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ABSTRACT

Khadi fabric is the textile glummer of India and has been started to use in India from at least ten decades ago (from
1920s). Normally it consist of cotton, wool, silk like natural fibre etc. and the concern fabric is made by hand made (by
charka spinning technology) yarn and in the traditional handloom process. Normally, different kind of natural dyes
(vegetable based, wastage material based, tannin based colour) and the eco-friendly synthetic dyes are used for the
coloration of the khadi textile. In addition some traditional printing techniques like hand screen printing, block printing
is used for the special effect on the khadi textile. Concerning the value addition, only stiff khadi fabric is marketed
which is made by adding starch. However, some special low cost other value addition of the khadi fabric will make it
more acceptable to the consumers of the India and also in the other countries. In this respect, bioactive based finish and
the mosquito repellent khadi textile is very much important. This kind of functionality will make the fabric hygienic in
terms of attack by deadly mosquitoes and also some harmful microorganisms. Apart from it, if it is possible to make UV
protective and the fire retardant khadi textile, it will increase its popularity and also gain the socio economic importancy
to the consumers and the handloom weavers of India and the other subcontinental countries.

Keywords: Khadi; Handloom,; Dyein; Printing; Value addition

1. Introduction

Khadi is a handspun, handwoven natural textile clothing using popularly in the various part of the India. Fibres like
cotton, wool, silk are come into the domain of the khadi sector. Khadi, fabric (especially dhoti, shawls etc.,) has been
used from the 1920s in different parts of the India and it is one of the integral part of the swadeshi movement in our
country. Khadi movement initiated by the freedom fighter of India and has promoted the social, economical part of the
Indian culture and also promoted the handloom weavers of India. Actually, in the British era, textile materials are very
costly as they are value added from the outside country. First time Indian technology (by charka spinning) come into
play and has made a soft, comfortable, cheap khadi fabric for the general peoples of India. It was popularised by
different local names (Khaddar, tusar silk, puttapaka saree, Muslin etc.,) in the various part of the India. Khadi fabric is
also marketed as the name of silk khadi, matka khadi, poly khadi and the Muslin Khadi. Therefore it can be considered
as the cultural and the textile glummer of the India. Normally Khadi fabric is made of cotton yarn and it is porous, softer,
fuller and comfortable to wear at the summer season. Additionally, most of the khadi fabric has lower cover factor as it
is made of handmade yarn and in the handloom. Concerning the processing of the khadi fabric, normally it is dyed by
different natural based colour. Moreover some other synthetic colour like reactive dye, direct dye, vat dye, acid and
metal complex dyes are also have been used for the coloration of the khadi textile. Concerning printing, tie and dye,
Batik printing and the “Damask printing” by using white print paste of the titanium di oxide and the natural based
thickener are using popularly. For printing, hand screen and the block printing method was used normally. However,
most of the printed khadi fabrics are heavy and coarse, may be due to the curing process it undergoes after printing and
also suffer poor rubbing fastness property. Actually till date, no specific research or commercial work has been

performed on the functionality of the khadi fabric. Here in this context a short plan on the value addition of the khadi
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fabric is discussed with its socio-economic importancy in the Indian market.

2. Dyeing and the Printing of the Khadi fabric

Most of the literature found in the concern area is related with the coloration and the printing of the khadi fabric.
As far as the reported literature on the coloration ( especially in dyeing) of the khadi fabric is concerned, different
natural dyes extracted from turmeric (haldi), Babool chilka, Pomegranate peels (Anar chilka), Henna (Mehandi),
Catachu (Katha), Madder (Majith), Indigo (Neel), Hararh, Marigold, Onions, Walnut Husks, etc. have been used for
dyeing of the fabric along with different natural mordants like Alum, Copper Sulphate, Chrome, Tin, Oxalic Acid, Tartar,
Acetic Acid, etc.,[Khadi india]. Some of the researchers also have been used extract of Nerium Oleander flower color
[Dr. N. Vasugi Raaja], Cordia Sebestena flower [M. Kumaresan et.al.] etc., for the coloration of the khadi fabric. Apart
from the natural dyeing of the khadi fabric, some of the synthetic dyes like vat dyes, reactive, sulphur and the metal
complex dyes are also have been explored. In printing researcher applied azoic dyes and indigo by batik and tie dye
printing method [Saranya et. al.]. Different printing style like patchwork, kantha, phulkare, block printing is very much
popular in the printing area. Normally “Damask printing” is popular in the khadi sector which consist white print paste
with 20-25% titanium di oxide (TiO2) and guar gum thickener. Sometimes pigment colours are also added for colour
printing effect. However, most of the printed khadi fabric are heavy, coarse and suffers poor rub fastness property.
Additionally, no technical research has been reported on the value addition (adding functional property to the fabric)
of the khadi fabric in the finishing stage. Concerning the value addition, only stiff khadi fabric is marketed which is
made by adding starch.

3. Challenges of the Khadi fabric

From last few decades popularity of the Khadi textile gradually diminishes as many newer functional textile
materials have emerges in the Indian market in low cost. Additionally, apart from the natural dyeing and the printing,
the technology involved in the processing of the khadi fabric also not has been improved in that level so that it can be
more popularise. Therefore for saving the ancient textile glummer of India and for the value addition of the khadi fabric

some technical steps are mentioned in the following section.

4. Bioactive Khadi textile

Khadi, a porous permeable hand woven fabric (hand loom made fabric), made from hand spun yarn. Generally it is
made from natural fibres like cotton, wool and silk. General aspect of the khadi fabric is it has lower cover factor
(around 14) and the yarn of the fabric has less twist factor. Less twist factor helps in moisture absorbancy or permeable
property of the fabric material. Most of the khadi fabric is fuller and voluminous in nature and normally used in summer
season. Normally khadi garments have been used for the apparel purpose in the subcontinental countries like India.
Here humidity and the temperature is the major concern of the environment. Therefore, there is ample chance of the
microbes attack on the khadi apparel which results in smelling and swear degradation of fibres that’s why anti-microbial
finish (hygienic property) is an essential concern for the khadi fabric. Concerning the antimicrobial solution, different
nano based compound like nano titanium di oxide, nano zinc oxide, nano alumina etc., can be explored for making the

hygienic khadi textile.
5. Sun protective Khadi textile

Most of the marketed khadi fabrics are made of plain weave, lower ends and picks per inch (lower cover factor).
Therefore there is high chance of the penetration of the UV rays (especially UVB and UVC) throughout the fabric. As a
result end users of the khadi fabric may get affected by the adverse effect of the UV rays. However, due to the depletion
of the ozone layer, from last few decades, majority of UV-B and UV-C are also reaching to earth and can easily
transmitted through the lossely woven textile material. As a result person wearing cotton based khadi textile can easily
affected by the harmful UV rays and there are strong chances of the cancer like deadly diseases. Therefore, in order to

protect the end users of the khadi material from these harmful UV ray, sun protective finish is required. In this respect it
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may be advantageous to use nano based titanium di oxide, zinc oxide etc., for the improvement of the sun

protectiveness of the fabric.

6. Mosquito repellent khadi fabric

Normally khadi fabric has been used popularly in the India and the other asian countries. In all those countries the
average temperature range is around 30-40°C with high humidity level. In this temperature and the humidity range is
very much helpful for the reproduction of the mosquitoes. Additionally, khadi fabric is popular in the rural part of the
India where more amount of the dense forests are exist. Apart from it, person wearing khadi fabric is sweated because
of the heat and the humid condition of the environment. As a result of unmanageable forest existence, heat, humidity,
sweat smell, mosquitoes are attracted to the end users. Recent market survey shows that the Dengue (disease
occurred by mosquito bite) is the one of the most deadly disease in India. Therefore if the khadi fabric can be made
mosquito repellent it will be more popularise in the rural market as well as in the urban sector. The concern fabric
can be made mosquito repellent by using light oil based natural colour which consist aromatic smell and has potential to
kill or restrict the mosquitoes. Some of the natural based promising examples are clove oil, citronella oil, eucalyptus
oil, castor oil, nirgundi oil etc. All the aforementioned plants contain special aromatic molecule which is harmful for the
nervous system of the mosquitoes. Additionally, these plants are easily available in the rural area of India and therefore

rural people can easily made mosquito repellent khadi fabric by exploring those products.
7. Fire retardant based value addition of Khadi textile

Fire retardant is ananother important part of the value addition in the Khadi domain. Actually, most of the khadi
fabric has been made by pure cotton and there is an ample chance of fire catch up in those fabrics. Therefore it will be
very much helpful for the khadi customers if the concern fabric can be made fire retardant. Different fire retardant
chemicals are available in the commercial market. However, they are costly and also not eco-friendly and after
application the underlying textile materialturn stiffer and lost its aesthetic value. Additionally, lot of chemicals
have been consumed for the desired fire resistant effect. Connected with this area, target is to improve the thermal
stability of the khadi fabric by using eco-friendly chemicals like ammonium sulphamate, ammonium poly phosphate etc.
These chemicals may be deposited on the fabric surface and will help in char mass formation by insulating effect. Apart
from it some other products like di ammonium phosphate, urea, borax-boric acid mixture, alluminium tri hydrate,
calcium carbonate etc., can be used for making fire retardant khadi fabric. It can save lot of life in the rural area of the

India where khadi fabric is used popularly by the consumers.

8. Conclusion

As far as the reported literature is concerned, the dyeing (mainly natural dye, direct dye, metal complex, reactive
dye used) and the printing area (mainly block printing, kantha, patchwork, phulkare techniques are used) of the khadi
fabric have been well explored by the researchers, handloom sectors and the different textile industries. However,
researches on the functionalities of the khadi fabric need to be explore further for the popularisation of the khadi textile

in the India and also in the world market.
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ABSTRACT
The solid-phase equilibria in the 2PbSe-AgSbSessystem were studied by using the powder X-ray diffraction
method. It is established that the system is characterized by the formation of ~60 mol% solid solutions basedon
AgSbSe».Solubility based on PbSe is about 3mol%. The cubic lattice parameters of solid solutions are defined.

Keywords: silver-antimony selenide; lead selenide; solid solutions, powder X-ray diffraction, crystal lattice

1. Introduction

Chalcogenides of heavy metals and their derivative phases are very attractive to the high-technologies thanks to
their outstanding physical properties!'*.  In particular, various materials such as Ag-BV-Teand Ag-AV-BY-Te(AV-Sn,
Pb; BY-Sb, Bi) alloys have high ZT valuesand are among the most promising thermoelectric materials“®l. Recent
studies showed that some complex chalcogenidesof heavy p-metalsexhibit also topological surface states and can be
used inspintronics and quantum computing!”-®l. In addition,silver chalcogenides and complex phases on their basis have
mixed superion-electron conductivity and may beapplied in thermoelectric energy converters and differention-optical
devices17,

Optimization of functional properties of these materials can be achieved by changing their composition. This
is based in turn on the study of systems consisted of structural analogs, since they can be expected to form wide regions
of solid solutions!!! 121,

In this paper, we present the results of X-ray diffraction studies of solid-phase equilibria in the 2PbSe-AgSbSe;
system.

Earlier we have studied some similar systems, in which new phases of variable composition were
revealed:PbSe-AgBiSes'3], PbTe-AgBiTe: 4], SnTe-AgSbTe, [, andSnTe-AgBiTe,!'¢,

PbSeandAgSbSe> compounds crystallize in cubicNaClstructure(Sp.Gr.Fm3m) with lattice parameter:
a=6.1243A17 a=5.786 Al'8] accordingly.

2. Experiments and results

The PbSe and AgSbSexcompounds melt congruently at 1354 KI['1 and 908 K. Therefore, they crystallize from
amelt of stoichiometric composition upon cooling. For the synthesis, the elementary components with a purity of at
least 99.999% were used. Stoichiometric amounts of the starting components were put into silica tubesof about 20 cm in
length and diameter of about 1.5 cm and sealed under a pressure of 102 Pa. AgSbSe>wassynthesized by direct synthesis
in a resistance furnace at 950 K followed by cooling in the switched-off furnace.PbSe was synthesized in a two-zone
inclined furnace. The lower hot zone was heated to 1400 K, and the cold one to 900 K, which is somewhat lower than
the boiling point of selenium!?”l. The purity of the synthesized compounds was controlled by the XRD method by using
the Bruker D8 diffractometer(CuK radiation), with a step size of 0.02°between 10°< 26 < 70°; data were collected at
room temperature.The unit cell parameters of intermediate alloys were calculated by indexing of powder patterns using

Topas V3.0 software. An accuracy of the crystal lattice parameters is shown in parentheses (Table).Crystallographic
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parameters of obtained compounds, practically almost coincide with the literature datal!7- 8,

Phase compositions Cubic lattice parameters, A
Compositions
%AgSbSe,
0 (PbSe) o a=6.1246(5)
10 at+f a=6.1184(6); a=6.0091(7)
20 a+B a=6.1187(7); a=6.0101(7)
30 at+B a=6.1185(6); a=6.0094(7)
40 B a=5.9882(6)
60 B a=5.9244(5)
80 B a=5.8521(5)
100 B a=5.7882(5)

Table 1. Phase compositions and crystallographic parameters of phases

of the 2PbSe-AgSbSe; system

The alloys of the 2PbSe-AgSbSe: system were prepared by melting of the starting compounds in quartz ampules

under vacuum followed by homogenizing annealing at 800 K (700 h).

In Fig.1, the powder X-ray diffraction patterns of some annealed alloys are presented. As can be seen, the
diffraction patterns of alloys containing 240 mol% AgSbSe: are qualitatively similar to those for pure AgSbSe>. X-ray
diffraction patterns of alloys with compositions of 10, 20 and 30 mol% AgSbSe: consist of a set of diffraction lines of

two cubic phases.
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Puc.1. XRD powder patterns for starting compounds and some alloys of the 2PbSe-AgSbSe..

1-PbSe;2-10mol%; 3-30mol%; 4-40mol%; 5-60mol%; 6-80 mol%AgSbSe»; 7-AgSbSe;.

To determine the mutual solubility of the starting compounds in the studied system, we plotted the concentration
dependences of the cubic lattices parameters (Table, Fig. 2). It is established that the dependencies have fracture

points at compositions of 3 and 39 mol% AgSbSe2, which correspond to the limiting compositions of a- and B-solid
solutions based on PbSe and AgSbSe2, respectively. It should be noted that in the o + B two-phase region, the lattice
periods of the two coexisting phases have constant values regardless of the overall composition of the alloys, while



within the homogeneity region of the B phase the lattice period is a linear function of the composition, i.e. obey the

Vegard’s law.
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b - ° -
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Fig.2: Concentration dependences of cubic lattices parameters.

The difference between studied system and above-mentioned [13-16] is that continuous series of high-temperature
solid solutions were detected in them. The presence of a wide interval (3-39 mol% AgSbSez) of dissolution in the
system 2PbSe-AgSbSe: (Fig. 2), is apparently associated with a large difference between the crystal lattices periods of
the starting compounds.

3. Conclusion

Formation of a wide area of solid solutions based on AgSbSe> (40 mol%) is established in the
2PbSe-AgSbSeszsystem based on the XRD results. The solubility based on PbSe is much lower and does not exceed 3
mol%. The crystal lattices parameters of the obtained solid solutions are determined.
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ABSTRACT

Organic dyes used in textile and food industries are the important sources of environmental contaminations due to

their non-bio degradability and high toxicity to aquatic creatures and carcinogenic effects on humans. This demands

environmental remediation by the use of techniques which are environmentally benign. For this purpose, a general

overview of dye degradation by light in the presence of materials as photo-catalysts has been given. The mechanism of

action has also been described. Importantly, the materials involved in dye degradation usually involve nano-composites

of either conducting polymers or metal-oxidesor graphene based systems which are insoluble in aqueous solutions,

hence will be environmentally benign and can therefore be recovered after use.

Keywords: Nano-materials; Organic dyes; Photo-catalysis

1. Introduction and criteria for
materials to be best photo-catalysts
for dye degradation

The use of dyes in textile industries has become a
serious environmental issue because of the unacceptable
color of dye effluents, high chemical oxygen demand and
resistance to bio-degradation on account of having com-
plex aromatic structures. For this purpose, dyes in waste
water are either removed by adsorption or degraded by
photo-catalysis. In this area, semiconductor materials
have attracted much attention. Among semiconductors,
TiO, is considered a bench mark photo-catalyst for dye
degradation. This is because of having high efficiency,
low cost, chemical corrosion inertness, and long-term
stability against photo-corrosion and chemical corrosion.
Moreover, it is a photosensitive material, possesses high
photo-catalytic activity, is stable in aqueous systems and
has low environmental toxicity!'.But the major short-
coming to the use of TiO, photo-catalysts lies in having
low quantum efficiency and the confined utilization of
sunlight. For a material to exhibit high photo-catalytic
activity, it must be porous and possess high surface to
volume ratio so as to lead increased adsorption of dye.
The high surface to volume ratio (surface area) can be

attained provided the material to be either highly porous

Copyright © 2019 Mohd. Hanief Najar et al.
doi: 10.24294/ace.v1i4.615

or nano-sized. This is the reason that benchmark
TiO,photo-catalyst has been found to be less efficient
than nano-sized TiO,.The material must exhibit slower
recombination rate of photo-generated electron-hole
pairs. This will help to cause facile degradation of dyes.
ZnO was found to have almost same band gap energy as
that of TiO,, hence it was anticipated to be a better an
alternative for TiO, photo-catalysts, but the fast recom-
bination rate of photo-generated charge carriers limits its
applicability. Reduction in the recombination rate can be
attained by forming hetero-junctions between different
components. This is indicative of making a composite
material. However, this would demand the proximal in-
terface contact. Moreover, materials with wider absorp-
tion range lead to enhanced efficiency in the degradation
of dyes. For such a factor, TiO, again has limited ap-
plicability as it absorbs only a small portion of UV light.
Thus to widen its absorption band spectrum, doping,
composite science and the formation of hetero-junctions
is essential. All the factors discussed above are comple-
mentary to one another. This we mean to say that a mate-
rial with high surface to volume ratio does not suffice
to be a good photo-catalyst unless other factors are more
or less favoring. This demands the balance in the proper-

ties of materials desirable for photo-catalysis'>™".
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2. Mechanism of Action and the
development of systems

The mechanism of dye degradation involves the ex-
citation of electrons from valence band (VB) to conduc-
tion band (CB) of the material by light irradiation. Due to
this excitation, a vacancy is created in valence band
called as hole. As the dye solutions are aqueous, holes
produced in valence band trap water (H,O) molecules to
generate ®*OH radicals while the electron in conduc-
tion band get trapped by the preadsorbed O, molecules
thereby leading to superoxide (0,®") radicals which
would react with protons to generate ®OH radicals.
These radicals, since having strong oxidizing activity,
then interact with dye molecules for causing their degra-
dation into CO, and H,O molecules which are environ-

mentally benign'®’.

Reactive Oxygen species
— +

Dye Molecules

Intermediate Products

|

H,0 + CO,

The presence of reactive oxygen species (ROS) for
the degradation of dyes and hence the mechanism of
degradation is normally proved by adding radical scav-
engers such as disodium salt of EDTA (EDTA-Na,) and
t-butyl alcohol. Their addition to the reaction mixture
leads to the scavenging of such ROS thereby causinga
reduced efficiency of dye degradation.

It has been observed that single walled titania (TiO,)
nanotubes are less efficient to cause dye (Methylene Blue)
degradation under UV-light than double walled titania.
This has been attributed to the greater surface area of

later".

To enhance the separation of photo-induced
charges and to reduce the rate of recombination, Bi,O;
has been coupled with BaTiO; The resulting het-
ero-junction was found to have an efficient interfacial
contact, owing to which the photo-catalytic degradation
of Rhodamine-B (RhB) has been enhanced to around 60%
than pristine samples™. ZnO microspheres have been

coupled with CulnS, and CulnSe,. It has been observed

that ZnO/CulnS, is having more photo-catalytic effi-
ciency to degrade RhB dye as compared to ZnO/CulnSe,
hetero-junction. This has been ascribed to the large sur-
face area of former owing to small size. Moreover a high
value of degradation efficiency has been achieved with
Zn0O/CulnS,/CulnSe, system as shown in Figure 1. This
is because of the formation of double hetero-junctions
which lead to greater absorption of light and prevents

effectively the recombination of electron-hole pairs'’.
100

—=—7Zn0
r —O—ZnOICuInSe2

80 —*—Zn0O/CuinS,
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Figure 1. Photo-catalytic degradation kinetics of

RB aqueous solution with an addition of ZnO micro-
spheres, ZnO/CulnSe, (with mass ratio of 5:1) het-
ero-junction photo-catalyst, ZnO/CulnSe, (with mass
ratio of 5:1) hetero-junction photo-catalyst, and
ZnO/CulnSe,/CulnS, (with mass ratio of 10:1:1) double
hetero-junctions photo-catalyst.

In addition to the development of above het-
ero-junctions,conducting polymer based nanocomposite
photo-catalysts have attracted much attention. For in-
stance, many metal complexes form nano-composites
with conducting polymers like polythiophene (PTh),
Polyaniline (PANI) etc. PTh/[Fe(CN);(NO)(bpy)]4H,O
nanocomposite fibers have been found to exhibit en-
hanced photo-catalytic activity. The main contributing
factor for enhanced activity has been ascribed to the
proximal interface contact as the surface area of such a
sample has not impressed much. The proximal interface
contact between [Fe(CN);(NO)(bpy)]4H,O and PTh
has been justified by photoluminescence (PL) measure-
ments. For the identification of ROS, scavangers like
EDTA-Na, and t-butyl alcohol have been used that lead
to reduced methyl orange (MO) dye degradation as



shown in Figure 2!"".
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Figure 2. Dye degradation of nanocomposite and

nanocomposite in the presence of scavengers

3. Conclusion

T
180

Water treatment is a necessity inorder to minimize

the scarcity of water and to avoid environmental con-

tamination from the textile industries. The understanding

of eco-friendly materials as photo-catalysts by which

environmental remediation can occur has been assessed.

The factors responsible for the enhancement or reduction

in the degradation of dyes have been taken into consider-

ation.
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ABSTRACT

CaF; aids melting and desulfurization, but can also cause environmental pollution. Thus, it has become important
to discuss the phase transformation and find a substitute for CaF,. A CaO-based desulfurizer with various flux additions
of B,O3 and CaF is investigated during the refining process. The purpose of this study is to discuss the phase transfor-
mation and desulfurization ability and during refining with B,O3 and CaF, using a high frequency furnace. Experi-
mental results indicate that the melting temperature of CaO-Al,03-SiO; series desulfurizer becomes lower when more
B,0s and less CaF; are added. On the other hand, the desulfurization ability can be affected within 15 min when various
proportions of B,O3; and CaF, are added. The desulfurization ability is better with a high content of B,O3 desulfurizer
within a 15 min period. However, the desulfurization ability is not affected by the proportion of B,O3; and CaF, for a
long melting period (30 min).

Keywords: Compounds; Oxides; Recycling; Phase Transformation; X-Ray Diffraction

1. Introduction

In recent years, some steel companies’ use of arc furnace steel-making processes has grown rapidly,
leading to an increasing demand for scrap steel. It is difficult to produce high-quality steel with arc furnace
steel-making, because the scrap steel contains large amounts of impurities. Therefore, the refining process in
arc furnace steel-making is very important.

The ladle furnace (LF) technique not only easily adjusts to the temperature of the molten steel, but also
randomly increases various alloy elements or compounds. Therefore, the ladle furnace is the most commonly
used equipment for refining molten steel™?. Great amounts of desulfurization slag are produced after refin-
ing desulfurization. Most steel plants discard this desulfurization slag, resulting in industrial cost and envi-
ronmental pollution; the recycling of the desulfurization slag can reduce environmental pollution.

Many recent investigations have focused on the recycling of desulfurization slag. According to these
papers®®, the desulfurization slag has been partly applied to the raw materials of cement, road repair and
construction, due to the stability of its physical and chemical properties and nontoxic characteristics. Some
researchest® have also pointed out that desulfurization slag contains residual Free-CaO. Therefore, it is
worth discussing the effect of recycling desulfurization slag on the sulfur content of molten steel.

Hino et al.’% have confirmed that the effectiveness of desulfurization flux is related to its chemical
composition. In a CaO-Al,03-MgO ternary slag system, the desulfurization ability is proportional to the
Ca0/MgO at the constant of Al,Os. The decay of the desulfurization ability is attributed to the increscent of

Copyright © 2019 Chih-Chun Hsieh, et al.
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SiO; and Al;O3 in a CaO-Si0O,-Al,Os ternary slag system. Furthermore, a few researches have focused on
recycling desulfurization slag.

Regarding the compositional design of the desulfurizer, both a high CaO content and a low melting
point are desired, but very difficult to achieve. Therefore, the addition of flux into a desulfurizer is necessary
during the refining process. The flux additions have two advantages: (1) decreasing the melting point, and (2)
accelerating the desulfurization reaction. CaF, flux is often used in desulfurizers because of its good desulfu-
rization effect. However, the addition of CaF; corrodes the refractory of the furnace liner, decreasing desul-
furization efficiency. Also, toxic gas will be released when the CaF; flux is used, and may harm many people,
animals and plants®. As described above, finding a substitute for CaF, is very important for ecological pro-
tection.

The purpose of this study is to discuss the desulfurization ability during refining with the addition of two
fluxes: B,Os and CaF», intoa CaO-based desulfurizer. The substitution of B,Os for CaF is also discussed in
terms of melting point and desulfurization ability.

2. Experimental procedures

Low carbon steels (S15C) with a specific weight of 500 g was selected as the experimental material and
placed in a high frequency furnace crucible. Then, 0.685 g FeS was added to increase the S content of the
molten steel. After the FeS is melted, Al bars (2.1g) were placed in a high frequency furnace crucible for de-
oxidation, with the main purpose being to decrease the partial pressure of the oxygen of the molten steel.
This procedure can enhance desulfurization. Finally, some compositions of desulfurizer (CaO, Al,Os, SiO,
MgO, CaF,, and B,03) were placed in a high frequency furnace crucible. The reaction times of desulfuriza-
tion were 15 and 30 min. In this study, experimental analyses can be divided into slag analysis, steel analysis
and refractory analysis.

After melting, the slag and steel ingots were analyzed. For the slag analysis, the phase identification was
examined using an XRD (SIEMENS D5000), and composition was analyzed using an XRF (PANalytical
PW2640), a C/S analyzer (Leco CS230) and a wet chemical analytical technique. The chemical composition
of the steel ingots was performed using a spark discharge spectrometer (Oxford ARC-MET8000).

In this study, desulfurization was studied with a CaO-based desulfurizer, the composition of which was
designed according to the CaO-Al,03-SiO, ternary phase diagram (Figure 1Y), A lower melting point and
higher CaO content were considered in order to satisfy the condition of desulfurization. Therefore, the based
composition of desulfurizer (55%Ca0-35%Al,03-10%Si0O) was used in this study. On the other hand, 8%
MgO was added to replace the 8% Al,Os in order to protect the refractory of the furnace liner.

The compositions of desulfurizer can be divided into five groups (A~E). The compositions of A~B
groups were 59.78%Ca0-20.65%Al,03-10.87Si02-8.69MgO and 55%Ca0-19%Al,03-10Si0,-8%MgO-8%
CaF,. The groups of C~E had 2% B,03, 5% B,0s, and 8% B,03 added, respectively, and 2% CaF,, 5% CaF,
and 8% CaF reduced, respectively. Detailed compositions of the A~E groups are listed in Table 1. The
melting points of desulfurizers for the five groups are examined using a TGA/DTA simultaneous thermal
analyzer (LINSEIS STA PT1600).

3. Results and discussion

3.1 Melting point examination of desulfurizer

The melting points of A~E groups can be analyzed using a TGA/DTA simultaneous thermal analyzer.
Figure 2 shows the DTA thermal analysis results of the five groups. An endothermic peak was detected be-
tween 450 °C and 480 °C, and this peak was a reaction peak of water of crystallization of CaO. However,
another endothermic peak was also observed at a temperature range from 1245 °C to 1404 °C, and this repre-
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P CaO Al,Os Si0, MgO | CaF. B20s
A 59.78 20.65 10.87 8.69 0 0
B 55 19 10 8 8 0
C 55 19 10 8 6 2
D 55 19 10 8 3 5
E 55 19 10 8 0 8

Table 1. Chemical composition of desulfurizer
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Figure 2. Thermal analyzed results of desulfurizers.
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sented the melting points of desulfurizer for the five groups. Furthermore, the melting points had decreasing
tendencies for desulfurizers of groups A~E. The melting points decreased from 1,404 °C to 1,245 °C when
B,0; contents increased from 0% to 8%. In regard to the melting point, the B,Os can replace the CaF», and is
a better flux in desulfurization than CaF, because B,Os3, CaO, Al,O3, and MgO can form low melting point
eutectic compounds. The CaF; and AlOz MgO can also form low melting point compounds, but the melting
point of eutectic compound in B,O3 is lower than that in CaF,. As stated above, the melting point of the
desulfurizer can be decreased to 1245 °C.

3.2 Compositional analysis of steel ingot

The chemical compositions and desulfurization ratios of steel ingots after 15 and 30 min of melting
times are shown in Tables 2 and 3, and Figure 3. It indicates that the desulfurization ratio has no obvious
change after 30 min. However, the desulfurization ratio exhibits a variation after 15 min. The desulfurization
ratio of group A without a flux addition is lower after 15 min than other desulfurization ratios of groups B~E.
However, other desulfurization ratios of groups B~E are very close, which means that the flux additions can
promote the desulfurization ability within a short time. On the other hand, the desulfurization ratio of group
A can be increased to 12.4%, while those of groups B~E can only be raised to 5~7% after 15 min; this means
that group A does not show excellent desulfurization ability within 15 min. Furthermore, groups B~E indi-
cate better desulfurization ability within 15 min, so the increment of desulfurization ratios is limited over 15
min.

Content of compound (wt.%) (15 min)

Groups =6 T F-CaO | AlO: | Si0: | MgO | MnO c s B | T-Fe
A 22.489 0.086 22.458 33.562 3.616 16.903 0.028 0.039 0.009 | 1.119
B 20.017 0.059 23.293 36.281 3.578 16.556 0.030 0.050 | 0.018 | 1.056
C 21.879 0.061 29.492 34.475 3.968 15.742 0.027 0.049 0.152 1.026
D 19.924 0.057 25.781 34.063 3.324 14.802 0.026 0.052 0.320 1.217
E 23.252 0.057 21.205 33.871 3.425 13.181 0.021 0.050 0.523 1.033

Table 2. Chemical composition of slag at 15 min
Groups Content of compound (wt.%) (30 min)

CaO F-CaO Al20O3 SiO: MgO MnO C S B T-Fe
A 19.591 0.059 17.705 | 39.362 | 2.796 | 16.188 | 0.027 | 0.054 | 0.012 | 1.135
B 18.129 0.043 19.258 41.930 2.396 17.804 0.029 0.055 0.008 1.141
C 23.105 0.040 17.934 41.190 3.358 12.320 0.027 0.055 0.124 1.284
D 21.857 0.037 18.337 | 40.450 | 3.042 | 14.182 | 0.025 | 0.058 | 0.295 | 1.004
E 20.604 0.038 21585 | 39.600 | 3.031 | 14550 | 0.022 | 0.059 | 0.508 | 1.177

Table 3. Chemical composition of slag at 30 min

54 4 —=—15 min
- {—*—230 min /
5 511 /E—!
o 504 s .
-t -
£ 45 x
c ]
S .1 ./
=
5 ] ; !/
= 44
E 4
S5 424
@ |
& 401
38
L]
36 T T T T T
A B C D E

OCaF, 8CaF, BCaF, 3CaF,  OCaF,
08,0, 0BO, 280, 5B0, BB,

Figure 3. Relationship between the desulfurization ratios and desulfurizers at 15 min and 30 min.
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The desulfurization ratios of groups B~E with flux additions of B,O3; and CaF, show no obvious change.
However, the desulfurization ratios of higher B,O3 content (groups D~E) after 15 min melting were higher
than that of lower B,O; content (groups A~C). This result indicates that the B,O3 flux additions can increase
the desulfurization ability within 15 min, and shrink the difference of desulfurization ratios between 15 and
30 min. This means that the desulfurization reaction is almost finished after 15 min, so the desulfurization
reaction time can be increased. Therefore, B,Os can substitute CaF, for improving desulfurization.

3.3 Compositional analysis of slags

The compositions and the S contents of slags after 15 and 30 min of melting are shown in Figure 4. The
S content in group A is lower than groups B~E because the flux does not help the rapid dissolution of CaO
after 15 min of melting. However, the S contents are very close with flux additions after 15 and 30 min of
melting. This is because the fluxes can improve the rapid dissolution of CaO. Groups B~E display good
desulfurization ability after 15 min of melting. Therefore, the desulfurization ability in slag will be limited
over 15 min of melting. The difference of S contents becomes very small when the contents of B,O; are
higher (groups D~E).
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Figure 4. Relationship between the S contents in slag and desulfurizers at 15 min and 30 min.
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Figure 5. Relationship between the Free-CaO in slag and desulfurizers at 15 min and 30 min.

Figure 5 shows the Free-CaO contents in slag with different melting times. The contents of Free-CaO
without flux addition are higher than that with flux addition after 15 and 30 min because a lot of unreacted
CaoO is present without a flux addition and the desulfurization reaction does not proceed adequately in the
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desulfurizer. However, there are lower Free-CaO contents in groups B~E than in group A. Less unreacted
CaO is present in groups B~E, so the desulfurization reaction can be completed. The desulfurization has a
similar effect with flux additions of B,Os and CaF, after 15 and 30 min. However, the desulfurization effect
of B,Os is better than that of CaF,. Hence, the B,O3 promotes the rapid desulfurization of CaO.

3.4 Relationship between desulfurization ratio and Free-CaO content

Figure 6 combines Figures 3 and 5. The relationship between the desulfurization ratio of a steel ingot
and the amount of Free-CaO slag is shown in Figure 6; it shows that the desulfurization ratio of the steel
ingot and amount of CaO slag have a linear relationship, and their correlation can be represented as Equation
(). The desulfurization ratio can be increased when the used amount of CaO is increased. This means that
the desulfurization ability can be improved when higher Free-CaO contents are consumed during the desul-
furization. Therefore, Free-CaO is an important compound for the desulfurization reaction.

Desulfurization ratio (%) = 0.7135 + 286.96[F-CaO(wt.%)] @
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Figure 6. Relationship between the desulfurization ratios and Free-CaO contents.

3.5 Phase transformation of CaO-CaF2 and CaO-B203 at high temperature

The Ca0-B,0s (1:1) was mixed and heated to 1,650 °C with a heating rate of 5 °C/min via a high tem-
perature furnace in order to understand the fluxing mechanism of CaO under high temperature. Following
this, the high temperature compounds were analyzed using the XRD.

Figure 7 shows the compounds of the CaO and CaF,; no new precipitate was found after heating.
Hence, the fluxing mechanism of CaO did not result from the precipitation of low melting point compounds.
The diffraction peaks of the CaAl,0, and CaAlsO; compounds were detected, with two peaks derived from
the Al,Os crucible.

In Figure 8, the diffraction peaks of Ca;B,0Os were examined; this compound was a low melting point
compound®?, The compounds of Ca;B,0s can help with the rapid dissolution of CaO during melting as well
as to achieve a fluxing effect. Therefore, the desulfurization reaction can also be accelerated. It can be proven
that the addition of B,O; and CaO into the desulfurizer can be reacted as a compound of low melting point,
CayB:0s. Similarly, the diffraction peaks of CaAl,B,O7 and Al.O3 were also derived from the Al,O3 crucible.
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Figure 7. XRD diffraction pattern of CaO-CaFo.
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Figure 8. XRD diffraction pattern of CaO-B20s.

This study discusses the phase transformation and desulfurization ability for a CaO-based desulfurizer
with different flux contents of CaF, and B,O3. Some significant results can be summarized as follows:

1) In the CaO-based desulfurizer, the CaF, content is lower when the B,Os content is higher, which
leads to a lower desulfurizer melting point, especially with 8% B,03. The desulfurizer melting point (8%
B.03) was the lowest of all contents.

2) Different ratios of CaF, and B,O3 can affect the desulfurization ability within a short time, and the
desulfurizer (8% B-0s3) shows excellent desulfurization ability within a short time.
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3) The desulfurization ability of CaO-based desulfurizer is not affected by CaF, and B2O5 contents for a
long desulfurization time, but the Free-CaO can dominate the desulfurization ability of the CaO-based
desulfurizer.

4) A linear relationship between the desulfurization ability of the CaO-based desulfurizer and the
Free-CaO content of the desulfurizer exists as follows: Desulfurization ratio (%) = 0.7135 + 286.96
[Free-CaO (wt.%)].
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ABSTRACT

Parthenium hysterophorus weed powder was studied as adsorbent for phenol adsorption from its aqueous standard-
ized solution. The adsorption of pollutant was found improving with an increase of biomass dosage and contact time.
The intraparticle diffusion of phenol onto adsorbent surface was identified to be the rate limiting step. Linear form of
Flory-Huggins model revealed preeminence to Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich due to high-
est value of R%. The remediation process was figured out as a physisorption rather than a chemical one based on value of
E (0.21KJ/mol). Active sites of sorbent surface identified by FT-IR were oxygen containing functional groups. Recent
study proposes cost effective utilization of toxic allergent for treatment of toxic waste.

Keywords: Adsorption; Kinetic; Equilibrium; Active sites

1. Introduction

Against the principles of sustainable development, unrestrained industrial practices resulted undesirable rich levels
of injurious and toxic substances in the environmental media. Industrial waste matter is often polluted with different
compounds such as: metallic element, pendent solids, and dissolved organic compounds'’). Among these xenobiotic
phenol treatment is explored due to its release from major material and pharmaceutical industries, petrochemical indus-
tries, petroleum refineries, coal gasification operations, textiles, iron, steel, pulp and paper, plastic, rubber, and pesti-
cides™™). Phenol contaminated water remediation is necessary before discharge into natural water because they are clas-
sified as hazardous wastes and some are known or suspected as carcinogens. Environmental Protection Agency (EPA)
has set a limit of phenol 0.1 mg/L in wastewater and 0.001 mg/L in potable water by The World Health Organization
(WHO).

The existing problem of organic contaminant is resistance to decompose organically, opposes the self-purification
capabilities of the rivers as well as remediation in conventional wastewater treatment plants'*. Among the physico-
chemical processes that have proved useful for phenol treatment adsorption is particularly important due to its sludge
free neat operation, economical, handiness of wide range of adsorbents and complete dismissal of phenols from
wastewaters. Many agricultural wastes have been employed as adsorbent for the removal of phenol includes coconut
shell, sawdust!®, apricot stone shell'”), sugarcane bagasse'®, peanut husk'”, coir pith and rice husk!'”’. Present study is
about use of Parthenium hysterophorous as adsorbent for remediation of phenol. Parthenium hysterophorous a poison-
ous and conceivable weed scatters quickly in waste and grazing land. In addition to allelopathic effect, number of hu-
man health problems like skin allergy, dermatitis and irritation to eyes is reported for this weed. Similarly it is indigesti-
ble and harmful to domestic animals and causes food shortage!'). Considering its harmful effects it is selected to test
phenol decontamination as a strategy to sort solution at two levels.

2. Experimental
2.1 Sample collection, preparation and characterization
Parthenium hysterophorous (PH) weed was collected from Margallah Hills Islamabad in the month of June (2013),
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weed was fresh and green at the time of sampling therefore to reduce water content it was sun-dried for about 5-6 days.
The dried sample was crushed in a ball mill/grinder and passed through US standard sieve (mesh No. 80 mm) to obtain
particle size of 180um. Sieved samples were stored separately in polyethene bags to prevent readsorption of moisture
before Phenol sorption. The surface functionality of samples was analyzed by FTIR spectrum (FTIR-8400, Shimadzu,
Japan) in the wave number range of 4000-500cm™. The dried powder was ground with KBr (AR grade) at a ratio of
roughly 1/1000. 500 mg of mass was made in to a pellet by pressing at 80KN for 1 min. After preparation, the pellet
was analyzed immediately, and the spectra were recorded to 4cm™ resolution. Surface morphology of biomass was ob-
served by scanning electron microscopy ((SEM, JEOL model JSM-6490-A, Japan) at different magnifications.

2.2 Solutions and standardization

Reagents employed for batch biosorption study of Phenols are Chloroform, hydrochloric acid (conc.), potassium
iodide (solid crystals), sulphuric acid (1N), standard sodium thiosulphate (0.025N), ammonium hydroxide (0.5N), starch
(2g) dispersed in 100ml distilled water and methyl orange indicator (0.05ml dissolved in 100ml of distilled water).
Bromate- bromide solution was prepared by dissolving anhydrous KBrO; (0.2784 g) in distilled water, to which 1g KBr
crystals were added and diluted to 100mL. Phosphate buffer was prepared by dissolving potassium mono hydrogen
phosphate (10.45 g) and potassium di-hydrogen phosphate (7.23 g) in 100mL of distilled water maintaining pH of solu-
tion at 6.8. Copper sulphate (100 g) and 4-Aminoantipyrine (2 g) was separately dissolved in 100 mL of distilled water.
From 5% H3PO,4 10 mL were diluted to 100mL in a volumetric flask. Potassium ferricyanide (2 g) was dissolved in
25ml of distilled water and stored in a brown bottle.

Phenol (1 g) was dissolved in 1000ml of freshly boiled, cooled distilled water and standardized. For standardiza-
tion 50ml of stock phenol solution was added to100ml distilled water followed by 10ml of 0.1 N bromate-bromide solu-
tion and 1ml of concentrated HCl with gentle swirl.10 mL portions of bromate-bromide solution was added if brown
colour of free bromine gives up then after 10 minutes KI (1g) was added swirled gently and kept for some time. A blank
was prepared in the same manner using distilled water and 10ml 0.1 N bromate-bromide solution. Blank and sample
were titrated with 0.025 N sodium thiosulphate using starch as an indicator. Concentration of phenol was calculated as:

Mg/L Phenol=7.842 [CA* B - C] @)

Where A, C stands for sodium thiosulphate (ml) used for blank and stock phenol solution respectively, and B for
bromate-bromide solution (ml) used for stock phenol solution divided by 10.

2.3 Batch adsorption procedure

Standardize solution of phenol was employed after dilution for batch biosorption studies by using powder biomass
of Parthenium hysterophorus. Sorption protocol was designed to investigate the effect of contact time and biomass dos-
age (0.01-0.06 g) on phenol remediation. Sorbate with fixed initial concentration was contacted with sorbent in separate
flasks till attainment of equilibrium at room temperature. Contact of sorbate and sorbent was terminated by filtration
according to predetermined time intervals. After filtration 0.5 mL of ammonium hydroxide, 0.2 mL of 4- Aminoantipy-
rene and 0.2 mL of Potassium ferricyanide solutions were added to 20ml of sorbate and blank by adjusting pH to 7.9
with phosphate buffer by using pH meter (inolab-720). Blank was used as reference for determining absorbance of phe-
nol standard solution by UV/Vis spectrophotometer (PerkinElmer's LAMBDA 25). Phenol uptake by biomass was cal-
culated as percentage (%R) using the equation:

%R = (ﬂ) 100 )

The biosorption efficiency q. (mg/g) was calculated using:
Ci—Ce

qe = (=) 3)

where C;, C, and C. (mg/L) are the liquid phase concentration of phenol initially, at time t and at equilibrium, re-
spectively. V is the volume (L) of the solution and W is weight (g/L) of sorbent.
3. Results and discussion
3.1 Characterization of sorbent
3.1.1 FTIR analysis

Biomass in native and sorbed form was analysed using FTIR (Thermo Scientific USA NICOLET-6700) spectros-
copy to figure out qualitatively basic functional groups on surface. FTIR spectrum of native PH reveals a less intense

peak in the range 2915-2935cm™ (Figure 1) corresponded to aliphatic C-H asymmetric stretching vibrations of meth-
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ylene hydrogen’s'?. A peak at 23452364 cm™ corresponded to P—H vibrations from phosphorus'"*!. A sharp intense

[14]

peak at 1739cm™ corresponded to (C=0) stretching vibrations of aldehydes/ester'* while peak at 1370cm™ was at-

tributed to weak C-O stretching vibrations in cellulose!'”). Prominent peaks between 1300 and 1000 cm™ were due to

the presence of phenolic and alcoholic moiety!),

[17]

Appearance of strong broad band at 3600-3200 ¢m ' corresponded to H-bonded OH groups of phenols'”! suggests

phenol sorption from synthetic solution onto biomass surface. A band from 2923-2800 cm™ on phenol adsorbed PH can
be ascribed to aldehydes C-H group. Absorbance peak between 1600-1675 cm ™' could be attributed to C = C stretching

vibrations of alkenes!'®). A band from 9901050 cm™ with a peak at 1016 cm™ represented (P-O-C) stretching vibrations
[12]

of aliphatic phosphates

3283 2920
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20~ 1619

2 1370 1220

1739
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Figure 1. FTIR spectrum (a) of native and (b) phenol sorbed biomass
3.1.2 SEM analysis

The SEM images (Figure 2A) represent rough texture and heterogeneous distribution of pores on the surface of bio-
mass. The pore openings apparent at 4000X magnification could offer accessibility of pollutant into internal pores!'™
vital for the adsorption purposes''”. Indication about biomass high surface area is reflected by Figure 2B, sort of swell-
ing or scaling is apparent on biomass surface after loading .9'f phenol.

N s

20kV  X4,000 S5pm 12/IFEB/14 : ; T »
(@) (b)
Figure 2. SEM images of native (a) and phenol sorbed (b) biomass
3.2 Time/dose optimization for adsorption
Concentration of phenol stock solution calculated by equation (1) comes out to be 17.432 mg/L; working standard

of 4.5 mg/L concentration was prepared from it and contacted with 0.03 g of biomass in separate flasks to determine the
influence of contact time. Absorbance of filtrate against blank was measured at 500 nm, revealing regular uptake of
phenol establishing equilibrium attainment within 120 minutes (Figure 3)
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Figure 3. Effect of adsorbent dose on removal efficiency for phenol

The effect of dosage at values higher and lower than 0.03 g indicates that the removal efficiency generally in-
creased as the dose concentration increased. Probably highest dose provided increased surface area or alternatively
more sorption sites>".

Similarly Zaid et al., (2008) reported K4 values increase with increasing dose, and removal enhancement from
25% to 90% by increasing adsorbent dose on the adsorption of MB dye*".
3.3 Sorption Kinetic study

To facilitate the mechanism of sorption reactions and to get valuable insight into the reaction pathways the study of
kinetics in wastewater treatment is important. Therefore transport mechanism of phenol from aqueous media onto solid
support is figured out through reaction and diffusion based models. The calculated and experimental values of sorption
capacity (q.), rate constants (k), and correlation coefficients (R?) values are listed in Table 1.

3.3.1 Pseudo-first order

The linear form of Lagergren pseudo-first order kinetic model is:
Kk
log(qe — q¢) = logge — (1)t 4

2303
Rate constant (k;) and equilibrium amount of pollutant (q.) can be obtained from slope and intercept of plot be-

tween log (q. — q;) against time (t).

Pseudo first-order Pseudo second-order

qc(exp) qc(cal) K, qc(cal) h (mg/g min) | k,
m(g) | (mg/g) (mg/g) (min™") R’ (mg/g) (gmg 'min’") R?
0.01 2.10 1.00 0.21 0.11 0.87 33.67 25.28 0.76
0.02 1.66 1.00 0.19 0.84 0.78 98.68 60.28 0.61
0.03 1.74 1.00 0.42 0.91 1.29 93.90 155.59 0.85
0.05 1.82 1.00 0.23 0.93 2.02 97.50 397.07 0.82
0.06 1.65 1.00 0.15 0.84 2.35 33.81 186.05 1.00

Table 1. Reaction based kinetics for phenol adsorption against adsorbent dosage
3.3.2 Pseudo-second order

Sorption capacity of the solid phase identification by linear form of pseudo-second order is:

t 1 1

w-mat (@) ©)

Initial sorption rate, h (mg/g min), at t—0 can be defined as:
h =k,qz (6)

Linear plot of t/q, against t result in a straight line, q. and h values can be obtained from slope and intercept of plot

(Figure 4). A decrease in the initial rate of adsorption was observed by increasing adsorbent amount, possibly due to the
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decrease in driving force (see Table 1). It is clear from values of h, that 0.02g is optimum mass at which maximum ad-
sorption of phenol took place. Calculated biosorption capacity by pseudo-first order rate equation is found lower in
comparison to experimental values. The correlation coefficients for both kinetic models is noted quite irregular and low,
suggesting them as not rate limiting. Secondly the deduction of best fit for these models is inadequate owing to varia-
tions between actual and estimated values of q.. Similarly less significance of pseudo first order kinetic model is report-

(2] and activated phosphate rock!”*!. Whereas opposit to current study is fa-

[24]

ed for phenol sorption by activated carbon

vorability of pseudo second order model reported by elsewhere
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Figure 4. Pseudo second order kinetic plot for phenol sorption

3.3.3 Intraparticle diffusion model

The mechanism of diffusion was not identified by the kinetic models thus on the basis of theory projected by We-
ber and Morris ( 1962)[25], intrraparticle diffusion model (IPD) was used. It is an empirically found functional relation-
ship which shows that variation of uptake is proportional to t"*to a certain extent than with the contact time t. Equation
can be represented as:

Qe = kgt +C (7

Where k4 is rate constant of intrraparticle (pore) diffusion (mg/g min®’) and C is boundary layer thickness.

Straight line is obtained (Figure 5) by plotting graph between q,and t'

. The values of ki indicate that the intrraparticle
diffusion becomes more prominent with an increase in adsorbent amount (see Table 2). Similarly values of intercept C

also increase and by expansion, it indicates that boundary layer effect increases at alleviating dosage.
3.3.4 The Elovich model

The linear form of Elovich equation is:

4 = %ln(a[f) + %lnt (8)

Where q; is the amount adsorbed (mg/g) at time t, « is the initial sorption rate, (mg/g min), and S is the desorption
constant (g/mg). Plot of g, versus Int give straight line and the values of @ and § were calculated from slope and inter-
cept of straight line. It can be figured out (Table 2) from values of a that adsorption rate decreases by increasing adsor-
bent amount, simultaneously desorption of sorbed phenol molecules from PH surface is indicated by increasing trend of
B values

23



¢ 001 W 002 0.03 X 005 X 0.06

57 2
y =0.0844x + 0.0238 *
2| R?=0.8023
y =0.0687x-0.1136 >
R? =0.8907 >
0.8 o
=
g 0.6 y=0.031x+0.025
= R?=0.881
0.4y =0.0234x +0.145
&
0.2 - ><f
=
O I T | I |
0 2 4 8 10 12

£05(min)os

Figure 5. Intraparticle diffusion model for the sorption of phenol
Correlation coefficient values signify supremacy of IPD model to Elovich, which reveals that the molecular diffu-
sion of phenol molecules on the surface of adsorbent played a major function in its removal. Similarly IPD significance
for phenol adsorption is reported by Ruey et al., (2000) on activated carbon Prepared from Plum Kernels and Abdel-
wahab et al., (2013) on Luffa cylindrica fiber?62"),

Intra particle diffusion Elovich

m Kip C R? o ] R?
© (mg/g/min®®) (mg/g/min) (9/mg)

0.01 0.08 0.02 0.80 0.36 3.34 0.46
0.02 0.07 -0.11 0.89 0.27 3.59 0.66
0.03 0.05 -0.05 0.94 0.21 4.81 0.71
0.05 0.03 0.03 0.88 0.12 8.68 0.55
0.06 0.02 0.15 0.93 0.11 10.91 0.64

Table 2. Estimated rate constants for phenol adsorption by diffusion based model

3.4 Sorption isotherms study

Adsorption isotherms are used to describe the interaction of solute particles with adsorbents, and are significant for
optimizing the use of adsorbents'**. Most frequently experienced isotherms are Langmuir and Freundlich. Recent study
explores Temkin, Dubinin-Radushkevich and Flory-Huggins isotherms including most tested one for sorption of phenol
by variable doses of adsorbent.
3.4.1 The Langmuir isotherm

Langmuir model assumes monolayer adsorption of material in liquid over a homogenous surface of adsorbent at a
constant temperature; its equation in linear form is:

Ce 1 Ce

ot )

de amKL am
where q,, is the maximum adsorption capacity (mg/g) and K; is a constant associated to the binding sites affinity

(L/mg). A graph of C./q. versus C, yields a straight line with a slope and intercept from which q,, and k; can be calculat-
ed. Value of q,, was found contradictory to the experimentally determined biosorption capacity, secondly value of R*
(0.28) shows that Langmuir model is not followed for adsorption of phenol by PH.

3.4.2 Freundlich Isotherm

Freundlich isotherm model reported in literature!?**

, assumes that the process of adsorption takes place on a non-
uniform surface. The linear form of equation is:

logq, = logKg + log Cel/n (10)

Where K ((L/mg) is used to express the adsorption capacity and 1/n is the strength of adsorption, it indicates both
the heterogeneity of the adsorbent sites as well as relative distribution of energy. Nature of sorption identified from val-

ue of 1/n (0.29) indicates its favourability, as type of isotherm will be irreversible if (1/n = 0), favourable (0 < 1/n < 1),
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and unfavourable (1/n > 1) (Theivarasu and Mylsamy, 2011). Still R* does not support Freundlich model as best fit.
3.4.3 Temkin Isotherm

This model assumes that the adsorption process is indirectly affected by the adsorbate/adsorbent interactions (Da-
da, 2012). Expressed in linear form as:
RT RT
qe = EanT + ElnC‘E (11)

where R is general gas constant (0.008314 kJ/mol K), T is absolute temperature (K), 1/br is sorption heat constant
(KJ/mol), and Ky (L/g) is adsorption capacity referred as adsorption

Isotherms parameters Values Isotherms Parameters Values

Langmuir gm (Mg/g) -0.28 Dubbin-Radushkevich Kbr 10.97
K. (L/mg) -0.36 Om 4.81
R? 0.31 R? 0.53

Freundlich N 0.29 E 0.21
Ke(mg/g) 0.72 Flory Huggins OFH -2.87
R 0.57 Ken 0.06

Temkin B 0.98 R? 0.90
Ks -2.87 AG® -7.09
R? 0.67

Table 3. Isotherms model constants and their respective coefficients for phenol sorption constant. Values of 1/br and
K7 can be calculated from slope and intercept of a plot between q. and InC,. Heat of sorption identified by this model
indicates weak sorbent sorbate interaction.

3.4.4 The Dubinin-Radushkevich isotherm

This isotherm is reported by Radushkevich (1949) and Dubinin (1965) describing a relation between sorption
curve and the porous structure of the sorbent™'!. It is generally represented by equation:

Ing, = Ing,, — Kpre? (12)

where Kpr is a constant and is associated with the mean free energy of sorption per mole of the sorbate. This ener-
gy can be calculated by equation,

E=—— (13)

V2KpRr
The calculated value of E is 0.21 KJ/mol less than 8 KJ/mol®®¥, indicates physiosorption of phenol on PH surface.

The calculated maximum biosorption capacity was noted very high than experimental value in addition to low value of
correlation coefficient.
3.4.5 Flory Huggins isotherm

The degree of surface coverage of adsorbate on adsorbent can be expressed in linear form according to Flory —

Huggins model as:

6
log (C_e) = logKgy + apylog(l —6) (14)
where 0 is the degree of surface coverage, can be computed by*
g = 1-Ce (15)

Ci

o p is the number of metal ions occupying sorption sites and Ky the equilibrium constant of adsorption!®*. The
values of Kry and a gy can be obtained from intercept and slope of the plot of log (6 /C.) versus log (1- 6) respectively.
Moreover the equilibrium constant Ky can be used to compute the Gibbs free energy for sorption process. The Gibbs
free energy is related to equilibrium constant as follow:

AG" = —RTInKpy (16)

A positive correlation is inferred from data of surface coverage (0) with increase in sorbent concentration, the ef-
fect is found increasing from 21% to 41% by increasing biomass dosage from 0.01g to 0.06g. The negative value of
AG® shows feasibility and spontaneous nature of the process. Fitness approximation calculates phenol sorption onto PH
by this model due to highest R” value (see Table 2).
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Figure 6. Flory Huggins model for adsorption of phenols
Similarly Flory Huggins isotherm was appreciably followed for the adsorption of Cu(ii) on coconut (Cocos nucif-
era L.) coir dust and for adsorption of lead (ii) ions from aqueous solution using coir dust (cocos nucifera 1.) And it’s
modified extract resins®®*. On the contrary Langmuir and Freundlich isotherm models were followed for the adsorption

[35] [36]

of phenol on granular activated carbon from nutrient medium"-, and Cr-bentonite
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Conclusions

The positive correlation was noted for adsorption of phenol enhancement with an increase of biomass dosage. The
Intraparticle diffusion of phenol onto adsorbent surface was identified to be the rate limiting step. Flory-Huggins gave a
better fit to all adsorption isotherms than the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich, and the reme-
diation process was figured out as a physical adsorption rather than a chemical one.
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ABSTRACT
Toxic indigo carmen dyestuff was removed from the aqueous solution by adsorption. Adsorption was examined
kinetically and thermodynamically based on temperature. Derivative of chitosan which is called chitosan phthalate was
synthesized and used in removal of indigo carmen from aqueous solution. Some kinetic and thermodynamic parameters
were calculated. Adsorption isotherms were drawn. Lastly, the adsorption of indigo carmen from the aqueous solu-
tion by chitosan and chitosan phthalate were compared.
Keywords: Adsorption; Indigo carmen; Dyestuff; Chitosan

1. Introduction

Dyestuffs are organic compounds that are used to color objects. Synthetic dyestuffs have a complex aromatic
structure containing units such as benzene, toluene, xylene and anthracene. This complex aromatic structure allows the
dyestuffs to be highly stable and resistant to biochemical degradation™. The use of synthetic dyes in textile, leather,
rubber, food, paper, plastic, pharmaceutical and cosmetic industries is increasing day by day. Dyestuffs which are left in
water after being used in industrial processes leave some deleterious effects on human and aquatic life. Many of these
harmful dyestuffs are toxic and carcinogenic!). Many physical, chemical and biological decolorization methods
have been developed to remove dyestuffs that are highly resistant to heat, light and oxidizing agents from waste water.
These are chemical precipitation, reverse osmosis, membrane filtration, ozonation, oxidation, ion exchange, irradiation
and adsorption. Among these methods, the process which gives the best result is the adsorption technique. Besides, it is
known as a low-cost technique®*!.

Chitosan is a deactylated derivative of chitin. It is the most commonly found polysaccharide in nature after cellu-
lose. Chitosan can be obtained from the shell of shrimps, mushrooms, crabs and insects!™.. Chitosan which is a natu-
ral biosorbent, is a good adsorbent for removing harmful dyestuffs in industrial wastewater. It is non-toxic and low
cost®. As it contains both amino and hydroxyl groups, chitosan can easily be modified®'%. This study analyzes kinetic
and thermodynamic properties of the adsorption of toxic indigo carmen (IC) dyestuff from aqueous solution by chitosan
and its synthesized derivative chitosan phthalate.

O N CHaOH

SONa ¥

(@)
(b)
Figure 1. Molecular structure of chitosan and indigo carmine
2. Experimental Studies
2.1 Adsorption Kinetics
Adsorbate- adsorbent equilibrium contact time is found by understanding adsorption kinetics. For determining this
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contact time, 0,1 gram of chitosan/chitosan phthalate were added to 50 ml of indigo carmine (IC) solutions whose initial
concentrations are 200 ppm. This mixture was shaken for 12 hours at 293 K. During this time, samples were taken from
each solution at different time intervals and absorbance values were determined with UV- spectrophotometer. This pro-
cess was repeated at 313 and 333 K.

The data obtained from kinetical experiments were applied to the following equations: The Lagergren
(equ.1)™ the Arrhenius (equ.2)*? and the intrapartical diffusion (Equ. 3,4)™ rate equations.

kads, 1 t

log (g, —q)=logg, —

,303° o)
logk,,, =logZ E _,_
Wl T N 9 303RT T @)
q = k.t
’ 3)
t o1 t
It 1
q ads,2 e Qe (4)

2.2 Preparation of Chitosan Phthalate

1 g chitosan (6,2 mmol) was dissolved in the acetic acid solution (% 1, 100 ml). Then, a solution of the phthalic
anhydride (6.25 mmol) in pyridine (5 mL) was added dropwise to the mixture with vigorous stirring. pH of reaction was
calibrated at 7.0 by the dropwise addition of NaOH solution (1.0 M). After 40 minutes, the reaction was terminated by
the addition of NaCl aqueous solution (%20, 200 mL). The resulting precipitate was filtered, washed with acetone and
diethyl ether, and desiccated to give chitosan phthalate conjugates™.
2.3 Adsorption Thermodynamics

After kinetical study, the equilibrium contact time of adsorption was determined. Then 50 ml of IC solutions at
different initial concentrations were prepared and 0,1 g of chitosan/chitosan phthalate was added to each solutions. This
mixture was shaken during the equilibrium contact time at 293, 313 and 333 K. After shaking, absorbance values of
solutions remaining from adsorption (C,) were measured and the amount of 1C which is adsorbed (q.) was calculated.
Then, the adsorption isotherms were drawn. Adsorption isotherm of chitosan and IC was suitable with Langmuir Iso-
therm. The adsorption isotherm of chitosan phthalate and IC was suitable with H-type isotherm according to isotherm
classification made by Giles. Langmuir constants C,, (connected with adsorption capacity) and b (connected with ad-
sorption energy) were calculated for the adsorption of chitosan and IC. b constants values were applied to the following

equations:
AH 1

2,303R T (5)
AG =-RTInb (6)
AG=AH-T.AS (7

logb = logA

3. Results
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Figure 2. The effect of contact time on the adsorption of chitosan and IC.

According to Figure 2, chitosan adsorbed more IC at 293 K. and, as the equilibrium contact time of adsorption is
shorter, we can say that IC was adsorbed faster at 333 K. by chitosan. Therefore, a chemical adsorption occurs between
chitosan and IC at high temperatures.
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Figure 3. Lagergren (a) and Arrhenius (b) drawings of adsorption of chitosan and IC.

Adsorption rate constants k.4 were calculated from Lagergren drawings. g. (mmol/L); is the amount of adsorbate
adsorbed at equilibrium time and q (mmol/L); is the amount of adsorbate adsorbed at any time. kqqs values were deter-
mined as 0,0037; 0,0063 and 0,0135 (min™) at 293, 313 and 333 K respectively. This ks values were evaluated at Ar-
rhenius equation and activation energy of adsorption was calculated as 25, 628 kJ/mol. k,gs values also show chitosan

adsorbed more IC at high temperature.
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Figure 4. Weber-Morris (a) and Ho-Mckay (b) drawings of adsorption of chitosan and IC.

The data obtained from experiments were also applied to the Weber- Morris and Ho-Mckay equations and intra-
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particle rate constants (k;) were calculated. k, values are 3,93; 4,02; 4,54 (min™?) at 293, 313 and 333 K respectively.
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Figure 5. The effect of contact time on the adsorption of chitosan phthalate and IC.

Figure 5 shows that chitosan phthalate adsorbed more IC at 333 K. Chitosan phthalate has amino groups and IC
has —SO; groups. Amino groups have a positive charge in the IC solution. There is strong chemical adsorption between
these amino groups and —SO; groups. So, we can say that the adsorption between chitosan phthalate and IC is chemical
adsorption. For this reason, chitosan phthalate adsorbed more IC at higher temperature.
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Figure 6. Lagergren (a) and Weber- Morris (b) drawings of adsorption of chitosan phthalate and IC.
Adsorption rate constants kuys were calculated from Lagergren drawings and intraparticle diffusion rate constants

were calculated according to Weber- Morris drawings. kugs values are 0, 0049 and 0, 0053 min™ at 293 and 333 K re-
spectively. k, values are 3, 9824 and 13, 1233 min™? at 293 and 333 K respectively.
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Figure 7. The Langmuir isotherm () and the Langmuir linear isotherm (b) of adsorption of chitosan and IC.

Experimental data which are related with the adsorption of chitosan and IC were applied to the following
Langmuir linear isotherm equation:

_ bpC, C,_ 1
* ™14bC, C, C,b C, ®)
and the Langmuir constants (C,, and b) were calculated.
293K 333K
Cm(mgg’) b(L.mg) Crm(mMgg) b(L.mg)
0,3295 3,9620 0,3215 2,9942
Table 1. The Langmuir constants of the adsorption of chitosan and IC.
293 K 333K
AH AG AS AH AG AS
(3.mol™ (d.mol™) (3.mol*K™h (3.mol™) (3.mol™) (3.mol*K™?)
-5680,8 -3353,8 -7,9421 -5680,8 -3036,2 -7,9417

Table 2. Thermodynamic parameters of the adsorption of chitosan and IC.
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Figure 8. The isotherm of the adsorption of chitosan phthalate and IC.
According to Figure 8, the initial points of isotherms at both temperatures are on the ordinate. This situation

is the indicator of strong chemical adsorption between IC and chitosan phthalate. As it is known, this kind of isotherm is
called H-type isotherm according to isotherm classification made by Giles*®!.
4. Conclusions

Chitosan adsorbed more IC at low temperature but chitosan phthalate adsorbed more IC at high temperature be-

cause of chemical adsorption. Chitosan phthalate removes IC more than chitosan. So, modifying chitosan with phthalate
is advantageous.
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ABSTRACT

Viscosities of liquid solutions of monoethanolamine (MEA), water (H,0), and carbon dioxide (CO,) have been
measured. The mass fraction of MEA was (10, 20, 30, 40, and 50)%, and CO, loading values was between (0.1 to 0.5)
mol CO,/mol MEA. The operating temperature was varied between (20 to 150)<C. The available literature data for
temperature range (25 to 80)<C for mass fraction of (20, 30 and 40)% were used to compare the measurement data. The
dynamic viscosity increase with the increase of CO, loading and decrease with an increase of temperature. The meas-
ured data were compared with the data predicted from available regression equation for certain temperature range.
Agreement between measured data and the correlation data was satisfactory.
Keywords: Monoethanolamine, Viscosity, CO, loading, Rheometer, Temperature effect

1. Introduction

The various types of amines such as Monoethanolamine (MEA), diethanolamine (DEA), N-Methyldiethanolomine
(MDEA) have been used for gas treating systems in a wide variety of applications!"). The information available in liter-
atures related to the physical properties of amines is limited. The uses of physical properties are typically for calculating
of column dimensions and mass transfer correlations in gas absorption process'??,

Moreover, dynamic viscosities of partially carbonated aqueous amines are rare to find in the literatures. However,
some of the data are available with limited concentration values and limited temperature range. Weiland et al.”*! has
performed the experiments for CO, loaded aqueous MEA for temperature for 25<C with 10, 20, 30 and 40% mass con-

centration. However, they have performed the experiments only for temperature 25<C.

Scarcity of physical properties availability was motivated to perform the experiments. Solution viscosity is one of the
main parameters when considering the gas absorption process. Most of the literatures are reported the data only to tem-
perature 80 <C and for limited concentration values only. Amundsen et al.”! has reported the viscosity data for tempera-
ture range from (25 to 80) <C for concentration of MEA 20, 30 and 40 % mass basis. However, they have considered the
CO, loading values a.€ [0.1, 0.5] for their experiments. Therefore, more viscosity values are missing in the range while
considering the available data for aqueous MEA with CO, loaded. This reason motivated us to perform the experiments
for this study.

Modelin? and simulation of gas absorption process require number of parameter values that related to the mass
transfer rate!. This work was taken to determine the dynamic viscosity of Monoethanolamine (MEA) which is mainly
considered for gas absorption. The CO, loaded amine viscosities are analyzed for the solutions with the mass ration, r €
[0.1, 0.5] and CO; loading, a € [0.1, 0.5] at temperatures, T € [20, 150] <C. The measured data were compared with
the available literature data!®. At the same time, data were compared with the correlation presented in Weiland et al...

2. Experimental section

The pure MEA was purchased from Merck KGaA supplier. The purity of the amine is 99.5% (mass basis). Amine
solutions are prepared to get total concentration of amine mixture as 10%, 20%, 30%, 40% and 50% mass basis. The
mixture after adding amines and distilled water is well stirred to get uniformity of the solution.

Aqueous solutions of amines were prepared using degassed, purified water and amines. Sample concentration
maintained by adding required portion of amine and water with the help of analytical balance that has an accuracy of
+1 407.The high CO, loaded samples, a = (>0.5), prepared by bubbling CO, gas through an unloaded solution at re-
quired mass flow rate of CO, for an appropriate period. The required CO, loaded samples were prepared by diluting
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of high CO, loading with an unloaded solution in an appropriate ratio to get required loading values, o. = (0.1 to 0.5).

The high loaded amine solutions were analyzed using titration method to check the exact CO, loading value and
the amine concentration. The 1 mol L™ HCI solution is used to perform the titration to check the mass concentration of
the amine solution. The sample is prepared by adding 2 g of each prepared amine solution with de-ionized water until
each sample became 100 cm® in total. The amount of amine present in the sample is calculated by using the amount of
HCI used for the titration. The sample preparation for the loading analysis was carried out by mixing about (0.5 to 1.0) g
of the loaded amine solution with 50 cm®each from 0.3 mol L™ BaCl, and 0.1 mol £ *NaOH. Those samples were
heated around 5 min to let CO, in the samples to react with BaCl, and make precipitate as BaCOs3, then cooled down in
a water bath. Moreover, the precipitate is collected and added to the 100 cm? of de-ionized water and then titrated with
0.1 mol L. *HCI solution until the mixture reached the equilibrium point. The mixture was heated to remove the all of
the dissolved CO,. Then, same mixture was used for back titration with 0.1 mol L *NaOH solution to check the amount
of excess HCI. At last, the moles of HCI reacted with BaCO; precipitate was used to find the amount of CO, in the cor-
responding partially carbonated aqueous amine sample and subsequently the CO, loading value of the sample.

Dynamic viscosity was measured using MCR 101 Anton Paar double-gap rheometer. The viscometer was calibrat-
ed against the petroleum distillate and mineral oil calibration fluid which is purchased from Paragon Scientific Ltd. The
calibration factor was decided according to the experimental value and given literature value. The low-temperature
measurements (20 — 30) <C were achieved by applying cooling system Physica VT2 connected together with the rhe-
ometer setup. Without further purification, all these amines were used for experimental studies. The temperature range
from (40 — 150) <C is measured without cooling system. Two different pressure values are used for the measuring pro-
cess in order to avoid the water vaporization at high temperatures. First part of the process (20 — 80) <C was completed
with pressure 1.01 bar and the second part of the process (90 — 150) <TC is completed with a 4.5 bar pressure.

The measured data for the different amines are compared with those available from the literature. The results that
are obtained from the experiments were compared with the regression viscosity values which are predicted by correla-
tions for viscosity at different temperatures.

3. Results and discussion
The viscosity data for partially carbonated MEA solutions, mass ratio r € [0.1, 0.5], are presented in the Table 1-Table 5 re-

spectively. Five different concentration levels considered with five different CO, loading values for complete temperature range.

Temperature .

CO, loading (mol CO,/mol MEA)
(C)

a=0.1 a=0.2 a= 03 a=04 a=0.5
20 1.46 1.49 1.51 1.54 1.58
25 1.31 1.34 1.37 1.43 1.48
30 1.16 1.19 1.21 1.22 1.25
40 0.93 0.96 0.98 0.99 1.04
50 0.74 0.77 0.79 0.83 0.87
60 0.65 0.67 0.69 0.72 0.75
70 0.56 0.59 0.63 0.66 0.69
80 0.47 0.49 0.52 0.55 0.58
90 0.41 0.43 0.46 0.53 0.55
100 0.37 0.38 0.42 0.46 0.48
110 0.34 0.36 0.39 0.42 0.44
120 0.31 0.33 0.36 0.39 0.4
130 0.27 0.29 0.32 0.34 0.36
140 0.25 0.26 0.28 0.3 0.31
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150 0.22 0.23 0.25 0.28 0.29
Table 1. Viscosity of MEA with different CO, loading, r = 0.1
TerF%e)rature CO; loading (mol CO,/mol MEA)
a=0.1 a=0.2 a= 03 a=04 a=0.5
20 2.09 2.15 2.34 2.46 2.68
25 181 1.86 194 2.16 2.27
30 1.58 1.62 1.68 1.88 1.98
40 1.27 1.34 1.42 1.48 1.63
50 1.02 1.08 1.17 1.21 1.28
60 0.85 0.89 0.99 1.02 1.08
70 0.72 0.75 0.82 0.85 0.90
80 0.61 0.65 0.70 0.72 0.75
90 0.52 0.6 0.68 0.7 0.72
100 0.47 0.57 0.64 0.66 0.69
110 0.41 0.51 0.56 0.61 0.64
120 0.37 0.48 0.5 0.54 0.58
130 0.33 0.44 0.48 0.52 0.54
140 0.3 0.37 0.42 0.46 0.48
150 0.27 0.33 0.37 0.39 0.42
Table 2. Viscosity of MEA with different CO, loading, r = 0.2
Tengz)rature CO, loading (mol CO,/mol MEA)
a=0.1 a=0.2 a= 03 o=04 a=0.5
20 3.33 3.49 3.82 3.97 421
25 2.87 2.94 3.14 3.47 3.76
30 2.47 2.56 2.72 2.94 3.27
40 1.92 2.04 2.09 2.39 2.67
50 1.55 1.61 1.66 1.87 2.22
60 1.25 131 1.38 1.52 181
70 1.02 1.08 1.16 1.24 151
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80 0.84 0.89 0.99 1.05 1.26

90 0.76 0.82 0.95 1.01 1.16
100 0.64 0.72 0.82 0.93 1.07
110 0.57 0.66 0.75 0.86 0.96
120 0.5 0.58 0.64 0.72 0.84
130 0.44 0.52 0.6 0.68 0.75
140 0.38 0.46 0.53 0.59 0.64
150 0.34 0.4 0.46 0.52 0.58

Table 3. Viscosity of MEA with different CO, loading, r = 0.3

TerF%a)rature CO, loading (mol CO,/mol MEA)
a=0.1 a=0.2 a= 03 a=04 a=0.5
20 5.01 5.56 6.70 7.49 7.89
25 4.25 4.82 5.39 6.16 6.98
30 3.56 4.10 4.61 5.22 5.84
40 2.74 3.02 3.28 3.63 4.05
50 2.13 2.37 2.65 2.97 3.22
60 1.64 1.82 2.15 2.52 2.72
70 1.30 1.52 1.77 2.05 2.37
80 1.07 1.24 1.39 1.71 1.94
90 1.01 1.16 1.24 1.66 1.84
100 0.93 1.05 111 1.42 1.65
110 0.84 0.96 0.99 1.21 1.43
120 0.73 0.84 0.86 0.96 11
130 0.67 0.74 0.79 0.85 0.98
140 0.56 0.61 0.68 0.76 0.84
150 0.45 0.53 0.58 0.6 0.66

Table 4. Viscosity of MEA with different CO, loading, r = 0.4
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Temperature CO; loading (mol CO,/mol MEA)

(V)

a=0.1 a=0.2 a= 03 a=04 a=0.5
20 7.49 9.66 11.60 14.30 16.66
25 6.14 7.91 9.48 11.30 13.50
30 5.14 6.56 7.83 9.37 11.35
40 3.72 4.60 5.92 6.78 8.05
50 2.79 3.52 4.30 5.20 5.96
60 2.15 2.78 3.09 4.09 4.55
70 1.72 2.27 2.49 3.37 3.62
80 1.40 1.89 2.06 291 3.27
90 1.24 1.57 1.89 2.65 2.89
100 1.10 1.30 1.64 1.96 2.61
110 0.96 1.16 1.32 1.74 2.28
120 0.86 1.01 1.18 1.46 1.96
130 0.74 0.96 1.04 1.30 1.64
140 0.65 0.82 0.95 1.13 1.42
150 0.56 0.63 0.73 0.84 1.12

Table 5. Viscosity of MEA with different CO, loading, r = 0.5

The viscosity data measured for loaded mixtures at temperature from 25 to 80T are compared with data from
Amundsen et al.®! in Figure 1 to Figure 3 for three different amine concentration. The literature data only available for

temperature up to 80<C and concentration, r = (0.2, 0.3, 0.4).
3 -

2.5 A
2

1.5

n/mPa-s

1 4

T/°C
Figure 1. Viscosity variation with temperature, r = 0.2, Lines are experimental data: —, « =0.1; - -, 2 =0.3; ..., a = 0.5. Symbols
refer to literature data: m, 0 =0.1; A, 0. =0.3; 0, 0. =0.5.
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Figure 2. Viscosity variation with temperature, r = 0.3, Lines are experimental data: —, a = 0.1; - -, a = 0.3; ..., a. = 0.5. Symbols
refer to literature data: m, 0 =0.1; A, a=0.3; 0, a=0.5.
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o - N w =] (%) (=] ~ (o) w0
L

T/°C
Figure 3. Viscosity variation with temperature, r = 0.4, Lines are experimental data: —, a = 0.1; - -, a = 0.3; ..., a = 0.5. Symbols
refer to literature data: m, 0 =0.1; A, a=0.3; 0, a=0.5.
The literature data and experimental work in this study are in good agreement. The average absolute deviation
(AAD) is 0.03 mPasatr=0.2,0.04 mPasatr=0.3and 0.003 mPa s at r = 0.4. The correlation suggested by Weiland
et al. [4] is used to calculate the estimation values of viscosity for different temperatures (Equation 1).

/. [(aw+Db)T +(cw+d)[alew+ fT +g)+1w

MMh,0 T?

1)

Where 1 and np0are the viscosities of the amine mixture and water viscosity at that temperature respectively in mPa s. w is the mass
percent of the solution, T is the operating temperature in K, and a is the CO, loading in amine mixture (mol CO,/mol MEA). The
required coefficients are given in the Table 6.

Parameter Value for MEA
a 0

b 0

c 21.186

d 2373

e 0.01015

f 0.0093

g -2.2589

Table 6. Parameters for solvent viscosity!
The equation can be used to calculate MEA solution viscosity up to amine concentration 40% mass basis with CO,
loading up to 0.5 (mol CO,/mol MEA) and to a maximum temperature 398 K!. Due to the limitations of applicability
of the equation 1, experimental data are compared up to temperature 120<C and r = (0.1, 0.2, 0.3, 0.4) solution concen-
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tration. The required water viscosity for an above equation is taken from the previous studies'®. Figure 4, Figure 5,
Figure 6 and Figure 7 show the measurements from this work compared to the correlation viscosity values at T € [20,
120] <C for amine solution mass ration, r €[0.1, 0.4]. Figures show the viscosity (Y axis) variation with temperature (X
axis) for different CO, loading values. The part of the experiential values is only compared with available regression
viscosity values as it has limitations in equation.
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n/mPa-s

0.4

0.2 1
0

0 20 40 60 80 100 120 140
T/°C
Figure 4. Viscosity variation with temperature, r = 0.1, Lines are experimental data: —, a = 0.1; - -, a = 0.3; ..., a. = 0.5. Symbols
refer to regression data: m, 0 =0.1; A, a=0.3; 0,0 =0.5.
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n/mPa-s
=
w

T/°C
Figure 5. Viscosity variation with temperature, r = 0.2, Lines are experimental data: —, a = 0.1; - -, a = 0.3; ..., a. = 0.5. Symbols
refer to regression data: m, 0 =0.1; A, a=0.3;0,a=0.5.
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Figure 6. Viscosity variation with temperature, r = 0.3, Lines are experimental data: —, a =0.1; - -, a = 0.3; ..., a = 0.5. Symbols
refer to regression data: m, 0.=0.1; A, a=0.3;0,0=0.5.
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Figure 7. Viscosity variation with temperature, r = 0.4, Lines are experimental data: —, o =0.1; - -, 2 =0.3; ..., a = 0.5. Symbols

refer to regression data: m, 0 =0.1; A, a=0.3; 0,0 =0.5.

The agreement between correlation results and this work in satisfactory. However, correlation shows over predicts
for most of the viscosity values for every concentration. The average absolute deviation (AAD) between this work and
equation regression data are 0.02, 0.09, 0.36, 0.19 mPa s respectively for mass fraction of amine, r = (0.1, 0.2, 0.3, 0.4).
4. Experimental uncertainties

The uncertainty of the viscosity measurements of CO, loaded aqueous amines arises as a combination of the un-
certainty of the temperature measurements, sample preparation, CO, loading and measuring instrument uncertainties.
The temperature accuracy, U(T), which is related to rheometer temperature controller, is given as #0.3K. The maximum
viscosity gradient against the temperature, An/AT, is calculated as 0.040 mPa-s-K™*. The corresponding uncertainty in 1,
(An/AT)-AT, is then estimated as £0.0120 mPa-s. The uncertainties of the sample preparation were found by calculating
the error values (difference between the expected value and measured value r) of the prepared sample. The mass ratio
uncertainty £0.004, U(r), and the viscosity gradient (An/Ar) with 0.05 mPa-s are used for calculating the uncertainty of
sample preparation. The resulting uncertainty in the sample preparation is calculated as, (An/Ar).Ar, £0.00020. The un-
certainty of loading, U(a), was found to be #0.005 (mol CO,/mol MEA) for MEA. The viscosity gradient, An/Ac. was
found as 2.1 mPa s {mol CO,/ mol MEA)™ . The corresponding uncertainty was calculated as (An/Aa)-Aa, +0.0105
mPa s. The rheometer accuracy is given as £0.002 mPa s. The overall uncertainty of 1, U()), is calculated by combin-
ing the partial uncertainties reported in this section with root sum of square method. The value is calculated as #0.0161
mPa-s. The combined expanded uncertainty of the viscosity, Uc(), is calculated as #0.032 mPa s (level of confidence
0.95). The combined expanded uncertainty, suggested by symbol Uc, is obtained by multiplying overall uncertainty,
U(n), by a coverage factor, suggested symbol k. Typically, k is assumed to be 2 with the level of confidence 0.95.

5. Conclusions

The dynamic viscosity of partially carbonated MEA solution was measured for the temperature range (20 to
150) <C for mass fraction (10 to 50)% and CO, loading (0.1 to 0.5) mol CO,/mol MEA. The agreement with the litera-
ture data for temperature range (25 to 80)<C is satisfactory for mass fraction (20 to 40)%. The comparison between
Weiland's proposed model and measurement data are in good agreement. However, regression model is valid only for
mass fraction of MEA up to 40% and temperature up to 125<C. Therefore, measurement data were compared only for
valid operating conditions. The AAD between this work and equation regression data are 0.02, 0.09, 0.36, 0.19 mPa s
respectively for mass fraction of amine, r = (0.1, 0.2, 0.3, 0.4). However, Weiland's regression model can be used for
estimation of viscosity inside the limitations. Further measurements have to perform for other amines as well.
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