowering pH to 1.6. PAC based on the shell of palm oil
kernels proved to be more resistant to attrition whilst still giving fast mass transfer
kinetics. The special filter used in the tests gave a stable flux of 400 I m-2 h· l at a very
low filtration pressure of 2 kPa.
Keywords: mass transfer, ion exchange, adsorption. activated carbon, cross flow,
filtration

INTRODUCTION
Ion exchange and adsorption onto activated carbon are two well established waste-water
treatment processes. The former is widely used for the treatment of metal bearing solutions
and the latter is extensively applied for the removal of trace organic micro pollutants. More
recently, there has been considerable interest in the modification of activated carbon, by
Oxidation, to significantly enhance the oxidative functional groups at the porous surface. This
produces weakly acidic ion exchange capacity by formation of carboxylic acid and phenolic
. groupings(l) and thereby promotes metal ion sorption at neutral and near-neutral pH values(2)
In some instances, the metal ion capacity of oxidised activated carbon can approach that of
conventional polymeric ion exchange resins(Jl.
Ion exchangers and adsorbents are normally used in bead or granular form (approx. I mm
diameter) in packed columns for the trearnlent of waste-water and efluents. There are,
however, examples where activated carbon has been added to settling basins and settled out
before removal and regeneration(4). A novel ion exchange process known as seeded
ultrafiltration (UF) has been developed for the treatment of effluents arising from the nuclear
industry(Si. In a seeded UF process, ion exchangers are added to the Ho wing effluent in tinely
divided form and an ultralilter is used to retain the exchanger within the process, the treated
etnuent passing through a UF membrane for discharge or reuse. The overall reaction kinetics
P:J.ge I
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of an adsorptive process are improved by the use of finely divided particles due to the vastly
increased surface area per unit volume, or mass. The use of finely divided particles improves
mass transfer but simultaneously introduces a serious materials handling problem. For this
reason, it is important to develop new techniques which can provide good mass transfer in
dilute solution and retain the advantages of using finely divided ion exchange/adsorbent
particles. A seeded microfiltration process, in which the adsorbent is retained by a micro filter,
is one such technique currently under investigation.
The attrition loss of activated carbon is a serious industrial problem, with up to 10% of
granular activated carbon inventory lost per cycle during removal and thermal regeneration in
. conventional packed bed processes. However, these losses are likely to be even greater in a
. continuously flowing system due to significant shear. Hence a test to assess the mechanical
strength of the oxidised activated carbons used in this work was performed. Standard strength
tests for activated carbon with particle size greater than 180 ~m are available(6), but no
accepted test exists for material below this size. Thus a test based on ball milling the carbon
for various times was developed.

THEORY
Figure I shows a schematic illustration of the diffusion of the copper ions from bulk solution
to the surface of a spherical adsorbent particle through a stagnant liquid film.

Carbon particle

C

CL!'
Distance

. -. ..
~

.'

Figure 1: Schematic illustration of mass transfer onto an adsorbent particle
The bulk solution has a copper concentration, C, and the concentration at the surface of
the particle is Cs. The difference between these two values is the driving force for the mass
transfer through the stagnant film. The rate of mass transfer across the liquid fllm of thickness,
(;, is:
dl"V[
DA(C-C,)
dt =6
(I)
where M is the mass of ionic copper transferred in time t, D is the liquid film diffusion
coefficient of the transferring species, and A is the surface area over which mass transfer
occurs. The mass of copper transferred is related to the change in copper concentration in a
batch process by:
cL¥. = VdC
(2)
where V is the volume within the system and the concentration is in the units of mass per unit
volume. Substituting Equation (2) into Equation 0), making the assumption that the
concentration of free ionic copper at the surface of the carbon is zero, i.e. assuming fast ion
exchange kinetics compared to the diffusional process, and integrating under the limits of
C=Co at 1=0 and C=C at t=t :md rearranging provides the well known result:
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k.4 t
(C) -V-

In Co ==

(3)
Dj
•where k is the mass transfer coefficient and equal to / E. If ionic copper mass transfer to the

'"
!

mm

1carbon particles

is rate limited by liquid
diffusion, then Equation (3) suggests that the
;.logarithmic ratio of the concentration at any instant in time, to the original value, should
~ decrease linearly with experimental time.

,,

; EXPERIMENTAL
Two different types of activated carbon were investigated: a coal based carbon, Chemviron
.' F-400, and a wood based carbon derived from the shell of palm kernels (termed Porim). Both
'activated carbons were modified by oxidation, using techniques developed in our
laboratories(2), to enhance surface oxygen containing groups thereby significantly increasing
ion exchange capacity. A series of loading tests were performed by shaking the modified
, carbons (particle sizes 42.3 and 45.9 ~m) and copper solutions in conical flasks for 24 hours.
Kinetic tests were perfomled by contacting small quantities of modified carbon with copper
solution in a stirred flow circuit containing a micro fIlter. The flow tests were performed with
initial copper concentrations as high as 50 ppm and as Iow as 1 ppm. The tests at the higher
concentration also provided copper loading data. A schematic diagram of the flow cell test
equipment is provided in Figure 2 below.
,f

pH Adjustment
pH Probe

Copper and

1--'-+--+-'1

Carbon
Suspension

Filter

Figure 2: Schematic diagram of experimental equipment
The experimental procedure for the flow cell test was as follows. The total liquid volume
in the test equipment was 500 mI, containing 0.4 g of modified carbon and copper nitrate
solution of the required concentration. The suspension was stirred at 530 rpm by an
electrically driven stirrer, and filtrate was sucked through the microfIIter by means of a
peristaltic pump at a rate of 38 ml per minute. A pressure transducer located on the suction
side of the pump was used to measure the pressure drop over the microflIter, and on the
discharge side a sample line could be used to remove aJiquots for analysis by atomic
absorption (Spectra A.A-200 Varian) or ion chromatography (Dionex 4500i). Under normal
operating conditions the permeate was recycled back to the stirred cell, so that the system
constituted a well mL'{ed batch process. During extraction the pH was maintained at 4.6 ± 0.2
Page 3
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by addition of sodium hydroxide solution. For regeneration of the modified carbon, i.e. elution
'of the sorbed ionic copper, the pH was reduced to 1.6-1.8. The microfllter disc within the
'stirred cell had a flltration area of 55.4 cm 2 and contained unif'orm pores approximately 18 /lm
;in diameter. Unlike conventional microfllters, each pore was not connected to the surrounding
:anes but passed directly from one side of the fllter to the other with no tortuousity. This
,',material was carefully selected to avoid the internal clogging and poor flux performance that is
jaften found when employing micro filters. The pressure drop over the fJ.!ter was 2 kPa, at a flux
crate of 400 I m·2 hr·!. The modified powdered activated carbon (PAC) particles were sieved at
i45 /lm and 53 /lm, with material in this size range used for the tests. There was no indication
; of any flux decay during the extraction and regeneration processes.
In order to assess the resistance to attrition within a well mixed and pumped system, a
series of crushing tests were performed on both carbons. Each carbon was subjected to a test
in which 5 g was placed in a laboratory ball mill (Pascal 2 litre capacity) together with 200 g of
, water and a charge of ceramic balls to approximately 1/8 capacity of the mill. The ball mill was
. rotated for set times and samples of the resulting suspension taken and analysed for particle
size distribution using a Coulter Electronics Multisizer employing a 200 /lID orifice tube.
Considerable preliminary testing was undertaken to develop a sampling technique that ensured
that the sample was representative of the solids within the mill, before the crushing tests were
performed.

RESUL TS AND DISCUSSION
The shaking flasks tests indicated that the copper capacity of both modified carbons at a pH of
greater than 4 was similar, i.e. 1 =ole Cu per gramme of carbon (2 meq g'!=63 mg Cu/g). A
similar result was obtained during the stirred cell tests as illustrated in Figure 3 below.
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Figure 3: Apparent copper capacity of modified PAC during extraction and regeneration·
modified Porim carbon only
For the sake of clarity and brevity only the results for the modified Porim carbon are
shown on Figure 3, but modified F·400 carbon gave almost identical results. The feed solution
was initially 48.3 ppm copper nitrate solution. Regeneration was performed with nitric acid at
pH 1.6. Two further cycles with the same modified carbon were performed, the second cycle

-

-
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employing only 24.0 ppm of copper nitrate as feed. Thus the capacity during the second cycle
was limited by the available copper in solution rather than the amount of carbon, whereas
there was sufficient copper present to just saturate the carbon ion exchange sites when
extracting from more concentrated solutions. The results illustrated in Figure 3 indicate that
the ion exchange process is fully reversible and has fast overall kinetics under these operating
conditions. Meaningful analysis of the data illustrated in Figure 3 is not possible because of
the speed of the process. Hence, further tests were conducted with a reduced amount of
. modified carbon and copper. 0.1 g of carbon in 500 rnl of copper nitrate solution starting at a
concentration of I ppm (1000 ppb). The results for both types of modified carbon are
. illustrated in Figure 4 below .
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Figure 4: Extraction of copper from I ppm solution and log-linear plot of extraction data
Both modified carbons again appear to perform in a similar way, with the F-40() providing
marginally faster kinetics. However, the particle size distribution data indicated that the mean
particle size by mass for the modified carbons were 42.3 and 45.9 )lm (measured by Coulter
Multisizer) for the F-400 and Porim respectively. The slight difference in the kinetics may be
explained by the slightly different particle sizes. A log-linear plot of the extraction data does
appear to be linear for concentrations between 1000 and 20 ppb, with a slight divergence
below this last value. This suggests that the mass transfer coefficient is very similar for both
the Porim and the F400 and that it is liquid mm controlled.
Surface area analysis by BET was conducted to assess the total areas of both the oxidised
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PACs used: these gave values of 808 and 7.6 m1 g-! for the F400 and Porim carbons
respectively. In contrast the capacity of both materials for copper were very similar at -2 meq
g-! and the kinetics were also similar. The large difference between surface areas with similar
. exchange performance suggests that most of the adsorption is associated with the panicle
.: surface and larger pores, whilst very small pores may not be involved in the liquid phase
: adsorption.
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Figure 5: Performance of the two powdered modified carbons during crushing tests
The strength of the two modified carbons was assessed by the ball mill crushing tests, and
Figure 5 shows how the mean panicle size by mass varied with crushing time. The change in
mean size by mass is defmed as follows:
mean by m ass at time t -m ean by m ass after 420 seconds
m ean by m ass after 420 seconds

The modified Porin1 carbon has a lower change in diameter than the F-400 for all the times
considered, apan from the reference time of 420 seconds. The modified F-400 carbon appears
to be very brittle and a significant amount of break-up occurred during the tirst 30 seconds.
Thus the modified Porim carbon would be expected to last longer in a seeded crosstlow
micro filtration process.

CONCLUSIONS
Two types of carbon based on different precursors have been oxidised chemically in the same
way to enhance surface ion exchange groups. These materials were then assessed for chemical
and mechanical performance in a seeded crosstlow micro filtration process. Both modified
carbons provided similar overall mass transfer perfoID1ance, reducing the level of copper in
nitrate solutions from 1000 ppb down to concentrations approaching a few pans per billion.
Both modified carbons also give high copper capacities of approximately 2 meq g-!, and both
modified carbons had similar panicle size distributions with mean diameters by mass in the
range of 40 to 50 ~m. However, the surface area of the modified F-400 carbon, as measured
by BET, was two orders of magnitude greater than for the modified Porim carbon. The similar
extraction performance despite the considerably difIerent BET surface areas suggests that the
modified F-400 carbon has a large number of small pores that play no pan in the mass transfer
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•in this liquid system.
The modified Porim carbon was significantly stronger than the modified F-400 carbon •
. resisting mechanical break-up of the particles. This is consistent with the surface area data: the
F-400 must possess a more fissured structure to give the higher surface area, thus reducing its
mechanical strength. Resistance to attrition is essential in a continuously flowing system since
,the ion exchanger/adsorbent will have to be retained and/or removed by conventional
; solid-liquid separation techniques which are adversely affected by the presence of very fine
particles. One potential advantage of a continuously fIltering system over conventional column
operation is that pretreatment of the process fluid to remove suspended solids may not be
necessary. Hence the physical and chemical treatment stages for a process fluid, or effluent,
may be combined in a single unit operation. Finally, both modified carbons were regenerated
efficiently and reused successfully.
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SEEDED MICROFll..TRATlON FOR BASE METAL REMOVAL FROM EFFLUENTS
R.G. Holdich, LW. Cumming, AR.B. Awang andA.J. Bromley, Department of Chemical
Engineering, Loughborough University, Leicestershire, LE11 3TU.

Copper in solution at low concentrations has been removed by contacting the water with
modified activated carbon. A crossflow micro filter retained the carbon particles. Extremely
high and stable flux rates were measured, approximately 6000 I m-2 h- 1, whilst =ploying a
transm=brane pressure ofless than 0.1 bar. These conditions resulted from the use of a slotted
true surface micro filter, instead of a conventional microfilter medium. Slots of as little as 2 J.Ull
in diameter and 400 Ilm in length have been used instead of conventional filter pores, and the
microfilters were formed into tubes 14
in diameter and 350
long. The mass transfer of
the copper into the carbon particles was reliably modelled using a model that took account of
both transfer across an aqueous film around the particles and diffusion within the particle.

=

=

KEYWORDS: ion exchange, modelling, filter media

INTRODUCTION
The crossflow membrane filtration of sorption media (activated carbon, ion exchange beads) is
a method for the r=oval of solutes from process streams and is called seeded micro filtration
[1]. The solid sorption medium is retained on the crossflow filter and complexes the dissolved
species in the liquid. The application of crossflow micro filtration in preference to conventional
contacting equipment, such as packed columns, has the following advantages: inert suspended
solids in the feed may be tolerated, much finer sorption species may" be used, rapid mass
transfer
onto
the
small er
partic1 es,
simple
contacting
equipment
and
straightforward
process
control.
However,
the
successful application
of the process is very
dependent on high
permeate flux rates.
Conventional process
scale micro filtration
membranes
rely on
Fig l(a) Conventional MF medium
(b) Slotted membrane - 2 fl1Jl
depth
filtration
mechanisms to achieve their pore size" rating [2]; thus they require a tortuous flow pore channel
which precludes the seeded micro filtration of effluents containing suspended solids that may
become lodged within the rnicrofilter membrane. _'\11 example of a conventional MF is
illustrated in Fig l(al. However, a trUe surface micro filter may be successfully employed as it

..

does not have a tortuous pore flow channeL These types of filters are currently
development for process scale use and an example of one with a slotted pore is provided .~~
1(b). The slot shown in the figure is approximately 2 !lm wide and 400 !lm long. :- IIg
geometry is preferable to a hole as it is less likely to suffer from pore plugging on the surfac~.ot
For ~e mass transfer of a dissolved speci~s (such as. copper. ions) transferring from the bUlk
solutron, through an aqueous film surroundmg a sorptIon partrcle and then diffusing within th
particle, a mathematical model based on two resistances to mass transfer acting in series can b~
developed:
1.
aqueous film mass transfer resistance around the suspended particle, and
2.
diffusion of copper within the carbon particle.
The mass transfer can be described by the following two equations respectively
dC = _ Ak (C _ C )

and

v'

dt·

oq(r) = E...!....(r2 oq(r»)
at r2 Or
Or

(1) and (2)

where C is concentration of copper in the solution, C, is concentration at the surface of the
carbon particle, A is the total surface area of carbon present, V is system volume, k is the film
mass transfer coefficient, D is the copper diffusivity within the carbon particle, r is the local
radial position within the carbon particle, t is time and q(r) is the local concentration of copper
within the carbon on a mass per unit mass basis. The copper concentration on the surface and
within the carbon are linked via a Langmuir type isotherm

aC.

(3)

q'=l+bC,

where a and b are constants, and material balances can be used to deduce the average mass on
the carbon
3
q=-J

R

lR q(r)r2dr

(4)

0

where R is the radius of the carbon particle.
The above equations can be combined with a material balance on the copper during extraction
which will take two separate forms, depending on the method of operation. In a simple batch
tank the copper concentration in solution can be described by
C=Co-;q

(5)

where w is the mass of carbon adsorbent present and Co is the initial copper concentration.
However, in a system continuously fed by liquid containing the solute but with the sorption
particles retained by the micro filter - the seeded micro filtration process, the material balance is
dC
dif
V-=FC -FC-w(6)
dt

0

dt

where F is the permeate rate and is matched by the rate of addition of copper bearing effluent
into the process. In all cases equations (1) to (6) can be solved by first rendering dimensionless
and then solving numerically using the proprietary mathematical package PDESOLTM[3].
EXPERIMENTAL ."-NI> DISCUSSION
The seeded micro filtration of copper from dilute aqueous solutions using carbon modified by
the addition of ion exchange groups onto the particle surface has been studied, using the
experimental rig illustrated in Fig 2. The carbon particles were oxidised by contacting with
concentrated nitric acid, resulting in acidic ion exchange groups distributed throughout the
carbon particles. The median particle size of the resulting adsorbent was 50 !lm. Two separate
batches of modified carbon were produced with capacities for copper of 0.023 and 0.079 grams

~~

of copper per gram of carbon. This is a capacity close to a commercially available ion
exchange resin. Experiments were conducted using the filtration equipment illustrated in Fig.
2; where the feed rate balanced the permeate filtration rate. The feed contained the copper
bearing solution at a pH greater than 4 and the permeate was depleted in copper by the carbon
maintained within the crossflow filtration circuit. When the carbon became loaded with copper
it was regenerated by contacting with acid to give a solution pH of approximately 1.2. This was
performed m the
)
Permeate
regeneration circuit
pH control
which also contained
Feed
a crossflow filter. An
tanks
ri>lr--<l
400 litres
example of the flux
rate and pressure
1
REGENERATION CIRCUIT
..j;
&-j
drop achieved during
the loading of the
dcerame
copper
onto
the
ff--r-l
I
membrane
Process
Permeate
carbon
is
illustrated
lank
in Fig 3.
The
@tL---r---,20L
extremely high flux
rate achievable from
a slotted surface filter
15 evident from this
Fig 2 Schematic of experimental rig
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figure, and the low operating pressure.
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Experiments were also performed using very low
_~0.08
concentrations of carbon in suspension to "x' 6000)
'i"?>"-:',:
deliberately exhaust the adsorption species,
providing extraction kinetic data suitable for full
scale process modelling. These were performed
using a similar cross flow experimental rig to that
Q :
.0.05
shown in Fig. 2, but recycling the permeate back
to the feed tank. The concentration of copper in Fig 3 Flux and transmembrane pressure
the permeate with respect to time was monitored.
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Figure 4 illustrates one example of the analysis, solved
by a finite difference solution to the above equations,
together with experimental measurements when
o 0.6r
filtering using 0.2 g rl of carbon in a solution
containing 478 ppb of copper. The mass transfer
~
~~.'
~:~~3;.~c~,s
coefficient and diffusivities have been found to be
02
consistent with all the operating conditions of the many
•
1
OL---__
__
__
experiments and, therefore, permit modelling of the
o
1000
2000
3000
4000 process at higher loadings of carbon to copper as well
Time, s.
as in different modes of filtration, such as feed and
bleed operation. An example of the application of the
Fig 4 Measured and predicted copper
numerical model and a duplicate experiment using the
seeded micro filtration arrangement illustrated in Fig. 2
is given in Fig. 5. The process tank contained initially 20 litres of water and copper bearing
Water. at 0.527 ppm, was fed into the tank at a rate that matched the permeate flowing through
1200 rpm
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The
measured
p=eate rate from this
small
filter
was
approximately One litre
per minute.
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The carbon employed
had the higher capacity
Time, s.
for copper and the
Fig 5 Measured and predicted copper concentration in p=eate
diffusivity for copper
within
the
carbon
11
partiCle was calculated to be 7xl0- =2 S-I. In the seeded micro filtration system the agitation
is not as great as that for the batch system, illustrated in Fig. 4, hence the aqueous film mass
transfer coefficient was only 0.014 cm S-I. During seeded microfiltration of copper, this transfer
coefficient was found to be constant for both types of carbon used but was a function of the
hydrodynamic conditions. Whereas the copper diffusivity within the carbon depended on the
carbon type used but was independent of the prevailing hydrodynamic conditions [3].
However, both diffusivities for copper within carbon are low. A BET investigation of the
carbon showed that the intemal porosity was only 4%, and these diffusivities are consistent
with ones recorded for highly cross-linked (low porosity) ion exchange media [4]. The result
illustrated in Fig. 5 suggests that the mass transfer is primarily influenced by aqueous film
control until about 600 seconds and then diffusion within the particle becomes increasingly .
important. When the latter condition applies the rate of increase of solute concentration in the
process tank, and hence the pe=eate from the system, reduces to a low value until saturation
of the sorption medium is approached Other solutes to be removed from water may be treated
in a seeded microfiltration process, such as pesticides and dissolved organic species sorbed
onto dispersed carbon particles.
CONCLUSIONS
True surface microfilters provide much higher pe=eate flux rates during mlcrofiltration than
conventional macroporous media. These rates are sufficient for the process of seeded
microfiltration to be considered. The process may be reliably mathematically modelled by a
two resistance in series model due to an aqueous film. surrounding the sorption particle and
diffusion of the transferring species within the particle. Seeded microfiltration with surface
. micro filters could be considered as a contacting procedure for the removal of organic species
from water and the treatment of contaminated land.
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