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ABSTRACT

In previous study, activated carbon commercial grade (ACC) and bagasse fly
ash (BFA) were used as adsorbents for the removal of furfural in batch adsorption study
[Sahu et al., 2008 a, b]. The present study was carried out to evaluate the performance
of ACC and BFA packed column for adsorptive removal of furfural from aqueous
solution. The effect of various parameters like bed height (Z = 15-60 c¢cm), flow rate

(Q = 0.02-0.04 L/min), initial concentration of furfural (C; = 50-200 mg/L) and

column diameter (D=2-4 cm) on the breakthrough curve of furfural adsorption were
investigated. Adams-Bohart, Bed-Depth Service-Time, Thomas, Yoon—Nelson, Clark
and Wolborska models were applied to the experimental data for the prediction of the
breakthrough point, and to determine the characteristic parameters of the column. Error
analysis showed that the Yoon—Nelson model best described the experimental
breakthrough curve, while Wolborska model showed good predi_ction of breakthrough
curve for the relative concentration region up to 0.5 for furfural adsorption in ACC
packed column. For BFA packed column, Thomas model well represented the
experimental data points under all experimental conditions. It was obserbed that both”
ACC and BFA can be utilized efficiently in continuous system for the removal of
furfural.

Overall, BFA packed column showed higher removal efficiency as compared to

ACC packed column atall Q, Zand C,.
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Chapter — 1

INTRODUCTION

1.1 GENERAL

The release of complex chemicals from oil refineries, petrochemical industries, ,
oil processing and chemical plants into the environment has been considered as a major
source of air and water pollution. Many of these materials are non-biodegradable or
inhibitors for biological systems and often have a toxic effect on life systems. In natural
environment they have a long life and are slow to decay and decompose. Some cyclic
and aromatic organic compound such as phenols and furfural are very toxic and are
considered as a serious problem for environment.

Furfural is a polar solvent used extensively in lube oil refining operafions as
extraction solvent for extracting aromatic hydrocarbons from raw lube distillates
thereby improving the viscosity temperature characteristics and oxidation stability of
the lube base stocks. Furfural extraction unit experiences furfural loss in the effluent
water streams. Furfural is an irritant of the skin, mucous membranes and respiratory
tract. Concentration of 1.9 to 14 mg/L produces symptoms of such irritation in exposed
workers. Apart from being an environmental pollution problem, this leakage also
constitutes a sizable economic loss. Therefore it is necessary to recover the lost
furfural. This loss is especially significant in large lube units, which may lose up to 2
wt % furfural in effluent water streams. The recovery of furfural from aqueous waste is
also of importance in paper Industry as furfural is byproduct of wood decomposition.
Solvent extraction may be used to recover furfural from wastewater, however there are

constraints in the solvent recovery and solvent solubility in the water streams. Furfural



also has been identified as one of the main components of smoke condensates of pine
and cottonwood. It was a major constituent of glowing fires of conifer logs. Residential
burning of brown-coal briquettes led to emission of furfural, at an emission factor of
1.63 mg/kg. The estimated total amount of furfural emitted in the city of Leipzig was
- 530 kg/year. Furfural has been measured at a concentration of 0.19 mg/m3 at the foot of
Mount Everest in Nepal (IARC, 1995).

Furfural also gets formed during the. thermal deéomposition of carbohydrates,
and is thus found in numerous processed food and beverage products. It is also carried
over into focd from its use as an extraction solvent or as a component of flavour
mixtures. The highest reported concentrations were found in wheat bread (0.8-14
mg/kg), cognac (0.6-33 mg/kg), rum (22 mg/kg), malt whisky (10-37 mg/kg), port wine
(2-34 mg/kg), and coffee (55-255 mg/kg). The concentrations of furfural in juices were

0.01-4.94 mg/kg (IARC, 1995; JECFA, 1993).

1.2 FURFURAL: MAJOR SOURCES & PROPERTIES

Furfural is an aromatic aldehyde, with the cyclic structure shown in Fig 1.1
Furfural derived from a variety of agricultural byproducts, including corncobs, oat and
wheat bran, and sawdust. It is also produced in pulp and paper industry in wood
pulping process. Its chemical formula is CsH4O». In its pure state, it is a colorless oily
liquid with the odor of almonds, but upon exposure to air it quickly becomes yellow.
Physical properties of furfural have listed in the Table 1.1. Furfural dissolves readily in
most polar organic solvents, but is only slightly soluble in either water or alkanes.

Furfural is a clear, colourless motile liquid.



1.2.1 INDUSTRIAL APPLICATION
It has a wide application in petroleum refining, petrochemical, pharmaceutical
industries and food industry. The major applications of furfural are as follows:
* As a excellent organic solvent in Lube oil refining to extract dienes and
other impurities from hydrocarbons,
= As abonding agent in the manufacture of grinding wheels and abrasives,
= In manufacture of phenolic resins as an ingredient,
" As a solvent (for nitrated cotton, cellulose acetate and gums), to accelerate
vulcanization,
= As an intermediate in the synthesis of furan derivatives,
» Asa weed killer, and as a fungicide,
= Furfural is also used as a flavouring agen.

Some important industrial application of furfural are summarized in Table 1.2.

1.2.2 CONSUMPTION

The demand estimates for furfural for its various applications developed in

India are as given in Table 1.3. Considering the capacity of existing units and the new

capacity, mostly by way of new units likely to materialise in future, the demand and
supply situation has been estimated as given in Table 1.4.

From the inception of the industry, furfural manufacturing activity in the
country has been dependent on foreign technology. Two manufacturers have imported
plant and machinery and process know-how from internationally leading manufacturers

of furfural.



The heavy dependence on borrowed technology indicates that continuous efforts
towards development have not yielded the desired results. Moreover, in spite of
borrowed technology the Indian industry generally has not achieved its goals. Research
and development appears to be inadequate in the furfural industry. Efforts to develop

end-use applications need to be stepped up.

1.2.3 PRODUCTION

Furfural is prepared industrially from pentosans present in cereal straws and
brans by hydrolysis and dehydration with strong inorganic acids. As no commercial
synthetic routes have been found so far, all furfural manufacturing activity is based on
pentosan containing residues that are obtained from the processing of various
agricultural and forest products. Furfural is produced from biomass containing pentose,
a short chain sugar found. in corn cobs, sugar cane bagasse, rice and oat hulls etc. Many
plant materials contain the polysaccharide hemicellulose, a polymer of sugars
containing five carbon atoms each. When heated with sulfuric acid, hemicellulose
undergoes hydrolysis to yield these sugars, principally xylose. Under the same
conditions of heat and acid, xylose and other five carbon sugars undergo dehydration,
losing three water molecules to become furfural:

CsH00s — CsH4O; + 3 H,0

For crop residue feedstocks, about 10% of the mass of the original plant matter can

be recovered as furfural. Furfural and water evaporate together from the reaction
mixture, and separate upon condensation. The manufacturing acti;/ity in the country
started in the 70's with the Southern Agrofurane Industries Ltd. Af present, in India,
there are only three units manufacturing furfural. Out of these three units only one unit

is manufacturing furfural using Bagasse as a raw material and the other two units are



using rice husk. Table 1.5 presents some manufacturers of furfural in India. The
installed capacity of the industry during 1988-89 was 6400 tonnes per annum. As
against this the production was about 1148 tonnes. The utilisation of capacity has been
estimated at 18%.

World production of furfural is wholly based on agro-industrial residues or wastes
that are abundantly available in many developing countries and are often under-utilized
or unexploited. Production technologies have been developed to suit the various types
of raw materials found in these countries. Global total capacity of production is about
450,000 ton. China is the biggest supplier of this product and they have about a half of
global capacity. In China, Furfural is produced from corn cobs in the Northern
Provinces. There are a number of small plants and also several large ones, particularly

£

in Shandong Province.

1.3 TOXICITY OF FURFURAL

The highest reported emissions of furfural to the environment are from the

wood pulp industry and lubricating oil processing unit, whereas its release to water _.

from other uses is substantially lower. Levels reported in food are as follows: non-
alcoholic beverages, 4 mg/l; alcoholic beverages, 10 mg/l; ice creams, 13 mg/kg;
candy, 12 mg/kg; baked goods, 17 mg/kg; gelatins and puddings, 0.8 mg/kg; chewing
gum, 45 mg/kg; and syrups, 30 mg/l [CICAD, 2000].

Furfural is an irritant to the skin, eyes, mucous membranes, and respiratory
tract. It acts as a toxicant to the central nervous system, liver, kidney, blood, and bone
marrow. The oral LDso in rats is 65 mg/kg; and the inhalation LDsg in rats is 260 ppm
[Cincinnati, 1991a]. Cats exposed to 2800 ppm for 30 minutes developed fatal

pulmonary edema [Hathaway et al., 1991]. Solutions to 10 percent and 100 percent



furfural instilled in rabbits eyes causes pain in addition to transient swelling and
redness of the lids and conjunctiva [Grant et al., 1986]. Chronic dietary exposure to
furfural causes liver cirrhosis in rats [Bethesda, 1992]. Dogs exposed at 130 ppm for 6
hours a day for 4 weeks develops liver damage, but dogs exposed at 63 ppm did not
[Cincinnati, 1994]. Rabbits exposed to furfural vapours for several hours daily develop
liver and kidney lesions as well as changes in their biood profiles [Parmeggiani et al.,
1983]. Furfural is mutagenic in at least one bacterial species [Cincinnati, 1991a,

http://www.osha.gov/ SLTC/healthguideiines/furfural/recognition.html].

Furfural concentrations of 1.9=14 ppm causes headache, itching of the throat,
redness and tearing of the eyes in some exposed workers [Cincinnati, 1991° Grant,
1986]. Workers exposed to furfural vapours in a plant with inadequate ventilation
report numbness of the tongue and mucous membranes of the mouth, loss of taste
sensation, and difficulty in breathing & damage to the eyesight of some individuals has
also been reported [Cincinnati, 1991b]. Exposures to high concentrations have
produced pulmonary edema [Parmeggiani, 1983]. Chronic skin exposure may produce
eczema, allergic skin sensitization, and photosensitization [Sittig, 1991]. Furfural may
cause a disulfiram-type reaction, i.e., a worker exposed to furfural, who has consumed
alcohol may exberience warmth and redness of the fact, a throbbing sensation
and pain in the head and neck, difficulty in breathing, nausea, vomiting, sweating,
thirst, chest pain, uneasiﬂess, weakness, dizziness, blurred vision, and confusion.
This effect may last from 30 minutes to several hours but does not appear to have
residual side effects. By analogy with effects seen in animals, furfural may
affect the central nervous system, liver, kidneys, blood, and bone marrow of

humans; however, these effects have not been reported in exposed workers.



1.4 SOURCES OF HUMAN AND ENVIRONMENTAL EXPOSURE:

Furfural is found in a number of dietary sources. Because of its formation
during the thermal decomposition of carbohydrates, furfural is found in numerous
processed foods and bev.erages, including cocoa, coffee, tea, beer, wine, milk products,
and bread (Maga, 1979). It is also found in some fruits and vegetables, and it is added
as a flavouring agent to some foods. It has also been found in the essential oils of
camphor, citronella, sassafras, lavender, and lime (Dunlop and Peters,1953).

Furfural is produced commercially in batch or continuous digesters where
pentosans from agricultural residues, including corn cobs, oat hulls, rice hl.;llS, and
bagasse, are hydrolysed to pentoses and the pentoses are subsequently cyclodehydrated
to Furfural
1.5 HEALTH AND SAFETY IMPACT OF FURFURAL
1.5.1 HEALTH IMPACT

Table 1.6 and fig 1.2 gives the summary of the major type of exposure to
furfural and their effect on human health.

1.5.2 SAFETY IMPACT

For safety point of view some standard limits have set as flash point: 60 °C,
Auto ignition temperature is 316 °C, Lower exposure limit is 2.1 while the Upper
Expoéure Limit is 19.3. The Oral LDso, Redwing Blackbird is 98.0 mg/kg and the
OSHA permissible exposure limit (PEL) is 5 mg/L (TWA) and the skin ACGIH
Thresholdv limit value (TLV) is 2 mg/L (TWA) skin. Above flash point, vapour-air
mixtures are explosive within flammable limits noted above. Furfural reacts violently
with oxidants, strong acids and bases causing fire and explosion hazards. Sealed

containers may rupture when they are heated. It is highly sensitive to static discharge.



Water spray, dry chemical, alcohol foam, or carbon dioxide can be used as a fire
extinguishing media. Water spray may be used to keep fire exposed containers cool.
Water may be used to flush spills away from exposures and to dilute spills to non-

flammable mixtures [http://www jtbaker.com/msds/englishhtml/f8040.htm].

1.6 LOW COST ADSORBENT

Although Activated carbon, commonly used adsorbent has its own limitations.
Because of cost and 10-15% loss in adsorption capacity during regeneration, the overall
treatment process becomes costly and is a major constraint in its utilization in

developing countries. This has led to search for cheaper carbonaceous subsiitutes to
activated carbon. Recently, bagasse fly ash derived from sugar mills have used as a low
cost adsorbent [Sahu et al., 2008; Mall et al., 2005, 2006, 2007; Srivastava et al., 2005,
2006, 2007; Lataye et al., 2006, 2007; Mane et al., 2007] have been investigated for
removal of various organics from wastewater. During recent years, various researchers
have explored possibilities of utilization of bagasse fly ash as an alternate to activated
carbon for the removal of toxic materials [Mall et al., 2005, 2006, 2007; Srivastava et
al., 2005, 2006, 2007; Malik et al., 2003; Lataye et al., 2006, 2007; Gupta, 2003].

BFA is a waste material formed during the combustion of bagasse, as a fuel in
the boilers of the sugar mills. BFA is also obtaiﬁed from particulate collection
equipment connected to bagasse-fired boilers and emission stacks on the upstream and
downstream sides, respectively. About 10 million tonnes of bagasse is produced
annually in India. About 90% of this bagasse is used as a fuel in bagasse fired boil'ers;
The production of bagasse fly ash is estimated to be about 3 kg/tonne of sugar

produced. With the overall bagasse fly ash collection efficiency of 80% in the dust

collection equipment, it is estimated that fly ash availability from the sugar industry



would be of the order of 0.5 million tonnes/year.

The adsorption properties of BFA are highly influenced with the firing practices
of bagasse. Several investigators have recently shown interest in the use of bagasse fly
ash as an adsorbent. It has been used for the COD removal from sugar mill {[Mall et al.,
1994], and paper mill effluents [Srivastava et al., 2005a]. BFA has also been used for
the adsorptive removal of phenolic compounds [Srivastava et al., 2005b], dyes [Mall et

al., 2005a, b], and pyridine [Lataye et al., 2006] from wastewaters.



1.7 OBJECTIVES OF THE PRESENT STUDY

Sahu. et al. (2008 a,b) previously reported adsorptive removal of furfural from
aqueous solution by ACé and BFA in batch mode. No work has been found in the open
literature on continuous adsorption of furfural bearing wastewater by ACC and BFA.
Continues adsorption study of furfural removal is very important from industrial point
of view. The present work deals with continuous adsorption of furfural from aqueous
solution onto ACC and BFA packed column. The following aims and objectives have

been set for the present work.

1. To utilize ACC and BFA as adsorbents for the adsafptiye removal of
furfural through packed bed and its performance evaluation through
prediction of breakthrough curve.

2. To study the effect of various parameters like bed height, initial
concentration, flow rate and column diameter on the shape of
breakthrough curve and breakthrough time.

3.  To utilize various empirical models like Bohart-Adams, Bed depth service
time (BDST), Thomas, Yoon-Nelson, Clark and. Wolborska models for the.
prediction of breakthrough curve and to interpret and compare the results

so as to obtain the best fit breakthrough model.
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Table 1.1: Properties of furfural

Parameter Details
Name Furfural
Synonyms 2-furaldehyde, furan, 2-formylfuran etc.,
Chemical formula CsH40,
Molecular weight 96.09
Physical state Oily liquid

Appearance Colourless, when freshly distilled,
darkens in contact with air

Odour Pungent aromatic

Melting Point, °C -36.5

Boiling point, °C 162

Relative vapour density (air = 1) 3.31

Relative density (water = 1) 1.16

Solubility in water, g/100 ml at 20 °C | 8.3

Vapour pressure, kPa at 20 °C 0.144

Flash point, °C 60

Auto-ignition temperature, °C 315

Stability

Stable under ordinary conditions of use

and storage

[Source: http://www.osha.gov/SLTC/healthguidelines/furfural/recognition.html]
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Table 1.2: Industrial application of furfural

Industry Uses

Petroleum As a solvent in the lube oil extraction unit for removal of napthanic

Refinery acid and other impurities.

Petrochemicals As a selective solvent in the production of lubricating oils

Refractories As a reactive wetting agent in the production of refractory
components

Resin (a) Production of phenolic resins

manufacture (b) Production of cashew nutshell polymers

Abrasive As a reactive Wetting agent for the resin binder system in the

matcrials production of abrasive wheels

Solvent recovery | Steam distillation of spent 2-furaldehyde for reuse by industry
sectors 1, 2, and 4

Flavouring Used in very small quantities in synthetic/natural oil blends

Table 1.3: Indian demand of furfural application in various sectors

Sr. User Sector Consumption in Tonnes

No.
_ 1988-89 1992-93 1999-2000

1 Refinery 990 950 . 950

2 Grinding and Abrasive 27 33 45
Wheels

3 Pharmaceuticals 75 120 235

4 Phenolic resins 52 72 : 120

Total 1104 1175 1350

[Source: www.dsir.nic.in/reports/techreps/tsr048.pdf (Field Investigations)]

Table 1.4 Demand and Supply estimates of furfural in India

Year Total Demand (Tonnes) Total Supply (Tonnes)
1988-89 1104 1050
1992-93 1175 5000
1999-2000 1350 5000

[Source: www.dsir.nic.in/reports/techreps/tsr048.pdf (Field Investigations)]
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Tablel.S: Manufacturers of furfural in India

Name of the company Raw Material Used
Southern Agrofurane Industries Ltd. ' Bagasse
Madras (Tamil Nadu)
Oswal Agro Furane Ltd. Ludhiana Rice husk
(Punjab)
Furfur chemicals Ltd. Hyderabad (Andhra Rice husk
Pradesh)

[Source: www.dsir.nic.in/reports/techreps/tsr048.pdf (Field Investigations)]

Table 1.6 Health effect of furfural

Exposure Effects

Inhalation Causes irritation to the mucous membranes and upper respiratory
tract. Symptoms may include sore throat, labored breathing, and
headache. Higher concentrations act on the central nervous

system and may cause lung congestion. Inhalation may be fatal.

Ingestion: Highly toxic. It may cause gastrointestinal disorders, nerve
depression and severe headache and may be fatal. Other effects

are not well known.

Skin contact | It is highly irritant to skin. It may cause dermatitis and
possibly eczema, allergic sensitisation and photosensitisation. It

may be absorbed through the skin with possible systemic effects.

Eye contact: Vapours. irritate the eyes, causing tearing, itching, and redness.

-Splashes may cause severe irritation or eye damage.

Chronic It can cause numbness of the tongue, loss of sense of taste,

exposure headache. Other effects are not well known.

Aggravation of | Persons with pre-existing skin disorders or eye problems, or
pre-existing impaired liver, kidney or respiratory function may be more

conditions susceptible to the effects of the substance.
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(a) Structural formula of Furfural (b) Cyclic structure of Furfural

Fig 1.1: Structural and Cyclic structure of Furfural
[Source: http://jchemed.chem.wisc.eduw/JCEW W W/Features/MonthlyMolecules]

HEALTH AND SAFETY IMPACT OF FURFURAL

Health Safety
Impact Impact

Inhalation
Fire

Ingestion

Explosion

Skin contact

Eye contact

Chronic exposure

Figure 1.2: Health and safety impact of furfural
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Chapter-II
TREATMENT OF FURFURAL: A REVIEW

2.1 GENERAL

The increasing demand in the production of high quality fuels leads the use of
various solvents in the process. Furfural is one of popular solvent used in lube extraction
unit in petroleum refineries. Besides this it have a wide involvements in some other
industries like in manufacturing of phenolic resins, used as a chemical intermediate, weed
killer, fungicide and also as a flavoring agent [Othmer et al., 1984]. During these
processes furfural gets discharged into the wastewater stream. Sulfite pulping processes
used in the pulp and paper industry is one of the sources of furfural contamination
[Rivard et al., 1991]. Furfural is highly toxic in nature and its presence in water makes it

unusable.

Biological treatments for the degradation of furfural have been used by many
researchers, including aerobic and anaerobic processes [Kim et al., 1983; Pitter et al.,
1976; Rowe and Tullos, 1980; Kawasaki, 1980; Wang, 1994]. However, these processes
are costly and cannot be used by small industries to treat furfural-laden wastewater.

Solvent extraction recovery of furfural from aqueous solutions can be a suitable
industrial method with low content of solute. Data on liquid-liquid extraction of furfural
have been reported. In an attempt to find suitable solvents for extraction of furfural,
liquid-liquid equilibrium data with trichloroethylene, perchloroethylene, 1,2 di-

chloroethane, 1,1,1-trichloroethane, and 1,1,2-trichloroethane as solvents were studied at
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25 °C. Among the solvents studied, 1,2-dichloroethane and trichloroethylene show the

highest selectivity [Coca et al., 1980].

The adsorption process provides an attractive alternative treatment, especially if
the adsorbent is cheap and readily available. The polymeric adsorbent XAD-4 and XAD-
7 have been used for removal of furfural from pretreated and hydrolyzed plant biomass
[Weil et al., 2002]. However, these are expensive and its regeneration and reuse makes it
more costly. Consequently, several low cost adsorbents like wood [Poots et al., 1976;
Abo-Elela and El-Dib, 1987], coir pith [Namasivayam et al., 2001], coal fly ash [Rao et
al., 1978; Gupta et al., 1985; Kumar et al., 2000}, bagasse fly ash (BFA) [Mall et al,,
1994; Swamy et al., 1997; Swamy et al., 1998; Mall et al., 1998] and coal-fired boiler
bottom ash [Mall et al., 1994] have been used.for the treatment of a wide vafiety of
wastewaters. Mall et al. [1996] and Bailey et al. [1999] have presented a critical review
on the utilisation of low cost adsorbents. Bagasse fly ash has good adsorptive properties
and has been used for the removal of COD and colour from sugar mill [Mall et al., 1994]
and paper mill éfﬂuents [Srivastava et al., 2005]. Various researchers have utilised it for
the adsorptive removal of phenolic compounds [Mall et al., 2003; Srivastava et al., 2005],

furfural [Lataye et al., 2006] and dyes [Mall et al., 2005, 2006].

2.2 ADSORPTION THROUGH PACKED COLUMN
The continuous flow processes are usually operated in fixed bed adsorption
columns. These systems are capable of treating large volumes of wastewater and are

widely used for treating domestic and industrial wastewater. They may be operated either

16



in the upflow columns or downflow column. Continuous counter-current columns are
generally not used for wastewater treatment due to operational problems.

The most important criterion in the design of column adsorber is the prediction of
the column breakthrough or the shape of the adsorption wave front, which determines the
bed length ( z ) and the operating life span of the bed and regeneration times [Walker and
Weatherley,1997]. The factors that affect the column breakthrough include both the
operating variables as well as the characteristics of the adsorbate and the adsorbent.
Several empirical models like Bed depth service time, Adam-Bohart, Yoon-Nelson,
Thomas, Clark and Wolborska models have been used by many investigators for the
prediction of breakthrough in packed column adsorption. Various investigators have
applied these models for prediction of breakthrough curve for adsorptive removal"f?zf-

organic and inorganic pollutant from wastewater. The summary of these studies hzﬁze-;

shown in Table 3.2.
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Chapter — 111
ADSORPTION FUNDAMENTALS AND

BREAKTHROGH MODELING

3.1 GENERAL

Adsorption is a surface phenomenon. It is used as a separation process where a
species present in a fluid phase is transferred to the solid phase and gets attached to the
solid surface, if the concentration of the species in the fluid-solid boundary region is
higher than that in the bulk of the fluid [Tien, 1994]. In an adsorption process,
molecules or .atoms or ions in the fluid phase get concentrated or accumulated on the
surface of a solid, where they bond with the solid surface or are held there by weak
inter-molecular forces. The accumulated or concentrated species on the surface of solid
is called the adsorbate, ar;d the porous solid material is known as an adsorbent. In this
chapter, the fundamentals of adsorption onto adsorbents are presented: These
fundamentals may be used for the adsorption of furfural and its derivatives onto

adsorbents.

3.2 ADSORPTION DIFFUSION STUDY

The mathematiéal treatment of Boyd et al. [1947] and Reichenberg [1953] to
distinguish between the particle, and film diffusion and mass action-controlled
mechanism of exchange have laid the foundations of sorption/ion-exchange kinetics. In
adsorption systems, the mass transfer of solute or adsorbate onto and within the
adsorbent particle directly affects the adsorption fate. It is not only important to study

the rate at which the solute is removed from aqueous solution in order to apply

21



adsorption by solid particles to industrial uses but also it is necessary to identify the
step that governs the overall removal rate in the adsorption process in order to interpret
the experimental data. There are essentially four steps in the adsorption of a solute from
the bulk liquid solution by an adsorbent.

1. Transport of solute from the bulk of the solution to the external film
surrounding the adsorbent particle(assumed to be very fast in agitated
vessels)

2. Diffusion of the adsorbate from across the external liquid film to the
external surface of the adsorbent particle (film diffusion; the resistance
could be neglected for properly mixed/agitated vessels)

3. Diffusion of the adsorbate from the poremouth through the pores to the
immediate vicinity of the internal adsorbent surface (pore, surface and
molecular diffusion)

4. Adsorption of the adsorbate onto the interior surface of the adsorbent.

All these processes play a role in the overall sorption of the solute from the bulk

liquid solution to the internal surface of an adsorbent. In a rapidly stirred, well mixed
batch adsorption, mass transport from the bulk solution to the external surface of the
adsorbent is usually rapid. Therefore, the transport resistance of the adsorbate from the
bulk of the solution to the exterior film surrounding the adsorbent may be small and can
be neglected. In addition, the adsorption of adsorbate at surface sites (step 4) is usually
very rapid, and thus offers negligible resistance in comparison to other steps, i.e. steps 2
and 3. Thus, these processes usually are not considered to be the rate-limiting steps in
the sorption process. In most cases, steps (2) and (3) may control the sorption

phenomena. For the remaining two steps in the overall adsorbate transport, three
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distinct cases may occur:

Case I: external transport resistance > internal transport resistance
Case II: external transport resistance < internal transport resistance
Case III: external transport resistance = internal transport resistance

In cases I and II, the overall rate is goverﬁed by the film diffusion and diffusion
in the pores, respectively. In case III, the transport of solute to the boundary may not be
possible at a significant rate, thereby, leading to the formation of a liquid film with a
concentration gradient surrounding the adsorbent particles.

Usually, external transport is the rate-limiting step in systems which have
(a) poor phase mixing, (b) dilute concentration of adsorbate, (c) small particle size, and
(d) high affinity of the adsorbate for the adsorbent. In contrast, the intra-particle step w
limits the overall sorption for systems that have (a) a high concentration of adsorbate, 2

(b) a good phase mixing, (c) large particle size of the adsorbents, and (d) low affinity of

the adsorbate for the adsorbent.

3.3 ADSORPTION KINETIC STUDY
In order to investigate the adsorption processes, variéus kinetic models are used *
to describe the time-course of adsorption of a species onto an adsorbent. The kinetic
models include pseudo-first-order, pseudo-second-order, rate expressions when the
diffusional mass transfer resistances (external to solid, i.e. in the fluid phase, and
internal-pore and surface diffusion) are considered to be negligible. The mass transfer
based models include intra-particle diffusion model, Elovich model, Bangham model

and modified Freundlich models. Table 3.1 listed these models with their equations.
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3.4 ADSORPTION EQUILIBRIUM STUDY

The successful representation of the dynamic adsorption of solute from a
solution onto an adsorbent depends upon the equilibrium between the two phases.
Adsorption equilibrium is established when the amount of adsorbate adsorbed on the
solid surface of adsorbent is equal to the amount desorbed. At its equilibrium condition
the amount of solute adsorbed on the solid adsorbent surface and the solution
concentration remain constant. The relationship between the amount of édsorbate
adsorbed and the adsorbate concentration remaining in solution is described by an
isotherm. The adsorption isotherm can be depicted by plotting solid phase
concentration against liquid phase concentration graphically. To optimize the design of
an adsorption system for the adsorption of adsorbates, it is important to establish the
most appropriate correlation for the equilibrium curves. Equilibrium .isotherms are
measured to determine the capacity of the adsorbent for the adsorbate. Various
isotherm equations like those of Langmuir, Freundlich, Temkin and Redlich-Peterson
(R-P) have been used by various researchers to describe the equilibrium characteristics
of adsorption from liquid solutions. Table 3.2 summarize some important isotherms

used with their equations.

3.5 ADSORPTION PRACTICES
Adsorption systems are run either on batch or on continuous basis. Following

text gives a brief account of both types of systems as in practice.

3.5.1 Batch Adsorption Systems

In a batch adsorption process, the adsorbent is mixed with the solution to be
treated in a suitable reaction vessel for the stipulated period of time, until the

concentration of adsorbate in solution reaches an equilibrium value. Agitation is
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generally provided to ensure proper contact of the two phases. After the equilibrium is
attained, the adsorbent is separated from the liquid through any of the methods
available like filtration, centrifuging or settling. The adsorbent can be regenerated and

reused depending upon the case.

3.5.2 Continuous Adsorption Systems

The continuous flow processes are usually operated in fixed bed adsorption
columns. These systems are capable of treating large volumes of wastewater and are
widely used for treating domestic and industrial wastewater. They may be operated
either in the upflow columns or downflow coiumn. Continuous countér-current
columns are generally not used for wastewater treatment due to operational problems.

Fluidized beds have higher operating costs. So these are not common in useA
Wastewater usually contains several compounds, which have different properties and
which are adsorbed at different rates. Biological reactions occurring in the column may

also function as filter bed retaining solids entering with feed. As a result of these and

other complicating factors, laboratory or pilot plant studies on specific wastewater to be:

m}?i..‘,‘, 3

treated should be carried out. The variables to be examined include type of adsorbent
and its particle size, liquid feed rate, solute concentration in feed, height of adsorbent
bed and column diameter. The most important criterion in the design of column
adsorber is the prediction of the column breakthrough or the shape of the adsorption
wave front, which determines the bed length ( z ) and the operating life span of the bed
and regeneration times [Walker and Weatherley,1997]. The factors that affect the
column breakthrough include both the operating -variables as well as the characteristics

of the adsorbate and the adsorbent.
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3.6 BEHAVIOR OF CARBON ADSORPTION COLUMNS -
Adsorption Columns behave in much some way as ion exchange columns
during operation. When wastewater is introduced at the top or from bottom of a clean
bed of activated carbon, most solute removal initially occurs in a rather narrow band at
the top of the column, referred to as the adsorption zone. As operation continues, the
upper layers of carbon become saturated with solute and the adsorption zone progresses
downward through the bed. Eventually, the adsorption zone reaches the bottom of the
column, and the solute concentration in the effluent begins to increase. A plot of
effluent solute concentration vs. time usually yields as S-shapcd curve, referred to as a
breakthrough curve. The formation and movement of the adsorption zone and the
resulting breakthrough curve are shown in Figure 3.1. The point where the effluent
solute concentration reaches 95% of its influent value is usually called the point of
column exhaustion. The formation and movement of the adsorption zone has been
described mathematically by Michaels [1952].
The time required for the exchange zone to move the length of its own height down the
column once it has become established is

¢ =L (3.1)

z Qw

Where, V, is the total volume of wastewater treated between breakthrough and

exhaustion (m®) and Q, is the wastewater flow rate (m*/sec).

The time required for the exchange zone to become established and move completely
out of the bed is

1, =Ye (3.2)

Q.
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Where, ¥, is total volume of wastewater treated to the point of exhaustion (m?).

The rate at which the adsorption zone is moving down through the bed is

(3.3)
Where, A, is the height of exchange zone (m), A is the total column height (m)

and ¢, is the time required for the exchange zone to initially form (sec).

Rearranging equation 3.3 provides an expression for the height of the exchange zone,

an important design parameter:

(3.4)

All the terms in the equation 3.2 to 3.4, with the expression of ¢z can be easily‘,w;‘
evaluated by conducting a laboratory column study. The value of 7z can not be
measured directly but the limits for zr can be established by further analysis of the
adsorption zone.

If the carbon within the adsorption zone were completely exhausted, it would contain 3
an amount of solute equal to

S =CoV =V3) (3.5)

Where C,= the initial solute concentration (mg/m®) and (Vy —V5) is the volume

of wastewater treated between breakthrough and exhaustion (m>).
However, only a fraction of carbon within the adsorption zone contains solute.
The amount of solute that has been removed by the adsorption zone from breakthrough

to exhaustion is the area left to the curve in figure 3.1.

This area represents an amount of solute, S, , such that

27



= j(c0 —C)dV (3.6)

At breakthrough the fraction of carbon present in the adsorption zone still processing

ability to remove solute is

Ve

fc,-cryav

Fel: _t 3.7)
Smax CO(VE_VB)
_C\ V=T

F= j(l Co)d(V 7 (3.8)

If the adsorption zone is essentially saturated at breakthrough, the value of F
will be very close to zero and the time required for the zone to form initially (#,) will

be approximately the same as the time required for the zone to move down a distance
equal to its own height. If the adsorption zone is practically free of solute at the
breakpoint, the time required for the zone formation is very short. If the concentration
front is characterized by a typical S-shaped curve, F is approximately 0.5.
The time for zone formation can be then be written as a function of zone velocilty;

t, =(1-F), _ (3.9)
Substituting eﬁuation into equation yields a ratio of zone height to total column height;

h_ L (3.10)
n ot —(-F)t,

If all of the column were completely saturated, the total amount of solute adsorbed

would be

S, = p(h)[ﬂ 4, (3.11)
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Where, p is the apparent packed density of carbon in the bed (mg/m?), Ais the total

height of carbon in bed (m), |:i:| is the amount of solute adsorbed per unit weight of
m 5

carbon at saturation (mg/mg) and A_ is the cross-sectional area of column m?.

At the breakpoint, an adsorption column will not be completely saturated but
will be composed of the partially exhausted adsorption zone and the totally exhausted
material located above the adsorption zone. The height of the exhausted zone

is(h—h,), and the total amount of solute adsorbed in the column is

SB =|:£j| p[(h-hz)+th]Acs (3'12)
m A
The percentage of the total column saturated at breakthrough is

H pl(h—h,)+ Fh )4,
m s )

p(h)H A,
m

s

% saturation =

(3.13)

h+(F-Dh,

% saturation = 100 (3.19)

The shape of breakthrough curve depends on the nature of the wastewater being
treated. If there is only one adsorbable component in the wastewater, the adsorption
zone will be short and the breakthrough curve will be steep like curve (a) in figure
[Fornwalt and Hutchins, 1966a). If there is a mixture of components having different
adsorbabilities, the adsorption zone will be deep and the breakthrough curve will be
gradual like curve (b) in Figure 3.2. According to Fornwalt and Hutchins (1966a), if the
breakthrough curve is steep such that breakthrough occurs near the point of column

exhaustion (curve a) single column operation is feasible. However, if the breakthrough

29



concentration is reached before the column is fully exhausted (curve b), a multiple
-column installation is preferable.
3.7 MODELS FOR PREDICTION OF BREAKTHROUGH TIME
The most important criterion in the design of column adsorber is the prediction
of the column breakthrough or .the shape of the adsorption wave front, which
determines the bed depth (z) and the operating life span of the bed and regeneration
times [Walker and Weatherley, 1997]. The factors that affect the column breakthrough
include both the operating variables as well as the characteristics of the adsorbate and
the adsorbent. Several models have been used for the prediction of breakthrough.
Some of these are discussed below:
3.7.1 Bed depth service time (BDST) model
BDST model is based on the assumption that the rate of adsorption is controlled
by the surface reaction between the adsorbate and the residual capac.ity of the
adsorbent. The Bohart-Adams model is used for the description of the initial part of the
breakthrough curve which relates C/Co with t for a continuous flow adsorber column

[Bohart and Adams, 1920]. This equation is given aé

ln(%—l): lnI:exp(kN0 5] - 1} —kCt (3.15)

Where, C, is the initial concentration of the solute (mg/L), C is the desired

concentration of the solute at time ¢ (mg/L), kis the adsorption rate constant for the

column (L/min mg), Z is the depth of the bed (cm), N,is the adsorptive capacity of

adsorbent (mg/L) and U is the linear flow velocity of the feed to the bed (cm/min).

Hutchins [1973] linearized Eq. (1) as follows:
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p=DNo 7 LSy (3.16)
cU, kC, \C

This equation predicts linear BDST plots between ¢ and Z. The adsorptive

capacity of the system N, can be evaluated from the slope of the plot whereas the rate

constant k£ can be calculated from the intercept, 1 .

1 C
Where, I=- | 0 -1 3.17
ere [kcoj n( C ) ( )

The value of N, can also be calculated in a more convenient way as follows. At

50% breakthrough, C,/C =2 and ¢=¢,,, and therefore, the final term in the Eq.

(3.16) becomes zero, yielding the following relationship:

No
bos =
c,U

A (3.18)

Thus a plot of time at 50% breakthrough, ¢, againstZ should be a straight line
passing through the origin, allowing N, to be calculated.

3.7.2. Thomas model

Thomas model [Thomas, 1944] assumes negligible axial dispersion in the bed,
uses Langmuir isotherm for equilibrium and second-order reversible reaction kinetics.
The model also assumes a constant separation factor but is applicable to either
favorable or unfavorable adsorption conditions. The primary weakness of the model is
that its derivation is based on the second order reaction kinetics. Adsorption is usually
not limited by chemical reaction kinetics but is often controlled by interphase mass
transfer. Therefore, this model is suitable for adsorption processes where the external

and internal diffusion limitations are absent [Aksu and Gonen, 2004]. The model
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application can lead to some error in adsorption processes where first-order reaction
kinetics is followed [Rao and Viraraghavan, 2002]. The Thomas model is given as:

C 1

C, B 1+eXplkT (Qomc -C¥ T/QJ

(3.19)

Where, k, is the Thomas rate constant (L/min mg), @, the maximum solid-
phase concentration of the solute (mg/g), m.the mass of the adsorbent in the column
(8), V., the throughput volume (L), and Q is the volumetric flow rate (L/min). The

linearized form of the Thomas model is given as:

1{%4} - "TZO’" - "TQCO V., (3.20)

The kinetic coefficient k, and the adsorption capacity of the bed (O, can be

determined from the intercept and the slope of the plot of In[(C,/C)—1] against ¢ ata

given flow rate.
3.7.3 Yoon and Nelson model
Yoon and Nelson [1984] have developed a relatively simple model addressing
the adsorption and breakthrough of adsorbate vapors or gases with respect to activated
charcoal. This model is based on the assumption that the rate of decrease in the
probability of adsorption for each adsorbate molecule is proportional to the probability
of the adsorbate adsorption and the adsorbate breakthrough on the adsorbent [Aksu and
Gonen, 2004]. The Yoon and Nelson equation for the 50% breakthrough concentration

from a fixed bed of adsorbents is given as:

C
ln[m) =kt =t skyy (3.21)
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Where, &, is the Yoon-Nelson rate constant (min™). %, and ¢,; may be
obtained from the slope and the intercept of the linear plot of In[C/(C, —C)]versus ¢.
3.7.4. Clark model

Clark [1987] used the mass transfer coefficient concept in combination with the

Freundlich isotherm to define a new relation for the breakthrough curve:

1/n-1
C, \1+4e
with
n-1
A= [C‘;_l - 1};’% (3.23)
Cb
and -
ﬂ .
== -1 3.24
r o v, (n-1) (3.24)

Where, nis the Freundlich constant, C, is the concentration of the solute at

breakthrough time ¢, (mg/L) and v, is the migration velocity of the concentration “

front in the bed (cm/min). v, can be determined from the following relationship: e

uc,

| % =" 3.25
" N, +C, (3-25)

Eq. (3.22) can be rearranged to the following linear form:

ln[[—%’)n- - 1:| =-rt+In4 (3.26)

~For a particular adsorption process on a fixed bed and a chosen treatment
objective, values of 4and rcan be determined by using the above equation, enabling

the prediction of the breakthrough curve.
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3.7.5. The Wolborska model:
Wolborska [1989] found the following relationship describing the concentration

distribution in the bed for the low concentration region of the breakthrough curve:

P, P2 (3.27)

C
In—=
C, N, U

Where, f is the kinetic coefficient of the external mass transfer (min™) and
other symbols have usual meanings. # and N, can be determined from a plot of

In(C/C,) against ¢ at a given bed height and flow rate.

3.8 Error Analysis:

The dynamic behavior of the column can be predicted by using the Bohart-
Adams, Thomas, Yoon-Nelson, Clark and Wolborska models. Linear 'regression
coefficients (Rz) show the adequacy of the fit between experimental data and the
linearized forms the equations, while the estimation of error between the experimental
and predicted values of C/Co can be calculated by the Marquardt’s percent standard
deviation (MPSD) [Marquadt, 1963].

1 < [(C/ C, )exp - (C/ C, )fhea Jz

MPSD = 100 _|-
N-PZ (/).

' (3.28)

Where, N is the number of data points and P is the number of parameters (or the
degrees of freedom of the system. Also, the percent deviation between the experimental

and theoretical time for the breakthrough can be calculated using Eq. (3.29).

t —1t,.
£ =100[M} (3.29)

[b,exp
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Table 3.1 Adsorption Kinetic Models

Sr. No. Kinetic Model Governing Equations
1 Pseudo-First-Order Model X, k,
=l—-exp k,C; +—|t
[Fogler, 1998] X, P| #,4C K,
2 Pseudo-Second-Order Model
[Ho and Mckay, 1998, 1999, dq 2
2000] - s(.—a)
3 Intra-particle Diffusion
[Ho and Mckay, 1998, 1999, dg k 2
2000] - s(q.—4,)
4 Elovich Model dq, _  _g,
[Cheung et al. 2000, Onal, 2006] %
5 Bangham’s Equation C kyym
i loglog| ——2— [=log| —2— |+alog(t
[Aharoni et al., 1979] 2 g( C, —({,m] 8(2.3031/) g( )
6 Modified Freundlich Equation q,= kcot” m
[Kuo and Lotse, 1973]
Table 3.2: Isotherms and their governing equation
Sr. No. Isotherm Governing Equations
1 Langmuir, [1918] _q,K,C,
7« 17K,C,
2 Freundlich, [1906] g, =K, C:/"
3 Redlich—Peterson, [1959] _ KC,
T =1+ a,C*
4 Temkin, [1940 RT
[1940] q, = Tln(KTCe)
5 Toth, [1971] q°C
_ e e
q9. = ™ 7Th
[1/K,+C"]
6 Radke and Prausnitz, [1972] Kpp krpCe
=17k wCF

35




= = —_—— —_——
—_— —_ - - —_— - -
e —— r—————
- == — e ——
- —— — — — —
- - = -—— —

-~

Co -
_————
CE

Effluent Concentration

@)
w

VB | VE
v _
Effluent volume (ft3)
Figure 3.1: Idealized Breakthrough Curve for Carbon adsorption column

[Source: Larry D. Benefield, “Process Chemistry for water and wastewater treatment”)
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Figure 3.2: Typical Adsorption breakthrough curves

fSource: Larry D. Benefield, “Process Chemistry for water and wastewater treatment’]
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CHAPTER -1V
EXPERIMENTAL PROGRAMME

4.1 GENERAL

In the present study, activated carbon commercial grade (ACC) and bagasse fly
ash (BFA) have been utilized for the treatment of furfural-laden aqueous solution
through packed column. Experimental details of the study have been presented in this
chapter. These details include characterization of adsorbents and continuous adsorption

studies.

4.2 CHARACTERIZATION OF ADSORBENTS

Coconut-based ACC was supplied by ZeoTech Adsorbents Pvt. Ltd., New Delhi,
India and bagasse fly ash (BFA) was obtained from Deoband sugar mill, U.P., India.
Detailed physico-chemical characteristics of the ACC and BFA have already been
presented by Sahu et al. [2008 a,b].

4.3 ADSORBATE

Furfural supplied by S D Fine Chemicals, Mumbai (India) was used as
adsorbate. Stock aqueous solution of 1000 mg/L was prepared by dissolving accurate
quantity of furfural in distilled water. Further, the solutions of required concentration

were prepared by using same stock solution.

4.4 ANALYTICAL MEASUREMENT

The determination of the concentration of furfural was done by finding out the
absorbance characteristic wavelength using UV/VIS spectrophotometer (HACH,
DR/5000). A standard solution of known concentration of furfural was taken and the
absorbance was determined at different wavelengths to obtain a plot of absorbance
versus wavelength. The wavelength corresponding to maximum absorbance (Amax) Was
determined from this plot. The Amax for furfural was found to be 277 nm. Calibration

curve was plotted between the absorbance and the concentration of furfural solution.
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The linearity of calibration curve [Fig. 4.1] indicates the applicability of the Lambert-

Beer’s Law.

4.5 COLUMN ADSORPTION EXPERIMENTS

To study the effect of various parameters like Influent furfural concentration
(Cyp), flow rate (Q), bed height (Z) and bed diameter (D) on the adsorptive removal of
furfural by Column packed with ACC and BFA were conducted at 303 K. The
experiments were carried out in three plexiglass columns of inside diameter, D=2,
2.54 and 4 c¢m; and 90 cm length. The columns were provided with a feed port at the
bottom centre of the column. The lower portion of the column was filled with the
pieces of 0.4-0.5 cm diameter glass beads up to a height of 1.5 cm and this portion
was used for the uniform distribution of the solution across the whole cross section of
the column and to dampen the fluctuating flow phenomena induced by the peristaltic
pump. The portion was attached to the main column through two flanges with O-ring

rubber seals and a sintered metal disc-in between.

The column was packed with activated carbon up to different bed height, viz., 15, 30,
45 and 60 cm from the bottom and was loaded with aqueous solution of phenol'using a
peristaltic pump (Miclins PP20). The solution flowed upwards. Sampling ports were
provided at 15, 30, 45 and 60 cm from the bottom. Samples were withdrawn from
different ports at different time intervals. The influent concentration of furfural in
aqueous solution for all experimental runs was taken within the range Co=50-200
mg/L. pH of feed was kept at its natural value (pH=6.5) with out any alteration. Flow
rate of feed was varied between 0.02 to 0.04 L/min.
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Fig. 4.1: Calibration graph upto furfural concentration 10 mg/L for determination of
furfural concentration

Fig. 4.2: Schematic diagram of experimental set up: (1) Reservoir tank with aqueous
solution of furfural, (2) peristaltic pump, (3) supporting flange, (4) glass beads, (5)

column,(6) filter media ,(7) effluent storage.
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| CHAPTER -V
RESULTS AND DISCUSSION

5.1 GENERAL

The detailed discussion on the results of the experiments conducted for the
removal of furfural by bagasse fly ash (BFA) and activated carbon commercial grade
(ACC) is given in this chapter. These results include:

e Prediction of breakthrough curve in adsorptive removal of furfural through

ACC and BFA packed column.
e Effect of various design parameters namely Bed height ( Z), feed

concentration (C,), flow rate (Q) and column diameter (D) on the

breakthrough curve.

e Application of empirical models to experimental data and calculation of
various constants related to models.

e Comparison of ACC .and BFA performance for furfural removal through

packed column.

5.2 CONTINIOUS ADSORPTION STUDY THROUGH ACC PACKED
COULUMN
In order to study the removal of furfural through ACC packed column and for
prediction of breakthrough curve, the continuous operations were performed.
Operational parameters such Z,C,, Q and D are important. in column design. The
effects of these parameters on the adsorption capacity of ACC were studied for the

furfural uptake.
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5.2.1 Effect of bed height (Z)

The breakthrough curves were examined at different Z and the results are
shown in Fig. 5.1 by data points. Higher uptake of furfural was observed at highestZ .
This was due to the increase in the number of binding sites owing to increase in
adsorption surface area of the adsorbent [Rao et al., 2002]. As the value of Z

increased, furfural had sufficient time to diffuse into the whole mass of the ACC that
resulted in an increase int,. The slope of breakthrough curve decreased with an

increase in Z due to the broadening of mass transfer zone.

5.2.2 Effect of feed concentration (C,)
To investigate the effect of C, on the adsorption of furfural into ACC, Z, Q

and D values were kept constant at 60 cm, 0.02 L/min and 2.54 cm, respectively,.

whereas the value of C, was changed from 50 to 200 mg/L. Results are. présented in
Fig. 5.2 by data points. It was found that the value of ¢, decreased with an increase

inC, . The larger the C,, the steeper the slope of the breakthrough curve and smaller the .

t,. At low C,, breakthrough curves were dispersed and.breakthrough occurred-slower. .-

As the value of C, increased, sharper breakthrough curves were obtained. This can be
explained by the fact that more adsorption sites are being covered with increase inC,.

These results demonstrated that the change of concentration gradient affected the

saturation rate and #,. As the C, increases, furfural loading rate increases, so does the

driving force or mass transfer, which results in a decrease in the adsorption zone length

[Goel et al., 2005].
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5.2.3 Effect of Flow rate (Q)

The breakthrough curves at various Q values are shown in Fig. 5.3 It is seen
from this figure that' the breakthrough generally occurred faster with higher O value.
Time required for reaching saturation increased significantly with a decrease in the
value of Q. Obviously, the ACC particles saturated early at value of Q. This is
because the time required to reach an equilibrium state between ACC particles and
furfural solutions is much longer (about 6 h) [Sahu et al.,, 2008 a]. Therefore, an
increase in the Q causes a shorter retention time, which causes a negative effect on the
mass transfer efficiency of the adsorbate. At higher value of O, the rate of mass transfer
tends to increase. The amount of furfural adsorbed onto the unit bed height (mass
transfer zone) increased with increasing Q leading to faster saturation at a higherivalue

N

of Q [Ko et al., 2000]. -

5.2.4 Effect of column diameter (D)

D

Fig. 5.4 shows the breakthrough curves for the adsorption of furfural in cci)‘l"umns

of different D when Z, C, and Q values were kept constant at 60 cm, 100 mglL and,

0.02 L/min, respectively. It is illustrated in figure that the value of ¢, incfeased with an

increase in D. For a lower value of D, the bed is better packed so that the control of
flow distribution is easier. Sharper profiles were obtained with thin packed beds having

a D value of 2 and 2.54 cm. A shallower breakthrough curve and a longer ib is

obtained with wider bed (D=4 cm) which may be due the channeling of the furfural

[Srivastava et al., 2008].
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5.2.5 Empty bed contact time and adsorbent usage rate
Empty bed contact time (EBCT) is an important parameter in the design of

adsorption columns. It affects the shape of the breakthrough curve and breakthrough

volume (V). This is determined by the following equation:

gpcr =Ye A (5.1)
g 0

The performance of a fixed-bed can be further evaluated in terms of the
adsorbent usage rate (U,) defined as the weight of adsorbent saturated per litre of

solution treated, as follows [Srivastava et al., 2008]:

y T VP _ P (5.2)
Vb VCNb Nb

Choosing 10% breakthrough point as the treatment objective, the values of
EBCT and U, were determined using the data from the breakthrough curves obtained
at variousZ, Q and D [Table 5.1]. From these data, it can be seen that the value of

U, tends to decrease with an increase in EBCT.

5.2.6 Application of Bed depth service time Model

Fig. 5.5 shows the application of BDST model for the removal of furfural on a
fixed bed of ACC at 10% and 50% breakthrough for a flow rate of 0.02 L/min. A 50%
breakthrough curve between ¢ and Z must result in a straight line passing through the
origin, however, the straight line does not pass through the origin. The failure of ¢,
versus Z curve passing through the origin indicates that the adsorption of furfural onto
ACC occurs through complex mechanism, and more than one rate-limiting step are
involved in the adsorption process [Sharma et al., 1995; Zulfadhly et al.,2001].

Adsorption capacity (N,) as calculated from the slope of 50% plot was 7657 mg/L.
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After applying Eq. (3.16) to the experimental data at the 10% breakthrough point, a
linear relationship is found when the time for 10% breakthrough (z,,) was plotted
“against bed height, Z, (Fig. 5.5). N, and k as calculated from the slope and the

intercept of this plot are found to be 4959.5 mg/L and 9.133 x 10° L/mg min,

respectively. N, values predicted by 10% breakthrough plot shows deviation of

35.22% as compared to the value predicted by 50% breakthrough plot.

5.2.7 Application of Thomas Model
Thomas model was applied to the data at C/Co ratios higher than 0.08 and lower

than 0.99 with respect to bed height and flow rate. A linear plot of In[(C,/C)-1]
against ¥ ,enabled the determination of kinetic coefficient k, and the adsorption
capacity of the bed ¢, according to Eq. (3.20). Fig. .5.6, 5.7, 5.8, 5.9 shows the

experimental and theoretical breakthrough curves obtained at different bed heights,

initial concentration, flow rates and column diameter for the Thomas model. Values of

R? were found to be > 0.8978 (Table 5.2). k, and g, values are shown in Table 5.2. It
can be observed from the Table 5.2 that the values of q, generally increased with
increase in the value of Z, C, and D, however, its value decreased with an increase in

the value of Q. Table 3 shows that the values of & are higher at lower value of Z

and D, thus, this model gives poorer prediction of breakthrough point at these

conditions.

5.2.8 Application of Yoon-Nelson Model

The values of k,, and ¢;; were determined from In[C/(C, —C)]versus t at

variable operating conditions. These valués are listed in Table 5.3. Fig. 5.10, 5.11, 5.12,
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5.13 shows the experimental and theoretical breakthrough curves obtained at different
bed heights, initial concentration, flow rates and column diameter for the Yoon and

Nelson model. The data in Table 5.3 indicate that the ¢, values as predicted from the

Yoon and Nelson model matched very well to those predicted from experimental

results.

5.2.9 Application of Clark Model
Freundlich constant n = 3.5714 [Sahu et al., 2008 a] has been used in the Clark
model to calculate the model parameters for the adsorption of furfural on ACC column.

Values of r and A in the Clark equation were determined from the slope and intercept
of ln[(Co /ey —1] versus ¢ plot according to Eq. (5). Fig. 5.14, 5.15, 5.16, 5.17 shows

the experimental and theoretical breakthrough curves obtained at different bed heights,
initial concentration, flow rates and column diameter for the Clark model. Table 5.4
shows the values obtained alongwith the correlation coefficient and MPSD. This
model predicted the adsorption breakthrough well for C/Co > 1.5 with respect to all
parameters. Below this level, this model could not be predicted the experimental data
points. It appears that the simulation of the whole breakthrough curve is impossible
using Clark model. In our previous study [Sahu et al., 2008 a], it was found that the
Langmuir model better represented the isotherm data as compared to Freundlich
isotherm. Since, this model uses the Freundlich constant n as one of the input
parameters which did not best represented the batch isotherm data, therefore, Clark

model is not able to represent the breakthrough curve properly.
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5.2.10 Application of Bohart Adams and Wolborska Model.

For determination of the fit of the Wolborska model, Eq. (3.27) was applied to
the experimental data for varying operating parameters. A linear relationship between
ln(C/ Co) and ¢ was obtained for the relative concentration region up to 50%
breakthrough. The kinetic coefficients of mass transfer as well as the bed capacity (N,)
were determined by the application of Bohart-Adams model. Fig. 5.18, 5.19, 5.20, 5.21
shows the experimental and theoretic.al breakthrough curves obtained at different bed
heights, initial concentration, flow rates and column diameter for the Bohart adams and
Wolborska model. Table 5.5 shows the values obtained alongwith the correlation

coefficient and MPSD. An increase in O from 0.02 to 0.04 L/min increased the g

value due to the reduction in the film boundary layer surrounding the ACC particle at L

LN
Vo

increased turbulence. Value of N, generally increased with increase in the value of Z,

Py

C, and D, however, its value decreased with an increase in the value of Q. The

predicted and experimental breakthrough curves showed good agreement between the

experimental and predicted values for the relative concentration region up to 0.5. .

5.3 CONTINUOUS ADSORPTION STUDY THROUGH BFA PACKED
COLUMN
In order to study the removal of furfural through BFA packed column and for
prediction of breakthrough curve, the continuous operations were performed. Here the
effect of only three operational parameters (Z, C, and Q) on shape of breakthrough
curve, breakthrough time and on the adsorption capacity of ACC were investigated and

presented here.
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5.3.1 Effect of bed height (Z)

The breakthrough curves for furfural adsorption were investigated at four

different Z (= 15, 30, 45 and 60 cm) at a constant Q = 0.02 L/min and C, = 100 mg/L,

and the results are shown in Fig. 5.22 by data points.

It was seen that initially, the furfural was rapidly adsorbed on BFA and the
effluent (from the upper part of the bed) was almost free of furfural. As the furfural
solution continued to flow, the BFA was progressively saturated with furfural, and
therefore, the outlet concentration started to increase until the saturation point was
reached. In practice, system operation is interrupted when the effluent concentration

s> “Raog

a certain level, called breakthrough concentration, above which it is not

bl lto continue the operation. In the present study, the experiments were

rr;g until the saturation of the bed. When calculating the characteristic

@_ .
5@? 7. mﬂ"?)arameters of the system, a breakthrough concentration C, (10% of C,) was
considered, and the time corresponding to this concentration was considered as

breakthrough time (¢, ).
It can be seen that the #,, and the exhaustion time (z,) were lowest for the

lowest value of Z, and increased with an increase in the value of Z. This trend was
due to the increase of the available surface area and binding sites for the furfural
adsorption with an increase in the value of Z . The slope of breakthrou\gh curve is also
seen to decrease with an increase in the value of Z. This is due to the broadened mass
transfer zone that makes bréakthrough curves less steeper. The breakthrough curves for
the lowest Z showed a very little “tail” towards saturation time because of the low
quantity of the BFA inside the bed. As the value of Z increased, a steep S shape of

breakthrough curve was observed. The broad tailing edge of the breakthrough curves at
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higher Z is because of the rate limiting intra-particle diffusion mechanism [Cooney et
al., 1999]. These results clearly reflect that the bed having greater value of Z was more
difficult to completely exhaust as compared to bed having low value of Z [Zulfadhly et

al., 2001; Netpradit et al., 2004].

5.3.2 Effect of feed concentration (C,)

To investigate the effect C, on breakthrough curves the values of Z and Q
were kept constant at 60 cm and 0.02 L/min, respectively. The results are shown by
data points in Fig. 5.23 and tabulated in Table 5.6. It is seen in figure that ¢, decreased
with an increase in the C,. At lower C,, breakthrough curves were dispersed-and
breakthrough occurredA slower. As the value of C, increased, the slope of breakthrqugh

increased. These results demonstrated that the change of concentration gradient
affected the saturation rate and breakthrough time [Goel et al., 2005].
This occurs due to the fact that more adsorption sites are being covered with an

increase in C,. As the value of C, increases, furfural loading rate increases, so does the
driving force for mass transfer, which result in a decrease in the adsorption zone length
[Han et al., 2002].
5.3.3 Effect of Flow rate (Q)

The breakthrough curves developed under the three different Q (= 0.02, 0.03
and 0.04 L/min) at constant Z (= 60 cm) and C,(= 100 mg/L) were investigated. The

experimental breakthrough times determined from Fig. 5.24 are shown in Table 5.6. As

it can be observed from the figure that the value of ¢,, decreased as the value of Q

increased. In addition, decreasing @ resulted in the breakthrough curve broadening,
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which in turn resulted in an increase in the difference between the breakthrough time
and the saturation time. As expected, an increase in Q produces a diminution in

breakthrough and exhaustion times, and as a consequence, the curves become steeper

with a shorter mass transfer zone [Lodeiro et al., 2004].

5.3.4 Empty bed contact time and adsorbent usage rate

Choosing 10% breakthrough point as the treatment objective, the values of
EBCT and U, were determined using the data from the breakthrough curves obtained
at various Z, Q and D and the results are given in Table 5.6. From these data, it can
be seen that the value of U, tends to increase with an increase in C,. For €, = 100
mg/L, packed bed operated at Q0 = 0.03 L/min and Z = 60 cm was found to have

lowest U, of 5.61 g/L with highest V, of 14.67 L.

5.3.5 Application of Bed depth service time Model

Based on the data obtained at (@=0.02 L/min, plotting time for 50%»
breakthrough against bed height gives a linear relationship as seen in Fig. 5.25, in
which the values predicted from the BDST model equation (3.16) are included for
comparison. From the slopes of these lines, the adsorption capacity N, was calculated
using equation. A 50% breakthrough curve between rand Z must result in a straight
line passing through the origin, however, the straight line does not pass through the
origin. The failure of ¢, versus Z curve passing through the origin indicates that the

adsorption of furfural onto BFA occurs through complex mechanism, and more than

one rate-limiting step is involved in the adsorption process [Sharma et al., 1995].
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From the slopes of these lines, the adsorption capacity N, was calculated using
Eq. (3.16). N, as calculated from the slope of 50% plot was 3473.54 mg/L. N, and £
as calculated from the slope and the intercept of ¢,, versus Z plot are found to be

3338.65 mg/L and 0.000562 L/mg min, respectively. N, values predicted by 10%

breakthrough plot shows deviation of 3.88% as compared to the value predicted by
50% breakthrough plot.

Fig. 5.25 shows the experimental and theoretical breakthrough curves predicted
by BDST model at various experimental conditions. It shows a very good fit to the data
upto 50% adsorption of furfural. This suggests that the BDST model is valid for the

relative concentration region up to 0.5. The values of N, and & as calculated from eq.

‘

(3.16) are tabulated in Table 5.6. It is seen that the value of & generally increase with

an increase in Z and decrease in Q.

5.3.6 Application of Thomas Model

Thomas model was applied to the data at C/Co ratios higher than 0.08 and lower °

than 0.99 with respect to bed height and flow rate. Values of R? were found to be > B

0.9063 (Table 5.7). k,, and g, values are shown in Table 5.7. Fig. 5.26, 527, 5.28

shows the experimental and theoretical breakthrough curves obtained at varied bed
heights, initial concentrations and flow rates for the Thomas model. It can be observed

from the Table 5.7 that the values of g, shows any specific trend with the value of Z ,
QandC, . Table 5 shows that the values of ¢ are highest for the lowest value of Z and

Co and for the highest value ofQ, thus, this model gives poorer prediction of

breakthrough point at these conditions.
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5.3.7 Application of Yoon-Nelson Model

The values of k,, and #,; were determined from In[C/(C, —C)]versus ¢ at
variable operating conditions. These values are listed in Table 5.8. Fig. 5.29, 5.30, 5.31
shows the experimental and theoretical breakthrough curves obtained at varied bed
heights, initial concentrations and flow rates for the Yoon and Nelson model. The data
in Table 5.8 indicate that the ¢, values as predicted from the Yoon and Nelson model
matched very well to those predicted from experimental results. It can be observed

from the Table 5.8 that the values of k,, decreased with increased value of Zand
increased with the increased value of C,. However, it did not show any specific trend

with respect to the value of Q. Table 5.8 shows that the values of ¢ are low thus, this

model gives good prediction of breakthrough point at these conditions.

5.3.8 Application of Clark Model
Freundlich constant n = 5.123 [Sahu et al., 2008] has been used in the Clark
model to calculate the model parameters for the adsorption of furfural on BFA column.

Values of » and A in the Clark equation were determined from the slope and intercept
of lnl_(CO/C)"" —ll versus ¢ plot according to Eq. (3.22). Fig. 5.32, 5.33, 5.34 shows

the experimental and theoretical breakthrough curves obtained at varied bed heights,
initial concentrations and flow rates for the Clark model. Table 5.9 shows the values
obtained along with the correlation coefficient and MPSD. This model predicted the
adsorption breakthrough well for C/Co > 1.5 with respect to all parameters. Below this

level, this model could not be predicted the experimental data points. It appears that the
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simulation of the whole breakthrough curve is impossible using Clark model. In our
previous study [Sahu et al., 2008], it was found that the Langmuir model better
represented the isotherm data as compared to Freundlich isotherm. Since, this model
uses the Frreundlich constant n as one of the input parameters which did not best
represented the batch isotherm data, therefore, Clark model is not able to represent the

breakthrough curve properly.

5.3.9 Application of Bohart Adams and Wolborska Model.
For determination of the fit of the Wolborska model, Eq. (3.27) was applied to

the experimental data for varying operating parameters. A linear relationship between

In(C/C,) and twas obtained for the relative concentration region up to 50%
breakthrough. The kinetic coefficients of mass transfer as well as the bed capacity (N, )“’?'

were determined by the application of Bohart-Adams model. Fig. 5.35, 5.36, 5.37 show;l
sthe experimental and theoretical breakthrough curves obtained atvvaried bed heights,
initial concentrations and flow rates for the Bohart adams and Wolborska model. Table .
5.10 shows the values obtained alongwith the correlation coefficient and MPSD. The i
predicted and experimental breakthrough curves showed good agreement between the

experimental and predicted values for the relative concentration region up to 0.5.
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Table 5.1: Comparison of fixed-bed performance of ACC for furfural adsorption.

Co Q D Z EBCT T, Vv, U,
Nb

ML) (L/min) (em)  (cm)  (min) (min) 0 &
100 0.02  2.54 15 3.80 11.91 023 3.13 191.22
100 0.02 254 30 7.60 66.83 1.33 8.78 68.18
100 002 254 45 11.40 272.79 5.45 23.91 25.05
100 002 254 60 15.20 571.77 11.43 37.59 15.93
50 002 254 60 15.21 1279.47 25.58 84.14 712
100 0.02 254 60 15.21 571.78 11.43 37.60 15.94
200 002 254 60 15.21 425.79 8.51 28.00 2i.41
100 002 254 60 15.20 571.77 11.43 37.59 15.93
100 003 254 60 10.13 253.75 7.6125 25.029 23.945
100 004 254 60 7.60 85.91 3.43 11.29 53.042
100 0.02 2 60 9.43 63.10 1.26 6.69 89.56
100 0.02 254 60 15.21 571.78 11.44 37.60 15.94
100 0.02 4 60 37.71 4168.62 83.37 110.53 5.42
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Table 5.2: Parameters predicted by Thomas model for ACC packed column

Co Q D 5 , ;
ML) (L) (© kry x10% g, pet e £ R*  MPSD
w0 Umgmin gy 0

100 0.02 2.54 15 5.44 1.09 -233.99 11.91 105.09 -0.8978 185.51
100 002 254 30 463 167 4319  66.83 5473 -0.9528  66.88
100 0.02 2.54 45 441 1.77 = 327.59 272.79 16.72 -0.9888 41.09
100 0.02 2.54 60 4.74 1.62 538.49 571.77 6.18 -0.9986 151.12
50 0.02 2.54 60 12.91 1.39 1373.88 1279.47 6.87 -0.9810 1602.93
100 0.02 2.54 60 4.75 1.62 538.50 571.78 6.18 -0.9986 422.73
200 0.02 2.54 60 2.63 2.84 458.38 425.79 7.10 -0.9979 420.99_ .
100 0.02 2.54 60 4.75 1.62 538.49 571.77 6.18 -0.9986 2045.09
100 0.03 2.54 60 5.31 1.44 182.00 253.75 39.42 -0.9829 405.94w
100 0.04 2.54 60 7.68 1.17 77.68 85.91 10.59  -0.9970 353.62
100 0.02 2 60 6.28 0.95 25.59 63.10 146.58 -0.9898 424.19
100 0.02 2.54 60 4.74 - 1.62 538.50 571.78 6.18 -0.9986 422.73
100 0.02 4 60 1.05 3.86 4025.64 4168.62 3.55 -0.9969 1429
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Table 5.3: Parameters predicted by Yoon-Nelson model for ACC packed column

Co o D V4 kYN Los.ca os,exp
: £ R’ MPSD

(me/L)  (Limin)  (cm) {em)  (min")  (min) (min)
100 0.02 2.54 15 0.0054 169.70  120.57  28.95  0.8978  185.51
100 0.02 2.54 30 0.0046  517.62  555.90 7.39 0.9528  66.88
100 0.02 2.54 45 0.0044  824.86 870 5.47 0.9888  41.09
100 0.02 2.54 60 0.0047 1001.55  986.25 1.52 0.998  151.12
50 0.02 2.54 60 0.00645 171431 178205  3.95 0.9810  339.60
100 0.02 2.54 60 0.00475 1001.56  986.25 1.52 0.9986  422.73
200 0.02 2.54 60 0.00525 876.76  911.38 3.94 0.9979  420.99
100 0.02 2.54 60 0.00475 1001.55 986.25 1.52 0.9986  431.64
100 0.03 2.54 60 0.00531 596.05  587.5 1.43 0.9829  405.94
100 0.04 2.54 60 0.00768 363.93  369.76 1.6 0.9970  353.62
100 0.02 2 60 0.0063 37528  340.63 9.2 0.9898  424.19
100 0.02 2.54 60 0.0047 1001.56  986.25 1.52 0.9986  422.73
100 0.02 4 60 0.0011  6111.74 6237.14  2.05 0.9969  396.26
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Table 5.4: Parameters predicted by Clark model for ACC packed column

Co Q D Z r tb,cal tb,exp

A £ R? MPSD
ML) (L/min) (cm) (cm) (min™) (min)  (min) '
100 002 254 15 0.0074 23.42 37483 1191 103.17 -0.7954 187.80
100 002 254 30 0.0066 234.23 -70 66.83 195.46 -0.9593 107.11

100 0.02 254 45  0.0065 1626.90 22832 27279 1947 -0.9968 121.13

100 0.02 254 60  0.0066 5186.600 . 396.74 571.77 44.11 -0.9821 651.82

50 0.02 254 60 0.0097 152053713.4 1325.38 127947 346 -0.9956 279.13
100 0.02 2.54 60 0.0058 1041.16 17824  571.78 220.79 -0.9912 1175.69

200 0.02 2.54 60 0.0077 7665.80 391.35 42579 -8.80 -0.9901 703.97

100 0.02 2.54 60 0.0066 5186.60 396.74 571,77 44.11 -0.9821 874.71

100 0.03 254 60 0.0073 570.71 58.34 253.75 33491 -0.9764 558.92-
100 0.04 2.54 60 0.0116 527.06 30.15 85.91 184.95 -0.9893 446.93-
100 0.02 2 60  0.0093 250.19 -42.58 63.10 248.19 -0.9741 505.98

100 0.02 2.54 60 0.0066 5186.61 396.75 571.78 44.11 -0.9821 856.66

100 0.02 4 60 0.0017 187878.60 3725.04 4168.62 11.90 -0.9898 764.37
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Table 5.5: Parameters predicted by Bohart-Adams & Wolborska model for

ACC packed column
Co Q D
Z No ﬂ tb,cal tb,exp 2
(mg/L) (L/min) : & R MPSD
(em)  (mg/L) (min")  (min) (min)
(cm)

100 0.02 2.54 15 4000.24 0.66 12.94 11.91 798 0.7464 94.89
100 0.02 254 30 8648.38 031 19.98 66.83  234.40 0.9028 133.12
100 0.02 2.54 45 9735.93 0.26 24998  272.79 9.12 09917 174.45

100 0.02 2.54 60 7545.76 0.29 554.83  571.77 3.05 0.9884 326.27

50 0.02 2.54 60 655031 044 131040 127947 236 09925 283.90
100 0.02 2.54 60 7545.76 0.29 554.84  S571.78 3.05 0.9884 724.10

200 0.02 2.54 60 14051.77 0.26 438.92  425.79 299 09775 749.89

100 0.02 2.54 60 7545.76 0.29 554.83  571.77 3.05 09884 739.35
100 0.03 2.54 60 7000.06 0.29 171.32 253,75  48.10 09167 716.52

100 0.04 2.54 60 6406.44 0.34 62.84 859127 36.71 0.9822 580.31

100 0.02 2 60 2983.01 0.17 41.37 63.10 52.52 09760 805.68
100 0.02 254 60 7545.76 0.29 554.84  S571.78 3.05 09884 724.10

100 0.02 4 60 4631149 034 388220 4168.62 737 09732 672.78
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Table 5.6: Comparison of fixed-bed performance of BFA for furfural adsorption.

C, 9 Z EBCT ¢,
V,wy N, U, @L)
(mg/L) (L/min) (cm) (min)  (min)
100 0.02 15 3.80 19335 3.87 50.86 5.32
100 0.02 30 760 248.80 4.98 32.72 8.27
100 0.02 45 11.40 426.31 853 37.38 7.24
100 0.02 60 1521 55730 11.16 36.65 7.38
50 0.02 60 1521 700.10 14.01 46.04 5.88
100 0.02 60 15.21 55730 11.15 36.65 7.38
200 0.02 60 15.21 227.61 455 14.97 18.07
100 0.02 60 15.2t 55730 11.15 36.65 7.38
100 0.03 60 10.14 488.70 14.67 48.21 5.61
100 0.04 60 7.61 200.16 8.01 26.33 10.28
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Table 5.7: Parameters predicted by Thomas model for BFA packed column

C, ) Z kg <100 4, locar  Loexp

R? MPSD
(mg/L) (L/min) (cm) L/mgmin) (mg/g) (min)  (min)
100 002 15 4822  3.59 205.12 19335 6.09 -0.9892 69.45
100 0.02 30 3097 234 25525 248.80 260 -0.9895 68.56
100 002 45 2782 238 41878 42631 177 -0.9721 94.85
100 002 60  21.89 247 587.77 55730 5.47 -0.9370 152.35
50 002 60 1405  1.72 646.04 700.10 7.72 -0.9063 684.01
100 002 60  21.89 247 58777 55730 547 -0.9370 427.13
200 002 60 1138 234 22979 227.61 096 -0.9801 359.89
100 002 60  21.89 246 587.77 55730 547 -0.9370 436.13
100 003 60 2327 328 514.62 48870 530 -0.9871 356.57
100 004 60 2033 219 197.06 200.17 1.54 -0.9856 680.92
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Table 5.8: Parameters predicted by Yoon-Nelson model for BFA packed column

Co Q
' D VA k t,. (cal) ¢, (exp)
ML) (L/min) e °? £ R’  MPSD
(em) (em) (min') (min) (min)

100 0.02 2.54 15 0.048 250.69 260.97 3.94 0.9892 185.51
100 0.02 2.54 30 0.031 326.21  309.74 531 0.9895 66.88
100 0.02 2.54 45 0.028 497.77 479.41 3.83 09721 41.09

100 0.02 2.54 60 0.022 688.17 644.61 6.76 0.9370 151.12

50 0.02 2.54 60 0.006 958.86 854.98 122 0.9063 339.60

100 0.02 254 60 0.022 688.17 644.61 6.76 0.9370 422.73

200 0.02 254 60 0.023  326.33 307.44 6.15 0.9801 420.99

100 0.02 254 60 0.022 688.17 644.61 6.76 09370 431.64
100 0.03 254 60 0.024  609.06 590.08 3.22 0.9871 405.94

100 0.04 2.54 60 0.021  305.16 288.77 5.68 0.9856 353.62
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Table 5.9: Parameters predicted by the Clark model for BFA packed column

Co-

Q D Z r by car Lyexp
A £ R’ MPSD

(ML) (L/min) (cm) (cm) (min™) (min)  (min)
100 002 254 15 0.0999 1.63x10”° 209.45 19335 8.33 -0.9690 187.80
100 002 254 30 00622 681x10° 24824 2488 023 -0.9189 107.11
100 002 254 45 0.0560 1.18x10'" 409.03 42631 4.06 -0.8958 121.13
100 002 254 60 0.0513 3.44x10"7 601.69 5573 797 -0.8126 651.82
50 002 254 60 0014 269x10° 621.06 700.10 11.29 -0.7815 279.13
100 002 254 60 0.052 3.44x10"7 601.69 557.30 -7.96 -0.8126 1175.69
200 002 254 60 0.045 229x10° 220.13 227.61 328 -0.8928 703.97
100 002 254 60 0.052 3.44x10"7 601.69 5573 7.97 -0.8126 874.71
100 003 254 60 0.056 5.85x10'® 52392 4887 721 -0.9338 558.92
100 004 254 60 0042 248x10° 180.20 200.16 9.97 -0.9207 446.93
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Table 5.10: Parameters predicted by Adam-Bohart & Wolborska model

for BFA packed column

C, Q Kagx 10
No tb,cal tb,exp 2
(cm) . (mgLl) (min) (min)
min)
100 0.02 15 26.97 7775.59 210.12 193.35 8.68 0.9501 60.75
100 0.02 30 24.65 4704.22 264.12 248.80 6.16 0.9419 71.09
100 0.02 45 37.70 436932 437.08 42631 2.50 09813 80.12
100 0.02 60 37.94 4341.25 599.25 557.30 7.50 09133 9292
50 0.02 60 24.38 3069.48 744.33 700.10 6.32 0.8883 436.43
100 0.02 60 37.94 434125 599.25 557.30 7.53 0.9133 429.62
200 0.02 60 13.17 444412 25037 227.61 10.00 0.9647 326.99
100 0.02 60 37.94 4341.25 599.25 557.30 7.53 0.9133 438.67
100 0.03 60 19.42 6408.52 530.97 488.70 8.65 0.9748 377.64
100 0.04 60 17.94 4455.56 21029 200.16 5.06 0.9531 570.54
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Fig. 5.1: Experimental breakthrough curves for furfural sorption on ACC packed
column at varied bed lengths
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Fig. 5.2: Experimental breakthrough curves for furfural sorption on ACC packed
column at varied initial concentrations.
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Fig. 5.3: Experimental breakthrough curves for furfural sorption on ACC packed
column at varied flow rates.
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Fig. 5.4: Experimental breakthrough curves for furfural sorption on ACC packed
column at varied column diameters
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Fig. 5.5: Time for breakthrough compared to bed length for furfural
adsorption on a ACC packed column according to the BDST model.
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Fig. 5.6: Comparison of experimental and theoretical breakthrough curves for
farfural sorption on ACC packed column using the Thomas model at varied bed
lengths
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Fig. 5.7: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on ACC packed column using the Thomas model at varied initial
concentrations
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Fig. 5.8: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on ACC packed column using the Thomas model at varied flow
rates
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Fig. 5.9: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on ACC packed column using the Thomas model at varied column
diameters
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Fig. 5.10: Comparison of experimental and theoretical breakthrough curves for
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bed lengths
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Fig. 5.11: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on ACC packed column using the Yoon-Nelson model at varied
initial concentrations.
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Fig. 5.13: Comparison of experimental and theoretical breakthrough curves for

furfural sorption on ACC packed column using the Yoon-Nelson model at varied
column diameters
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Fig. 5.14: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on ACC packed column using the Clark model. at varied bed
lengths.
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Fig. 5.15: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on ACC packed column using the Clark model at varied initial
concentrations
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Fig. 5.17: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on ACC packed column using the Clark model at varied column
diameters
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Fig. 5.18: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on ACC packed column using the Bohart-adams & Wolborska
model at varied bed lengths
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Fig. 5.19: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on ACC packed column using the Bohart-adams & Wolborska
model at varied initial concentrations.

76



R ot
0’.
08 | L
o 0.6 -
&
o 0.4 — theoretical
¢ Q=0.02 L/min
0.2 B Q=0.03 L/min
. A Q=0.04 L/min
0 | L L Il { 1 | 1 | | ] | fl 1 } | ) 1 1 1
0 500 1000 1500 2000 2500
Time (min)

~ Fig. 5.20: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on ACC packed column using the Bohart-adams & Wolborska
model at varied flow rates
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Fig. 5.21: Comparison of experimental and theoretical breakthrough curves for

furfural sorption on ACC packed column using the Bohart-adams & Wolborska
model at varied column diameters.
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Fig. 5.22: Experimental breakthrough curves for furfural sorption on BFA packed
column at varied bed lengths
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Fig. 5.23: Experimental breakthrough curves for furfural sorption on BFA packed
column at varied initial concentrations.
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Fig. 5.24: Experimental breakthrough curves for furfural sorption on BFA packed
column at varied flow rates.
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Fig. 5.25: Time for breakthrough compared to bed length for furfural adsorption on
a BFA packed column according to the BDST model.
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Fig. 5.26: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on BFA packed column using the Thomas model at varied bed
lengths
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Fig. 5.27: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on BFA packed column using the Thomas model at varied initial
concentrations
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Fig. 5.28: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on BFA packed column using the Thomas model at varied flow

rates.
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Fig. 5.29: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on BFA packed column using the Yoon-Nelson model at varied
bed lengths V
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Fig. 5.30: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on BFA packed column using the Yoon-Nelson model at varied
initial concentrations.
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Fig. 5.31: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on BFA packed column using the Yoon-Nelson model at varied
flow rates.
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Fig. 5.32: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on BFA packed column using the Clark model at varied bed
lengths.
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Fig. 5.33: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on BFA packed column using the Clark model at varied initial
concentrations.
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Fig. 5.34: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on BFA packed column using the Clark model at varied flow rates.

1

0.8 |
0.6 i —theoretical
° i
Q X Z=15cm
U |
0.4 i & 7Z=30 cm
i ® Z=45cm
0.2
- ¢ 7Z=60cm
0 1 ‘ 4 I 4 I 1
0 500 1000 1500 2000

Time (min)

Fig. 5.35: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on BFA packed column using the Bohart-adams & Wolborska
model at varied bed lengths.
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Fig. 5.36: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on BFA packed column using the Bohart-adams & Wolborska
model at varied initial concentrations.
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Fig. 5.37: Comparison of experimental and theoretical breakthrough curves for
furfural sorption on BFA packed column using the Bohart-adams & Wolborska
model at varied flow rates. ‘
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Chapter — VI
CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

In the present study, ACC and BFA packed bed have been used to analyze the
column dynamics in the adsorption process.
For ACC packed column, the influence of the bed height (Z), inlet furfural

concentration (C,), flow rate (Q) and column diameter (D) on breakthrough curves
have been investigated. Higher uptake of furfural was observed at highest Z . It was
found that the value of time to breakthrough (¢, ) decreased with an increase in C,. The
larger the C,, the steeper was the slope of the breakthrough curve and smaller was the
t, . The amount of furfural adsorbed onto the unit bed height increased with an increase
in O leading to faster saturation at a higher value of Q. It was found that the adsorbent
usage rate (U,) decreased with an increase in EBCT. A 50% breakthrough curve

between ¢ and Z must result in a straight line passing through the origin, however, the

straight line does not pass through the origin. The plot of 50% breakthrough (¢,)

versus Z curve did not pass through the origin indicating the adsorption of furfural

onto ACC occurs to be through complex mechanism. Adsorption capacity (N,) as

calculated from the slope of 50% plot was 7657 mg/l. Adams—Bohart, Thomas, Yoon—
Nelson, Clark and Wolborska models were applied to the experimental data for the
prediction of the breakthrough point. Error analysis showed that Yoon—Nelson model

was most suitable for the tracing of breakthrough curve at the experimental condition.

For BFA packed column, column performance got improved with increasing Z

and decreasing Q. For initial breakthrough (50%) Adam-Bohart model well predicted
the breakthrough curve up to 50% breakthrough at all Z and Q. Yoon-Nelson model

gave comparable values of time for 50% breakthrough point when compared with the

experimental breakthrough time.
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Adsorptive capacity of BFA as calculated from BDST model for 50%
breakthrough plot was 3473.54 mg/l. Yoon—Nelson, Thomas, and Clark models were

also applied at C/C, higher than 0.08 and lower than 0.99 with respect to Z and flow

rate for the prediction of breakthrough curves. Model constants were determined by
linear regression technique for use in the column design.

For ACC packed column, Yoon—Nelson model best described the experimental
breakthrough curve, while Wolborska model showed good prediction of breakthrough
curve for the relative concentration region up to 0.5. For BFA packed column, Thomas
model well represented the experimental data points under all experimental conditions.
Overall, more than 99.5% of mrmral was removed in the column operated at an initial
concentrgtion of 100 mg/1 of furfural at pH 6.5.

Overall, BFA packed column showed higher removal efficiency as compared to

ACC packed column at all Q, Zand C,.

7.2 RECOMMENDATIONS
On the basis of the present studies, BFA is recommended for the removal of
furfural over ACC because of its higher removal efficiency as well as lower cost.
Pilot-scale experiment should be carried in BFA and ACC packed column for

the removal of furfural from actual wastewater.
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