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ABSTRACT

The work stated in this thesis is the treatment of Humic acids like natural organic materials,
paper industrial waste effluents, and tea factory liquid and solid waste materials using
various separation processes, like, unstirred batch cell and spinning basket membrane
module ultrafiltration, alum coagulation and membrane ultrafiltration combined process,
solvent leaching techniques with fruitful outputs. Several conventional methods, like,
electrochemical, photocatalytic, and advanced oxidation process are reported previously to
treat various industrial effluents and to recover natural organic products from the wastes.
The severe chemical consumption and high operating cost are the major demerits for these
conservative processes. However, membrane ultrafiltration offers large number of
advantages as compared these conventional methods. Membrane processes are potentially
better for the environmental science since the membrane approach requires the use of

relatively simple and non-harmful materials.

In the first study, recovery of Humic acids synthetic solution is done using spinning basket
membrane ultrafiltration. The permeate flux behavior, irreversible membrane pore
clogging, the volume reduction factor (VRF) and the permeate quality are compared with
an unstirred batch cell ultrafiltration successfully. This study has been explored at different
transmembrane pressure (TMP) drops (207, 276, 345 and 414 kPa) and different
concentration of HAs (50, 150, and 250 mg L) for both the modules. To observe the effects
of rotational speeds on recovery of Humic acids water solution, spinning basket module
has been varied at different rotations such as, 10.47 to 73.30 rad s. The internal pore
blocking characteristics was investigated using modified Hermia’s pore clogging models,
like, complete, standard, intermediate pore blocking, and the cake filtration model.
Concerning the cleaning process, the membrane turbulence was not enough to eliminate
small particles from the active membrane pore walls. Thus, the only back rotation (10.47
to 52.36 rad s™) was not efficient to recover hydraulic flux after cleaning. Therefore, the
application of ultrasonication (ultrasound power: 120 W, frequency: 50 kHz, sonication
time: 5 to 25 min) for the fouled membrane cleaning purposes has been presented in this

study with the fruitful productivities.

In the second study, the detailed explanations are reported for the treatment of paper
(collected from M/s. Nagaon Paper Mill, Assam, India) and tea industrial effluents
(collected from M/s. Sindhu Tea Pvt. Ltd. Golaghat, Assam, India) using spinning basket

membrane ultrafiltration. The particular use of spinning basket module membrane

XVi
TH-1905 126107005



(SBMM) for the treatment of industrial effluents is novel, compact, energy-saving, and
environment-friendly. To improve the performances of membranes, pretreatment of
wastewater was done for the removal of suspended particles present in the effluents using
vacuum filtration for paper industry wastewater and alum coagulation for tea factory
effluent. Being the most popular pre-treatment method for membrane separation processes,
alum coagulation has proved to be a simple and efficient method for reducing membrane
fouling and hence aids in improving flux. Research endeavors are really scanty using such
coagulation-spinning basket membrane ultrafiltration integrated technology exploiting
alum for coagulation (pre-treatment) and a spinning basket module for membrane filtration
(final treatment). For the coagulation process alum (Al2(SO4)3.18H20) was used to remove
suspended materials mainly from the tea factory effluent by varying four different process
parameters such as, alum dosage (50-300 mg L), pH (4-10), stirring speed (10.47-62.83
rad s) and stirring time (30-180 min). Response surface methodology was studied to
optimize these parametric conditions to remove suspended matters from the wastewater.
Finally, spinning basket membrane ultrafiltration was performed under different parametric
conditions like, applied transmembrane pressure drop (207, 276, 345 and 414 kPa),
rotational speed (10.47 to 73.30 rad s™) and various MWCOs (5, 10, 30 and 50 kDa) to
identify the flux decline behavior and get good quality of permeate for both the effluents
like paper and tea industry wastewater. The rotational speed induces turbulence and shear
force on the active membrane surfaces reduces the deposition of rejected particles thereby
increasing the permeate flux. Various fouling characteristics have been studied using
modified Hermia’s pore blocking law. Brownian, rotational and shear-induced diffusion
models were applied to evaluate the theoretical flux behavior. Response surface
methodology (RSM) has been studied to optimize the filtration process. Optimum permeate
quality has been obtained when initial TMP drop, rotational speed, and retentate flow rate
were 350.61 kPa, 62.83 rad s, and 2 L mint, respectively.

The eco-friendly management of solid waste materials after fruitful leaching of polyphenols
like value added products has been performed successfully in the final study. The particular
use of tea factory solid waste to extract the total polyphenols towards solid waste
management is a novel and innovative approach. The present work uses the existing science
to explore the different solvent leaching and diffusion of total polyphenols from the tea
industry solid waste materials. The objectives of this current work are categorized into
following segments: (i) selection of extractive solvent, (ii) optimization of process
parameters to recover total polyphenols and finally, (iii) finding out the suitable leaching
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and diffusion rate Kinetic model, (iv) recovery of used green solvent and concentrate the
phenolic components using spinning basket membrane module. Five solvents, namely,
ethanol, methanol, acetone, ethyl acetate and de-ionized water, were used to extract the
maximum total polyphenols from tea factory solid waste. The influence of temperature (30-
90°C) during water leaching of total polyphenols was also explored. The effects of different
solid waste content in water (0.5 to 2.5 g) at a various contact time of 10 to 90 min on the
leaching of polyphenols from tea factory solid waste were verified. To optimize the
leaching parameters such as solid content (g), leaching process time (min) and temperature
('C), response surface methodology (RSM) were studied to achieve the optimum leaching
of total polyphenols. Furthermore, the leaching and diffusion rate were determined and
compared using different rate kinetic models, like pseudo first order, second order, the
Elovich rate kinetic models, the unsteady diffusion, the film theory, the Ponomaryov
equation, parabolic, power law, hyperbolic and the Weibull’s models. Finally, spinning
basket membrane ultrafiltration was performed using different MWCO membrane such as,
50 and 30 kDa and in the presence of various rotational speeds, like, 10.47 and 52.31 rad s
! to recover and concentrate the extracted polyphenols. Simultaneously, the recovery of the
green solvent such as, water has also been successfully carried out using the ultrafiltration

process.

Keywords: Humic acids solution, unstirred batch cell, spinning basket module,
ultrafiltration, modified Hermia’s pore blocking model, ultrasonication, paper and tea
industry wastewater, rotational speed, diffusion model, RSM, alum coagulation, tea factory
solid waste, total polyphenols, solvent leaching, pseudo second-order Kinetics, unsteady

diffusion, optimization.
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CHAPTER 1

INTRODUCTION, AIMS AND OBJECTIVES

In this chapter, a brief summary on the environmental pollution, various sources of
the water pollution, the properties of the natural organic components, namely, Humic acids
and treatment technologies of the Humic acids, different treatment methods of the paper
and tea factory wastes are presented. Most of the industries, like, paper and tea industry
use fresh water for a variety of purposes and produce wastewater. To avoid any health
hazards affected by discharging untreated effluents into the environment, the effluents must
be treated. The treatment of paper and tea industry waste effluent using several separation
processes is described and compared with advanced membrane filtration technology. The
detailed literature review on the treatment of paper industrial effluent, tea factory solid and
liquid waste is deliberated subsequently throughout this chapter. The aims and objectives
of this thesis work are also discussed in this chapter.

1. Introduction:
1.1. Environmental pollution:

Environmental pollution is the overview of impurities in a healthy and natural environment
which is the reason of uncertainty, syndrome, damage or discomfort to the ecology for both
the cases physical and living society (Margaritis and Kang, 2017, Franklin and Fruin,
2017). Contamination of soil, air, ground and surface water with various hazardous, toxic
chemicals, and solid wastes due to the industrialization and human activities are the major
problem which is increasing rapidly (Khan et al., 2017; Wang and Yang, 2016; Sarkar et
al., 2017). Environmental Pollution became a prevalent issue after the World War 11, for
the radioactive effect from atomic fighting and testing. Not only that, a non-nuclear
happening, The Great Smog of 1952 in London, killed a massive number of people.
However, The Great Smog of Delhi, 2017 is also a serious environmental pollution event
that affected the entire National Capital of India due to the various sources of smoke such
as production and manufacturing factories, vehicles, power plants, garbage burning, road
dust, etc. Serious action must be taken against environmental pollution, as it has an adverse
effect on the earth mainly, air and water. Environmental pollution began to pull a major

and serious public devotion, after passing the Clean Air Act (Effective from 1963), the
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National Environmental Policy Act (Effective from 1970), the Clean Water Act (Effective
from 1972), and the Noise Control Act (Effective from 1972) (Raptis et al., 2017; Kirillin
etal., 2013; Titelboim et al., 2017).

1.1.2. Parameters of contamination:

For industrial stream estimation and study of wastewater treatment, the properties or

parameters of contaminants are enlisted here.

a) Color:

Natural organic components are the main responsible for the changing of color of natural
water. The industrial wastewater contains a huge amount of organic materials including
various dye reagents that are potentially harmful after leaching of this compounds into the
groundwater or surface water which can change the color of natural water. Not only that,
color of water is a vital index to measure dissolved humic substances in water body
(Hongve and Akesson, 1996; Turner and Renegar, 2017).

b) Odor:

The chlorination of water results in the formation of severe halogenated components which
are the reason for the change of quality of water. When the active chlorine compounds react
with organic matters present in the water the disinfected halogen compounds formed. The
musty odor is one of the major parameter to control the purity of drinking water (Taha et
al., 2017; Yuan et al., 2017). It is generated degradation of organic components in soil by
fungi, cyanobacteria, blue-green algae, actinomycete bacteria. The determination of musty
odor is a difficult task. The high selective and sensitive technique is needed to analyze the

musty-off aroma in water (Callejon et al., 2016).
c) pH:

The pH level of soil and water is an important parameter to balance the environmental
ecosystem. Due to toxicity of chemicals and heavy metals the level of pH in the water and
soil is changing gradually which has an adverse effect in aquatic life. Acid rain due to the
nitrogen oxides, sulfur oxides present in the polluted air is the perfect examples of man-

made influence on the pH of water (Jie et al., 2017; Tran et al., 2017).
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d) Suspended matters:

Suspended matters are some toxic pollutants which are larger than 2 um in size and do not
dissolve in the water. The toxic suspended particles in water are dangerous for the existence
of marine life. It can cause severe problems in ground and surface water by increasing the

microbial activities (Wang and Yang, 2016).
e) Dissolved organic matters:

The remediation and control of dissolved organic materials from drink water and industrial
effluents are the high interest to protect the environment from pollution. Due to the presence
of dissolved materials the organoleptic properties, like, taste, color, odor of drinking water
is affected. The appearance of organic matters in fresh water is described to rise the
anthropogenic compounds in natural water. The solubility of the various components may
be increased in the presence of dissolved organic materials in the ground water. Not only
that, it causes fouling of membranes during treatment of wastewater. the origin of dissolved
organic matters in water is the microbial degradation of chemicals that present in the soil

and water due to the industrial activities (Levchuk et al., 2018; Jain et al., 2011).

f) Dissolved oxygen:

One of the most important parameters in aqueous studies is measurement of dissolved
oxygen. For the good water quality adequate amount of dissolved oxygen is required. The
oxygen level in water is approximately 5 mg L. Due to the industrial activity the level of

dissolved oxygen changes currently which affects the aquatic culture (Mader et al., 2017).
g) Turbidity:

Turbidity is a significant and crucial characteristics of water. The increasing of turbidity
indicates the presence of excessive amount of inorganic and suspended materials, dissolved
organic materials, colored components, and microorganisms. The high turbidity in drinking

water can cause a health concern due to the growth of pathogens (Aboubaraka et al., 2017).

h) Heavy metals:

Water pollution due to the high concentration of heavy metals is a universal anxiety and
required a worldwide care. Effluents coming from the mining, battery manufacturing
factories, tanneries, and metallurgical industries are the responsible for the leaching of

different kind of heavy metals, like, cadmium, cerium, chromium, antimony, arsenic, lead,

3
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mercury etc. (Fang et al., 2018). The determination of metallic concentration in water is a
major concern to protect the water pollution. Heavy metals containing wastewater should
be treated significant and properly. Untreated water can lead to severe injury to the
ecosystem resulting in a long-term effect on the environment (Tran et al., 2017).

i) Chloride content:

Petroleum, pulp and paper mills, pharmaceutical, and tannery industries generate high
saline effluents in a large quantity containing the huge concentration of chlorides. The
increase of chloride content in water would lead to major damage to groundwater, surface
water, soil etc. The presence of chlorides in drinking water is highly detrimental. Regarding
the sustainability of the freshwater, the determination and treatment of chloride content in
the industrial effluents have to become a vital concern to protect the environment (Yan et
al., 2016). In addition, various compounds such as humic substances can react with
chlorides present in natural water and form strong toxic and carcinogenic complexes, like,
aliphatic halogenated trihalomethanes. Thus, under such conditions, the determination of
color, taste, odor, pH, suspended and dissolved organic matters, dissolved oxygen, turbidity
heavy metals, and chlorides compounds is becoming a dynamic task for the treatment of
liquid effluents to get highly purified and efficient water and protect the ecosystem from

severe environmental pollution.

1.2. Water pollution - a threat to life:

Water contamination is a severe universal problem which needs ongoing estimation and
review of water resource policy at all stages (Sanchez et al., 2016). Water pollution has
been recommended as the leading international cause of deaths and diseases. Water is
stereotypically considered to as polluted when the anthropogenic contaminants impaired

into freshwater. Water pollution occurs from a number of different sources.

Direct disposal of waste materials from different industries, like, pulp and paper, textile
and dye industries into the natural waterways cause waste to build up within the freshwater
(Noorhosseini et al., 2017). Not only that the emission of hazardous fumes into the fresh
air causes acid rain. When the acid rain sprays, it pollutes the local natural water lines
including rivers, lakes, and streams. Not only that, the thermal pollution happens when

water is basically used to cool the hot instruments in the factories and is released into
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waterbodies. As a result, the temperature of the freshwater is highly increased (Titelboim
etal., 2017).

This temperature change can cause aquatic life to die. If the pollution arises from one
source, like, oil spill, it is named as point-source pollution. If the contamination comes from
a number of sources, then it is named as nonpoint-source water pollution. Figs. 1.1. (a)-(b)
describe the requirement of freshwater for the ecosystems on a worldwide scale in 2003
and 2015, respectively which indicates that the inadequacy of water is rapidly increasing
due to the consumption of fresh water. India is also considered as a water-stressed country

due to the rapid growth of civilization (World Resources Institute).

(b)

ratio of withdrawals
to supply

No discharge
/\/ Major River Basins

Fig. 1.1. (a) The global scenario of the water scarcity in the environment in the 2003, (b)
the insufficiency of water on the universal scale in 2015 according to the World Resources

Institute

1.2.1. The different industries involved in water pollution:

Many causes are involved to pollute water bodies. The direct sources, like, effluents
discharge from various industries are one of the important contributors to freshwater
pollution. Industrial activities produce a huge variety of waste products. Paper and pulp,
textile, petrochemical refineries, food processing, metal working, tea, and dye factories are

the major industries which generate a wide range of waste effluents.
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Textile industry:

The effluents generated from textile industries have a high demand for chemical oxygen
demand due to the large number of suspended solids, acidity, and other soluble materials.
The contaminant features of textile wastes vary extensively among numerous organic
ingredients, like, chromium ions, pigments, starches, and detergents in waste undergo
biological and chemical variation which consume dissolved oxygen from the freshwater
bodies and abolish aquatic life (Jain et. al., 2014).

Tanning industry:

The tanning industry is generally considered as pollutants produced industries which
generate a huge amount of toxic chemicals. During the different unit operations, like,
soaking, liming, de-liming, tanning, etc. a huge amount of wastewater is generated which
consist of dissolved fats, bones, sodium chloride, sulfate, sulfide, chromium salts, keratin
etc. Due to the difference in raw materials, various organic and inorganic ingredients the
chemical and biological oxygen demand are changed to very high after discharging the

tannery effluents into the fresh water (Tran et al., 2017).
Food processing industry:

Food processing industries produce waste effluent, like, liquor from yeast culture system,
spent grain water, wastewater from a cooling tower, oil sludge etc. Food industry
wastewater contains a few amounts of hazardous materials which can be categorized as
nontoxic. In the dairy industry, a huge amount of freshwater is regularly used during cheese
making process and produced wastewater which contains inorganic and organic materials
(Frappart et al., 2008).

Petrochemicals and oil refining industries:

Petrochemicals and oil refining industries contain a high level of pollutants, like, oil
products, hydrocarbons, phenolic compounds, heavy metals which are tough to degrade
(Sarkar et al., 2017).

Metal industry:

Metal industries generally discharge wastewater containing heavy metals, like, chromium,
lead, cadmium, and other metals such as zinc, nickel, copper, aluminum etc. With the rapid

development of industries, heavy metal pollution is increasing now a day due to the
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discharge of heavy metal-laden wastewater from these industries to the environment

without any proper treatment (Yuan et al., 2017).
Radioactive industry:

Radioactive waste components are also the important source of water pollution. The
radioactive wastes are mainly generated due to the various activities of Uranium mining
processing, Nuclear fuel production, and radioisotope production for the medicine
preparation and research purposes (Trznadel, 2017). The major wastes arising in a
radioactive industry are the active solids, like, stainless steel containing cobalt and nickel,
ion exchange resins, used uranium, radioactive liquids which can result in severe water
pollution (Trznadel, 2017).

Mining operation:

Mining operation can cause different kind of metal leaching into acidic effluents. These
effluents can increase the metal load in rivers, lakes, and groundwater (Ni et al., 2016).
Therefore, freshwater contamination due to the leaching of heavy metals during mining

operation has become a major environmental problem.
Agricultural industry:

The effluents generated agricultural industry are containing mainly farm and animal wastes,
fertilizers, suspended materials, insecticides, and pesticides etc. The highly toxic chemicals
can enter the groundwater by leaching and cause diarrhea, jaundice, dysentery, and typhoid-
like waterborne infections (Chen et al., 2015).

Tea processing industry:

Waste management is an abundant challenge towards tea processing industries in the world.
The raw materials, energy, water are the major inputs in tea factories which produces solid
and liquid wastes containing phenolic components. There is a lack of inclusive review
towards tea waste management systems. Highly colored wastewater containing
polyphenols from tea factories is released in to freshwater stream during the cleaning
purposes of production equipment. As a result, it changes the oxygen-containing capacity
of freshwater bodies (Uzun et al., 2010; Goswami et al., 2014).
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Paper and pulp industries:

With rising the use of papers in our daily life, the level of water pollution due to the paper
industries is a novel highlight. The paper and pulp industries consume a large quantity of
fresh water and generate highly contaminated wastewater. This effluent is renowned as a
severe ecological threat due to the highly toxic chemicals discharged including high organic
load, high salinity, suspended materials, inorganic components, and various metals content.
On the other side, solids and gaseous pollutants are also discharged into the environment
from paper and pulp industries. The effluents generated from paper and pulp industries
contain a huge number of lignin derivative organic components, like, Humic substances.
However, wood chips, bits of bark, cellulose, sulphur, and chlorine compounds and
dissolved lignin a complex mixture of various chemicals are also the important impurities.
All the contaminated materials produce a sludge which destroys certain types of marine life
and environment as well (Wong et al., 2006). With rising consciousness of environmental
protection, the significant and proper management of pulp and paper industry wastewater
has become an important public issue which should be increased strictly (Guan et al., 2017).

Not only that, the paper industry wastewater contains a large number of natural organic
materials. Natural organic components many times replicate the action of an important
element in the living body, interfering with the metabolic system to cause severe sickness.
Many organic components, particularly colored components are toxic, but some are vital

for fertilization, like, Humic acids (HAS).

1.2.2. Generation, properties, benefits, and application of natural organic components,
like, Humic acids found from different sources:

Natural organic components are the elemental carbonaceous substances found in mainly
soil, sediment, and industrial effluents (pulp and paper industries). These materials mainly
known as environmental black carbon such as Humic acids have a significant affinity for
other organic and inorganic components (Radwan et al., 1997). Depending on their limited
abundance, it is an important issue to quantify and characterize the Humic acids, like,
natural substances which can play a major role as a natural pollutant in the environmental
system (Roipel et al., 2016).
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The properties of Humic acids:

Humic substances are recognized as one of the major essential component in the
environment (Ghabbour and Davies, 2001). Humic acids, natural heterogeneous molecules
comprise an extraordinarily complex, polyfunctional polymers, formed during early
diagenesis of bio matters and occur in soils, sediments, industrial effluents (pulp and paper
factory), and natural water (Radwan et al., 1997). The hypothetical structure of Humic acids
has been represented in the Fig. 1.2. The dominating functional groups of the naturally
occurring humic acids are amino acids, ester, amide, benzene rings, aliphatic moieties, and
carboxyl, ether groups, hydroxyl, amine groups, etc. (Ghabbour and Davies, 2001). These
substances contain a huge number of organic compounds, higher hydrogen to oxygen (H/O)
molar ratio, higher surface activity, more nitrogen content, more lipids, higher nitrogen to
carbon ratio, a huge number of molecular weight distribution starting from 2 kDa up to
over 500 kDa than commercial Humic acids (Shao et al., 2011). These substances are the
most chemically active materials in the soil with the cation exchange abilities. They can
interact with different kind of toxic organic substances, like, pesticides, herbicides,
insecticides.

Fig. 1.2. Model hypothetical structure of Humic acids (Stevenson, 1994)

The hypothetical theory of the generation of Humic acids:

The formation of humic substances occurs during lignin decomposition. The generation of
humic substances may vary from one environment to another. Various techniques have

been recommended to explain the formation of humic materials during the deterioration of
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plant cells such as lignin in the soil and the pulp and paper industrial wastewater. The dead
plant’s residue and lignin components are transformed into dark-colored compounds by
microbiological mechanisms. During the lignin decomposition, the carbon compounds are
utilized by microorganisms and the residual portion accumulates as humic substances
which can be fragmented into smaller materials, like, Humic acids during further microbial
decomposition (Ghabbour and Davies, 2001). However, the lignin and cellulose are
decomposed to phenolic acids during microbial degradation and then enzymatically
oxidized to quinones (amino compounds) and produced Humic acids, like, compounds. In
addition to the other possibilities, the pulp and paper industry is the major pathway to
generate a significant amount of Humic acids in their waste effluents as the major waste
materials of wood processing mechanism in the paper industry is lignin-derived
compounds, cellulose, sugar etc. (Mendez et al., 2005).

1.2.3. Benefits of Humic acids:

Current scientific researchers explore that the productiveness of soil depends on the content
of Humic acids. Humic substances are recognized to yield three types of benefits which
have been pointed out in the next paragraph (Mendez et al., 2005).

Physical effects:

Improve the soil structure and fertility

Prevent the high water content and nutrient losses in productive soils
Soil cracking and erosion prevention

The rise of water holding volume of the soil

Darken the color of the soil and thus help absorption of the sun energy

YV V V V VYV V

Increase the aeration of soil

Chemical benefits:

Normalize the pH value of soils
Increase the uptake of nutrients and water by plants
Reduce the leaching of toxic inorganic materials in the root zone of plants.

Enhance the metal ions chelating capacities of soil.

YV V. V VYV V

Improve the transformation of essential nutrient elements, like, nitrogen, phosphate,

iron, zinc, potassium into forms available to plants.
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Biological effects:

Improve the stimulation capacity of plant enzymes and increase their production
Act as an organic catalyst in many biochemical processes.

Stimulate the growth of desirable micro-organisms in soil.

vV V V V

Increase the amount of amino acids, chlorophyll content, sugars in plant cells and help

in the photosynthesis process.

\4

The significant increment of vitamins and minerals content of plants.

\4

Improve the thickness of fruits cell walls.

1.2.4. Applications of Humic acids in different areas:

Humic substances, like, Humic acids are the natural plant growth promoter. Not only that,
in the modern years the interest for natural Humic acids in medicine and cosmetics
preparation purposes has been improved due to the high chemical activities such
antioxidant properties. They have numerous biologic activities, like, antibacterial,
antifungal, immunomodulatory and photo protecting functions (Mendez et al., 2005). The

applications of Humic substances have been listed here.

Agricultural application:

e Natural organic fertilizer for plants

e Nitrate leaking reduction into the groundwater

e Stimulator for the plant growth and increase the yield of crops production

e Reduce the harmful effects of inorganic fertilizer.

Environmental prospects:

e Environmental contamination reduction

e Anti-collapse agent for petroleum drilling fluid

e Reduce the leaching of toxic materials such as heavy metals, organic matters from the
soil

Industrial purposes:

e Natural dye production purposes

e Asa natural additive to prevent seepage from large lagoons areas

e Use in the oil and gas drilling industry as additive materials to prevent collapse.

11
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Medicine purposes:

e Veterinary medicine purposes

e Anti-viral and anti-inflammatory, anti-allergic, estrogenic, hyperemic medicine
preparation

e Blood coagulation purposes

e Effective in contradiction of pathogenic bacteria

Cosmetic preparation purposes:

e Production of shower gels, creams, ointments due to the antioxidant properties

e Active against skin diseases, like, atopic dermatitis, psoriasis, and mild focal
hyperhidrosis.

e Active against chronic hand dermatitis

1.2.5. Separation of Humic acids substances from various processes:

The wastewater generated from food, paper and pulp industries contain a huge amount of
humic substances due to the decomposition of lignin, like, materials over years. According
to authors, the major groups were found in humic substances are, like, carboxyl, aliphatic,
amine, ester, phenols, amino acids etc. (Ghabbour and Davies, 2001). Few studies have
been found to separate and purify these highly polydispersed materials towards

fertilization.

1.2.5.1. Acid and alkaline extraction of Humic acids:

The alkaline extraction of Humic acids from peat sample using sodium hydroxide (NaOH)
and sodium carbonate (Na2COs3) has already been explored to prepare an organic mineral
based natural fertilizer. The efficiency of alkaline extraction of Humic acids was found to
be inversely associated with the amount of alkaline solution added during extraction. The
undesirable contamination of the extracted Humic acids was happened due to the presence
of unwanted fibers and inorganic materials, like, clay and sands which were found to
interfere during alkaline extraction process (Saito and Seckler, 2014).

Repetitive base extraction of peat sample was also carried out to obtain fractionated Humic
acids component. The extraction process was performed for the eight times with the same
peat sample until Humic acids was exhaustedly recovered. To identify the differences in

molecular and chemical properties among different humic substances obtained from
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different extraction cycles and to explore the possible factors causing in single cycle
alkaline extraction were the two major objectives of this process. Due to the differences in
solubility humic substances materials with a lower affinity for solid surfaces and having
higher solubility were extracted during the earlier cycle and therefore, the large molecular
weight and low polarity substances having less solubility were obtained after repetitive
alkaline extraction (Li et al., 2003).

Humic and fulvic acid, like, materials were recovered from maize plant as the plant or
vegetable residues are the important sources of carbon, nitrogen for the fertilizer purposes.
The compost of maize plant residues was demonstrated to fractionate alkali soluble and
unhydrolyzed-alkali soluble humic acid materials using benzene and ethanol mixture (2:1
v/v) and thereafter hot and cold sulfuric acid (H2SO4) to obtain solubilized lipids, waxes,
hemicellulose, and cellulose, respectively to get more compact formation of lingo humic
complex matrix which was further extracted according to alkaline process using NaOH and
tetrasodium pyrophosphate (NasP207). The high chemical cost and low recovery were the
major drawbacks during hot HSO4 extraction of plant residue for the recovery of Humic
acids, like, substances (Adani and Ricca, 2004).

1.2.5.2. Supercritical fluid CO- extraction of Humic acid from brown algae:

The supercritical fluid extraction of humic substances has a significant advantage over
conventional extraction with acetone, ether, dioxane, and ethanol that it extracts humic
materials within very short time period instead of the days needed for consecutive
extraction. Brown algae namely, Pilayella littoralis (Phaeophyta) was already used to
recover humic, like, substances efficiently using supercritical fluid CO2 extraction process.
However, it was reported that the extracted and isolated Humic acids sample had lower
carbon and nitrogen content than the samples extracted from conventional organic solvent
extraction due to the less removal of non-humic substances present in the extractive
solution. Though this process demands the shorter time of extraction, the high operating
cost and the less efficiency of removal of impurities are the major drawbacks factor for the
supercritical fluid extraction to obtain the essential quantities of purified Humic acids
(Radwan et al., 1997).

1.2.5.3. Application of ultrasonic vibration on the extraction of Humic acids:
Ultrasonic extraction of Humic acids from a brown soil was fruitfully reported earlier to

obtain a significant amount of yields and to avoid the contamination and modification of
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the components which were the main demerits of alkaline extraction of humic materials.
However, it was stated that the elemental composition of humic substances was different
from the classical extraction of Humic acids using acid-alkali titration. The high ash content
and low content of carboxyl (-COOH) and phenolic groups (-OH) were reported while
extraction of Humic acids using ultrasonication. It was stated that the application of
sonolysis on extraction of Humic acids using pyrophosphate as extractor can only be
reduced the time requirement from other rigorous processes though it can cause differences
in the chemical and physical properties of the substances (Humic acids) which is not

favorable towards use of Humic acids as a fertilizer (Ramunni and Palmieri, 1985).

1.2.5.4. Coacervate extraction method:

The coacervate extraction process was also applied for Humic acids extraction from
aqueous solution maintaining the micellar solubilization phenomenon and cloud point
polyethoxylated alcohols. Compare to the conventional extraction process of humic
substances this technique has delivered high extraction efficiency, however, this process
needs a huge amount of organic solvents, like, polyethoxylated alcohols for the continuous

process of extraction of Humic acids (Ghouas et al., 2012).

1.2.5.5. Electromagnetic and electrocoagulation process:

The electromagnetic and electrocoagulation separation was explored to treat Humic acids
content synthetic solution. The pH played an important role to enhance the removal
efficiency of Humic acids from aqueous solution. It was reported that the batch electro
coagulation process revealed the significant removal efficiency of more than 96% at pH 7
and 90 % at pH 3. Whereas, the reactivity of higher molecular weight parts of Humic acids
before removal was raised effectively after introducing the electromagnetic effect during
the separation process. However, the electromagnetic process in a continuous mode
revealed a lower effect on the removal of Humic acids from the synthetic aqueous solution
(Ghernaout et al., 2009).

1.2.5.6. Biological process to separate humic substances:

Aside from chemical processes, biological technology from food residue and green wastes
remain a major desirable method for the separation of humic substances. Composting of
vegetable residue for the separation of Humic acids has been reported with significant
results. Food and green residue were sent to the composting chamber to complete the two
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phase of composting process, like, active and curing phases. The composted materials were
subjected to treat with NaOH and thereafter acidified with sulfuric acid to fractionate the
composted materials into humic substances. It was reported that the oxygen to carbon ratio
and total acidity of Humic acids in this process were found higher than other sources, like,
peat and soil. Though the long duration of this biological process was the major demerit
towards the isolation of Humic acids from food and green wastes (Adani et al., 2001;
Quagliotto et al., 2006).

1.2.5.7. Microwave assisted soxhlet method:

The different sewage sludges collected from different wastewater were used to extract
Humic acids substances with a solvent mixture of methanol and dichloromethane (1:7) in
a microwave assisted soxhlet system. The main difference between the soil and sludge
extracted humic compounds has been reported about the distribution of elemental
components, like, hydrogen, carbon, nitrogen, and oxygen. High degree of aliphaticity due
to the high hydrogen and carbon ratio content has also been reported. Besides the high
organic compounds, it was stated that the enrichment of lipids in the humic acids sample
was difficult to determine during the methanol and dichloromethane solvents extraction
process. The extraction and isolation of lipid components from the humic substances matrix

was challenging which can be further improvised (Reveille et al., 2003).

1.2.5.8. Fenton oxidation process:

The chemical oxidation processes, like, Fenton reaction and its modified version such as
ozone and hydrogen peroxide combination have been the matter of a substantial attention
for the recovery of natural organic components, like, humic substances from contaminated
water and soil materials. The treatment process of humic substances content wastewater
was carried out with the Fenton reagent, prepared by different ratios of ferrous sulphate
(FeSOa, 10%) and hydrogen peroxide (H202, 35%). However, the use of H.O> reagent was
the major cost of this treatment and it was becoming an important concern to design the
process in a way where a significant recovery could be performed using a minimum amount
of H20». The need of many reactive chemicals, high operating charge are also the important
disadvantages during the oxidation process. Apart from this, the oxidation process can
bound the reuse of Humic materials as fertilizer in the agricultural purposes due to the
reduction of hydrogen/ carbon (H/C) ratio and nitrogen content (Kochany and Kochany,
2008).
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1.2.5.9. Nitric acid oxidation process:

The conventional biological and acid-alkaline processes are usually insufficient to recover
purified Humic acids substances for the agricultural purposes. It is well known that peat
coal samples have an effective amount of humic substances which can be further
chemically oxidized to achieve a huge yield of Humic acids. In view of that, the wet
oxidation process using a different concentration of the nitric acid solution (1 g coal sample
with 5 mL of 5%, 10%, and 15% nitric acid) has been developed to chemically extract
humic substances from coal samples. It was reported that the reuse of nitric acid was also
carried out during this oxidation process. The maximum purity was achieved using a low
concentration of the nitric acid solution (5%) whereas, the recovery efficiency was not
effective for the use of agricultural purposes. Nevertheless, the expensive chemical cost
and the generation of toxic gas (NOx) are not in favor of the use of wet oxidation process
industrially (Cho and Lwin, 2012).

1.2.5.10. Ferric chloride coagulation process:

Though the ferric chloride coagulation process was investigated earlier in the field of
effluent treatment and water supply, the recovery of humic materials from the dewatering
wastewater of thermally treated sludges towards organic fertilizer was introduced using
ferric coagulation technique. Approximately, 70% of humic substances were recovered
using hydrolyzed ferric ions at the pH level of 4.5 (Yang and Li, 2016).

1.2.5.11. Membrane electrolysis and electrocoagulation process:

When the biological process takes a long time interval for the recovery of humic substances
membrane electrolysis promises significant results to treat industrial wastewater for the
recovery of humic, like, substances. In the membrane electrolysis process polyethersulfone
microfiltration membrane, anion exchange, and cation exchange membrane were chosen to
perform the filtration process. Titanium oxide coated electrode and a stainless steel
electrode were applied as anode and cathode, respectively to perform the membrane
electrolysis process. Though the less generation of sludge materials, no needed for extra
chemical reagents and the easy operating system were the major effective benefits for the
use of membrane electrolysis, the recovery of humic, like, colored components and the
reduction of chemical oxygen demand were very less efficient (up to 70%) after using high

energy consumption of 3 kW h m= (Kliaugaite et al., 2013).
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1.2.5.12. Application of membrane ultrafiltration for the treatment of humic substances:
In recent decades, the membrane ultrafiltration has become an innovative separation
technology to purify the effluents rather than conventional treatment process, like, carbon
adsorption, oxidation etc. Chemical and mechanical treatment processes was used to treat
natural organic matters which have already been discussed (Manttari et al., 2008). Recent
studies have shown that Humic substances are recognized as major foulant during water
treatment (Lowe and Hossain, 2008). Not a very significant removal rate of Humic acids
has been reported (Galambos et al., 2004; Shao et al., 2011; Lowe and Hossain, 2008). The
membrane separation techniques can deliver a huge number of merits as compared to the
conventional methods. This various filtration process is becoming an important tool for the
separation of a wide number of compounds ranging from natural organic components
separation to sludge purification. Membrane separation techniques are potentially perfect
techniques for the minimization of environmental contamination since the membrane
filtration requires the use of comparatively simple and non-harmful materials. However,
Humic acids substances can also be recovered using membrane process.

The separation of humic substances in the presence of mineral salts ions (Ca*?) was
investigated using ultrafiltration membrane made of regenerated cellulose. Considering the
high amount of membrane permeability, the reduction of membrane fouling was tried to
adjust the pH conditions of the aqueous solution from 4.6 to 7.0. The filtration pressure and
the concentration of humic substances were maintained at 100 kPa and 20 mg L-3. However,
90% retention of humic substances molecules was achieved when pH of the solution was
7.0. Whereas, it was reported that with increasing mineral salts concentration from 50 to
100 mg L the rejection of natural organic substances was decreased. The presence of Ca*?
salts ions was not significant to improve the membrane fouling behavior of the regenerated
cellulose membrane. Due to the high ionic strength of the increased Ca*? concentration
humic substances particles displayed an affinity to shrinking which could be increased the
deposition of rejected materials on the active membrane surfaces. Thus, the separation
process and the transport properties of the membrane cellulose membrane were deteriorated
in the presence of Ca*2ions (Korbutowicz et al., 1999).

The demand for the production and purification of the clean potable drinking water from
any natural or industrial sources is ignited to improve the research extensively towards
novel alternative processes. In this addition, the use of membrane ultrafiltration has sparked
significantly for the production of potable drinking water and the treatment of industrial
effluents as well. Regenerated cellulose membrane with the different molecular weight cut
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off (3, 5, 10 kDa) and high surface area of 0.1 m? was applied to purify the tap water
containing Humic acids components. Although the removal efficiency of Humic substances
from the synthetic feed solution made of deionized water was approximately 90%, this
process was affected due to the significant membrane surface fouling for the 3 and 5 kDa
MWCO membranes. Whereas, with the help of high retentate flow rate and transmembrane
pressure drop of 210 kPa, 10 kDa MWCO membrane provided a significantly high
permeation of 140-180 L m h*initially, within 10 min of operation it reduced up to 100
L m2 h' due to the severe irreversible pore clogging. On the other side, the continuous
decline of permeate flux from 100 to 60 L m2 h?' was observed within 20 min of
ultrafiltration during the treatment of Humic acids from tap water due to the presence of
ions and other impurities (Lowe and Hossain, 2008).

The flat sheet membranes made of polyethersulfone and polyaryletherketone were used in
a cross-flow ultrafiltration module with the active surface area of 0.036 m? to treat Humic
acids model solution (concentration of 10 mg L) and high Humic acids content well water.
The result revealed that the 83% of recovery of Humic acids molecules was achieved during
ultrafiltration. Whereas, the performances of the above-said membranes were not
significant during the treatment of Humic acids content well water due to the less rejection
of the smaller molecular weight components present in the water. This phenomenon was
responsible for the less effective ultrafiltration of humic substances containing well water
(Galambos et al., 2004).

On the other side, one hollow-fiber module with nanofiltration membrane made of
polyamide (MWCO of 0.3 to 0.4 kDa) was also performed and compared with cross-flow
filtration with the same feed. It was reported that though the significant rejection was
achieved during hollow-fiber nanofiltration, the severe decline of permeate flux was
observed due to the irreversible membrane fouling and the operating cost was very high
during nanofiltration as the applied pressure drop was around 20 bar (Galambos et al.,
2004).

Humic substances, from the landfill leachate, was successfully recovered and utilized as a
natural fertilizer using continuous spiral wound membrane ultrafiltration (MWCO of 2500
Da) until the significant concentration of humic substances was achieved in the retentate
solution. it was reported that the efficiency of this process in terms of the purity of humic
substances compounds was about only 50% after applying transmembrane pressure drop
of 0.7 MPa. The fractional recovery of humic components was affected due to the presence
of salts ions, like, Na*, K*, Mg*, and Ca* (Yue et al., 2011).
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Several studies have revealed that membrane ultrafiltration process had a significant
rejection capacity of natural organic matters, however, fouling characteristic is the severe
factor that limits its widespread industrial applications. The low-pressure ultrafiltration
using polyvinyl chloride hollow-fiber membrane (MWCO of 50 kDa) was performed in a
full scale potable and drinking water treatment purposes. The process was performed in a
dead-end method. Before the membrane ultrafiltration, poly-ferric sulfate (PFS) was used
as a coagulant (dosage was 10-15 mg L) to remove the suspended materials from the
source water. However, the severe flux decline was found due to the membrane fouling as
humic substances, like, natural organic materials are already recognized as the major
foulant for membrane ultrafiltration especially ultra-low pressure filtration of potable
water. Enormous irreversible fouling may be occurred using hollow-fiber membrane
ultrafiltration due to the adsorption of humic substances during filtration. However, this
study focused on the investigation of organic foulant behavior on ultrafiltration using a
hollow-fiber membrane, the remediation of fouling layer using various advanced processes
were not addressed here (Xiao et al., 2012).

There are insufficient literatures have been found about the purification and recovery of
valuable materials, like, Humic acids from the waste effluents using membrane
ultrafiltration (Li et al., 2009). A hybrid method, like, alkaline treatment afterward
membrane ultrafiltration was investigated to extract Humic acids components from waste
activated sludge. After the centrifugation of the disintegrated sludge with NaOH, the
supernatant was subjected to send in an ultrafiltration membrane unit to extract and
concentrate Humic acids components. Based on the Humic acids molecular weight
distribution, a porous ceramic tubular membrane device (mesh size of 0.45 pum) was used
to perform the extraction of humic substances at a maximum pressure drop of 1.0 MPa. It
was informed that the concentration of Humic acids in the retentate was reached at 30 g L~
1 when the supernatant solution was concentrated about to 20 times during ultrafiltration.
The adsorption of protein and the other metal ions, like, Na*, and K* on the membrane
active surface was the severe factor which made an impact over the permeation (Li et al.,
2009).
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1.3. Treatment of paper industrial wastewater and an approach to recycle the

produced water:

The precious resource in the environment is water. Recycling of water from the factories
and the industrial effluents can deliver considerable benefits towards living ecosystem.
Thus, treatment of industrial wastewater is very significant activity now a day, rather than
discharging untreated water to the surface water, rivers or oceans (Bhuiyan et al., 2016).
The purpose of the treatment of effluents is nothing but water conservation and
sustainability in our environment. Reuse of water is socially and environmentally feasible
and economically viable (Ruiz-Rosa. et al., 2016) The reason for the water recycling is the
reuse of treated wastewater for the favorable and valuable purposes, like, agricultural,
industrial, landscape irrigation, cooling water for power plants, construction purposes, dust
controlling, artificial lakes, processing water for various industries etc. Due to the reckless
civilization and industrialization, the scantiness of water is increased continuously which
will become scarce in our country and India can be considered as water stress country in
the coming periods (Tiwari et al., 2016).

Paper industry is one of the important economically advanced industry among all industries
present in the environment. The paper factory is categorized as a high water-intensive
industry for the large consumption of freshwater during the different stages of papermaking
purposes. According to the report, the pulp and paper industry consumes approximately 60
m? of water per ton of production of paper (Wong et al., 2006; Savant et al., 2006). It is
observed that pulp and paper industry discharges huge volume of highly toxic and colored
effluents regularly in the environment. It is found in literatures that various pulp processing
stages, like, wood casting, pulping and washing, bleaching, screening, chemical pulping,
papermaking and chemical recovery generate highly polluted effluents containing soluble
and non-soluble wood derivative products (Chanworrawoot and Hunsom, 2012). This
effluent contains high organic substances causing high chemical oxygen demand (COD) as
well as biological oxygen demand (BOD) (Ghaly et al., 2011; Soloman et al., 2009). Apart
from organic matters, suspended solids, metals, fatty and resins acids, tannins lignin
derivative compounds are responsible for water pollution. Heavy metal ions, like, Pb, Cr,
Hg, As can be present in this type of effluent (Latorre et al., 2003; Ali and Sreekrishnan,
2001; Thompson et al., 2001). The organic substances found in pulp and paper industry
wastewater are mostly raw materials dependent and vary with location, environmental

situation, and process parametric conditions. The discharge of inadequately treated
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effluents into the river water can cause a severe problem for aquatic life, including air and
land pollution. Thus, the primary, secondary or tertiary treatment of paper and pulp
industrial waste effluent is needed regularly to minimize the environmental pollution
(Andrews et al., 2014; Pokhrel and Viraraghavan, 2004). Several studies were performed
to treat pulp and paper industrial waste effluents including conventional processes such as

aerated lagoons, activated sludge treatment, sedimentation or flotation, etc.

1.3.1. Anaerobic digestion process:

Anaerobic digestion plant is the most collective wastewater treatment process which is used
for the removal of dissolved organic materials in several countries (Meyer and Edwards,
2014; Kumar et al., 2014). This process has reported maximum amount of dechlorination
of paper industrial wastewater (Savant et al., 2006). The coagulation followed by anaerobic
acidification and aeration package reactor was designed to treat pulp and paper industrial
effluents for the effective removal of adsorbable organic halides, chemical and biological
oxygen demand. The significant amount of toxic materials was reduced through the
coagulation process due to the acidification reaction in the anaerobic digester. However, up
to 88.1% and 81% removal of COD and BOD, respectively indicated that the highly toxic
organic halides were difficult to treat during the anaerobic biological process (Chen et al.,
2003).

1.3.2. Application of flocculation process using polymeric flocculants:

In the recent period, the application of synthetic polyelectrolytes, like, polyacrylamide
during flocculation has ignited the effective removal of suspended materials from the paper
industrial waste effluents. The jar test experiments with different dosages of
polyacrylamide (0.5 to 15 mg L) were achieved 93% and 98% removal of chemical
oxygen demand (COD) and total suspended solids (TDS), respectively, from the paper and
pulp mill wastewater. Though the several merits of the polymeric flocculation are the no
residual metal ions, and good settling characteristics with dense and strong flocks, the
extensive industrial application of polymeric flocculation is still challenging due to the

complex behavior of this process (Wong et al., 2006).
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1.3.3. Consortium bacterial treatment of paper industry effluent:

The conventional processes have been carried out worldwide, it produces an adequate
amount of untreated sludge which itself requires further treatment. Being low shock
loading, low capacity to remove biodegradable toxic substances and the high cost of the
common treatment processes, the biological approach was obtained as an environmentally
friendly technology for the treatment of waste effluents. Researchers studied sequential
batch reactor using Klebsiella sp., Alcaligens sp. and Cronobacter sp. bacterial consortium
for the potential degradation of lingo-cellulosic compounds from the effluents of paper and
pulp industry. It was reported that the consortium bacteria were capable to remove the
lingo-cellulosic components after 16 to 18 h of incubation and up to 91% removal of BOD
was achieved. Whereas, this process was less effective to remove colored components and
chemical oxygen demand. 55% and 72.3% removal capacity of coloring compounds and
COD were reported, respectively during bacterial treatment of paper industry effluents.
Therefore, more advanced eco-friendly alternative techniques should be required to treat
the pulp and paper mill wastewater appropriately and set the strict discharge limits for this

type of industry (Kumar et al., 2014).

1.3.4. Electrocoagulation process:

Currently, the most studies on purification of waste effluents have been made with the
electrochemical process. Previous reports demonstrated that the electrochemical method is
more capable to remove chemical and biological oxygen demand from any industrial
effluents. The pulp and paper industrial effluents cause a severe pollution to the fresh water
after discharging untreated wastewater with a high level of COD, BOD, suspended solids,
adsorbable chlorinated compounds, resins, lignin derivative humic substances, sulphur
compounds, fatty acids compounds etc. Recently, electrochemical process, including
electrocoagulation for the removal of organic components in the pulp and paper industry
wastewater has been performed extensively. Two different electrodes made by aluminum
(Al) and iron (Fe) were studied to degrade lignin and phenolic component and to reduce
COD and BOD from the paper mill wastewater at the various current density and different
electrolysis time. The removal efficiency of lignin and phenolic component was increased
with increasing current density by creating metallic hydroxide flocks within the

wastewater. There was a high probability of coagulation of smallest charged particles due
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to the formation of the electric field by which small colloidal materials were removed.
However, the removal capacities of this method using two different electrodes, like, Fe and
Al in terms of COD (55% and 75%, respectively) and BOD (80% and 70%, respectively)
removal were not significant due to the formation of the complex chemical structure of
lignin during electrochemical treatment. The operating cost consumption is high for the

hybrid continuous electrochemical process (Ugurlu et al., 2008).

1.3.5. Photocatalytic treatment of paper mill wastewater:

In the current years, the advanced oxidation process is developed for the effective treatment
of industrial wastewater. Heterogeneous photocatalytic degradation of organic and toxic
pollutants is a challenging technology from industrial wastewater. The photodegradation
activates and surface properties of titanium dioxide (TiO>) loaded activated carbon fibers
(ACF) were investigated during the treatment of paper mill wastewater. It was observed
that the maximum COD removal of 72% was occurred within 40 min of photocatalytic
reaction and reached its equilibrium condition gradually. The untreated lignin-derived
materials were the main responsible for the low removal of COD from the wastewater
(Yuan et al., 2007).

The activity of nano titanium dioxide particle as a superior photo catalyst was evaluated to
treat the paper industrial waste effluents under solar irradiation. The result showed that the
removal efficiency of COD increased from 46.3 to 70.5% with increasing photo catalyst
dosage from 0.25 to 0.75 g L%, and pH 6.5 to 10. The maximum percentage removal of
COD at high TiO2 loading was happened due to the significant photocatalytic degradation
of organic pollutant present in wastewater. This process reduced the total suspended solid
materials up to 80.4% from the effluent which was not effective. The recovery of TiO>
materials is an essential issue during industrial application of this photocatalytic

degradation process (Ghaly et al., 2011).

1.3.6. Membrane technology for the treatment of wastewater:

More experiments are going on to focus on environmental pleasant processes for the
treatment of wastewater. To minimize the cost-effectiveness, membrane filtration suggests
an attractive alternative process for the purification of waste effluents (Manttari et al.,
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2006). For an illustration, ultrafiltration has been used effectively for the recovery of natural
organic materials and also for the reuse of process waters from various industries
(Galambos et al., 2004).

Ultrafiltration, nanofiltration, hybrid membrane filtration, and advanced membrane module
are now applying apparently to purify and reuse the effluents from the pulp and paper
industries. Few studies have been performed with advanced type membrane devices for
wastewater treatment purposes. Membrane filtration delivers an effective alternative to
purify paper industry effluent for reuse. The treatment of wastewater using membrane
separation has a reputable influence on environmental science due to the huge advantages
of membrane technology. The low operating cost of membrane filtration gives numerous
opportunities to apply this technology to a wide range. However, an enormous decline of
permeate flux is the critical restriction to remove organic substances using membrane
ultrafiltration. Recent studies have shown that organic substances are recognized as major
foulant during water treatment (Lowe and Hossain, 2008). The advanced separation of
natural pollutants from wastewater are facing a vital problem due to the building up of gel
or cake layer formation of rejected particles on the membrane surfaces during filtration
(Mousa, 2007). To restrict the formation of concentration polarization at the time of cross-
flow filtration, researchers had stated the enrichment of very high feed velocity. It has been
delivered that the increase in feed flow-rate leads to boost the turbulence at membrane area,
which tends to minimize the concentration polarization layer thickness (Deon et al., 2010;
Deon et al., 2013). Researchers have pointed out about the shear-induced or dynamically
enhanced membrane filtration processes to enhance permeate flux. As because, vibratory
shear enhanced (VSEP) and rotating disk membrane (RDM) modules can be the
alternatives to decrease the cake layer formation on the membrane active areas during
separation (Jaffrin, 2012). Development of advanced membrane module to decrease the
concentration polarization is a big encounter now a day. For the reduction of fouling,

comprehensive studies have already been started over last two decades (Sarkar et al., 2012).

Few results are reported about the treatment of waste effluents from effluents using shear-
induced separation. High shear rate and transmembrane pressure drop were performed to
achieve high rejection of solutes to treat dairy wastewater using nanofiltration rotating disk
membrane. According to the total power input, a high specific energy ingestion was found
under extreme hydraulic conditions during the nanofiltration of dairy industry effluent
using rotating disk module (Luo et al., 2010). Except rotating disk module, nearly 18.15
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kW power consumption was stated during shear-induced reverse osmosis treatment of dairy
process water (Frappart et al., 2008). Though the vibratory shear enhanced module is
capable to produce a high amount of permeation, the increase of high energy ingesting due
to module vibration is the important limitations for this module. To reduce concentration
polarization and cleaning cost, shear enhanced spinning basket membrane module has
already been designed and developed to recover polyethylene glycol (PEG) with fixed
retentate flow of 10 m3 s, Inbuilt back rotation system of this novel module can save the
operating cost. They have stated that higher permeate flux was found at a power
consumption of 0.94 kW which was very marginal compared to the all existing membrane

modules they have enlisted (Sarkar et al., 2012).

1.4. Application of advanced separation technology towards tea factory generated

wastewater:

Tea production is an important component in the global food and beverage industry. In
terms of global production, India is the second largest producer of tea processing in the
world following China (Pasrija and Anandharamakrishnan, 2015). The geographic
conditions favor the growth of tea in the north-eastern part of India. However, processing
of fresh tea leaves from the garden to readymade market requires various industrial
processes (Gadhkari et al., 2015). Wastes generated by tea industries are of both solid and
liquid in nature. The liquid waste is produced in a tea factory during cleaning of equipment
and factory sites. The amount of effluent generated during cleaning of equipment needs an
immediate attention and proper waste management procedure. The tea factory effluent
contains high levels of organic matter, high chemical oxygen demand (COD) and
suspended materials as well as dissolved solids. The reddish color of the effluent indicates
the presence of polyphenolic and other organic components, which need to be treated to
reuse the water prior its discharge in the environment (Uzun et al., 2010; Goswami et al.,
2014). Due to industrial reluctance to maintain the profit margins, sometimes such effluents
are directly disposed into the river. In the recent decades, many of the research attempts
were directed towards the effective abatement and minimization of water pollution
(Bhuiyan et al., 2016). A number of methodologies have been incorporated to treat
industrial wastewater, including chemical, biological processes (Andrews et al., 2014; Ali

and Sreekrishnan, 2001; Meyer and Edwards, 2014). A few results are reported to remove
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the organic and inorganic compounds from tea industry wastewater. To prevent quick
fouling in membrane-based processes, a pre-treatment stage is often necessary to be
integrated during the treatment of wastewater.

Previous studies have reported about the feasibility of cement kiln dust containing calcium
oxide (CaO) and silicon dioxide (SiO.) as a low-cost coagulant in the treatment of
wastewater from tea industry. However, at the optimum dose of 2.5 g L™ coagulant, it failed
to reduce COD concentration in the treated effluent (only by 9.09%) because of the low
removal efficiency of proteins, theaflavins, and thearubigins. It was suggested that the
treatment of tea factory wastewater can be performed using membrane filtration
specifically reverse osmosis for the potable water (Yadav and Kalaiyarasi, 2015).

For the treatment of instant tea powder factory effluent, a combination of the coagulation-
membrane system was adopted. To reduce the reversible or irreversible fouling on the
active membrane surfaces the coagulation-flocculation was performed as a new
pretreatment technique. However, employing polyaluminum ferric chloride (PAFC) as the
coagulating agent, at optimum conditions of pH at 5, the temperature at 20°C and coagulant
dose of 800 mg L™, coagulation as pre-treatment removed only 44.1, 32.6, 72.5, and 57%
of turbidity, COD, TSS and TOC, respectively. It was suggested that when polyaluminum
ferric chloride and the organic components react with each other, a part of the complex
materials undergoes a charge reversal mechanism that causes the adverse repulsion between
PAFC and organic components resulting weaker removal efficiency during treatment of tea
factory wastewater (Chen et al., 2015).

The approach of combined advanced oxidation process with other technique, like,
adsorption has expanded substantial attention in the treatment of wastewater. The
application of a combined adsorption and advanced oxidation to purify tea factory effluent
is possibly more operative than the conventional processes such as activated sludge
methods, single adsorption process. Natural zeolite with a range of 50 to 200 mg L was
used as an adsorbent. The dose of oxidant reagent such as hydrogen peroxide (H20.) was
0.1 to 0.4 mL. This process was successful in reducing color intensity by 88% when the
adsorbent dose was 200 mg L™. In case of H2O2, only 68% color removal was observed
with 0.4 mL oxidant dose due to the generation of intermediate products during oxidation
(Otieno et al., 2014). This is where the membrane filtration steps in being a promising
technology which is eco-friendly, modular designed and flexible process with reduced

consumption of energy and materials (Manttari et al., 2006).
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Being the most popular pre-treatment method for membrane separation processes, alum
coagulation has proved to be a simple and efficient method for reducing membrane fouling
and hence aids in improving flux. The efficiency of coagulation process is found to be
dependent on factors, like, type of coagulant and its dosage, pH, mixing speed, mixing time
(Konieczny et al., 2009). This research is directed towards integration of coagulation
process followed by membrane-based processes, where it is absolutely necessary to
optimize the parameters of coagulation to improve process efficiency. This study is focused
on the development of a new green process that permits continuous treatment of tea
industry wastewater by generating clean and reusable effluent in a small, compact, energy-
saving, and environment-friendly system. Researchers are really scanty using such
coagulation-spinning basket membrane ultrafiltration integrated technology exploiting
alum for coagulation (pre-treatment) and a spinning basket module for membrane filtration

(final treatment).

1.5. Utilization of tea factory solid wastes towards environmental management:

Waste management is a global concern that mainly brings emerging countries into the
limelight. It requires suitable strategies, essential resources and healthy infrastructures for
an organized and sustainable waste management system (Uzun et al., 2010). Though it is
reported that tea industry does not pose any huge threat to the environment, a significant
portion of solid waste is being treated and reused in some scientific ways (Malkoc and
Nuhoglu, 2007). Tea solid waste is mainly the part of unwanted woody shoots. During
harvesting, these unwanted parts are mixed with tea leaves. The lignin-based woody slices
are not treated by the tea industry during the production and made into tea industry solid
waste (Malkoc and Nuhoglu, 2006). Furthermore, solid wastes are again generated from
the packaging, sorting area and the weighing section in the factories. The highest amount
of solid waste is also generated from the withering stage due to spillage (Amarasinghe
andWilliams, 2007). The solid tea waste is about 2.5% of the total production. Generally,
these wastes are mainly returned to the field to deposit into the store area (Malkoc and
Nuhoglu, 2005). In the matter of solid waste management, the products which can be
produced from tea solid waste using extraction methods are mainly polyphenols, caffeine,
pigments, foaming reagents (Yuan et al., 2008) or tea seed bio-oil (Uzun et al., 2010; Lin
et al., 2015). Among those products, polyphenols mainly represent the most plentiful
constituents in tea leaves as well as tea processing solid wastes (Todisco et al., 2002). Tea
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polyphenols have antioxidant activities. The phenolic compound has a deep impact on
pharmaceutical purposes, like, anti-carcinogenic, anti-ulcer, anti-mutagenic activities etc.
(Nawaz et al., 2006; Halake and Lee, 2017). The natural phenolic compounds have also
good effects in the field of corrosion inhibition (Prabakaran et al., 2016). These compounds
can be used as a natural dye reagent also. It can be used to replace some of the phenol in
phenol-formaldehyde resins to manufacture polymers as well. A numerous number of
experiments have been performed towards the removal of heavy metals, like, Cu, Cd, Pb,
Cr, Ni from various wastewater using low-cost tea solid waste as it contains a huge amount
of cellulose, lignin, hemicellulose components with a large number of surface area (Malkoc
and Nuhoglu, 2006; Amarasinghe and Williams, 2007; Malkoc and Nuhoglu, 2005; Yuan
et al., 2008; Cay et al., 2004; Weng et al., 2014). According to literature, the efficiency of
the adsorption of metals significantly depended on phenolic compounds which are present
in the tea solid wastes (Malkoc and Nuhoglu, 2007; Malkoc and Nuhoglu, 2006). The usage
of tea factory solid waste to extract the total polyphenols towards solid waste management
is a novel and innovative approach. The present work uses the existing science to explore
the different solvent leaching and diffusion of total polyphenols from the tea industry solid
waste materials. The eco-friendly management of solid waste materials after fruitful
leaching of polyphenols, like, value-added products has been performed successfully in the
current study. No such result has been reported on the recovery of valuable phenolic
compounds from tea industry solid waste previously. Most of the cases solid waste was
used for metal removal purposes. In the literature, it is mentioned that before going to
adsorption, de-colorization of solid waste is the important process of metals removal (Cay
et al., 2004; Weng et al., 2014). No such results have been found about the recovery of
polyphenols from the tea factory generated solid waste during the de-colorization process.

1.6. Knowledge gap and objectives of the project work:

The specific utilization of the spinning basket module membrane (SBMM) for the Humic
acids ultrafiltration, treatment of paper and tea industry effluents is novel, compact, energy-
saving, and environment-friendly. For the identification of the pattern of fluid flow in the
membrane basket at various flow rates and basket rotational speeds to purify the synthetic
wastewater at a fixed molecular weight cutoff (MWCO) membrane (50 kDa), spinning

basket membrane module was used previously (Sarkar et al., 2012). Concerning the
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cleaning process, the membrane turbulence was not enough to eliminate small particles
from the active membrane pore walls (Sarkar et al., 2012). Thus, the only back rotation was
not efficient to recover hydraulic flux after cleaning. Therefore, the application of
ultrasonication for the fouled membrane cleaning purposes has been presented in this study
as a way to handle the cleaning process. The mechanism of preliminary permeate flux
decline due to the membrane irreversible pore blocking has found no evidence in the
literature previously. The process parameters, such as transmembrane pressure drop
(TMP), rotational speeds, and retentate flow rate are optimized using response surface
methodology (RSM) during the treatment of industrial effluents to achieve the maximum
level of removal of organic or inorganic compounds. An overview of rotational diffusion
model is reported in the present study to evaluate the module performance. In addition, the
current study proves that the shear-enhanced spinning basket membrane ultrafiltration can
be used with low power consumption than other processes for continuous operation process
during the industrial effluents treatment with be fruitful results. However, the use of tea
factory solid waste for the recovery of the total polyphenols using solid-liquid extraction
or leaching towards solid waste management is also an innovative approach. Research
endeavors are really scanty using such leaching- membrane ultrafiltration integrated
technology to explore the effects of various solvents during the leaching of total
polyphenols and a spinning basket module to concentrate the phenolic compounds towards
the eco-friendly management of solid waste materials. The present work uses the existing
science to explore the different solvent leaching and diffusion of total polyphenols from
the tea industry solid waste materials. No such result has been reported on the recovery of
valuable phenolic compounds from tea industry solid waste previously. Most of the cases
solid waste was used for metal removal purposes. In the literature, it is mentioned that
before going to adsorption, de-colorization of solid waste is the important process of metals
removal (Cay et al., 2004; Weng et al., 2014). Nobody has reported about the recovery of
polyphenols from the tea factory generated solid waste during the de-colorization process.
Thus, a significant recovery of polyphenols using batch leaching followed by spinning

basket membrane ultrafiltration has been demonstrated in the present study.
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The specific objectives are designed to carry out this project work.

Performance characterization study of spinning basket membrane module during

Humic acids ultrafiltration

e To study permeate quality with variation of TMP drops and rotational speeds.

e To analyze the fouling characteristics using modified Hermia’s pore blocking
mechanism.

e To identify the effects of ultrasonication on irreversible fouling.

e To study energetic consideration

Treatment of paper industry and tea factory generated effluents using shear induced

membrane ultrafiltration

e To evaluate the performance of spinning basket membrane for the treatment of paper
industry wastewater.

e To study permeate quality with variation of TMP drops, rotational speeds and MWCO
of membranes.

e To analyze the fouling characteristics using modified Hermia’s pore blocking
mechanism

e To optimize the process parameters using Response Surface Methodology (RSM).

Recovery of polyphenols from tea factory solid waste materials using a hybrid process

of leaching-membrane filtration

e To extract the total polyphenols from tea factory solid waste by varying different
parameters, like, various solvents (ethanol, methanol, acetone, ethyl acetate), Solid
content, temperature, time

e To optimize the parametric conditions using RSM

e To study kinetics of leaching using different kinetics models

e To study spinning basket membrane filtration for polyphenols concentration
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CHAPTER 2

MATERIALS, METHODOLOGY, AND THEORETICAL STUDY

In this chapter, detailed experimentation, procedures, use of different chemicals and
reagents, operating conditions, and theoretical studies for the membrane ultrafiltration and
the leaching of polyphenols throughout the project work has been discussed. It includes the
estimation of physicochemical properties such as, chemical oxygen demand (COD), pH of
the effluents, total dissolved (TDS) and suspended (TSS) materials, clarity, conductivity,
metal ion concentration, functional group and elemental analyses, etc. of the industrial
effluents, like, paper and tea factory wastewater along with total polyphenols estimation
from the solid waste materials. The detailed experimentation for the optimization study of
the process parameters using response surface methodology (RSM) has also been
deliberated in this chapter.

2.1. Materials and experimentation:
2.1.1. Chemicals, membrane, and collection of raw effluents:

All the chemicals, like, commercial Humic acids (HASs), sulphuric acid (H2SO4), silver
sulphate (Ag2SOs), potassium dichromate (K2Cr20y7), hydrate ferrous ammonium sulphate
(Fe(NH4)2(S0a)2), mercuric sulphate (HgSOs), sodium nitrite (NaNOz), Folin-Ciocalteu
reagent, aluminum chloride (AICl3), Gallic acid, acetone, ethyl acetate, quercetin,
epigallocatechin, procured from M/s. Loba Chemie Pvt. Ltd. (India), M/s. Merck Ltd.
(India), M/s. Sisco Research Laboratories Pvt. Ltd. (India), M/s. Sigma Aldrich (India)
were analytical grade. Whatman and syringe filter papers (0.45 um) were purchased from
M/s. Merck Ltd. (India). The chemicals were used without any further treatment. H.SOg,
Ag2S0s4, KoCr207, Fe(NH4)2(SO4)2, HgSO4 were used to prepare reagents during the
analysis of chemical oxygen demand of the samples. Folin-Ciocalteu reagent, aluminum
chloride (AICIz), Gallic acid were used during the analysis of total polyphenols. The
coagulant reagent such as, alum (Al2(SO4)3.18H20) was obtained from the local grocery
shop in Guwahati, Assam, India. 0.1N HCI and 0.1N NaOH buffer solutions were prepared
to adjust the desired pH. Milli-Q water (Millipore Filtration Unit, Elix-3, USA) was used
for the preparation of fresh reagents during the sample analysis process. All the glass and

plastic wares made of polypropylene were mostly purchased from M/s. Borosil Glass
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Works Ltd. (India) and M/s. Tarsons Products Pvt. Ltd. (India), respectively. The details of

chemicals and reagents are enlisted in the Table 2.1.

Table 2.1. List of chemicals and reagents used for the project works

Reagents/chemicals Grade  Purity CAS/ Catalogue Manufacture
(%) no.
Humic acids AR 68514-28-3 M/s. Loba
Gallic acid (C7HgOs) AR 99.5 5995-86-8 Chemie Pvt.
Ltd. (India)
Sulphuric acid (H2S04) AR 98 7664-93-9
Silver sulphate (Ag2S04) AR 99 10294-26-5
Potassium dichromate (KoCr.07) AR 99 7778-50-9
Ferrous ammonium sulphate AR 98.5 7783-85-9
(FAS)
[Fe(NH4)2(SO4)2]
Mercuric sulphate (HgSOa4) AR 99 1.93620.0251
Sodium chloride (NaCl) AR 99.5 7647-14-5
Potassium chloride (KCI) AR 99.5 7447-40-7 M/s. Merck Ltd.
Potassium bromide (KBr) AR 99.5 03-02-7758 (India)
Zinc sulphate (ZnSO4) AR 99.5 7446-20-0
Nickel sulphate (NiSOa4) AR 99.5 1.93650.0521
Copper sulphate (CuSO4, 5H20) AR 99 7758-98-7
Acetone (C3HsO) AR 99 67-64-1
Ethyl acetate (CsHgO>) AR 99.7 1.09623.1000
HCI AR 37 1.93001.2521
NaOH AR 99 1310-73-2
Sodium nitrite (NaNO>) AR 98 1.93654.0521
Aluminum chloride (AICI5) AR 98 7446-70-0
Magnesium chloride (MgCly) AR 99.5 10034-99-8 M/s. Titan
Biotech Ltd.
(India)
Epigallocatechin (C22H1s011) AR 99 M/s. Sigma
Aldrich (India)
Folin & Ciocalteu’s Phenol AR 20N 39520 (062015) M/s. Sisco
Reagent Research
Methanol (CHsOH) HPLC 998 67-56-1 Laboratories
Acetonitrile (C2HsN) HPLC 99.9 75-05-8 Pvt. Ltd. (India)
Ethanol (C2HsOH) AR 99.5 UN1170 M/s. Tedia High
Purity Solvents
(USA)
38
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Membrane:

Commercial polyethersulfone membranes with different molecular weight cutoff such as,
50, 30, 10, and 5 kDa (a flat sheet and asymmetric) obtained from M/s. Permionics
Membranes Pvt. Ltd., Vadodara (Pin code: 390016), Gujarat, India were used in this study.
The typical operating pH range of this membrane is 2-14.

Paper industry wastewater:

Paper mill waste effluent was collected from the effluent treatment plant of M/s. Nagaon
Paper Mill, Jagi Road, Assam, India (Latitude: 26.2078° N and Longitude: 92.406° E).
Clean and sterilized containers were used to collect samples and stored in the refrigerator
at 4°C.

Tea factory wastewater and the solid wastes:

Tea factory wastewater and solid waste materials were collected from M/s. Sindhu Tea Pvt.
Ltd. situated in Golaghat district of Assam, India (Latitude: 26.2078° N and Longitude:
92.406° E). This industry has a good annual capacity to produce good quality of Assam tea.
After collection, solid waste was washed with DI water and dried at 40°C for 12 h in a hot

air oven. The effluent was stored in clean and sterilized containers at 4°C in the refrigerator.

2.1.2. Experimental setup:

2.1.2.1. Unstirred batch cell membrane module (U.S.B.C.M.M.):

An unstirred batch cell module was used for the feasibility study of the purification of
Humic acids contained water. The schematic diagram is shown in Fig. 2.1. This filtration
model was made of stainless steel with the feed capacity of 0.35 L. A cylindrical vessel
(77.5%x10° m, inner diameter) was attached to flanges. To uphold the mechanical support
on the flat sheet membrane, a circular web like a grid made of aluminum metal was utilized
as a base. A circular polyethersulfone membrane with 33.4 x10* m? active surface area
was placed over the metallic support. Two identical rubber gaskets were used to avoid
leakage during ultrafiltration. Air compressor was utilized to generate transmembrane

pressure drop (TMP drop) during separation through the filtration cell. On the other side,
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permeate was collected from the bottom of the batch cell into the borosilicate measuring

cylinder.

Pressure gauge

Compressed air

Feed inlet

Retentate or
concentrated

Membrane

Membrane
support

o

Compressor
Permeate

Fig. 2.1. Schematic diagram of unstirred membrane batch ultrafiltration module

2.1.2.2. Spinning basket membrane module (S.B.M.M.) description:

A model of a spinning basket membrane module (S.B.M.M.), fabricated by M/s. Gurpreet
Engineering Works, Kanpur (Pin code: 208001), (India) is described in Fig. 2.2. Four radial
arms made by stainless steel have been fitted with a single hollow shaft centrally. A three-
phase induction motor was used to control the rotation of the membrane basket during
filtration. The route of the rotational speed of the membrane basket is anti-clockwise. The
induction motor has been connected with a V-belt with the central channel. As a result,
during filtration, permeate can easily pass through the thin channel. A small distance
between the steel plates and the cylindrical case gives significant and higher effective
transmembrane pressure (TMP) during membrane filtration. The basket height and
diameter were 0.115 and 0.25 m, respectively. Each steel plate was (0.08 x0.09) m in size
with 38.87x10* m? effective membrane area. The total membrane active area was
155.48x10* m?. Rubber gasket (0.068x0.065 m?) was placed on the membrane to protect
the leakage during ultrafiltration. Polyethersulfone (PES) membrane material was attached
to these steel plates during ultrafiltration. A cooling jacket was used to maintain the feed
temperature at the temperature of 28+ 2°C by circulating cold water. The snapshot of this
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membrane module is shown in Fig. 2.3. Due to the vortex-like flow among the arms, the
lesser amount of solutes can accumulate on the membrane surface causing less degree of
concentration polarization (Sarkar et al., 2012). For the cleaning purposes, the main
operational characteristic depends on basket rotational speed (w). During the cleaning
process, the basket rotates clockwise, means in the direction of the impermeable sides of
steel plates. Due to the local vacuum on the membrane surfaces after releasing the applied
TMP drop to the atmospheric pressure using the back pressure regulator (Sarkar et al.,

2012), the accumulated solutes become swept away from membrane surfaces.

Pressure gauge

Retentate recycle

Membrane back rotation

Membrane basket

Membrane

)

Feed tank Bypass valve

Inlet point

Permeate H
Feed pump

Fig. 2.2. Experimental representation of a lab scale spinning basket membrane module
(SBMM)

Fig. 2.3. Pictorial view of spinning basket membrane module (SBMM)
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2.1.3. Experimental procedures:

2.1.3.1. Experimentation and operating condition for Humic acids ultrafiltration:

In the present study, ultrafiltration experiments were conducted using the unstirred batch
cell filtration module with 33.4x10* m? membrane area. The batch set up was pressurized
with deionized water for 2hr at 414 kPa applied transmembrane pressure (TMP) drop to
overcome the compaction effect of the new membrane. The water flux was measured as a
function of time until a steady value was obtained. Whereas, TMP drop (kPa), membrane
basket rotation (rpm, rad s*) and feed concentration (mg L) were varied as major
parameters for the shear-enhanced ultrafiltration of Humic acids. To explore the effects of
these principal parameters, like, applied TMP drops, rotational speed, the experiments were
performed at different operating pressures (207, 276, 345 and 414 kPa) and various
rotational speeds at 10.47, 20.93, 31.41, 52.36 and 73.30 rad s*. Table A1 in the appendix
describes the conversion value of rpm to rad s™. During filtration, the pressure was adjusted
with the support of feed and retentate-line control valves. Whereas, the retentate flow rate
was fixed arbitrarily at 5.0 x10° m®s? using a back pressure regulator valve. The feed

concentrations were varied from 50 to 250 mg L* for both the cases.

2.1.3.2. Pretreatment and ultrafiltration of paper industry wastewater:

The collected paper industry effluent is kept for two days to settle the macro particles
gravimetrically. To decrease the total suspended solids (TSS) materials, the wastewater is
subjected to vacuum filtration set up with 0.45 xm Whatman filter paper for better treatment
during membrane ultrafiltration. The major objective is to illustrate the permeate flux
decline behavior at four different MWCO membranes, such as 5, 10, 30 and 50 kDa at
different operating conditions, like, transmembrane pressure (TMP) drops (207 to 414 kPa)
and membrane basket rotations (10.47 to 73.30 rad s*) during the treatment of industrial
effluent. After that, operating pressure was adjusted with the help of feed and retentate line
control valves. Feed tank temperature was maintained at 28+ 2° C with the help of cold
water. After the ultrafiltration experiment, the rejected and concentrated sample was
collected from the membrane surfaces and was analyzed for functional groups and material
compositions. Prior to analysis, the concentrated residual sample was dried at 85+ 5°C in a
hot air oven (Make: M/s. Navyug Udyog, India; Model: NU-101) for overnight (12 h).
After drying the sample was ground in a mortar and pestle and transferred in an airtight
container for the consequent analyses.
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2.1.3.3. Coagulation process (pre-treatment) and ultrafiltration technique (final
treatment) for tea factory wastewater:

The coagulation experiments were conducted varying four different parameters, namely,
alum dosage (mg L), pH, stirring speed (rad s*) and stirring time (min). Response surface
methodology (RSM) was performed to generate experimental design (Table 2.2) using
minimum and maximum values of the different parameters. Design expert software
(version 8.0.7.1, Stat-Ease, Inc., Minneapolis, USA) was used to optimize the coagulation
parameters during the pretreatment process. The essential descriptions of all equations have
been deliberated in our previous study. In the present study, the effects of alum salt (A, mg
L) on the removal of total dissolved solids, suspended materials, and turbidity were
explored varying the salt content from 50 to 300 mg L. The minimum and maximum
ranges of the other parameters were like, pH (B), stirring speed (C, rad s?), and stirring
speed (D, min) were, 4 and 10; 10.47 and 62.83 rad s*; and 30 and 180 min, respectively.
The preferred stirring speed for the coagulation was controlled using magnetic stirrer (M/s.
Tarsons India; model: Spinot). The desired responses were Percentage removal of total
dissolved solids (%, TDS), percentage removal of total suspended solids (%, TSS) and the
turbidity (NTU) of the samples. After designated alum dosage was added to the tea
effluents, all the experiments were proceeded in the presence of different stirring speed and
according to various stirring time which were tabulated in Table 2.2. Subsequently, the
effluent and alum mixture was allowed to settle down at 1h to analyze the removal of
suspended materials, dissolved solids, and turbidity. All the experiments were performed
at room temperature (28+2°C). On the other side, final treatment was performed using the
spinning basket membrane ultrafiltration by varying different MWCOs (5, 10, 30, and 50
kDa), applied TMP drops (207 to 414 kPa) and the different rotational speeds starting from
10.47 (100 rpm) to 73.30 (700 rpm) rad s

Choice of alum coagulation as a pretreatment method

Previously, for the treatment of various industrial effluents, aluminum-based coagulants
reagents, mainly, alum [Al>(SOa)3. nH20] showed significant results towards the separation
of the suspended and dissolved materials present in the wastewater. Aluminum chloride,
polyaluminum chloride are also considered to eliminate various contaminants from
effluents. Although, the dissolved air flotation process resulted suitable removal of
microorganisms and organic components present in the wastewater or sea water, the high

energy cost is the major demerit for this intensive process (Loganathan et al., 2018). The
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effects of polyaluminum chloride (PACI) to remove the organic components and to control
the membrane fouling from the suspended materials were already investigated. In the
presence of secondary coagulant reagent, like, chitosan, polyaluminum chloride (PACI)
produced significant removal of pharmaceuticals and personal care products (PPCPs) from
wastewater (Park et al., 2018). However, the formation of toxic compounds, such as,
trihalomethanes (THMS) in the presence of chloride ions is the critical concern during use
of polyaluminum chloride (PACI) as coagulant reagents (Lyon et al., 2014). Whereas, the
effects of tannin-based coagulant agent, namely, Tanfloc were explored during the
pretreatment of municipal wastewater. This natural organic coagulant reagent can enhance
the performance of effluent clarification mainly in biological treatment units. However, to
develop the ability to coagulate and flocculate the colloids, the chemical modification of
the tannin-based reagent is required using various chemical mixtures, like, formaldehyde,
quaternary Nitrogen (NH4CI), and hydrochloric acid (HCI). Thus, this modification process
enhances the chemical cost of the entire process. Beside the cost effectiveness, this method
takes time to produce the modified Tanfloc coagulant reagent (Hameed et al., 2018). As a
result, alum salt, a classical metal coagulant reagent is selected in the present study for the
pretreatment of organic compound loaded tea industry wastewater.

The organic materials present in the tea factory effluents was mainly polyphenolic
compounds. The monomeric and polymeric hydrolyzed aluminum ions are formed after
dissolving the alum salts in water. With increasing coagulant concentration, hydrolysis
process occurs to form aluminum hydroxide [AI(OH)s (s)].

Alum has a robust affinity to generate insoluble complexes with the polar molecules,
especially water (H20) and also hydroxyl, and carboxyl groups. The colored components,
containing hydroxyl groups, are significantly destabilized and steadily develop into flocks
in the presence of alum dosage which produces coordination complexes with the help of

coordination reaction follows.

2.1.3.4. Leaching methodology to recover polyphenols using different solvents:

Different organic solvents to water ratio (1:4, 2:3, 3:2, 4:1, and 5:0 vol: vol) such as
methanol, ethanol, acetone and ethyl acetate on the leaching of total polyphenols were
prepared during leaching. The final volume of the solvent-water mixture was maintained

at 50 mL. To investigate the impact of the leaching temperature on the recovery of
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polyphenols, a fixed amount of dried solid waste was added in 50 mL of DI water and the
leaching temperature was varied from 30 to 90°C. The temperature range was selected
based on the common processing of total polyphenols using tea leaves and other tea
beverage production. The desired temperature (30-90°C) during the leaching was controlled
using magnetic stirrer hot plate (Make: M/s. Tarsons Products Pvt. Ltd., India; Model:
Spinot Digital). To identify the effect of solid waste content in different solvents, a series
of dried solid waste was fixed, like, 0.5, 1.0, 1.5, 2.0, 2.5 g in 50 mL and then extracted
according to different parametric conditions. Leaching time was maintained from 10 to 90
min for all the cases. The stirring speed was fixed at 500 rpm (52.36 rad s™). Whereas, for
the different organic solvents leaching, (methanol, ethanol, acetone and ethyl acetate), the
temperature was maintained at 28+ 2°C. All experiments were performed in triplicate (Das
et al., 2015). After leaching, the solution was filtered with 0.45 um Whatman filter paper.

2.1.3.4.1. Operating conditions for spinning basket membrane ultrafiltration for the
concentration of phenolic compounds after leaching:

The spinning basket membrane module (SBMM) was performed to concentrate the total
polyphenols and simultaneously to recover the water, a green solvent, after leaching of
phenolic compounds from tea factory solid waste materials. The setup design of SBMM
and experimentation were similar as reported in the setup design section. The commercial
polyethersulfone flat sheet, asymmetric polymeric membrane of different MWCOs (30 and
50 kDa) were tested at various applied TMP drops (207, 276, 345, and 414 kPa). To
investigate the effects of membrane basket rotation, the experiments were performed by the
varying rotational speed at 10.47 (100 rpm) and 52.36 (500 rpm) rad s. The experiments
were performed according to the standard membrane ultrafiltration process. The
cumulative permeate volumes for all samples were collected for the duration of 60 min
approximately. The permeate flux was calculated according to the Darcy’s law. Retentate

samples were collected after the different time break for further analysis.

2.2. Cleaning study for fouled membrane using module back rotation and

ultrasonication process:

To avoid the severe effects of chemical cleaning on membrane surfaces, the spinning basket
module was cleaned with two different techniques: (i) using module back rotation and (ii)
ultrasonication. After all the experiments, the basket was set to rotate in the reverse
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direction at the impermeable side of the steel plate. Maximum operating time for the
module back rotation was 45 min. As the membrane basket rotation is an important
parameter to increase solvent flux, during back rotation speed was varied from 100 to 500
rpm. A low TMP drop at 140 kPa (Sarkar et al., 2012) was maintained during the cleaning
performance. The applied pressure was minimized using the back pressure regulator to

create a local vacuum on the membrane surfaces (Sarkar et al., 2012).

2.2.1. Fouled membrane cleaning process using ultrasound:

Application of ultrasound has been introduced in the field of membrane filtration as well
as in cleaning study (Li et al., 2002). The effects of ultrasonication on the cleaning of a
whey fouled membrane in a dairy industry has already been investigated and also optimized
during the cross-flow ultrafiltration (Muthukumaran et al., 2004; Muthukumaran et al.,
2005). To obtain the significant effects of ultrasound on the membrane cleaning, the
assembled membrane module was placed in an ultrasonic bath. Research has suggested that
ultrasound-assisted fouled membrane cleaning is a promising technique to clean the
membrane pores at the industry level to reduce the chemical cost of the chemical cleaning
process. Thus, the significant effect of ultrasonication of a fouled membrane with respect
to time was investigated after spinning basket membrane ultrafiltration of Humic acids
solution. For these experiments, temperature, ultrasound (US) power and, frequency were
fixed at 25°C, 120 W, 50 kHz, respectively. If the power supply in the ultrasonic bath is
increased from 120 W to higher range, there is a possibility of breakage of the membrane
during cleaning. In the present study, the power of the ultrasound bath was fixed to 120 W
to control the damaging of the membrane surface. Distilled water as liquid media was used
for sonication. After module back rotation, membranes were removed from the spinning
basket module and kept in a beaker, filled with distilled water. Then the beaker was placed
in the ultrasound bath for better cleaning purposes. The temperature of the ultrasonic bath
was kept constant at 25°C by recirculating the cold water in the ultrasonic bath during the

cleaning process.

2.3. Samples analysis using different analytical techniques:
In the present study, different parameters, such as total suspended solids (TSS) compounds,
pH, total dissolved solids (TDS) materials, ionic conductivity, the percentage of clarity (T

%), chemical oxygen demand (COD), and biological oxygen demand (BOD) were analyzed
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in our laboratory. The standard procedures were followed to study the physicochemical
properties (Das et al., 2006). UV-vis spectroscopy with an optical path length of 1 cm
(Make: M/s. Thermo Fisher Scientific, India; Model: UV 2300) at 254 nm (Amax) Was used
to measure the initial and final concentration of Humic acids (Goslan et al., 2009). A series
of standard solutions (0 to 40 mg L) of pure Humic acids was prepared for the calibration.
A linear relationship was found with a correlation coefficient of 0.99 (R?). The ionic
conductivity (S m™) and the total dissolved solid (TDS, mg L) for all the samples were
analyzed using a conductivity meter (Make: M/s. Thermo Fisher Scientific, Singapore;
Model: Eutech Instrument-CON 700).

The clarity of all samples was examined as % T= 100x10"%, where, Abs is the optical
absorbance at 660 nm using UV-vis Spectroscopy (Make: M/s. Thermo Fisher Scientific,
India; Model: UV 2300) (Das et al., 2015).

The pH values of the samples were measured by a pH meter (Make: M/s. Thermo Fisher
Scientific, Singapore; Model: Eutech Instrument-pH 700). The ionic conductivity (S m™)
and TDS (mg L) were measured by an auto-ranging conductivity meter (Make: M/s.
Thermo Fisher Scientific, Singapore; Model: Eutech Instrument-CON 700). The viscosity
of the sample was calculated using a rheometer (Make: M/s. Thermo Electron, Germany;
Model: Rheostress RS 1).

Chemical oxygen demand (COD, mg of dissolved O, L) was obtained using standard
dichromate and ferrous ammonium sulphate titration method using closed reflux digester
(Make: M/s. Hach Company, India; Model: DRB 200). The dichromate solution (K2Cr.07)
was used as a digestion solution. A sample of 2.5 mL was added to 3 mL of the acid reagent
(Ag2SO4 in H2SO4) followed by the dichromate solution (K2Cr2.07). All the samples
including the blank solution were placed in the COD digester vessel at 150°C for 120 min.
After cool down to room temperature, solutions were titrated with the standard solution of
ferrous ammonium sulphate (FAS) [Fe(NH4)2(S0Oa4).] as an indicator. The dissolved oxygen
of the samples was measured using a digital DO meter (Make: M/s. HANNA Instruments,
USA; Model: HI 2400).

The particle size of the effluent was examined using Delsa™ Nano particle size analyzer
(Make: M/s. Beckman Coulter, Switzerland; Model: Delsa Nano C).

The elemental analysis of the concentrated materials of the paper industrial effluents was
performed using Energy-dispersion X-ray spectroscopy equipped with field emission

scanning electron microscopy (Make: M/s. Zeiss, Germany; Model: Sigma).
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The mass loss behavior of the concentrated compounds of the paper industrial effluents
were studied using thermal gravimetric analyses (Make: M/s. Netzsch, Germany; Model:
TG 209 F1 Libra) under nitrogen (N2) gas at a heating rate of 5°C. The amount of 8 mg
sample was analyzed in the temperature range of 28 to 650°C.

The presence of various functional groups of different components found in the paper
industry effluent was confirmed by the Fourier-transform infrared spectroscopy (Make:
M/s. Shimadzu, Japan; Model: IRAffinity-1) using the KBr pellet method. The dried KBr
salt to sample (99:1 w/w) was ground and transferred to the pellet casting die to make a
thin pellet using 5 to 7 tons of pressure. The pure KBr pellet was used to make the
background clear by scanning from 450 to 5000 cm™ with the resolution of 4 cm™. For the
liquid samples, a small drop of the permeate sample of the ultrafiltration was added to the
thin KBr pellet using a syringe. The metal concentrations (mg L), such as sodium (Na),
zinc (Zn), nickel (Ni), potassium (K), iron (Fe), magnesium (Mg), manganese (Mn), and
copper (Cu) were studied by Flame Atomic Absorption Spectrometer (Make: M/s. Varian,
Netherland; Model: Spectra AA 220 FS). The specific metal hollow cathode lamps were
used to determine the metal ion concentration during analysis.

To analyze the extracted compounds from the tea factory solid wastes using different
analytical techniques, all the extracts were filtered with 0.45 um membrane syringe filters
at first. The total polyphenols (mg L™* GAE) was determined by spectrophotometer using
gallic acid as standard, according to the Folin-Ciocalteu method (Pearson’s correlation
coefficient: R? =0.987) (Rover and Brown, 2013; Karadirek et al., 2016; Li et al., 2012).
The absorbance of the reaction mixture was read at 765 nm. In order to adjust the error, all
the experiments were performed in the triplicate mode.

To determine the concentration of epigallocatechin in the extract and after ultrafiltration, C
18 HPLC column (length: 150 mm; diameter: 3.5 mm) equipped with a UV-visible detector
(Make: M/s. Shimadzu, Singapore; Model: Prominence HPLC System) was used. This
process was performed with the mobile phases consisting of 1% orthophosphoric acid
(H3POs) in DI water (Gottumukkala et al., 2014) and acetonitrile with a flow rate of 1 mL
mint and wavelength of 280 nm. The UV-vis spectroscopic method was adapted to
measure the total flavonoids components according to the quercetin standard curve (Sharma
et al., 2016). 0.15 mL of 5% sodium nitrite (NaNO>) aqueous solution was added to the
extractive materials (2.5 mL) and vortexed. 0.15 mL of 10% aluminum chloride (AICI5)
and 1 mL of 1M sodium hydroxide (NaOH) were added after 5 min of the vortex. After
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mixing all the standards along with the extracted samples were measured against a blank
prepared by 80% methanol at 510 nm (Zhishen et al., 1999).

2.4. Theoretical deliberation:
2.4.1. Theory of membrane ultrafiltration and cleaning study:
The performance of the spinning basket module for the treatment of Humic acids, industrial

effluents was analyzed in terms of the permeate flux decline, the total membrane resistance
(R...., ) and the net power consumption (Psep).

Darcy’s law (Eq. 2.1) has been applied to determine membrane hydraulic (Lp, m Pa?®s?)

and the Humic acids permeate flux (Das et al., 2006, Singh and Das, 2014, Facundo et al.,

2013).
s Lo AP = " = =i (21)
'A‘mdt /’lpHAthSBM
Am, dV, AP, 4., 2800, R, are the membrane active surface area (m?), permeate

volume (m®), the applied TMP drop (kPa), the viscosity value (kg m? s™) of collected

permeate and, the net membrane resistance (m™), respectively.

During the treatment of industrial waste effluent, a substantial osmotic pressure can be

exerted due to high feed concentration. The permeate flux can be defined as follows (Singh

etal.,, 2013):

‘]effluent = LP (AP - Aﬂ-) (2.2)
According to Van’t Hoff equation 4 can be expressed as:

Az=RT(C,,-C,) (2.3)
‘]efﬂuent = I‘p [AP —RT (Cms ™ Cps )] (24)

whereas, Crs is the solute concentration on the membrane surface. As the membrane
ultrafiltration process is a pressure assisted operation, the concentration of suspended
particles in the vicinity of the membrane (Cms) cannot be determined analytically. The
solutes will be diffused back to the bulk solution after the releasing of applied pressure
during membrane filtration. As a result, Cms can be considered as a theoretical parameter
which could be further substituted in terms of feed or bulk concentration (Cos). According
to film theory or concentration polarization model, the solute concentration on the
membrane surface (Cms) can be evaluated theoretically. Eq. 2.5 can be used to calculate the
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value of solute concentration on the membrane surface (Cms) during any membrane
ultrafiltration process (De, Novel Separation Processes (Web) Module 3, 2012). Cys is the
solute concentration in the produced water (collected permeate). R is the ideal gas constant
(8.314 J molt K1), T is defined absolute temperature (K) (Singh et al., 2013).

Now according to concentration polarization model

Cms -C ps _ eXp( J effluent
C.-C, k

) (2.5)

Due to the high rejection using the spinning basket membrane module, the solute
concentration in the permeate section could be considered absolutely negligible with
respect to the solute concentration in the feed stream. As a result, Cps can be considered as
negligible as Cns or Cos (Singh et al., 2013).

C ‘] effluent ‘] effluent
ms — EX — 1+ 2.6
. |O(—k )=( ” ) (2.6)

0s

where k is the mass transfer coefficient (k = %). D is the solute diffusivity and Jis the

film thickness (Singh et al., 2013).
Now, using Eq. (2.4) and (2.6) we can get,

J
J et = L2 {AP -C,, (1+ %) RT} 2.7)
We know,
‘]effluent = LPAP F A—P (28)

/uefﬂuent RmSBMM

R is the fresh membrane resistance (m™).

MSBMM

Putting the value of Lp in Eq. (2.7) we have,

1

C,RT ‘]e eun
‘]efﬂuent:—[AP]_ = [1+ T( t] (2.9)

Heffiuent Msapm Heffiyent Msgvm

Now after arranging Eq. (2.9) we can get

Jeﬁ.uem[1+ CoRT J: L [ap]-—C=RT (2.10)

Hetivent RmSBMM

Hettivent Msevm Hetfivent Msgvm

Finally, we have the following Eq. (2.11) to calculate the flux value.
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(AP—C_RT)

effluent — Cos RT
(lueffluent RmSBMM + k )

] (2.11)

Now, to identify the value of k, the suitable Sherwood number relation is used here.

Spinning basket membrane modules act as a stirring cell. The applicable Sherwood number

relation has been selected from the literature (De, Novel Separation Processes (Web)

Module 3, 2012; Banerjee and De, 2012).

The description of Reynolds and Schmidt number:

where, Re = Zefuen @’ etunt T (2.12)
Hetiluent

Sc is Schmidt number

S¢ = Letent (2.13)

Petvent 2
where r is the radius (m) of the stirred cell, e is the stirrer speed (rad s) and D is the
diffusivity (m?s™?).

_kr

h =5 = 0.285(Re)"* (5¢)** (2.14)

The Brownian diffusion model:

'l (2.15)
6rzua

b

where K is the Boltzmann constant (1.38x10%, J K1), T is temperature (301 K), and a is
the particle radius.
Now, using Eq. (2.14) and Eg. (2.15) we have,

k

_ 0628510 Puuen @ 055 Hoton X 2107 1o (2.16)
axr Hetituent Peffiuent = 2.204

Now, we can easily evaluate the calculated flux with the help of Eg. (2.11) and Eq. (2.16).

The rotational diffusion model:

p - KT 2.17)

" 8xva®

Rotational diffusion constant (Dy) has a unit of s. So for the unit balance,

D xr? = KT’ (2.18)
' 8rval

where (Drxr?) is the reformed rotational diffusion constant (m?s™?).

To calculate mass transfer coefficient Eq. (2.14) and Eqg. (2.18) can be used
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_ 0.325x10°" (pemuemwrz s ot ax10® .,
axr ;ueffluent peﬁluent X114

k

(2.19)

Now, we can easily evaluate the calculated flux with the help of Eq. (2.11) and Eq. (2.19).
The shear-induced diffusion model:

The practical shear-induced diffusion model is presented in Eq. (2.20) (Singh et al., 2013).

2
D, :3.63% (2.20)

e
where u, and de are feed velocity (ms™) and equivalent diameter (m), respectively.
Now as said earlier, the spinning basket module is an example of a stirring cell. The
equivalent diameter has been substituted with the rotating cell diameter (de=d=r/2) and u

has been replaced by angular velocity (o r).
D, = 7.26{@r)xa’ (2.21)
r

So, for the mass transfer coefficient (k)

k _ Ds X0285 (loeffluenta)r2 )0,55( lueffluent )0.33 (222)

r :uefﬂuent pefﬂuent R Ds

Now, the theoretical permeate flux can be evaluated with the help of Eq. (2.11) and Eg.
(2.22).

The total resistance calculation:
The following equation describes the total membrane resistance (Das et al., 2006; Singh
and Das, 2014):

RtSBM - RCSBM + RfSBM )’ RmSBM (223)
where, the cake layer resistance, the fouling membrane resistance and, the fresh membrane

resistance (m™) are R, R and, R, respectively. The following equation is for the

R
calculation of the fresh membrane resistance.

AP
gy = (2.24)
Hady

where, U indicates the pure water viscosity (Pa s). Finally, g, (m™) can be evaluated

using the following equation:

=~ _R (2.25)

fSBM
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where Js is the pure water flux (L m h1) after the ultrafiltration.
Now the resistance for the generated cake layer on the membranes can be evaluated (Singh
and Das, 2014).

RCSBM - [R[SBM N (RfSBM + RmSBM )] (226)
Observed rejection (RobsHAs) during the ultrafiltration of Humic acids can be defined as

follows (Singh et al., 2013):

PHas

R, =1-—Pu
ObSHAS C (227)

OHAS
In this equation, COHAS and Cpm (mg L?) indicate the initial and the final Humic acids

concentration in the bulk solution and permeate, respectively.

The calculation of volume reduction factor (VRF):
The VRF value was calculated using Eqg. (2.28):
VO _ VO

VRF = =
Ve,. ) V=V,

2.28
© (2.28)

PHAS

where V, (mL) is the initial feed volume (mL). VRHA; (mL) is the retentate final volume at

particular time (t) period. VPHAS (mL) is the collected permeate with respect to process time
for both the modules (SBM and batch cell). VRF values differ from 1 to - . At the starting

of the operationVRHM (t)=V,, meansVRF =1. When the entire feed sample passes through

the membrane Vg (t)=0,VRF = (Singh et al., 2013; Singh and Das, 2014).

The calculation of cleaning efficiency:
After cleaning experiments using deionized water and ultrasound, water flux was evaluated

again. Cleaning efficiency (Eciean, %) has been calculated according to Eq (2.29):

Rf - Rcl
Eclean (%) = ———2-x100 (2.29)
Rf T Ny
SBMM 'SBMM
RdSBMM is the clean membrane resistance (m™). The water flux (Jwc) was evaluated at the

finish of each cleaning process (Facundo et al., 2013).
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The power consumption calculation:

Total power consumption during the separation process (Psep) has been obtained as the
summation of the power supplied by the induction motor (Pm) and the piston pump (Pp)
(Sarkar et al., 2012).

Peep = P+ Py (2.30)
During cleaning process, the net power consumed (Pcean) Was the summation of the power
consumed during back rotation (Py) and the power supplied in an ultrasonic bath (Up).
Pciean = P + Up (2.31)
Now the power supplied to the entire process (filtration and cleaning)

Ptot = Psep + Pclean (2-32)
Power supplied by the piston pump (Frappart et al., 2008) was expressed using Eqg. (2.33).
P, — % (2.33)

The feed flow rate is indicated by Qred (M3s?), # is the pump effectiveness (%). One
assumption has been incorporated that the pump head has been taken as equal to operating
TMP drop (4P). For a three-phase induction motor, the net power intake is directly related
to the membrane basket rotation or angular velocity (). In the present study, induction

motor power consumption (Pm) has been calculated as:
P =rxw (2.34)

7 is proportionality constant. e is applied rotational speed (rad s?). 7 is defined as torque

(Watt s) generated by a rotating shaft.

2.4.2. Characterization of irreversible fouling using modified Hermia’s pore blocking

model:

Membrane fouling happens due to the settle down of retained solute particles on the active
membrane surfaces, pore mouths, and pore walls causing transient flux decline. In the
current study, to define the fouling mechanisms, Hermia’s pore blocking model has been
studied. This model contains four various reversible and irreversible fouling models to
analyze the mode of membrane fouling characteristics, such as (Vela et al., 2008; Das et
al., 2015) the complete pore blocking model (CPBM), the standard pore blocking model
(SPBM), the intermediate pore blocking model (IPBM), and the cake filtration model
(CFM) (Field et al., 1995).
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Definitions of various pore blocking mechanisms:
Complete pore blocking model (CPBM):

When the membrane pores are completely blocked by the comparatively large size of

particles, this type of pore clogging is called as the complete pore blocking (CPBM).
Standard pore blocking model (SPBM):

When the solute adsorption onto the membrane pore wall occurs due to the presence of
small particles in size, the standard pore blocking model (SPBM) gives the perfect model

prediction for fouling study.
Intermediate pore blocking model (IPBM):

When the size of the membrane pore is almost similar to the size of the solutes, all the
membrane active pores are blocked just to the arrival side of the feed, the intermediate pore
blocking (IPBM) happens.

Cake filtration model (CFM):

The cake filtration model (CFM) predicts the perfect model fitting when the retained solute

creates a gel or cake type layer on the active membrane surface (Vela et al., 2008).

Fig. 2.4 demonstrate the graphical presentation of various membrane fouling mechanisms.

Eqg. (2.35) delivers the Hermia’s pore blocking model for the dead-end filtration mode.

d’t dt '
v~ lav %)
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e E&(b_)/o/ =
L\\ﬁ T

Fig. 2.4. Graphical illustration of membrane fouling mechanisms: (a) CPBM, (b) SPBM,
(c) IPBM, and (d) CFM

The modified Hermia’s pore-blocking model is presented as follows:

dJ _
- d?AS F k(‘] HAs — ‘Jsp)‘]HAs(2 K (2.36)
To analyze the various fouling modules, the parameter n has the different significant value
such as (i) complete pore blocking: n=2 (ii) standard pore blocking: n=3/2, (iii)
intermediate pore blocking: n=1, and (iv) cake filtration model: n=0 (Field and Wu, 2011).
The linearized forms of above said models are tabulated in the Table 2.2 (Briao and

Tavares, 2012).
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Table 2.2. Linearized forms and significances of different blocking mechanisms

Pore Linearized form (Briao and Tavares, 2012) Physical significance Model
blocking Constants (k)
mechanism (Briao and
Tavares,
2012)
CPBM I =3 4(J.—3 )l Fouling occur at the Kk —Jk /¢
s =Jop +(Jo = Jp) membrane pore entrance f ( f) A
s
SPBM 1 1 Retentate particles k )
J7z = 7z +Kt deposition over the pore K= 2-2 AJy”
HAs 0 walls
(m-l/Z 8-1/2)
IPBM 3o (3. =] Pore clogging with particle | —k
k,t :iln M deposition on membrane 2
Jo (1 Johas —Jg) surface (m~)

CFM i _ Membrane surface 2Rk
k t= 1 In[ Jo(Js ‘]SP) H_J p[i_ij deposition of the retentate Kk —_ Com D
W

Jrins (Jhms = J5p) particles and gel layer
creation (m?s?)

HAs ‘]0

2.4.3. Kinetics of total polyphenols leaching from the tea factory solid waste:

The mechanism of hot water leaching of total polyphenols from tea factory solid waste was
confirmed to occur in two major stages, like, leaching and dissolution of polyphenols near
the solid particle surfaces followed by the diffusion of polyphenols from the solid waste to
the aqueous solution. The kinetics of the leaching of total polyphenols were studied using
different rate models and compared. The pseudo first order, second order, and the Elovich
kinetics model were applied to determine the theoretical prediction of total polyphenols
leaching using aqueous solution. The rate of leaching is directly relative to the difference
between the concentration of the water-soluble polyphenols at an equilibrium stage and the

concentration at any time condition.

AC
Where, ¢ (mg L GAE), ce (mg L GAE), ki (min) are, the concentration of total
polyphenols at any time(t), at equilibrium or saturation state and the first order leaching

rate constant, respectively (Oumarou et al., 2007).
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Pseudo first order model:

The influence of different solid content (g) on the total polyphenols leaching has been

analyzed theoretically using leaching first order kinetic model.
c=c,(1-e™) (2.38)

The linearized form has been described here.

kt

In(c, —c) =In(c,) - —2 2.39

(¢, ~¢)=In(c) -7 (2.39)
Pseudo second order model:
The second order rate kinetics can be expressed as follows:
Ac 2
—=k,(c,-cC 2.40
= k(G =) (2:40)

k,C,’t
c=—"—
1+k,c,t (2.41)

Eq. (2.41) is the integrated form of the second order leaching rate model where boundary
conditions are c=0 at t=0 and c=c. at t=t. Eq. (2.42) can be rearranged to obtain the
linearized form. Eq. (2.42) has been analyzed to identify the second order rate constant for

this model in the present study (Oumarou et al., 2007).

= +— (2.42)

Where, k2 (L mg™ min) is the second order leaching rate constant.

Elovich kinetics model:

The Elovich kinetic equation to identify the leaching rate is expressed as follows:
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AC _ et (2.43)
At

Where, a (L mg?) and ¢ (mg Lt min) are the initial and final leaching rate constant,

respectively. Eq. (2.43) can be integrated with the help of boundary conditions, ¢=0 at t=0

and c=c at t=t. Eq. (2.44) results the integrated linearized form of Elovich kinetic model

(Kitanovic et al., 2008; Oumarou et al., 2007).

c=iln(a§)+ilnt (2.44)
(04 (04

Determination of the rate of diffusion and the leaching efficiency:

The diffusion rate of the total polyphenols at the different solid content in 50 mL has been
evaluated using various models such as the unsteady diffusion, the film theory, and the

Ponomaryov empirical equation.
The unsteady diffusion model:

The mass transfer of polyphenols from the tea factory solid waste materials into the solution
occurs via diffusion. This conventional process has been described theoretically using the
unsteady diffusion model. To identify the unsteady diffusion rate and the diffusion
coefficient this model has been applied according to experimental data. Mostly, the
unsteady diffusion model was used during the leaching of bioactive components from plant
species (Velickovic et al., 2006). Here, this model was used to fit experimental data for the
identification of the diffusion rate of the instantaneous leaching of polyphenols without any
chemical reaction by means of leaching coefficient.
c

== (1-a,)e™ (2.49)

e

Where, ks (mint) and ao (L) were the unsteady diffusion rate constant and the model
parameter, respectively (Velickovic et al., 2006).

The linearized form of Eq. (2.45) is as following:
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|n[£j —In(1-a,)-kgt (2.46)

The film theory model:

It is known that the diffusion of polyphenols occurs due to the variation of concentration

into the water. This concentration profile is presented by Eq. (2.47).

Cﬁzl—(l—al)e"““ (2.47)

where, ks (mint) and a; were the film theory rate constant, and the model parameter,
respectively (Velickovic et al., 2006).

Eq. (2.48) describes the linearized form of this model.

|n[1—03] “In(1-a) -kt (2.48)

e

Ponomaryov empirical equation:

The leaching of any organic materials from plant cells can be categorized into two different
stages, namely, the dissolution of soluble particles and the diffusion process. The later stage
is slower than the first stage. The mechanism of slower diffusion can be analyzed using a
mathematical model, like, the Ponomaryov theoretical model. The slower diffusion rate
constant is determined from this theoretically based model which is described in Eq. (2.49)

C
1-—=a, +ki (2.49)

e

Where, ks (min™) and a2 were the Ponomaryov empirical equation diffusion rate and model

constant, respectively (Velickovic et al., 2006).
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Analysis of leaching coefficient using different empirical models:

The leaching efficiency has been determined evaluating the values of leaching coefficient
according to the experimental data using different empirical models namely, parabolic,

power law, hyperbolic, Weibull’s models.

Parabolic diffusion model:

Parabolic diffusion is fitted to the leaching data during the total polyphenols leaching from
the tea factory solid waste. The efficiency of the instantaneously leaching of polyphenols
is analyzed using this model by means of leaching or washing coefficient. Eg. (2.50)
represents the parabolic diffusion model for the recovery of polyphenols from solid waste
(Kitanovic et al., 2008).

c
ol a,t”’ (2.50)

€

Where, as and as (min°) were the parabolic leaching or washing coefficient and the model

constant, respectively.

Power law model:

The power law model can be used to identify the theoretical mechanisms of the diffusion
efficiency of the organic compounds in the aqueous solvent. The distribution of
polyphenols within the solid waste particles is considered homogeneous here. Eq. (2.51)

describes the power law model for the polyphenols leaching (Kitanovic et al., 2008).

C n

— =a.t
C 5 (2.51)

e

Where, as (min™) was the parameters for the power law model and the leaching exponent,
respectively (Kitanovic et al., 2008).
The linearized form of this model is as follows:
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In(cﬁ]:lnas+nlnt (2.52)

€

Hyperbolic diffusion model:

The hyperbolic empirical law is used to identify the leaching coefficient of the total
polyphenols from the tea factory solid waste. Eq. (2.53) presents the hyperbolic diffusion
model for the polyphenols recovery.

¢ aft

c, 1+at

e

(2.53)
Where, as (min) and a7 (min) were the parameters for the hyperbolic diffusion model
(Kitanovic et al., 2008).

EQ. (2.54) reveals the linearized form of the hyperbolic model.

P (2.54)

Weibull’s diffusion model:

Weibull’s empirical diffusion model has been used to determine the slow leaching
coefficient during recovery of total polyphenols from solid waste materials. This model can

de describe that the diffusion of polyphenols occurs only towards the outer surface of solid

particles.
B
C 3
- =1-e (2.55)

Where, as (L) and ag (min®*) were the parameters for the Weibull’s diffusion model
(Kitanovic et al., 2008).
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EQ. (2.56) reveals the linearized form of the Weibull’s model.

C

[

In {—In (1—£H:—Ina9 +35Int (2.56)

2.4.4. Response surface methodology for optimal conditions:

The performance of the spinning basket module (SBM) has been finally optimized using
the optimization tool, namely, response surface methodology (RSM). The face centered
design has been studied to optimize the effective process parameters with a minimum
number of experiments (Kushwaha et al., 2014). RSM uses experimental data which has
been obtained from particular experimental design to determine the optimum conditions.
Mainly, three major steps involve to identify the optimum result such as, (i) To perform the
statistically designed experimentation, (ii) to estimate the coefficient in a mathematical
model and analyzing the responses and (iii) to determine the adequacy of the significant
model (Bose and Das, 2015).

The empirical equations for the response surface methodology:
The relationship between output variables (Y) and input factors (X;) as follows:

Y = £ (X, X, Xg0o X)) 2.57)

The central composite design (CCD) has been applied to optimize the effective parameters
for the ultrafiltration process with a minimum number of experiments (Kushwaha et al.,
2014; Das et al., 2015). The CCD comprises 2" factorial runs with 2n axial runs and one
central run (n¢). For the reproducibility of the data, center points are used and verified. The
following equation helps to design experimental data points.

N= 2"+2n+n. (2.58)
where N is the total number of runs.

An empirical-second degree polynomial equation has been used to correlate the responses
with input factors as follows (Sahu et al., 2009, Kushwaha et al., 2014):

n

VB 3K+ S A S AKX, 259
i=1 i=1 = jpt
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Now, Y is the predicted response during experiments, Xi and X; are independent variables
like, various parameters, o refers the constant coefficient, gi signifies the linear coefficient,
Sii 1s the quadratic coefficient during optimization, and i refers the interaction coefficient.
To optimize all the independent input variables, Eq. (2.60) has been used through a

desirability function (D;) for three responses.
N

D, =[] [df 1'% (2.60)
i=1

Where N is the number of responses during analysis, ri signifies a particular response
among all, di refers the partial desirability function for a specific response (Bose and Das,
2015).

Experimental design for alum coagulation study for pretreatment of tea factory waste

water:

Response surface optimization technique has been adopted for the designing of the
experiments during alum coagulation study for the pretreatment of tea industrial liquid
effluent (Table 2.3). Four different parameters such as, alum dosage (A1, 50-300 mg L),
pH (B, 4-10), stirring speed (C1, 10.47-62.83 rad s) and stirring time (D1, 30-180 min)
were considered as the input variables. The desired responses were Percentage removal of
total dissolved solids (%, TDS), percentage removal of total suspended solids (%, TSS) and
the turbidity (NTU) of the samples.
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Table 2.3. Experimental design for the optimization study of alum coagulation process

Run Alumdosage Initial  Stirringspeed  Stirringtime  TSSremoval TDSremoval Turbidity

No (mg L?) pH (rad s) (min) (%) (%) (NTU)
1 175.00 7.00 36.65 105.00 91.2 75 1.19
2 175.00 7.00 36.65 30.00 75 67 1.8
3 300.00 4.00 62.83 180.00 73.44 65 2.8
4 300.00 4.00 62.83 30.00 74.25 63.5 2.55
5 300.00 7.00 36.65 105.00 79.1 70 2.55
6 50.00 10.00 10.47 180.00 58 40 2.95
7 50.00 4.00 62.83 30.00 61.54 45 2.75
8 50.00 4.00 62.83 180.00 63 35 3.05
9 300.00 4.00 10.47 30.00 70.2 62 2.35
10 300.00 4.00 10.47 180.00 77.05 68 2.2
11 175.00 10.00 36.65 105.00 80 62.5 1.23
12 175.00 7.00 36.65 105.00 87.03 76.24 11
13 50.00 10.00 62.83 180.00 61.22 33 3.2
14 50.00 7.00 36.65 105.00 67.55 48 2.65
15 300.00 10.00 10.47 30.00 67.5 57.5 2.6
16 175.00 7.00 36.65 180.00 82 75 1.02
17 300.00 10.00 10.47 180.00 72 55 2.25
18 50.00 10.00 62.83 30.00 55 42 3.1
19 175.00 7.00 36.65 105.00 88 73.25 0.84
20 175.00 7.00 10.47 105.00 84.5 73.5 1.5
21 300.00 10.00 62.83 30.00 71.35 60.5 2.75
22 175.00 7.00 36.65 105.00 90.05 77.11 1.02
23 175.00 7.00 36.65 105.00 89.14 76.11 0.5
24 50.00 10.00 10.47 30.00 53 40 2.8
25 175.00 4.00 36.65 105.00 85.5 66 1.48
26 300.00 10.00 62.83 180.00 72 59 2.98
27 50.00 4.00 10.47 180.00 65 42 2.9
28 50.00 4.00 10.47 30.00 58 47 24
29 175.00 7.00 62.83 105.00 76 72.1 1.3
30 175.00 7.00 36.65 105.00 87.25 74.21 0.9
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Experimental design to optimize the process parameters during treatment of paper

industrial effluents:

It is necessary to optimize the process parametric conditions during raw effluent treatment
using the spinning basket membrane ultrafiltration.

Design expert software (response surface methodology) 8.0.7.1 was used for the present
study. Initially, three parameters, like, TMP drop (A2: kPa), rotational speed (B>: rpm) and
retentate flow rate (C,: L min) have been considered as input variables based on the
previous experiments on the spinning basket module (SBM), whereas, permeate flux (R1:
L m2ht), % removal of TDS (R2: %), and ionic conductivity of collected permeate (Rs: S
m1) were dependent variables. Three inputs were chosen based on our previous work on
the spinning basket membrane module.

According to design expert software, the maximum (+) and the minimum (-) level of three
parameters, like, TMP drop (kPa), rotational speeds (rad s*, rpm), and retentate flow rate
(L min't) were 207 and 414 kPa; 100 (10.47 rad s**) and 700 (73.30 rad s™*) rpm; 1 and 4 L
min’t, respectively. Whereas, the molecular cutoff (MWCO) of 50 kDa was fixed during
the process optimization study. Table 2.4 delivers the design of the experiment for the
optimization, and the values of the responses. All the experiments were performed
according to the statistical design made by the design expert software itself. To optimize
all the independent input variables, Eq. (2.60) has been studied through a desirability
function (Dj) for three responses using design expert software. A similar observation can
be initiated using MWCO membranes, like, 5, 10, 30 kDa.
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Table 2.4. Experimental design for optimization of process parameters during treatment of

paper industrial effluents

Run Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3
No Az: TMP B.: C.: Retentate  Permeate flux lonic conductivity % removal of
drop (kPa) Rotational flow rate (L (L m2h?) (Sm?) TDS
speed (rpm) min?)
1 414 100 4 52.25 2.1 95
2 310.5 400 2.5 70 0.75 97.5
3 310.5 400 2.5 70 0.75 97.5
4 310.5 400 25 70 0.75 97.5
5 207 700 1 58.68 2.0 95.2
6 207 400 2.5 47.35 1.65 95.9
7 207 100 1 36.9 2.4 94
8 310.5 400 1 64.85 1.05 96.65
9 414 700 1 98.85 1.8 95.5
10 310.5 700 2.5 93.31 0.7 97.5
11 414 400 25 74.24 0.81 97.2
12 310.5 400 2.5 70 0.75 97.5
13 310.5 400 4 84.23 0.77 97.4
14 310.5 100 25 52 1.7 95.8
15 310.5 400 2.5 70 0.75 97.5
16 414 700 4 106.24 0.65 98
17 207 700 4 65.55 1.04 96.8
18 310.5 400 2.5 70 0.75 97.5
19 414 100 1 49.49 2.2 94.7
20 207 100 4 40.5 2.3 945

Experimental strategy and statistical investigation to optimize the process parameters for
the leaching of polyphenols:

To optimize the leaching parameters, response surface methodology was applied in the
present study. According to central composite design (CCD), the faced centered model has
been used to optimize the effective leaching parameters with a minimum number of trials
(Das et al., 2015). Three process parameters, such as the solid content (g), temperature ('C)
and leaching time (min) have been considered as the input variables. The total polyphenols
(mg L GAE equivalent) has been chosen as the output response. Design expert software
7.0.1 was used to perform the central composite design. The maximum (+1) and minimum
range (-1) of three inputs viz., the solid content (As), temperature (Bs) and leaching time

(Cs) were 1 and 3 g, 30 and 90°C, 10 and 90 min, respectively. The experiments were
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performed according to the statistical design made by the software itself. Table 2.5

describes the design of the experiment and the values of the responses.

Table 2.5. Experimental design to optimize the total polyphenols leaching

Run Factor 1 Factor 2 Factor 3 Response 1
No As: Solid weight (g) Bs: Time (min) C3z: Temp ('C) Total polyphenols (mg L*
GAE)
1 1 10 30 254.17
2 3 10 30 586.67
3 1 90 30 435.83
4 3 90 30 795.00
5 1 10 90 310.00
6 3 10 90 560.00
7 1 90 90 585.83
8 3 90 90 1050.00
9 1 50 60 675.00
10 3 50 60 1100.00
11 2 10 60 625.00
12 2 90 60 1166.67
13 2 50 30 772.50
14 2 50 90 1058.33
15 2 50 60 1183.33
16 2 50 60 1225.00
17 2 50 60 1191.67
18 2 50 60 1358.33
19 2 50 60 1216.67
20 2 50 60 1241.67

2.4.5. Artificial neural network design:

An artificial neural network (ANN) is nothing but a theoretical prediction made by a
computational approach. This theoretical model performs, like, the real performance of
human brain neurons.

Some interconnected signaling elements help to continue the evaluation process. The nature
of the flux decline behavior during tea factory wastewater treatment has been analyzed
using ANN with experimental data.

Valuable information is released to the external elements through the process elements by
the help of the own dynamic state responses. ANN are the combination of multiple nodes.

The combined nodes interact with each other to identify the accurate outcomes (Das et al.,
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2015; Baguena et al., 2016). To understand the relationship between theoretical and
experimental data, two layered feed-forward Levenberg-Marquardt algorithm was studied.
To predict the experimental data from the predicted points between independent and
dependent parameters, an artificial neural network was applied during leaching of total
polyphenols from tea factory solid wastes. Solid content (g) in water, time (min), and
temperature ('C) were put in the input layer of neural network system. Total polyphenols
(mg L't GAE) was put in the output layer.

The experimental data was obtained from the Table 2.5. The number of hidden neurons
were 10. The all experimental points were divided into the following stages: training: 19,
validation: 9 and testing: 9 points. Root mean square errors (RMSE) were calculated to
predict the highest regression coefficient (R?) using MATLABR2015b (licensed version,
Indian Institute of Guwahati, India) neural network toolbox (Das et al., 2017).
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CHAPTER 3

SPINNING BASKET MEMBRANE ULTRAFILTRATION OF HUMIC
ACIDS AQUEOUS SOLUTION AND COMPARISON WITH
UNSTIRRED BATCH CELL

In this chapter, an unstirred batch ultrafiltration was carried out for the treatment of Humic
acids synthetic solution to identify the fouling characteristics. In another study, the
performance characteristics of the spinning basket membrane module towards Humic acids
ultrafiltration was studied with different membrane basket rotations to minimize the
concentration polarization during the ultrafiltration process. Due to the very less study
about the treatment of natural organic components using dynamic membrane modules, the
spinning basket membrane module was selected for the ultrafiltration of Humic acids
solution. Regarding the investigation of internal fouling for this module, modified Hermia’s
pore-blocking mechanisms were analyzed successfully. About the cleaning process, the
membrane module back rotation and the application of ultrasonication have been

presented with the fruitful productivities.

The work presented in this chapter is published in the following journals.

Suman Saha, Chandan Das, 2018. A lab-scale spinning basket membrane module for the
assessment of Humic acids ultrafiltration with effect of sonication on membrane fouling,
Chem. Eng. Comm. 205: 1457-1498.

Suman Saha, Chandan Das, 2017. Purification of Humic acids contained simulated

wastewater using membrane ultrafiltration. European Water 58: 33-40.

Suman Saha, Chandan Das, 2015. Analysis of fouling characteristics and flux decline

during Humic acids batch ultrafiltration. J. Chem. Eng. Process Technol. 6: 252-258.

TH-1905_126107005



Chapter 3
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Schematic of lab-scale spinning basket membrane module for the assessment of Humic

acids ultrafiltration with effect of sonication on membrane fouling
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3.1. Spinning basket membrane ultrafiltration of Humic acids:

The performance characteristic of the spinning basket membrane module during Humic
acids ultrafiltration has been studied and discussed at great length. The flux decline
behavior was analyzed and compared with an unstirred batch cell module at different
operating conditions, such as, applied TMP drops, and initial feed concentration. The
process parameters optimization study using response surface methodology has been
represented in the next chapter. Here, the effects of different membrane basket rotations,

cleaning of fouled membrane, and the power consumption were studied and reported.

3.2. Results and discussion:

3.2.1. Transient flux decline for unstirred batch cell membrane module (U.S.B.M.M.):

Fig. 3.1 displays the variation of Humic acids permeate flux with time at different TMP
drops, such as, 207 to 414 kPa in a dead end unstirred filtration set up. The Humic acids
permeate flux declines sharply within the 10 min of ultrafiltration process time. Due to an
increase in driving force, the flux decline rises with rising TMP drops. For example, it can
be observed from Fig. 3.1 that the variation of flux decline is maximum at 414 kPa pressure.
As the TMP drop increases, the deposition of rejected molecules on the membrane surface
is increased resulting a faster growth of the concentration boundary layer near the effective
membrane surface (Das et al., 2006). This behavior leads to decline the Humic acids
permeate flux and gives higher steady flux value.
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Fig. 3.1. Comparison of permeate flux with respect to time at different operating pressures
condition during batch cell operation

Theoretical analysis of permeate flux decline with respect to time and transmembrane

pressure drop (AP, kPa):

The theoretical approach of the flux decline using artificial neural network (ANN) analysis with
respect to time has been shown in the Fig. 3.2 for the different TMP drops (207, 276, 345 kPa).
The comparative study between theoretical and experimental flux decline for the different TMP
drops has been analyzed here. The similar kind of observation, like, TMP drop of 345 kPa has
been noticed for the TMP drop of 414 kPa during analysis. To analyze the best fitting prediction
using an artificial neural network (ANN) model, statistical analysis has been studied with the
experimental data point for various TMP drops. The filtration time (min) was taken in the input
layer for training. Output layer was the permeate flux (L m h't) for the prediction which was
compared with the experimental data. Table 3.1 presents statistical analysis of variance
(ANOVA) for theoretical flux decline behavior during batch ultrafiltration of Humic acids
solution. The statistical data describes the error calculation and a significant difference between
the experimental and theoretical flux decline for Humic acids ultrafiltration. From the Table

3.1, itis clear that the comparative study is significant with 0.99 regression (R?) for all the TMP
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drops. Figs. 3.3 (a)-(c) delivers the prediction of theoretical and experimental flux decline
behavior using artificial neural network (ANN) for various TMP drops condition. It is observed
that all the points are very close to the diagonal line significantly with perfect regression values
for all the cases. The high F-value, and low p-value delivers the good model prediction towards
the theoretical analysis of Humic acids permeate flux decline (Baguena et al., 2016). At the low

TMP drop of 207 kPa, a minimum mean square error of 0.71 is observed than other TMP drops.
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Fig. 3.2. Experimental and ANN predicted transient flux decline behavior with respect to
process time for different TMP drops (AP , kPa)
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Fig. 3.3. The prediction of theoretical and experimental flux values using ANN analysis at
different TMP drops (a) 207, (b) 276, and (c) 345 kPa

Table 3.1. Analysis of variance for theoretical permeate flux at different AP, (kPa)

Source Sum of Degrees of Mean square  F-value p-value  Total Regression
square freedom error error )
AP,(kPa) R
207 36.65 52 0.71 441 0.0001 8.47 0.99
276 506.63 52 9.74 375.38 0.0001 1.38 0.99
345 1091.34 52 20.98 216 0.0001 5.13 0.99

Effect of feed concentration on permeate flux:

Initial feed concentration of pure Humic acids (HASs) solution was varied as 50, 150 and
250 mg L at various transmembrane pressure drops (TMP) conditions (207 and 414 kPa).
It is obviously seen from Figs. 3.4 (a) and (b) that, with rising initial Humic acids (HAS)
concentration, permeate flux decreases. One exciting behavior has been witnessed in Fig.
3.4 (a) that, with rising feed concentration from 50 to 150 mg L%, the permeate flux decline
is almost equal for the first 50 min. At a low transmembrane pressure (TMP) drop (207
kPa), rejected molecules deposition, near the membrane active surface is very slow initially.
Due to the dead end ultrafiltration process, the concentration of rejected particles just
nearby the membrane active surface increases gradually, which produces lower permeate
flux at the concentration of 150 mg L™ than the concentration of 50 mg L after 50 min of
ultrafiltration. When the Humic acids feed concentration is maximum of 250 mg L* (high

concentration during the present study), the permeate flux is very lower than other
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conditions. The higher feed concentration creates film or gel or cake layer very fast due to
the higher retention of Humic acids components. The gel layer becomes thicker one with
the process time which gives lower Humic acids (HAs) permeate flux than other conditions,
like, 50 and 150 mg L™ feed concentrations. While, the permeate flux decreases quickly
for all conditions in the first 25 min for a high TMP drop of 414 kPa. The formation of gel
layer is responsible for the rapid decrease in permeate flux. Humic acids (HAs) molecules
deposit very fast on the membrane active surface and block the active pores in a short time.
As a result, permeate flux decreases with rising initial feed concentration, and reaches its
saturated value faster than the lower TPM drop at 207 kPa.

40 i
(a) Transmembrane 0 (b) Transmembrane
35 pressure Drop(kPa): 207 55 ] pressure Drop(kPa): 414
_ Conc. (mg LY

30 Conc. (mg LY 20 —a Flux at 50

| —a—Flux at 50 45 —o— Flux at 150
- —o— Flux at 150 \ —— Flux at 250

—A— Flux at 250

Humic acids permeate flux (L m> h™)
Humic acids permeate flux (L m? h™)

15 : :

T L L ' i T L U i ! i
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250

Time (min) Time (min)

Fig. 3.4. Variation of Humic acids permeate flux at different feed concentration with
respect to time at (a) 207 and (b) 414 kPa TMP drops

3.2.2. Humic acids permeate flux variation with respect to time for shear-enhanced
membrane ultrafiltration:

The variation of Humic acids permeate flux at the different initial HAs solution of 50, 150
and 250 mgL* with 300 rpm (31.41 rad s™) basket rotation is shown in Fig. 3.5. Here, the
transient flux displays an initial gradual decay during the process time at a low TMP (207
kPa) drop. Similarly, at a changing of Humic acids concentration, from lower to higher,
permeate flux has also been decreased for the same TMP drop of 207 kPa because of the
deposition of rejected Humic substances on the effective membrane surfaces. The increase
of the effective thickness of the polarized film of the rejected particles on the effective
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membrane surface with the increasing TMP drop has been restricted with the help of
membrane basket rotation.

In literature, it is clearly observed that above 33% permeate flux has been declined within
50 min after using a vibratory shear-induced membrane ultrafiltration with a high
membrane active surface area of 0.05 m? to remove natural organic matters from surface
water at a high TMP drop of 1000 kPa and high energetic consideration (Petala and
Zouboulis, 2006). Whereas, due to the membrane basket rotation, the decline of permeate
flux has been restricted within 16% after 100 min. Not only that, a very low permeate flux
value with the large membrane effective area of 1.9x102 m? has been reported during high
shear skim milk rotating disk ultrafiltration earlier.

Authors have reported near about 30 L m2ht or 8.33x10° m s permeate flux was found
with a high smooth disk rotation of 300 rpm at 600 kPa TMP drop (Ding et al., 2003).
Whereas, for the same rotational speed during this present study, permeate flux value was
much higher (67.79 L m2 h) than the other modules, like, rotating disk module. Due to
the vortex-like circulation between the membrane steel plate and the cylindrical case, the
accumulated solutes are easily swept away from the effective membrane surfaces during
ultrafiltration (Sarkar et al., 2012). For this reason, the permeate flux decline has been
observed very less than rotating disk filtration. Membrane internal pore blocking during

filtration is the main reason for initial and average permeate flux decline.
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Fig. 3.5. Permeate flux variation with respect to time at various initial feed conditions and
TMP drops with fixed rotational speed of 300 rpm (31.41 rad s%)
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Effects of rotational speed during separation of Humic acids using SBMM:

For the minimization of the cake layer development during membrane separation, the
present filtration work was performed at different rotational speeds (e, rad s*). The effects
of different rotational speeds (10.47, 20.93, 52.36, and 73.30 rad s) on permeate flux have
been shown in Figs. 3.6 (a)-(d). The increase of the rotational speed from 10.47 to 20.93
rad s, has given the gradual increase of Humic acids permeate flux, while this value raised
further increasing of  at 73.3 rad s*. It was found that the permeate flux varied with
rotational speed. With increasing basket rotation, permeate flux is increased for all the cases
as similar as the variation of TMP drop. With the influence of rotation of the membrane
basket, the rate of generation of turbulence is raised during ultrafiltration which helps to
increase the permeate flux significantly (Sarkar et al., 2012). The deposition rate of rejected
molecules on the membrane effective surfaces is very marginal and slow due to the
membrane basket created turbulence and shear force. Thus, a higher permeate flux has been
observed with the increase of rotation of the membrane basket. High rotation also boosts
the permeation of solvent to diminish the mass transfer resistance of polarized film of
rejected Humic acids molecules. With continuous rotation of the membrane basket at high
speed of 700 rpm, some solute particles are broken down and create small particles in size

resulting a severe decline of permeate flux due to internal pore blocking.
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Fig. 3.6. Variation of permeate flux with respect to time at different operating pressures
condition with different rotational speeds at (a)10.47, (b)20.93, (¢)52.36, and (d)73.30 rad
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3.2.3. Variation of observed rejection at different TMP drops during U.S.B.C.M
ultrafiltration of Humic acids solution:

The variation of the permeate quality in terms of rejection of Humic acids (HAs) molecules
with various TMP drops at different initial feed concentrations is displayed in Fig. 3.7. It
is evidently observed that with the rising of TMP drops, the quality of permeate in terms of
molecules rejection progresses for all the initial feed concentrations. For example, at 50 mg
L (low feed concentration), with the rising in the TMP drop from 207 to 414 kPa, solute
retention also rises from 92.1 to 94.2%. Now, during the concentration of 150 and 250 mg
L1, the rejection results are 91.5 to 95% and 91.3 to 96%, respectively. This can be
delivered in terms of the generation of cake layer or gel layer due to concentration
polarization during ultrafiltration. At a raised TMP drop, rejected molecules form a
polarized film layer which produces extra mass transfer resistance. This resistance behaves
like a secondary membrane in a series with the actual membrane (Das et al., 2006). This
interesting behavior gives significantly high rejection at high TMP drop, like, 345 and 414
kPa. At a fixed pressure drop of 207 kPa with increasing initial Humic acids (HAS)
concentration, rejection reduces. This reverse phenomenon has been happened due to the
lower compaction of a gel or cake layer made of rejected solutes which cannot retain small
solute particles in size at the high concentration of 150 and 250 mg L firstly. As the TMP
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drop increases, the formed gel layer also becomes compacted which helps for more

rejection of Humic acids molecules.
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—e— 150

—— 250

92
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91
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Fig. 3.7. Variation of observed rejection with different TMP drops during Humic acids

dead end ultrafiltration

3.2.4. Variation of observed rejection in the presence of rotational speed during
SBMM ultrafiltration of HAs solution:

In Fig. 3.8, it is found that with the increasing applied pressure drop at a fixed w, HAs
solute particles rejection improves for all the parametric conditions. For example, at 10.47,
20.93, 31.41, 52.36, and 73.30 rad s rotational speed, from lower to higher (207 to 414
kPa) TMP drop, rejection of solutes was increased from 92.50 to 95.03, 93 to 95.56, 93.8
to 96, 93.2 to 95.3 and 92.7 to 94.5%, respectively. The rejection of natural organic
components, like, Humic acids was already found near about 80% to 92% varying MWCO
from 30 to 100 kDa during vibratory shear-induced ultrafiltration at a high pressure of 10
bar or 10% kPa. It revealed that the lower fraction of Humic acids molecules was not rejected
by the membranes (Petala and Zouboulis, 2006). Whereas, in the present study, with 414
kPa TMP drop above 96% rejection has been experimented. For each TMP drop, solute
rejection increases with increasing w at first then decreases. At a fixed TMP drop of 207
kPa after changing o from 10.47 to 31.41 rad s, solute rejection increases from 92.5 to
93.8%, then decreases to 92.7% when the w is 73.3 rad s™. During the continuous rotation
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at high speed, some solutes may collide with each other and create small particles in size.
At high applied TMP drop, small solute particles can easily appear on the permeate side
and give lower rejection suddenly. However, the decrease in solute rejection at the high o
of 52.36 and 73.3 rad s was very marginal. As a result, it can be said that the rotational
speed has a significant impact on Humic acids rejection during the spinning basket

ultrafiltration.
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Fig. 3.8. Variation of observed rejection in presence of rotational speed during SBMM

ultrafiltration of HAs solution

3.2.5. Variation of VRF with time for unstirred batch cell and spinning basket

membrane operation:

The variation of VRF with operating time at different transmembrane pressure (TMP) drops
(207, 276, 345, 414 kPa) for batch cell and spinning basket membrane operation have been
shown in Figs. 3.9 (a) and (b), respectively. Raising of VRF has an important impact on
membrane permeation. It has a significant character over membrane performance (Singh et
al., 2013). With the increased driving force, permeate rate is boosted producing VRF to
raise. During the unstirred batch filtration (Fig. 3.9 (a)), a severe alteration in VRF has been
observed. At 207 kPa, VRF value is approximately 3.5 which is raised up to 4.5 for the
high TMP drop of 414 kPa. An almost similar trend has been found for the TMP drop of
345 and 414 kPa which indicates the comparable effects on membrane performances for
both the TMP drops. Whereas, a gradual raising profile of VRF with filtration time has
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been noticed in the Fig. 3.9 (b). In the presence of basket rotation, deposition of retained
particles on the membrane surfaces has been controlled resulting a long time membrane
performance. Fig. 3.9 (c) describes the behavior of VRF profile with process time at
different membrane basket rotations, like, 10.47, 20.93, 31.41, 52.36, and 73.30 rad s™* at a

fixed TMP drop of 414 kPa.
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Fig. 3.9. Variation of VRF with process time at different TMP drops during (a) batch cell
ultrafiltration, (b) spinning basket membrane ultrafiltration at constant rotational speed, and

(c) at different rotational speeds with fixed TMP drop

3.2.6. Application of Hermia’s pore blocking model for batch cell ultrafiltration:

In the present work, Hermia’s pore blocking model was used to study the fouling
characteristics during Humic acids (HAs) dead end ultrafiltration to explain the mechanism
of pore clogging with different TMP drops. Figs. 3.10 (a)-(d) show the implementation of
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Hermia’s pore blocking model to recognize the fouling mechanisms, occurring during the
Humic acids (HASs) ultrafiltration test. Fig. 3.10 (a) describes the fitting of the experimental
results to the complete pore blocking model (CPBM). At the high TMP drops of 345 and
414 KkPa high differences were obtained between the experimental and predicted flux
decline. When the size of the rejected particles is greater than the membrane active pores,
complete pore blocking happens (Vela et al., 2008). Rejected particles neither arrive into
the membrane active pores nor reach to the permeate side. Fig. 3.10 (b) shows the fitting
of experimental results to the standard pore blocking model (SPBM). When the size of the
solute molecules is lower than of membrane active pores, internal pore blocking happens
due to the particles adsorption onto the membrane active pore walls (Vela et al., 2008).
SPBM reveals that, solute adsorption was occurred moderately at the low TMP drop of 207
kPa. With the raising of TMP drop, the amount of solute particles adsorption in to the pore
walls is increased and caused standard blocking severely.

The theoretical investigation of the experimental permeate flux to intermediate pore
blocking model (IPBM) for all parametric conditions have been shown in the Fig. 3.10 (c).
When the membrane active pore size is almost similar to the solutes, membrane pores are
obstructed just to the arrival of the feed side. This hypothetic phenomenon occurs in an
ultrafiltration process resulting intermediate pore clogging (Vela et al., 2008).

When the solute sizes are too much larger than the membrane active pores, a cake layer of
rejected solute particles is generated on the membrane effective surface with the filtration
time. This type of phenomena is very natural for the unstirred dead end filtration. With the
raising of TMP drops, more molecules are rejected by the membrane pores and create a
dense cake layer, results a faster decline of permeate flux. Fig. 3.10 (d) displays the best
fitting of the cake layer formation during the Humic acids ultrafiltration. The predicted R?
values are very much significant and accurate due to the faster rejected solute deposition
on the membrane active surface for all the experimental conditions during the experiment.
Table 3.2 describes the model constants for all types of pore blocking model. It was
obtained that the IPBM and CFM revealed the best fitting based on the predicted R? values

for all the parametric conditions.
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Fig. 3.10. Hermia’s pore block models for batch cell filtration (CPBM (a), SPBM (b),
IPBM (c), and CFM (d)) for 50 kDa membrane cutoff and 50 mg L™ initial feed conditions

Table 3.2. Summary of the model parameters of all pore blocking models for 50 kDa

membrane

CPBM SPBM IPBM CFM
TMP  kex10°  Jox10° R? kex108  Jox10° R? kix108  Jox106 R2 Kgaex107  Jox106  R?
drop () (ms™) (mi2s2)  (ms?) (m?) (ms™) (m2s) (ms™)
(kPa)
207 4.15 745 083 5.22 6.18 091 2.65 6.27 0.98 3.51 737 0.99
276 5704 868 0091 6.54 803  0.95 3.04 7.72 0.98 3.96 936  0.99
345 6.706  11.03 091 6.51 1002 0.94 255 1029 098 4.21 10.84 0.9
414 8.161 1256  0.89 7.56 1156 0.1 284 1172 098 4.73 20.99 0.9
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3.2.7. Application of modified Hermia’s model for the spinning basket membrane
ultrafiltration:

Figs. 3.11 (a)—(d) reveal the application of modified Hermia’s model during Humic acids
ultrafiltration using the spinning basket membrane module (S.B.M.M.). The model curve
fitting for the ultrafiltration experimental results to the CPBM has been demonstrated in
Fig. 3.11 (a) with the following operating conditions: TMP drop of 207 kPa, the initial feed
concentration of 50 mg L™ and  of 10.47, 20.93, 31.41, 52.36 and 73.30 rad s*.

The complete pore clogging happens due to the presence of large size of particles in the

feed solution. The high slope decline has been found at high . Continuously increased k,

values have been tabulated in Table 3.3.

Whereas, Fig. 3.11 (b) illustrates the proper fitting of experimental data to evaluate the
standard pore blocking due to the solute particle adsorption. When the continuous solute
adsorption onto the membrane pore wall occurs due to the presence of small particles in
size, the standard pore blocking model (SPBM) proves the significant model prediction for
fouling study. With the raising of rotational speeds of membrane basket, small solute
particles blocked the pore walls internally and caused internal clogging. Hence, this model
shows significant agreement with the experimental result with 0.99 R?.

Fig. 3.11 (c) displays the theoretical study of the intermediate pore blocking. The
membrane active surfaces cannot completely retain all the solute particles due to the large
molecular weight of humic substances. As a result, during continuous filtration, these
rejected particles can settle over the other molecules which were already deposited.

The theoretical fitting of the cake layer generation during the SBMM ultrafiltration at
various basket rotational speeds (e, rad s*) with the constant TMP drop of 207 kPa has
been displayed in Fig. 3.11 (d). The predicted R? values are not much accurate than others
at high membrane basket rotation (52.36 and 73.36 rad s*) due to restriction over the faster
solute deposition on the membrane surfaces. A decreasing order of the cake layer constant

for the spinning basket module, k;, has been observed with increasing rotational speed.
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Table 3.3. List of the model parameters of modified Hermia’s pore blocking models

2] CPBM SPBM IPBM CFM
(rad s?)
kex10° Residual sum R? ksx10°  Residual R? kex10%  Residual R? KgHasx10  Residual R?
(sM) of squares (mY%s sum of (m?) sum of 7 (m%) sum of
x10° 12) square square square
x10° x10° %107
10.41 3.61 4.60 0.98 3.35 2.04 099 4.02 6.62 0.99 3.34 4.78 0.98
20.93 4.13 7.80 0.97 3.58 6.33 099 6.46 2.75 0.99 3.32 10.90 0.95
31.41 4.44 19.70 0.95 3.79 6.58 098 7.34 7.76 0.98 2.11 9.11 0.95
52.36 4.54 6.60 0.95 4.61 7.88 098 7.76 1.04 0.99 2.07 3.90 0.93
73.30 4.79 7.60 0.97 4.75 8.87 098 858 2.24 0.99 1.75 7.63 0.92

3.2.8. Variation of total resistance during unstirred batch cell and spinning basket
membrane ultrafiltration:

Resistance variation with ultrafiltration process time is also very significant study to check
the membrane permeation efficiency during separation (Singh and Das, 2014). During the
unstirred batch cell operation, Humic acids (HAs) molecules were adsorbed on the
membrane effective surface resulting in enhanced total membrane resistance. The variation
of total resistance with operating time for dead end ultrafiltration has been shown in Fig.
3.12 (a). As the TMP drop rises, the development of the concentration boundary layer on
the membrane effective surface is increased very fast due to the rapid deposition of retained
molecules. Hence the total resistance also increases continuously with raising TMP drop.
Whereas, the total resistance difference with process time for the spinning basket
membrane module has been discussed in Fig. 3.12 (b). With the increasing TMP drop,

R, Increases gradually with operating time. For each TMP drop, the resistance profile

changes slowly with process time for the influence of basket rotation at 73.30 rad s™*. Due
to the generation of shear force and turbulence, the rejected solute particles cannot deposit
on the membrane surfaces. This phenomenon restricts the development of resistance

rapidly. After one hour operation, a continuous increasing of R.. has been reported with

the increase of TMP drop due to membrane pore fouling. Beyond 120 min, the variation in
resistance profile is negligible and steady values are achieved. At fixed pressure (414 kPa),
the influence of different rotational speeds (10.47, 20.93, 31.41, 52.36 and 73.31 rad s™)
on total resistance has been reported in Fig. 3.12 (c). With the increase of basket rotation
from 10.47 to 73.30 rad s™* a decreasing order of R from 4.33x10*° to 2.41x10"* m™ has

been observed in this figure. Increased rotational speed gives an increased dynamic
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pressure on membrane surfaces. The combined force, like, applied TMP drop and dynamic

pressure can easily restrict the generation of mass transfer resistance of the polarized layer.

Total resistance (Ry x 10'13, m'l)
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Fig. 3.12. Total resistance variation for (a) unstirred batch cell operation, (b) spinning

basket membrane ultrafiltration at constant rotational speed (73.31 rad s™) with various
TMP drops (207 to 414 kPa), and (c) different rotational speeds at fixed TMP drop

3.2.9. The effects of membrane basket back rotation on membrane permeability

recovery followed by ultrasonication:

Fig. 3.13 (a) shows the effects of back rotational speed to improve the steady state flux of

the fouled membrane at a fixed TMP drop. Membrane basket rotation was varied from -

10.47 to -52.36 rad s*. The negative sign (-) indicates the direction of membrane basket

rotation. Due to the local vacuum on the membrane surfaces, after minimizing applied
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pressure, the accumulated solutes became disengaged from the membrane surfaces (Sarkar
et al., 2012). This phenomenon increased hydraulic permeability. Initial hydraulic
permeability and resistance of a compact UF membrane were 6.76x10"** m Pa® s and
1.84x10" m, respectively. After the ultrafiltration of HAs of 50 mg L™* solution, the water
permeability was decreased to 2.8x10! m Pa* s™. On the other side, hydraulic resistance
was increased to 4.08x10'* m?. The cleaning efficiency for the back rotation of the
membrane basket was calculated as 47.8%. Hydraulic steady flux was recovered from 32.5
to 36.0 L m?2 h. Fig. 3.13 (a) reveals that beyond 300 rpm (31.41 rad s™) of rotation, the
steady water flux is constant. If rejected solutes block the membrane pore walls or adsorbed
on membrane surfaces, the created membrane shear, and turbulence are not enough to
eliminate small particles from the membrane pore walls (Sarkar et al., 2012). To remove
the irreversible membrane fouling, ultrasonic bath has been introduced in this project
instead of the chemical cleaning process.

Fig. 3.13 (b) illustrates the results of the effects of ultrasonication over membrane cleaning.
With increasing sonication time, higher hydraulic flux values have been reported. Cleaning
efficiency was calculated based on the membrane resistance. It is observed that with
increasing sonication time from 5 min to 25 min, cleaning efficiency also increased from
72% to 88%. Whereas, at 15 min of sonication, cleaning efficiency was already obtained
over 85%. To obtain the optimum sonication time for maximum cleaning efficiency, this
process was carried out up to 25 min.

However, beyond 15 min, the increase of efficiency was almost insignificant. It can be
considered as the optimum sonication time to clean the fouled membrane for this study.
The recovered permeability was about 5.02x10* m Pa! s®. The compression and
expansion cycles which are formed by the transmitting of the ultrasound wave through a
liquid medium (mainly DI water) release bubbles to collapse.

The collapsed bubble breaks the interface between solutes (foulant) and membrane.
Therefore, the foulant is removed from the membrane pore walls and also from surfaces
(Muthukumaran et al., 2004; Li et al., 2002; Facundo et al., 2013). In the present study, the
breakage of the membrane surface was not found as the membrane hydraulic permeability
value was found to remain almost invariant after the cleaning study.

A similar trend has been reported during the ultrasound clean of the fouled membrane after
the cross-flow ultrafiltration of Humic acids (HASs) solution. It is reported that the
ultrasound-assisted cleaning is an effective process without damaging the membrane

surface during the cross-flow filtration of Humic acids solution (Ng et. al, 2013).
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Whereas, the effects of ultrasonication on the cleaning of a ceramic membrane during the
treatment of emulsification wastewater has also performed previously. It was observed that
the morphology of the fouled membrane was found to be changed in the presence of
ultrasound. Not only that, the ultrasonication was not effective to remove the foulant stuck
inside the membrane pores (Li et al., 2007).

After the first set of the cleaning process, spinning basket module was set to perform for
further treatment of Humic acids solution to analyze the efficiency of the cleaned
membrane in the presence of constant rotational speed, initial feed concentration and TMP
drop of 10.47 rad s, 50 mgL™* and 414 kPa, respectively. The cleaning efficiency after

completion of 2" sets of cleaning-filtration -cleaning process was calculated as 86%.
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Fig. 3.13. (a) Effects of rotational speed on improvement of steady hydraulic flux during
back rotation of spinning basket at fixed TMP drop of 140 kPa and (b) variation of cleaning
efficiency with membrane basket back rotation and different sonication time

3.2.10. Discussion on the total power requirement during SBM ultrafiltration:

The variation of total electric power (kW) at the different applied TMP drops and rotational
speeds has been discussed in Fig. 3.14. It clearly says that the total power increases with
increasing rotational speed (w). Whereas, at constant w, it varies very slowly with applied
TMP drops.
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The maximum power was reported as 0.32 kW after using maximum TMP drop and  of
414 kPa and 73.3 rad s, respectively. The net power consumption after completing one
cycle of the cleaning process was 0.42 kW. Total power consumed during a full cycle
(filtration and cleaning of the membrane) was calculated as 0.74 kW. Whereas, extreme
power consumption of 0.5 kW was reported during the rotating disk ultrafiltration (Ding et
al., 2003). Not only that, near about 18.15 kW maximum power consumption was informed
to investigate ionic concentration and COD reduction in dairy process wastewater using
high-speed shear-enhanced reverse osmosis process (Frappart et al., 2008).
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Fig. 3.14. Variation of total power calculation of spinning basket module at different
rotational speeds and TMP drop

3.3. Permeate quality analysis for dead end filtration and spinning basket membrane
ultrafiltration:

Initial Humic acids concentration in the feed was prepared as 50, 150 and 250 mg Lt. COD
of three concentrations were measured as 165, 450 and 659.2 mg L respectively. The pH
values were 6.4, 5.4 and 5.03 respectively. Table 3.4 delivers the comparison of quality of
the permeate for various transmembrane pressure drops (TMP drops) in terms of final
Humic acids (HAs) concentrations, observed rejection (%), ionic conductivity, pH, TDS,

and the final COD values through the unstirred batch cell.
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It was found in Table 3.4 that maximum total dissolved solids (TDS) was removed at 414
kPa due to the formation of the cake layer with raised applied transmembrane pressure drop
(TMP drop). With the increasing TMP drop from 345 to 414 kPa, the change in ionic
concentration was marginal. The rate of reducing of ionic conductivity and TDS is almost
linear with rising TMP drop. With the raising of TMP drop, the generation of gel layer on
the membrane active surface has been increased. The gel layer delivers an extra mass
transfer resistance which increases the retention rate at high TMP drop. It was observed
that pH of permeates were improved to 7.25 which become almost constant with

transmembrane pressure drops.

On the other side, Table 3.5 reports the comparison of permeate qualities for various
parameters during the spinning basket ultrafiltration. The rotational speed was considered
as an important parameter to improve the permeate quality. As a result, the variation of
different physicochemical properties in the presence of different membrane basket rotation
and TMP drops have been enlisted in the Table 3.5.

It was found that the extreme removal of TDS was noticed at the high TMP (414 kPa) drop
in the presence of the rotational speed. Whereas, due to the generation of small particles
during high rotation, TDS in permeate was increased at the high rotational speed of 73.31
rad s, lonic conductivity was reduced in the presence of rotational speed. With the
increasing of rotational speed from 10.47 to 52.36 rad s, the rejection rate of solute
molecules has been raised thus, the electrical or ionic conductivity is also decreased from
the Humic acids solution. It is very vibrant that with the rising of TMP drop the quality of

the permeate in terms of removal of TDS and ionic conductivity has been improved.

The pH was changed to 7.5 from its initial value of 6.4. Approximately 90% minimization
of Humic acids substances was reported from contaminated water using ferrate (IV)
oxidization at various pH levels of 7.1 to 7.8 (Qu et al., 2003). This comparison delivers
that the spinning basket membrane filtration has better rejection capacity (94.5%) than

other processes.
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Table 3.4. Physiochemical properties of permeates at steady state during batch cell

filtration
Conc.: 50 mg L* Conc.: 150 mg L? Conc.: 250 mg L1
Properties AP (kPa) AP (kPa) AP (kPa)
207 276 345 414 207 276 345 414 207 276 345 414
Permeate conc. 3.93 356 324 2.90 1250 10.10 8.9 7.50 21.2 17.16 14.8 12.45
(mg L)
Observed 92.1 928 935 94.2 91.55 93.33 9425  95.00 91.38 93.18 94.48 95.23
rejection (%)
pH 734 731 7.24 7.21 7.15 7.18 7.20 7.25 7.12 7.25 7.28 7.28
lonic cond. (Sm~ | 1.15 1.07 1.03 1.03 1.25 1.20 1.14 1.07 1.28 1.23 1.20 1.18
1) (x 10%)
TDS(mgLY)(x | 667 622 601 597 | 725 696 661 621 | 7.42 7.13 6.96  6.84
109)
COD (mg L) 24.02 25.00 28.00

Table 3.5. Comparative study of physiochemical characteristics of permeates during

spinning basket ultrafiltration of Humic acids

Exp. Pressure Rotational Permeate  Observed pH loniccond. TDS(mg COD
No (kPa) speed (rad s?) conc. rejection SmY)x LYx100 (mgL
(mg L) (%) 10 i D)
1 10.47 3.70 92.50 7.40 115.2 6.68
2 20.93 3.60 93.00 7.41 118.5 6.87
3 207 3141 3.84 93.80 7.47 127.3 7.38
4 52.36 3.56 9320 745 1324 7.47 24.72
5 73.30 3.97 92.70 7.46 130.5 7.59
6 10.47 2.95 93.50 7.29 114 6.61
7 20.93 3.24 93.90 7.34 120.2 6.97
8 276 31.41 3.28 94.70 7.23 122.6 7.11
9 52.36 3.44 93.80 7.41 126.5 7.33 24.72°
10 73.30 3.89 93.30 7.46 130.6 7.57
11 10.47 2.71 94.06 7.27 122.7 7.11
12 20.93 2.83 94.50 7.25 118 6.84
13 345 31.41 2.87 95.00 7.22 126.6 7.34
14 52.36 3.4 94.41 7.41 128.3 7.44 2472
15 73.30 3.81 94.00 7.45 137 7.94
16 10.47 2.05 95.03 7.22 116.8 6.77
17 20.93 2.47 95.56 7.21 116.8 6.77
18 414 31.41 2.63 96.00 7.21 125 7.25
19 52.36 3.44 95.30 7.41 131.6 7.63 2472
20 73.30 3.85 94.50 7.45 131.9 7.65

*Note: Due to the presence of membrane basket rotation, a significant amount of removal
of Humic acids has been obtained during the ultrafiltration process which reveals the
similar result for the COD (mg L) for all the cases.
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3.4. Summary of the chapter:

In the present work, Humic acids water solution was successfully treated using the spinning

basket membrane and the unstirred batch cell module at various operating conditions.

e The transmembrane pressure (TMP) drop was an important and significant parameter
for the dead end filtration to discover the Humic acids (HAs) permeate flux decline
nature. Transient flux decline behavior was studied and compared successfully with the
theoretical study using artificial neural network (ANN) system.

e Hermia’s pore blocking model was studied to analyze the membrane active pore
blocking mechanisms for dead end ultrafiltration. According to the results, it can be
considered that the best fits to experimental data are found perfect for the CFM and
IPBM for all the parameter conditions which indicates the severe fouling during the
Humic acids batch ultrafiltration process.

e Maximum rejection was found at the high applied transmembrane pressure drop of 414
kPa. Whereas, VRF values are higher due to high fouling on the membrane surface for
batch cell filtration.

e On the other side, permeate flux decreasing according to process time was peripheral
in the presence of rotational speed during spinning basket membrane ultrafiltration.
However, an initial decline of Humic acids flux was noticed because of the membrane
effective surface pore-clogging.

e Modified Hermia’s pore blocking mechanism was applied to analyze the internal pore-
clogging behavior.

e Maximum Humic acids rejection was found at a high TMP (414 kPa) drop and the low
rotational speed of 31.41 rad s™. A reduced membrane resistance has been observed
with increasing rotation.

e Spinning basket membrane back rotation with distilled water was not sufficient
technology to eliminate the rejected solute particles from the active membrane surfaces
as well as membrane pore walls. Maximum cleaning effectiveness of 88% was found
with ultrasound application.

e Based on the rotational speed, observed solute rejection, and permeate quality, the
spinning basket membrane ultrafiltration of Humic acids aqueous solution has been

adopted as the valuable and effective mode of separation.
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CHAPTER 4

SPINNING BASKET MEMBRANE ULTRAFILTRATION OF PAPER
INDUSTRY AND TEA FACTORY WASTE EFFLUENTS:
EXPERIMENTAL AND THEORETICAL ASPECTS

In this chapter, detailed explanations are described for the treatment of paper and tea
industrial effluents using the spinning basket membrane ultrafiltration. To improve the
performances of membranes, pretreatment of wastewater was done for the removal of
suspended particles present in the effluents using vacuum filtration for paper industry
wastewater, and alum coagulation for tea factory effluent. The spinning basket membrane
module was employed using different molecular weight cutoff (MWCQ) membranes,
various membrane basket rotations, and the different transmembrane pressure drops.
Modified Hermia’s pore blocking methods were studied to analyze the internal pore
blocking mechanisms during real industrial effluent treatment. Response surface
methodology was performed to optimize the process parametric conditions and to figure
out the combined effects of different parameters on the permeate flux and dissolved solids
removal. The analysis of rejected materials found from paper industrial waste effluent was
studied using different analytical techniques, such as Fourier Transform Infrared Spectra,

energy dispersive X-ray spectra, thermal gravimetric analysis, etc.

The work presented in this chapter is published in the following journal.

Suman Saha, Chandan Das, 2017. Spinning basket membrane ultrafiltration of paper
industry waste effluent: Experimental and theoretical aspects. J. Environ. Chem. Eng. 5
4583-4593.

Suman Saha, Rijumoni Boro, Chandan Das, “Treatment of tea factory effluent in a
coagulation-ultrafiltration integrated hybrid process”, Clean Soil Air Water (Under
review).
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4.1. Treatment of paper and tea industry wastewater using membrane ultrafiltration:

The main objective of the ultrafiltration process is to describe the permeate flux decline
behavior using four various molecular weight cutoff (MWCQO) membranes, such as, 5, 10,
30 and 50 kDa at various process conditions, like, applied transmembrane pressure (TMP)
drops (207 to 414 kPa), and spinning basket rotations (10.47 to 73.30 rad s™) for the
treatment of real effluents collected from two different industries, such as paper and pulp
industry and tea processing factory. The process parameters, like, applied TMP drops,
rotational speeds, and retentate flow rate were optimized using the design expert software.
The overview of the rotational diffusion model is studied and compared with other diffusion
models to evaluate the module performance. This study, however, evidences that for a
continuous filtration process, the utilization of newly shear-enhanced spinning basket
membrane module for industrial effluent treatment can be performed successfully with the

low power consumption than other existing dynamic filtration processes.

4.2. Results and discussion:

4.2.1. Analysis of paper industry raw and pretreated effluent (after vacuum
filtration):

The pretreatment of paper industry raw effluent was performed by vacuum filtration 0.45
wm filter paper. the main target was to remove the total suspended solids (TSS) materials
from the raw wastewater. Hence, the TSS was removed by 77% using this preliminary
process. The pretreatment of raw effluent helps to perform membrane ultrafiltration with
fruitful output. Table 4.1 describes the comparative study of physicochemical properties

of raw effluent with vacuum filtration.

101
TH-1905_126107005



Chapter 4

Table 4.1. Comparison of physicochemical properties of paper industry waste effluents

before and after pretreatment

Properties Raw effluent After vacuum filtration (0.45um)
pH 10.40 9.02
TSS (mg LY 1594 360
TDS (mg L?) 4007 3199
lonic conductivity (S m™) 4.80 457
Clarity (T, %) 60.26 68.23
COD (mg L) 8470 6430
BOD (mg L) 4450 2150
Sodium (mg L?) 117 113
Potassium (mg L™?) 107 105
Zinc (mg L) 59.4 59.4
Iron (mg L?) 42 324
Magnesium (mg L) 1.7 1.7
Nickel (mg L?) 2.4 2.4
Copper (mg L) 1.03 1.03
Manganese (mg L) 8.33 8.33

4.2.2. Analysis of variance (ANOVA) and response surface for the coagulation study
of tea industry wastewater:

The optimum coagulation conditions, like, alum dosage (A, mg L), pH (B,), stirring speed
(C, rpm, rad s1) and stirring time (D, min) are determined by the regression models and
good prediction towards percentage (%) removal of TSS, TDS and minimization of
turbidity from the effluent. The response surface methodology helps to reveal the
experimental results to different model terms that can display the good dependency of
responses based on the perfect statistical analysis. In the present optimization study, no
transformation is applied to confirm the suggested quadratic models for all respected
responses. Eqgs. (4.1-4.3) show the best fit quadratic models for the percentage removal (%)
of TSS (X1); TDS (X2) and minimization of turbidity (X3, NTU) from the wastewater,

respectively.
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Percentage removal of TSS (%) model:

X1=  86.33+6.37x A —2.11x B, +0.14xC, + 2.10x D, + 0.51x A x B, — 0.15x (4.1)
A xC, —0.53x A xD, +0.44xB; xC, +0.12x B, x D, —0.99xC, x D, —10.59
<A’ —-1.17xB?—-3.67xC,*> —5.42x D/?

Percentage removal of TDS (%) model:

Xo=  73.94+10.47x A —2.44xB, —0.55xC, —0.69x D, —0.78x A x B, + 4.2)
1.22x A xC, +1.72x A xD, +0.78x B, xC, —0.34x B, x D, —1.09x C, x
D, —13.56x A® —8.31x B> +0.24xC,* —1.56 x D,

Turbidity (NTU) model:

Xs3= 1.39-0.49x A +0.092xB, —0.064xC, —0.16x D, +0.12x A x B, — (4.3)
3.13x10°x A xC, +0.022x A x D, +0.19x B, xC, —0.034x B, x D, +
0.047xC,x D, +0.14x A® +0.66x B —0.14xC,* —0.24x D,?

Table 4.2 describes the statistical analysis of all the regression parameters. The high F-
value with low p-value describes that the model is significant for each response. The low
p-value of less than 0.0001 implies that the quadratic model terms are highly significant
towards optimization study. The coefficient of determination (R?) signifies that all the
model terms are perfect to optimize the process parameters. The adjusted R? reveals
reasonable agreement with predicted one. The good adequate precisions for all the cases
reveal that all the models can be used to navigate the design planetary. The models
statistical standard deviation, the pure error and Lack-of fit values have been tabulated in
the Table A2 in the appendix which implies that the experiments were studied very
accurately. These values are analyzed using response surface methodology. The
insignificant Lack-of-fit test indicates that all the models have significant quadratic
relations between the process parameters and the responses. The percentage removal (%)
of TSS and TDS are mostly dependent on the alum dosage (A, mg L), pH (B) and stirring
speed (C, rpm). The turbidity is mainly influenced by the alum dosage (A, mg L™). The
optimum coagulation conditions are as following: alum dosage: “200.26 mg L™*”; pH:
“6.17; stirring speed: “29.11 rad s (278 rpm)”; stirring time: “115 min”. The predicted
theoretical values of percentage removal of TSS, TDS and the minimized turbidity (NTU)
are 87.5%, 76% and 1.08 NTU, respectively.
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Table 4.2. Analysis of variance (ANOVA) results for response parameters

Responses  Model  p- value R? Adjusted  Predicted  Adequate Mean  Residu

Fvalue Prob>F R? R? Precision  square al
TSS (%) 23.86 <0.0001 0.96 0.92 0.89 15.45 249.32  158.22
TDS (%) 48.56 <0.0001 0.98 0.96 0.90 20.33 394.24 137.50
Turbidity 20.82 <0.0001 0.92 0.90 0.89 20.12 55.82 1.47

(NTU)

Conjugate effects of alum dosage, stirring time, pH and stirring speed on TSS removal:

The conjugate effects of alum dosage, pH, stirring time and speed has been observed in the
Figs. 4.1 (a)-(d). Fig. 4.1 (a) reveals that with the increasing alum dosage from 50 to 200.26
mg L and at a low stirring speed of 100 rpm, the rate of removal of TSS is also increasing
progressively from 65 to 79%. Beyond 200.26 mg L™, the removal efficiency has been
deteriorated. With the increasing alum dosage, the positively charged elements in the
wastewater also increase which helps to aggregate the small floccs into the large one
resulting rapid sedimentation and the high elimination of TSS. Whereas, at an over dosage
of alum concentration, the high concentration of a positively charged ion prevents the
segregation of the flocks which has been found in this figure also. The particle size analysis
of the effluent before and after alum coagulation has been shown in Fig. A2 in the appendix.
The cumulative diameter of the particles present in the effluent has been reduced from
2132.0 to 1547.1 nm. After a certain point, the rate of removal of TSS has been decreased
with the increasing alum dosage from 200.26 to 300 mg L. The same trend has been found
in the Fig. 4.1 (b). Whereas, in Fig. Fig. 4.1 (c), the removal rate increases at neutral pH.
The high-speed rotation with the maximum stirring time (Fig. 4.1 (d)) results in the

deterioration of the generation of flocculants during the coagulation process.
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TSS removal (%)

TSS removal (%0)
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TSS removal (%)
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Fig. 4.1. Quadratic effects of (a) alum dosage (mg L) and stirring speed (rad s%), (b) alum
dosage (mg L) and stirring time (min), (c) alum dosage (mg L) and pH, (d) stirring speed
(rad st) and stirring time (min) on percentage removal (%) of TSS from effluent

Effects of input parameters on the removal efficiency of total dissolved solids (TDS):

The significant effects of different parameters on the removal of TDS have been displayed

in the Figs. 4.2 (a)-(d). The quadratic effects of alum dosage with stirring speed have been

discussed in Fig. 4.2 (a) and (b). To determine the different alum dosages on the removal

of dissolved organic materials, alum dosage was varied from 50 to 300 mg L. From this
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figure, it is noticed that the removal efficiency of TDS is a function of variation of alum
dosage. It is directly proportional to the increasing of alum ion dosage at a certain point of
200.26 mg L. The negatively charged ion present in the effluent becomes neutralized with
the increasing alum dosage which results in the good removal of organic pollutants. An
increasing in aluminum ion beyond 200.26 mg L™ results negative improvement on the
removal efficiency due to the charge reversible for excess alum dosage. Fig. 4.2 (c)
demonstrates a good efficiency of the removal of TDS with the increasing alum dosage at
neutral pH. The tea effluent mainly contains more amount of hydrolyzed phenolic
compounds (Yadav and Kalaiyarasi, 2015; Chen et al., 2015). The maximum removal of
TDS has been observed at pH 6.1 with 200.26 mg L alum dosage. This optimal pH
condition is very close enough to the initial pH of tea effluent. It is clear to conclude that
the coagulation process gives better performance at pH near to neutral due to the better
adsorption of the charged organic compounds onto the alum surface than high pH. It is

justified that the pre-treatment of tea effluent can be performed without adjusting the initial

pH condition which is economical and environmentally beneficial. In Fig. 4.2 (d) shows

the linear effects of stirring time (min) on the removal of TDS at a constant stirring speed

of 36.65 rad s%. On the other side stirring speed gives steady effect over the TDS removal.

TDS removal (%)
TDS removal (%)

p"q T —*11250
1047 5000
* $, I\‘“m dos
J
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TDS removal (%)
TDS removal (%)

Fig. 4.2. Conjugate effects of (a) alum dosage (mg L) and stirring speed (rad s%), (b) alum
dosage (mg L) and stirring time (min), (c) alum dosage (mg L) and pH, (d) stirring speed

(rad s) and stirring time (min) on percentage removal (%) of TDS from effluent

Quadratic behavior of input parameters on turbidity removal from wastewater:

The effect of alum dosage on pre-treatment of tea factory effluent has been explored in
terms of the reduction of turbidity (NTU) of the effluent. Figs. 4.3 (a)-(d) reveal the nature
of the removal of turbidity at the different operating condition. The turbidity reduction
profiles at different alum dosages are presented in Figs. 4.3 (a)-(c). From these figures, it
is evident that with the increasing alum ion, the turbidity of the effluent has been decreased
gradually up to an optimum limit of the alum dosage of 200.26 mg L. The reverse trend
of the increasing of turbidity of effluent after 200.26 mg L™ signifies the deterioration of
treated water quality due to the high alum dosage. With the high amount of positively
charged materials, the repulsive forces between the positive and negatively charged
particles prevent the coagulation of organic matters resulting in the high turbidity of the
water (Yadav and Kalaiyarasi, 2015). From the Fig. 4.3 (d), it is found that at moderate
stirring speed is a favorable criterion to generate flocks during coagulation with the process
time. The optimal stirring speed of 29.11 rad s helps to stable the flocks during pre-
treatment of tea factory effluent using different alum dosages.
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4.2.3. Variation of permeate flux with time during treatment of industrial effluent:
Figs. 4.4 (a) and (b) represent the permeate flux variation at a low TMP drop (4P, kPa) of

207 kPa and at a high TMP drop (4P, kPa) of 414 kPa, respectively for the various
molecular weight cutoff (MWCQO) membranes. With rising MWCO from 5 to 50 kDa, the

permeate flux rises for all the TMP drop conditions (AP, kPa). The transient flux shows a
preliminary steady decay across the filtration time at TMP drop (4P, kPa) of 414 kPa after

using 5 and 10 kDa membranes. In the current study, the osmotic pressure effect is surely
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irrelevant as the pulp and paper mill effluent comprises generally high molecular weight
polydispersed natural organic materials (Shao et al., 2011). As a result, the permeate flux
decline during the low MWCO membranes from its initial point happens due to the
membrane active pore blocking during ultrafiltration. Whereas, the increase of the
formation of cake layer on the membrane effective surfaces has been controlled in the
presence of various membrane basket rotational speeds. In literature, minimum amount of
permeate flux of 30 L m?2h™! with a large membrane effective area of 1.9 m? has been
described with disk rotation of 52.36 rad s at 600 kPa during high shear skim milk
ultrafiltration earlier (Ding et al., 2003). Whereas, in the current study, in the presence of
rotational speed, a higher amount of permeate flux value was achieved due to the less

generation of cake layer on the membrane effective surfaces than rotating disk filtration.
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Fig. 4.4. Variation of permeate flux with respect to time at (a) 207 kPa and (b) 414 kPa for
various MWCO membrane with fixed rotational speed of 52.36 rad s*

4.2.4. Analysis of permeate flux decline based on theoretical approach during the final
treatment of tea factory wastewater:

TMP drops, various MWCO and a high rotational speed of membrane basket play a
significant role to analyze permeate flux decline nature. Fig. 4.5 shows the evaluation of
permeate flux over ultrafiltration time for each MWCO membrane in the presence of high
rotational speed. The permeate flux increases with the increasing MWCO from 5 to 50 kDa.
For the same TMP drop with different MWCO, it is clear that the continuous decline of
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permeate flux has been occurred at 5 and 10 kDa due to the complete pore blockage during
the low MWCO membrane.

The steady state permeate flux was obtained very fast for 50 kDa membrane than others.
This nature happens due to the internal pore blocking phenomena for high MWCO
membrane in the presence of high membrane basket rotation of 73.36 rad s*. In the present
study, a vortex-like circulation due to the membrane arm rotation reduces the deposition of
rejected solutes on the active membrane surfaces. As a result, concentration polarization is
insignificant due to the rotation (Sarkar et al., 2012). The adsorption of small solutes in to
the membrane pore walls must be the dominating nature to decline the permeate flux for
high MWCO membranes (30 and 50 kDa).

The nature of the flux decline can also be observed during theoretical model analysis using
ANN with good regression (R?) values throughout the ultrafiltration process time for all the
cases. The ANN model prediction is represented in the same figure with the straight line.
To avoid the complexity, one intermediate layer has been studied during the theoretical
prediction of permeate flux decline (Baguena et al., 2016). A statistical analysis of variance
has been tabulated in the Table 4.3 to identify the best model prediction using ANN. The
high F-value with very low p-value for each case indicates that the theoretical prediction
for the design variables are adequate. Only 0.76% mean square error has been found with
perfect regression for the MWCO membrane of 50 kDa. Not only that, the low p-value also
indicates that the model is statistically significant.

90
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Fig. 4.5. Variation of permeate flux with respect to time for various MWCO membrane

with fixed rotational speed of 73.36 rad s*
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Table 4.3. Analysis of variance for permeate flux

MWCO Sumof Degrees Meansquare F-value p-value Total  Regression
(kDa) square of error error R?
freedom (MSE)
5 50.6 52 0.03 375.38  0.0004  0.508 0.99
10 36.65 52 0.16 249.5  0.0005 0.74 0.99
30 10.94 52 0.10 216.1  0.0002 0.54 0.99
50 39.77 52 0.002 324.58 0.0002 0.12 0.99

4.2.5. Analysis of permeate flux decline using modified Hermia’s irreversible pore
clogging method:

Figs. 4.6 (a)-(d) reveal the basics of pore blocking mechanisms as well as cake layer
formation using various MWCO membranes with a fixed TMP drop (4P, kPa) and basket
rotational speed. The curve fitting for the experimental data to the complete pore blocking
model (CPBM) has been demonstrated in Fig. 4.6 (a). The final k¢ values of the complete
pore blocking model (CPBM) have been listed in Table 4.4. High slope decay has been
found at high for the 5 and 10 kDa membranes. Whereas, for high MWCO membranes,
like, 30 and 50 kDa membranes, the slope decline behavior is marginal than others. Fig.
4.6 (b) illustrates the good model fitting of experimental data to the standard pore blocking
mechanisms (SPBM) due to the continuous solute adsorption on the membrane active
surfaces. The SPBM shows good agreement with experimental results with 0.97 R? for 5,
10 and 30 kDa MWCO membranes. Fig. 4.6 (c) delivers the theoretical analysis of the
experimental data to the intermediate pore blocking mechanisms (IPBM) for different
MWCO membranes. As shown in Fig. 4.6, the IPBM fits the experimental results at a very
early stage of filtration. This mechanism shows that SPBM as well as IPBM are mainly the
dominating factor during the present study (Vela et al., 2008). Fig. 4.6 (d) shows the fitting
of the cake layer model (CFM) during spinning basket membrane ultrafiltration for various
MWCO membranes at constant membrane basket rotational speeds (e, rad s*) and TMP
drop of 414 kPa. The predicted R? values with experiments are not accurate for all the
MWCO membranes due to control over the faster deposition of rejected molecules on the

membrane surfaces.
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Fig. 4.6. Linearized fitness plots for Hermia’s pore block models (CPBM (a), SPBM (b),
IPBM (c), and CFM (d)) for different MWCO at constant rotational speed and TMP drop
of 52.36 rad s and 207 kPa, respectively

Table 4.4. Summary of the model parameters of all pore blocking models during

ultrafiltration of paper industry effluent using various MWCO membranes at constant

rotational speed and TMP drop of 52.36 rad s™ and 207 kPa respectively

MW CPBM SPBM IPBM CFM
(kCDOa) kix10°  Residu R> kx10° Residu R? kx10°® Residu R? kgx10” Residu R?

(st alsum (m2s al sum (mY)  alsum (m?2s) alsum

of 112y of of of

squares square square square

x105 x10°
5 3.91 0.25 0.87 2.18 18.3 0.97 2.33 2.85 0.99 2.21 0.043 0.85
10 3.47 0.06 0.91 2.13 5.87 0.97 2.09 1.59 0.99 2.7 0.029 0.91
30 2.09 0.02 0.89 0.97 1.38 0.97 0.96 0.97 0.98 1.86 0.014 0.91
50 2.01 0.001 0.83 0.12 0.05 0.90 0.24 0.53 0.95 0.22 0.0002 0.82
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The mechanism of permeate flux decline during tea factory effluent treatment using
modified Hermia’s pore blocking method:

The permeate flux decline behavior at high speed rotation (73.34 rad s™) and a high TMP
drop (414 kPa) was analyzed using modified Hermia’s pore clogging methodology. Figs.
4.7 (a)-(d) display various reversible and irreversible pore blocking nature using different
MWCO membranes with high TMP drop and rotational speed. The curve fitting for the
experimental data to the CPBM has been displayed in Fig. 4.7 (a). The final kc values for
all the fouling models have been presented in Table 4.5. The regression (R?) coefficients
for all the cases has been enlisted in the Table 4.6. At a close observation, it is found that
the membrane pores are blocked completely for the very beginning of the filtration. The
good R? values for the low MWCO membranes (5 and 10 kDa) reveal that the permeate
flux declines gradually for the low MWCO due to the complete pore clogging nature at the
initial stage of filtration. The theoretical pore clogging prediction for CPBM is not
significant at the final stage of the filtration due to the high speed rotation. Still, a gradually
decreasing of the permeate flux value has been found with the filtration time due to the
irreversible internal pore blocking behavior. From the Fig. 4.7 (b), it is found that the
standard pore blocking mechanism signifies the perfect model fitting at the initial stage of
filtration. Whereas, intermediate model estimates (Fig. 4.7 (c)) the decline of the permeate
flux with the significant model fitting at the final stage of filtration due to the severe solute
adsorption in to the membrane active pore walls. According to the maximum value of R?,
it can be revealed that the standard pore blocking mechanism dominates the nature of the
permeate flux decline at the beginning of the filtration. Whereas, internal pore clogging
performance reveals its leading nature at the later stage of the ultrafiltration process. Fig.
4.7 (d) displays the fitting of the cake layer formation for different MWCO membranes at
a high basket rotation of 73.36 rad s and TMP drop of 414 kPa. The predicted R? values
with experiments are not significant for all the MWCO membranes due to control over the

faster deposition of rejected molecules on the membrane surfaces.
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Fig. 4.7. Modified Hermia’s pore blocking model fitness during treatment of tea factory
wastewater (CPBM (a), SPBM (b), IPBM (c), and CFM (d)) for different MWCO at
constant rotational speed and TMP drop of 73.34 rad s and 414 kPa, respectively

Table 4.5. Summary of the model parameters of all pore blocking models using various
MWCO membranes at constant rotational speed and TMP drop of 73.36 rad s* and 414
kPa, respectively

MWCO CPBM SPBM IPBM CFM
(kDa) <10 Residual kx10° Residual ke<10° Residual ke<10' Residual
(s sumof (M sumof (M) sumof 2y sumof
square  12)) square square square

x10° x107 x108 x108

5 8.03 1.23 1.66 3.98 106 154 131 149

10 5.41 1.48 157 4.09 104 129 058 039

30 6.95 0.98 238 0007 109 0076 081 059

50 1007 1.02 373 0.02 120 0163 056 023
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Table 4.6. Summary of the regression (R?) coefficients of all pore blocking models

MWCO CPBM SPBM IPBM CFM
(kDa) Initial Final Initial Final stage Initial Final Initial Final
stage stage stage stage stage stage stage
5 0.95 0.98 0.99 0.97 0.92 0.98 0.82 0.97
10 0.88 0.92 0.99 0.96 0.90 0.98 0.71 0.94
30 0.95 0.90 0.99 0.95 0.90 0.99 0.83 0.97
50 0.97 0.85 0.99 0.95 0.92 0.99 0.88 0.85

4.2.6. Variation of observed rejection with rotational speed for MWCO membranes:
To evaluate the influence of rotational speed on solute rejection during paper industry
effluent treatment, the experiment was carried out at different arm rotation () as 10.47,
31.41, 52.36 and 73.30 rad s. The results have been displayed in Fig. 4.8 (a). In Fig. Al
in the appendix, it is clearly observed that with the increasing pressure drop at a fixed w
(52.36 rad s), solute particle rejection improves in terms of COD removal for all the
different MWCO. Natural organic substances found from paper industrial effluents are the
mixture of high and low molecular weight organic compounds. The contribution of the
smaller particles gives lower rejection during high MWCO membrane ultrafiltration, like,
50 kDa. However, with the increasing TMP drop from 207 to 414 kPa during ultrafiltration,
conductivity decreases from 2.1 to 1.05 S m™. Whereas, the initial ionic conductivity of the
feed stream was 4.57 S m™L. On the other side, the impact of the rotational speed on the
removal of polyphenols from the pre-treated effluent has been demonstrated in the Fig. 4.8
(b). Two different types of rejection stages have been observed by the varying arm rotation
from 10.47 to 73.30 rad s™. With the increasing membrane basket rotation from 10.47 to
52.36 rad s, the removal of polyphenols increases for all the MWCO membranes and TMP
drops. Due to the high-speed rotation, some solutes may collide with other particles and
creates very small particles in size. These small particles contribute a little decline of the
rejection curve at the high rotation of the membrane basket. This criterion has been shown
as the saturation stage of the solute rejection in the following figure. It is clear that optimal
rotational speed can be chosen as 52.36 rad s for the rejection of solute particles for all
the parametric conditions. Based on the published information, it is revealed that near about
82% COD removal was achieved using consecutive aerobic and anaerobic bioreactor to
treat pulp and paper mill effluent (Singh and Thakur, 2006). On the other side, 80-85%
COD removal was reported using polyethersulfone/ functionalized multi-walled carbon
nanotubes based nanocomposite membranes for the treatment of paper mill effluent
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(Saranya et al., 2014). In the present study almost 98% removal of COD was observed in
the presence of rotational speed of 52.36 rad s™*. Whereas, 91% removal of materials was
reported using the electrochemical process to treat tea factory effluent (Justin et al. 2009).
However, only 78% removal of organic components in terms of chemical oxygen demand
was obtained during polyaluminum ferric chloride coagulation-ceramic membrane
ultrafiltration of tea industry wastewater (Chen et al., 2015). In the presence of rotational
speed, the induced shear rate forces the particles away from the membrane active side to
the feed side. As a result, an increasing rejection kinetics has been found with the increasing

of TMP drop in the presence of membrane basket rotation.
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Fig. 4.8. Variation of observed rejection based on (a) COD removal during paper industry
wastewater treatment and the (b) percentage removal of polyphenols from tea factory

effluent for different MWCO membranes with respect to different rotational speeds

4.2.7. Variation of Jexp With Jear using different diffusion models for shear-induced
filtration:

Three diffusion models, namely, rotational diffusion, shear-induced diffusion, and
Brownian diffusion models are analyzed and represented in Fig. 4.9. Jexp/ Jca fOr rotational
and shear-induced diffusion are very close to the diagonal line due to the high solute-solute
transmission in the presence of continuous membrane basket rotation. During rotational

diffusion, the ratio of the experimental and calculated permeate flux values are in the range

116

TH-1905_126107005

80



Treatment of industrial effluents using ultrafiltration

of 0.99 to 1.05 for each TMP drop. The statistical analysis for the experimental and
calculated permeate flux reveals the significant model term with high correlation
coefficient (R?) values of 0.98 and 0.99 for the rotational and shear-induced diffusion
model, respectively. The low residual sum of square of 1.63 and 3.07 for the rotational and
shear-induced diffusion model, respectively conferred that these two models were suitable
in the present study. Whereas, a comparatively high residual sum of square (11.64) and the
low R? (0.80) reveals the insignificant model prediction for the Brownian diffusion model.
With continuous rotation, some small particles can appear in permeate sides through shear-
induced diffusion. The share-induced and the rotational diffusion models are related to the
spinning basket membrane rotation. These models correspond to random contact between
two particles in the present of rotational speed which intensify random displacement of the
particles within feed stream as well as on the membrane surface. This phenomenon has
been observed during the treatment of the industrial effluents using spinning basket
membrane module. Whereas, Brownian diffusion model describes the diffusional
restriction made by accumulation of soluble molecules near the membrane surface.
Brownian diffusion model provides a significant transport mechanism for the considerable
small particles present in the solution. The particle size analysis of the sample has been
shown in Fig. A3 in the appendix. The standard error analysis is presented in the Table A3
in the appendix. The cumulative diameter of the particles present in the effluent has been
reduced from 3469.2 to 647.7 nm. The size of the particles is found greater than 0.1 um.
From literature, it is clear that Brownian diffusion coefficient is inversely proportional to
particle size (Singh and Das, 2014). Thus, the predicted permeate flux using Brownian

diffusion model deviates more from the experimental permeate flux values.
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Fig. 4.9. Variation of Jexp With Jcal Using rotational, shear-induced and Brownian diffusion

models for high rotational speed of 73.31 rad s*

4.2.8. Optimization study of permeate flux variation and permeate quality:

According to design expert software, the regression analysis has been employed to fit the
responses. As suggested by the said software, no transformation was applied for this study.
Quadratic models have been recommended to analyze the data for three responses. Egs.
(4.4-4.6) represent the final regression function to estimate the permeate flux (L m2 hl),
the ionic conductivity of collected permeate (S m™) and % removal of TDS (%),

respectively. The coded factors are described below:

Permeate flux model (L m ht) model:

R, =69.98+13.21x A, +20.07x B, +4.00xC, + 7.07 (A, x B,) ~4.00x10*x (A, xC,) +0.99x (B, x C,)

(4.4)
-9.14x A’ -1.88xB,? +4.60xC,’
lonic conductivity decreasing (S m™) model:

R, =76.00x10"-18.00x10x A, —45.00x10"° x B, - 26.00x10~° xC, - 2.38x10™° x (A, x B,) - 2.38x107° x (A, xC,) (4.5)
-24.00x107x(B,xC,) +46.00x107° x A’ +46.00x10~° x B,” +14.00x10° xC,’

Percentage removal of TDS (%) model:

Ry =97.47+040x A, +090xB, +0.56xC, +0.04x (A xB,)+0.09x (A, xC;) +041x(B,xC) o
~0.86x A?—0.76xB,> —0.39xC,?

The relationship between the independent and dependent parameters was developed with

the help of a quadratic polynomial second order model which are represented in Eq. (4.4)
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to Eq. (4.6). These equations reveal the presence of the quadratic effects of the independent
variable on the dependent one. As a result, it is appropriate to name the effects as quadratic
effects. Analysis of variances for all the three responses has been displayed in the Table
4.7. A higher value of R? is always favorable. The measurement of the signal to noise ratio
has been decided by adequate precision and a value greater than 4 is desired. The high
correlation values refer good fitting of experimental data to suggest a simulated equation
based model.

Design Expert Software has been performed to optimize all three responses during
treatment of waste effluent. According to the software, the analyzed optimum condition is
as follows: TMP drop: “350.61 kPa”; rotational speed: “600 rpm (62.83 rad s)”; retentate
flow rate: “2 L min’”. The predicted values of permeate flux, ionic conductivity and
percentage removal of TDS are 87.9 L m? h, 0.81 S m?, and 97.42 %, respectively. The
three-dimensional desirability function diagram of the optimized condition is shown in Fig.

A4 in the appendix.

Table 4.7. Analysis of variance (ANOVA) results for response parameters

Response Model F Prob >F R? Adjusted  Predicted  Adequate
value R? R? Precision
Permeate flux 49.95 <0.0001  0.98 0.96 0.89 27.36
(L m2h?
lonic conductivity 46.47 <0.0001 0.98 0.96 0.81 18.61
(Sm)
Removal of TDS (%) 76.41 <0.0001 0.99 0.97 0.81 25.48

4.2.9. Combined effects of TMP drop, rotational speed, and retentate flow rate on
permeate flux:

Figs. 4.10 (a), (b), and (c) represent the three-dimensional response surface analyzed
diagram of the combined effect of (a) TMP drop and rotational speed, (b) TMP drop and
retentate flow rate, (c) rotational speed and retentate flow rate, respectively. From Fig. 4.10
(a), it is clear that at constant retentate flow rate, with an increase of rotational speed from
100 to 700 rpm (10.47 to 73.30 rad s™), permeate flux value increases when TMP drops
was fixed. The maximum permeate flux has been found for the maximum rotational speed
of 700 rpm (73.31 rad s) with 414 kPa TMP drop. With increasing rotational speed,
permeate flux has been increased during SBMM ultrafiltration. In Fig. 4.10 (b), with the
increase of retentate flow rate from 1 to 4 Lmin! at a constant rotational speed of 400 rpm
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(41.89 rad s?), permeate flux value increases from 46 to 55.75 L m h™! when the TMP
drop is 207 kPa. While during the high TMP drop of 414 kPa, the rate of increment of
permeate flux value is nominal (70 to 85.5 L m h'). The less interactive effects of the

retentate flow rate with TMP drop and rotational speed have been noticed on the increment
of permeate flux during the SBMM ultrafiltration process.
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Fig. 4.10. Combined effects of (a) TMP drop and rotational speed at constant retentate flow
rate of 2.50 L min, (b) TMP drop and retentate flow rate at constant rotational speed of

400 rpm (41.89 rad s%), (c) rotational speed and retentate flow rate at constant TMP drop
of 310 kPa on the permeate flux

4.2.10. Quadratic effects of TMP drop, rotational speed, and retentate flow rate on
ionic conductivity for collected permeate:

Fig. 4.11 (a) reveals the impact of TMP drop and rotational speed on the decreasing of
ionic conductivity in permeate. At a constant retentate flow rate of 2.50 L min, with
increasing basket rotation speed from 100 to 400 rpm (10.47 to 41.89 rad s), ionic
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conductivities of collected permeate decreases from 0.185to 0.165 S m™. When the rotation
is high (700 rpm or 73.31 rad s?), the value of ionic conductivity again increases due to the
small particle diffusion. The same trend has been found with increasing TMP drop from
207 to 414 kPa. The combined impact of TMP drop and retentate flow rate with fixed
rotational speed has been displayed in Fig. 4.11 (b). In Fig. 4.11 (c), with the constant TMP
drop of 310 kPa, the decreasing rate of ionic conductivity is high after changing rotational

speed from 100 to 700 rpm (10.47 to 73.30 rad s). Whereas, the marginal effect has been
observed during changing the retentate flow rate from 1 to 4 L min™.
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Fig. 4.11. Combined effects of (a) TMP drop and rotational speed at constant retentate flow
rate of 2.50 L min, (b) TMP drop and retentate flow rate at constant rotational speed of

400 rpm (41.89 rad s1), (c) rotational speed and retentate flow rate at constant TMP drop
of 310 kPa on the ionic conductivity of collected permeate

4.2.11. Analysis of quadratic effects of TMP drop, rotational speed, and retentate flow
rate on percentage removal of TDS from permeate:

The relationship between input parameters (TMP drop, rotational speed, and retentate flow

rate) and the desired response, such as, percentage removal of TDS from collected

permeates are represented in Fig. 4.12, based on mathematical analysis of the experimental
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data. The nonlinear effect has been observed. High percentage removal of TDS is obtained
with the increasing rotational speed of membrane basket. It is also observed from Fig. 4.12
(a) that after a certain point, with the increase of rotation, TDS removal decreases. This
phenomenon occurs due to the high collision of particles in the presence of high rotation.
Fig. 4.12 (b) and (c) represent the three-dimensional response surface diagram of the
combined effect of TMP drop with retentate flow rate and rotational speed with retentate
flow rate, respectively. When the rotational speed is constant in Fig. 8b, the removal rate

of TDS is almost linear with the changing retentate flow rate at low TMP drop of 207 kPa.
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Fig. 4.12. Combined effects of (a) TMP drop and Rotational speed at constant retentate
flow rate of 2.50 L min'%, (b) TMP drop and retentate flow rate at constant rotational speed

of 400 rpm (41.89 rad s1), (c) rotational speed and retentate flow rate at constant TMP drop
of 310 kPa on the percentage (%) removal of TDS from collected permeate

4.2.12. Study on total power consumption:

For the evaluation of the shear-induced module, it is necessary to calculate the energy
consumption during filtration. The total power requirement has been calculated by energy

consumed per unit volume. The maximum power supply was found as 0.32 kW after
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applying maximum TMP drop and o of 414 kPa and 73.3 rad s, respectively. Whereas,
maximum power consumption of 0.5 kW was reported during treatment of high shear skim
milk using rotating disk filtration (Ding et al., 2003). Though the dynamically induced
membrane filtration consumes high energy with increasing shear rate, comparatively low

consumption of power has been found during SBMM ultrafiltration.

4.3. Characterization of rejected materials of paper industry wastewater using

different techniques:

The characterization of dissolved organic materials found in paper industry wastewater was
done after collecting the rejected components of ultrafiltration based on different
techniques, like, Fourier Transform Infrared (FTIR), energy dispersive X-ray spectra,
thermo gravimetric analysis. Fig. 4.13 represents the FTIR analysis of natural materials
during treatment of paper mill effluent. The wide adsorption band at 3200-3400 cm™
indicates the presence of intermolecular O-H stretching in the materials (Zhang et al.,
2011). The sharp peaks at 2870 and 2955 cm™ are on behalf of the asymmetric and
symmetric stretching of aliphatic (-C-H) groups, respectively. The strength of these peaks
reveal that the paper mill effluent comprises more aliphatic compounds (Li et al., 2011).
Two different peaks around 3209 and 3385 cm* show the presence of phenolic compounds
(O-H stretching) and amides groups (N-H stretching), respectively. The sharp peak around
2390 cm! gives the indication of the C=0 group. The asymmetric stretching of unsaturated
carbons (C=C=C) occurs around 1806 cm™ which indicates that the natural compounds
found in paper mill wastewater contains unsaturated carbon components. The unsaturated
carbons are the result of the degradation of lignin compounds. The peaks around 1630-
1660 cm™ are the responsible for the substituted or unsubstituted stretching of amide
groups (C=0), and the -NH deformation occurs at 1510-1560 cm™ (Xiaoli et al., 2007).
The peak at 1587 cm™ indicates the presence of aromatics (C-H stretching). The strong
peaks at 1395 and1412 cm™ are attributed to the stretching of COO™* asymmetric stretching
and aromatic C=C vibrations, respectively (Li et al., 2011). The peak around 1240 cm*
indicates the presence of carboxylic acids (C-O stretching), alcohols (OH deformation),
esters, and ethers groups (Xiaoli et al., 2007; Zhang et al., 2011). Another peak around
1012 cmindicates the strong presence of the cyclic ether group. The bands appeared at
468-627, 720, 872 cm can be attributed to halide groups, alkenes (=C-H bending) and N-
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H bending of amines groups, respectively. Among all, some major groups are displayed in
the Table 4.8.
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Fig. 4.13. Fourier Transform Infrared (FTIR) spectra of rejected materials of spinning

basket membrane ultrafiltration of paper industry effluent

Table 4.8. Functional groups identification in FTIR spectra

Groups Peak position (cm™) Source of bond
-C-H (aliphatic) 2870-2955 Alkanes
-N-H stretching 3385 Amides
O-H stretching 3209, 3636 Phenolic compounds,
Intermolecular H.O
C=0 bend 2325-2390 Ketones
Cc=C=C 1806 Unsaturated carbons
-C-H 1587 Aromatics
C=0 1630-1660 Unsubstituted stretching of
amide groups carbon
Cc=C 1412 Aromatic carbon
COO! asymmetric stretching 1395 Carboxyl group
O-H 1240 Alcohol, esters
N-H bending 872 Amines
=C-H 720 Alkenes

The morphology structure and the variation of the elemental composition of rejected
materials are shown in the Fig. 4.14 (a) and (b), respectively using an Energy-dispersive
X-ray spectroscopic(EDX). The various metal compounds, like, zinc, sodium, manganese,
iron, potassium etc. with different weight percentages have been detected in the organic
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mixture separated from paper industrial effluent. Apart from metals, nitrogen, sulphur,
chlorinated compounds are also present in this complex mixture. The maximum weight
percentages of carbon and oxygen are specified that this organic mixture has a significant

amount of carbon source which can be compared to humic like materials.
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Fig. 4.14. EDX analysis of rejected materials of spinning basket membrane ultrafiltration

of paper industry effluent, (a) morphology and (b) variation of the elemental composition

Fig. 4.15 displays the thermal gravimetric (TG) and the corresponding differential thermo
gravimetric (DTG) analysis of rejected materials during ultrafiltration of paper industry
waste effluents. The continuous decreasing curve reveals the thermal degradation of
various organic compounds present in rejected materials. The first mass loss after 50°C and
up to 110°C for the evaporation of water molecules present in the organic materials. The
next steady weight loss has been appeared from 110 to 400°C due to the degradation of
carboxyl groups, carbonyl compounds, alcoholic groups, and also aliphatic components.
These complex materials After 400°C, the mass losses of this organic compounds were
happened near 450°C for the degradation of nitrogen containing compounds (Zhang et al.,
2011). The degradation of long chain hydrocarbons was occurred after 400°C and it
continued up to 500°C. However, according to previous literature, due to the continuous
raising of temperature, the condensation of the long aliphatic component was happened
which can form an aromatic structure during the thermal degradation of these complex
materials (Zhang et al., 2011). As a result, after 500°C, the rate of degradation was found
slow due to the formation of cyclic compounds. These materials were degraded after 600°C.

The thermal degradation analysis confirms that there were a huge number of long chain
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hydrocarbons and nitrogen containing components present in the paper industry waste

effluents which has been removed using ultrafiltration (Li et al., 2011).
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Fig. 4.15. Variation of mass loss from thermal gravimetric analysis (TGA) of rejected

materials during spinning basket membrane ultrafiltration of paper industry effluent

4.4. Permeate quality analysis after the treatment of paper and tea factory effluents:

The comparison of permeate qualities after spinning basket ultrafiltration of paper and tea
industry wastewater for different MWCOs and rotational speeds have been displayed in
terms of pH, TDS (mg L), COD removal (%), ionic conductivity (S m™), final BOD
concentration (mg L), % of clarity, Turbidity (NTU), final ion concentrations in the Table
4.9 and Table 4.10, respectively. With an increase in rotation, permeate quality in terms of
COD removal, decreasing of metal ion concentration improves for both the cases. lon
conductivity also decreases significantly with increasing TMP drops. TDS is also removed
due to the good rejection of solutes in the presence of shear-induced force. It is listed that
the pH of permeate has been changed to 7.45 after treatment of paper industrial effluent
which become invariant with the pressure drop and rotational speed for all cases. The
variation of pH for the tea factory wastewater treatment was also marginal. It is obvious
that the rotational speed was an important parameter to improve permeate quality for both
the effluents.
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Table 4.9. Comparison of physiochemical properties of permeates at steady state shear-enhanced ultrafiltration

Speed MW  pH lonic TDS COoD Turbidity  Clarity ~ Sodium  Potassium Zinc Iron Magnesium  Nickel Copper Mangane BOD
(rads') CO cond. (mgL?%)  removal (NTU) (T, %) (mg L (mg LY (mgL  (mglL- (mg L) (mgL (mgL  se(mgL  removal
(kDa) (S m) (%) Y Y Y ) Y ) (%)
10.47 7.40 0.87 4.5 95.92 2.05 85.31 1.22 1.80 1.30 13.24 0.07 0.50 0.20 3.45 96.74
31.41 5 7.40 0.55 2.25 97.25 2.63 87.70 121 1.25 1.30 13.15 0.07 0.50 0.20 3.22 97.60
52.36 7.45 0.54 2.25 97.58 244 91.46 1.41 1.36 1.45 13.15 0.07 0.50 0.20 3.25 97.60
73.30 7.45 0.58 3.5 97.08 3.85 93.22 1.45 1.40 1.50 13.15 0.07 0.50 0.20 3.25 97.60
10.47 7.41 0.16 8.5 94.17 5.71 84.11 271.27 22.7 4.16 15.23 1.25 0.50 0.25 3.95 93.76
31.41 10 7.40 0.12 6.85 95.24 4.87 86.39 17.22 20.6 3.83 14.45 1.25 0.50 0.25 3.95 94.55
52.36 735 0.95 5.44 96.32 4.40 89.12 16.41 8.30 251 14.05 1.25 0.50 0.20 3.95 96.01
73.30 7.31 1.03 6.54 94.28 481 90.22 15.45 2.14 2.56 14.05 1.25 0.50 0.20 3.88 95.50
10.47 7.41 1.87 8.25 91.05 5.95 84.14 13.04 12.55 16.12 27.10 1.25 1.35 0.25 5.08 89.45
31.41 30 7.40 1.57 7.25 93.31 5.28 86.50 10.11 8.50 10.10 24.52 1.25 1.35 0.25 5.05 92.00
52.36 7.35 1.13 6.04 93.77 4.44 89.89 7.41 6.50 8.54 24.47 1.25 1.35 0.25 5.05 94.01
73.30 7.31 1.29 6.5 91.44 4.89 91.36 6.46 4.60 5.48 23.33 1.25 1.35 0.25 5.05 92.80
10.47 8.49 2.15 145 83.82 10.70 81.47 34.00 30.00 20.07 31.11 1.50 1.50 0.30 6.35 82.01
31.41 50 8.47 2.10 10.35 85.76 8.84 85.11 27.00 30.5 12.05 27.12 1.50 1.50 0.30 6.30 87.00
52.36 8.45 1.52 9.07 86.00 8.56 87.70 13.00 15.15 11.30 25.45 1.50 1.50 0.30 6.30 89.00
73.30 8.46 1.68 9.85 85.22 9.97 89.53 13.00 15.10 10.30 25.22 1.50 1.50 0.30 6.30 88.50
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Table 4.10. Physio-chemical properties of permeates at steady state spinning basket membrane

ultrafiltration of tea factory wastewater

Speed MWCO pH lonic TDS COD (mg Turbidity Clarity Sodium Iron
(rad s) cond. (S (mglL?) L) (NTU) (%) (mgL?Y (mglL?
m?)
10.47 5 6.90 1.17 2.8 40 1.02 85.5 25 0.47
31.41 6.80 1.03 2.5 35 0.96 88.70 2 0.45
52.36 6.90 0.75 2.07 30 0.95 94.46 1.4 0.40
73.30 6.80 1.0 2.1 38 0.98 91.72 1.6 0.45
10.47 10 7.01 1.74 4.5 47 1.05 85.11 6.02 0.55
31.41 7.01 1.07 4.07 41.5 1.00 87.48 55 0.51
52.36 7.05 0.9 3.28 40 0.98 92.02 2.8 0.51
73.30 7.01 1.01 5.54 45,71 1.02 88.12 3.2 0.54
10.47 30 7.10 1.77 9.05 152.55 1.05 83.04 7.05 11
31.41 7.10 1.54 8.55 70 1.03 88.70 6.22 1.05
52.36 7.10 0.79 7.90 60 1.00 90.55 4.12 0.70
73.30 7.10 1.07 8.05 62.25 1.05 88.37 4,75 0.95
10.47 50 7.25 1.9 28.5 170 1.07 82.57 8.5 1.44
31.41 7.25 1.55 20.35 132 1.05 86.01 7.22 1.32
52.36 7.25 1.07 15.07 117.4 1.05 86.70 5.5 1.01
73.30 7.25 1.11 17.5 120 1.07 85.04 6.95 1.06

4.5. Summary of the chapter:
Utilization of shear-enhanced spinning basket membrane module for the treatment of paper
and tea industry effluents is an effective process towards water sustainability. The coagulation-

ultrafiltration system can be used as a cost efficient process to treat tea factory effluent.

e In the present study, use of vacuum filtration and the commercial alum as an effective
coagulant reagent was successfully discussed for the pre-treatment purposes.

e Among 5, 10, 30 and 50 kDa MWCO membranes, maximum permeate flux was obtained
for 50 kDa MWCO membrane for both the cases.

e High rotation of spinning basket helps to increase membrane shear rate which enhances the
solvent permeation to reduce the mass transfer resistance of the polarized layer of rejected
solutes.

e Due to high generation of turbulence at a high rotation of 52.36 and 73.30 rad s, the
deposition of rejected particles on membrane surfaces is very less which results in a
minimum resistance at these rotational speeds.

e Maximum rejection of 98% was observed on the basis of COD removal at high applied
pressure of 414 kPa with low rotational speed, and 5 kDa MWCO membrane during the
paper industry wastewater treatment. On the other side, significant removal of total
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polyphenolic compounds was achieved from the tea factory wastewater with increasing
membrane basket rotation from 10.47 to 52.36 rad s.

e Due to the continuous basket rotation, particles can appear in the permeate side through
shear-induced and rotational diffusions. Thus, the rotational and shear-induced model
prediction reveal good model fitting towards spinning basket membrane ultrafiltration.

e RSM has been applied to optimize the permeate flux and permeate quality. Optimum
permeate quality has been obtained when initial TMP drop, rotational speed and retentate
flow rate were 350.61 kPa, 600 rpm (62.83 rad s™*) and 2 L min, respectively.

e At the cost of very low energy consumption, good rejection was obtained during spinning

basket membrane ultrafiltration compared to the other existing shear-enhanced filtration.
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CHAPTER 5

RECOVERY OF TOTAL POLYPHENOLS FROM TEA FACTORY
SOLID WASTE MATERIALS USING A HYBRID PROCESS OF
LEACHING-MEMBRANE ULTRAFILTRATION

In this chapter, leaching of total polyphenols from tea factory solid waste, collected from
M/s. Sindhu Tea Pvt. Ltd., Golaghat, Assam, India, was carried out using five solvents,
namely, ethanol, methanol, acetone ethyl acetate and de-ionized water at different times
and solid waste. A wide range of leaching temperature was also explored while de-ionized
water was used as a green solvent. Optimum leaching of total polyphenols has been
achieved applying response surface methodology. The different kinetic models were
analyzed and compared to obtain the leaching and diffusion rate. Finally, the spinning
basket membrane ultrafiltration was performed to recover and concentrate the leached
polyphenols. Simultaneously, the recovery of the green solvent such as, water has also been

successfully carried out using the ultrafiltration process.

The work presented in this chapter is communicated in the following journal.

Suman Saha, Chandan Das, Utilization of Tea Factory Solid Waste towards Polyphenols
extraction: Optimization Study and Kinetic Model Analysis, Asia-Pacific J. Chem. Eng.
(under review).
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Recovery of total polyphenols from tea factory solid waste

5.1. Utilization of tea factory generated solid wastes towards polyphenols recovery
using leaching-membrane ultrafiltration:

The effective utilization of the industry generated residues for various purposes, like,
biofuel generation, phenolic components leaching etc. rather than such pollution creating
activities is a major concern towards solid wastes management. Tea industrial solid wastes
are the potential source of the phenolic compound, which can be recovered through
ecofriendly water leaching and membrane ultrafiltration techniques. This chapter focused
on the use of renewable, reasonable leaching of polyphenols compounds from tea factory
solid wastes materials using batch leaching process. Five solvents, namely, ethanol,
methanol, acetone, ethyl acetate and de-ionized water, were used to extract the maximum
total polyphenols from tea factory solid waste. The influence of temperature (30-90°C)
during water leaching of total polyphenols was also explored. The effects of different solid
waste content in water (0.5 to 2.5 g) at a various contact time of 10 to 90 min on the leaching
of polyphenols from tea factory solid waste were verified. To optimize the leaching
parameters such as solid content (g), leaching process time (min) and temperature ('C),
response surface methodology (RSM) were studied to achieve the optimum leaching of
total polyphenols. The leaching and diffusion rate were determined and compared using
different rate kinetic models, like, pseudo first order, second order, the Elovich rate kinetic
models, the unsteady diffusion, the film theory, and the Ponomaryov equation. Finally,
spinning basket membrane ultrafiltration was performed to concentrate the total phenolic

content and recover the green solvent such as, water after leaching.

5.2. Results and discussion:

5.2.1. The effects of solvent concentration on the leaching of total polyphenols:

The effects of five different solvents, namely, methanol, ethanol, acetone, ethyl acetate on
the leaching of polyphenols are shown in Fig. 5.1. It is clearly observed from Fig. 5.1. (a)
that leaching increases with solvent concentrations up to solvent to water ratio of 4.1 (vol:
vol). It is reported in the literature that the polyphenols such as, catechins, flavonoids,
phenolic acids found from plant pigments are easily soluble in water and different organic
solvents, like, methanol, ethanol, acetone. However, the nature of the solubility depends on
the source of the polyphenols (Jun et al., 2009). The solvent and water mixture intensifies
the leaching efficiency by increasing total phenolic components. The further increase in
solvent concentration for ethanol and acetone from 3:2 to 4:1 (vol: vol) the leaching of total
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polyphenols was almost constant. Whereas, it is also shown in Fig. 1a that ethanol gives
the maximum leaching of total polyphenols among five solvents. During the leaching of
secondary plant compounds namely, phenolic substances, ethanol and water mixture
reveals the significant leaching efficiency due to the high solubility of phenolic compounds
in the ethanol water liquid phase (Das et al., 2017). The leaching efficiency of pure water
with various temperature is shown in Fig. 5.1. (b). It is noticed that with the increasing
leaching temperature from 30 to 70° C, the leaching of total polyphenols increases for all
the solid contents. The diffusivity of the phenolic compounds in the solid waste and its
miscibility with the water increases with leaching temperature. With increasing
temperature from 30 to 70°C diffusion occurs through denatured cell walls. The high
amount of diffusion of phenolic compounds occurs with the change of solid content from
low to high due to the high penetration of water into the solid waste cell wall with rising
temperature. The viscosity of the solvent also reduces at a raised temperature causing easier
dispersion of solvent into the interstices of the solid waste (Das et al., 2015). At 70°C, the
recovery reaches its saturation point. It is also observed that polyphenols recovery by
ethanol to water ratio of 3:2 (vol: vol) is comparable to pure water at 70°C. Hence, pure

water at 70°C is taken as the solvent for leaching of polyphenols from solid tea waste.

Solid weight (g): 0.5, Time (min): 50 L
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Solvents
Fig. 5.1. (a) The effect of various solvents on the leaching of total polyphenols from tea
factory solid waste at constant leaching time (50 min), temperature (28+2°C), and solid

weight (0.5 g), (b) the comparative study between the ethanol-water mixture (28+2°C) and
the de-ionized water (30-70°C) on the total polyphenols leaching
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5.2.2. Effects of solid content with respect to time on the Kkinetics of total polyphenols

leaching:

Fig. 5.2 describes the dependency of tea factory solid waste content on the leaching of total
polyphenols with respect to time. This figure reveals the linear variation of the rate of
leaching of polyphenols with time, irrespective of solid content in water. Two different
phases of leaching are noticed in this figure. Firstly, the leaching efficiency is found to
increase with process time. A linear variation occurs up to 70 min. The phenolic compounds
are found less in water at the beginning of leaching. With increasing process time, the
amount of extractive compounds rises in the water. Diffusional leaching happens with
leaching process time signifying the rising of polyphenols content into the water The intact
mass transfer resistance comprises in the solid phase of leaching which infers the higher
diffusion of polyphenols with leaching progress time. A similar type of observation was
found by the other researchers (Das et al., 2015; Das et al., 2017; Pol et al., 2007). For the
second phase, beyond 70 min, the leaching of total polyphenols extents its saturation or
equilibrium state as the slower leaching hinders the leaching of total polyphenols. The
overall leaching process has been hampered due to the collective accumulation of
polyphenols resulting lower leaching efficiency beyond the saturation time. Thus, after 70
min of process time, the recovery of phenolic compounds has been found almost constant
for all cases. It is clear that the optimum process time for the leaching of polyphenols from

solid waste has been observed from 60 to 70 min.
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Fig. 5.2. Variation of the total polyphenols leaching with the progress of contact time at

different solid tea waste content (temperature 70°C, stirring speed 500 rpm).
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5.2.3. Optimization of leaching of total polyphenols and study on statistical analysis

using response surface methodology (RSM):

Response surface methodology (RSM) has been used to investigate the interaction effect
during polyphenols leaching in between input and output variables. As advised by the said

software, no transformation was applied.

The quadratic model has been suggested to analyze the output variable such as leaching
total polyphenols. Eq. (5.1) represents the final regression function to estimate the recovery

of phenolic components.

R, =1196.23+160.70x A, +197.63x B, +108.59x C, +90.05.x (A, x B,) +58.75 x (A, xC,) +53.55 (B, xC,

) (5.1)
- 287.67x A} -116.83x B, —244.75xC,’

Variance analysis has been performed to identify and verify the statistically significant
terms. Analysis of variances for the response has been displayed in Table 5.1. A favorable
high value of R? (0.97) has been observed.

The calculation of the signal to noise ratio has been selected by measuring adequate
precision and a value greater than 4 is accepted. The high correlation values refer good
fitting of leaching data to suggest a replicated equation based model. The high F-value with
low p-value signifies the quadratic model equation for the leaching of phenolic compounds
for different process parameters. The non-significant lack of fit term denotes that the
leaching of total polyphenols was carried out specifically. All parameters show the
important significant model term to obtain a higher amount of polyphenols from tea factory
solid waste materials. Nonetheless, there is a clear effect of individual parameters on the

recovery of phenolic compounds.

136
TH-1905_126107005



Recovery of total polyphenols from tea factory solid waste

Table 5.1. Statistical parameters of RSM predicted model equation for total polyphenols

leaching using ANOVA

Source Sum of df Mean square F-value  P-value prob>F
square
Model 2.16x108 9 2.41x10° 20.58 <0.0001 Significant
As (Solid content)  3.35x10° 1 3.35x10° 28.64 <0.0003

Bz (Time) 2.88x10° 1 2.88x10° 24.62 0.0006

Cs (Temp) 5.18x104 1 5.18x10* 4.43 0.0616
AsBs 7250.09 1 7250.09 0.62 0.4495
AsCs 63.25 1 63.25 5.41x10° 0.9428
BsCs 1.76x10* 1 1.76x10* 151 0.2475

As? 1.36x10° 1 1.36x10° 11.68 0.0066
Bs? 1.26x10° 1 1.26x10° 10.82 0.0082
Cs? 1.01x10° 1 1.01x10° 8.93 0.0136

Residual 1.17x10° 10 1.17x10* - -

Lack of fit 9.68x10* 5 1.94x10* 4.79 0.0554 Not significant

Pure error 2.02x10% 5 4046.30 - -

Cor total 2.29%10°8 19 - - -

Std. Dev. 108.19
Mean 869.58
CV.% 12.44
PRESS 6.59x10°

R? 0.97
Adjusted R? 0.94
Predicted R? 0.85

Adequate 12.77

Precision

5.2.4. Combined effects of leaching time and solid waste content on polyphenols

leaching:

Fig. 5.3 represents the three-dimensional response surface analyzed diagram of the

combined effect of leaching time and solid waste content on total polyphenols leaching.

Extracted amount increases with increasing leaching time at constant solid waste content.

For example, at a fixed solid content of 1.0 g in 50 mL water, the extracted is near about

425 mg Lt GAE when the process time is 10 min. With increasing leaching time from 10

to 70 min, the amount of total polyphenols also increases up to 700 mg L™ GAE. Whereas,
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the recovery reaches its saturation position after 70 min. However, leaching of total
polyphenols increases with the increasing solid content up to 2.5 g, then decreases. The
leaching efficiency is hindered due to the high collective accumulation of polyphenols in
water at high solid waste content. A low concentration gradient of polyphenols between

solid waste and water results a drop in total polyphenols leaching beyond 2.5 g of solid
waste content.
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Fig. 5.3. The combined effects of leaching time (min) and solid weight content (g) at a
constant temperature of 60°C on the leaching of total polyphenols.

5.2.5. Role of leaching temperature and solid content on leaching of polyphenols:

The quadratic impact of leaching temperature and solid waste on the leaching of total
polyphenols has been presented in Fig. 5.4. The leaching temperature has a strong effect
on value aided polyphenols recovery from tea factory solid waste. Keeping time and solid
content constant at 50 min and 1.0 g respectively, with increasing temperature from 30°C
to 75°C, leaching of total polyphenols increases from 510 to above 800 mg L™ GAE. The
diffusivity and as well as the solubility of the phenolic compounds increases with leaching
temperature. The low viscosity of the water at high elevated temperature helps to penetrate

the water into the interstices of the solid waste very easily which produces more leaching

138
TH-1905_126107005



Recovery of total polyphenols from tea factory solid waste

of phenolic compounds. Beyond 75°C, recovery decreases due to the decomposition of
polyphenols. It is elucidated that the optimum temperature for the leaching of total
polyphenols can be found from 60 to 75°C. The reverse trend of the recovery of phenolic
compounds has been observed with the increasing solid content from 2.5 to 3.0 g. Solvent

volatility is also an important reason for this low recovery.

s
e
et

Total polyphenols (mg L-! GAE)

temp (C)

Fig. 5.4. The combined effects of leaching temperature ('C) and solid weight content (g) at

a constant time of 50 min on the leaching of total polyphenols.

5.2.6. Effects of temperature and time on leaching of polyphenols:

The conjugate effects of temperature and time on total polyphenols leaching are displayed
in Fig. 5.5. At constant solid content and temperature of 1.55 g and 30°C, respectively, with
increasing leaching time from 10 to 75 min recovery increases linearly. During the progress
of the leaching process, components come into the water and recovery is observed to
increase. The leaching of any material from solid particle depends on the distribution
mechanisms of the solute in this solid matrix. Due to the uneven spreading of phenolic
compounds within the water insoluble fiber complex of tea solid waste, solute material

gradually dissolves and diffuses throughout the leaching process time. Sometimes water
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also diffuses in the reverse direction resulting in a slight drop in the leaching rate beyond
75 min of process time. On the other side, with the increasing leaching temperature beyond
75°C, degradation of polyphenols results in the lower leaching yield. The drop of leaching

efficiency has been noticed at high temperature due to the volatility of solvent or the
thermal impact on residual solid materials.
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Fig. 5.5. The combined effects of leaching time (min) and temperature ('C) at a constant
solid content of 1.55 g on total polyphenols leaching.

5.2.7. Model identification based on statistical analysis:

In order to certify any mathematical model, the identification of arbitrariness and
changeability are essential constituents of any regression model. Residual plot analysis
helps to categorize the validity of any model. The graphical presentation of residual

analysis of response surface method for total polyphenols is shown in Fig. 5.6. (a).

This figure represents the validation of the fitting of analyzed data for the leaching of
phenolic compounds with statistical conventions and the standard deviations (SD) between
the actual and predicted response for all parameters. This graphical representation confirms

that the residual points fall very close to the standard straight line revealing the normal
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distribution of output points during recovery of total polyphenols with significant

experimental results.

The residual versus predicted response is presented in the Fig. 5.6. (b). Fig. 5.6. (c) shows
the comparison between actual values and predicted values for total polyphenols leaching.
It is clear that the distribution of all design points for the total polyphenols leaching is along
with the diagonal line revealing the perfect model fitting to optimize the process parameters
during treatment of tea factory solid waste towards total polyphenols leaching.

Normal Plot of Residuals Residuals vs. Predicted

(a)
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Fig. 5.6. (a) Normal probability plot for residual, (b) plot between residual and predicted

response, (c) plot for predicted vs actual values for total polyphenols recovery.
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5.2.8. Optimization study to extract total polyphenols:

The optimum parametric conditions for the optimum recovery of total polyphenols
predicted from response surface methodology with a maximum and minimum limit of input
parameters has been justified with the desirability function. The desirability of this model
is 0.9. Fig. A5 in the Appendix reveals the desirability plot between solid content (g) and
leaching time (min) to optimize phenolic compounds recovery. The analyzed optimum
parametric condition is as follows: solid content (g): “2.45 g”; leaching time (min): “68.06
min”; leaching temperature ('C): “67.33°C”. The predicted value of total polyphenols is
1270.34 mg Lt GAE. Furthermore, the leaching experiment is implemented to recover
phenolic compounds on the basis of above said optimized parametric conditions to
determine the error between the theoretical and experimental value. The extracted amount
has been found near about 1222.5 mg L™t GAE. It reveals that only 3.7% error (Error, %=
(theoretical value- experimental value) /theoretical valuex100) has been accounted
between theoretical and experimental prediction which is quite significant. On the other
side, total flavonoids in terms of quercetin and the total epigallocatechin have been found
as 370 mg L™ quercetin equivalent and 285 mg L™, respectively.

5.2.9. Comparison between RSM and ANN models:

The response surface methodology data was used to develop ANN model for total phenolic
content measurement. The model performance was obtained using coefficient of regression
(R?). It was obtained that the ANN model with significant R? of 0.97 can be predicted the
experimental data and the coefficient of regression (R?) was higher than response surface
methodology. Fig. 5.7 represents the comparison between experimental data, and ANN
model predicted outcome. The Table A4 in the appendix section represents the error
calculation of RSM and ANN models.
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Fig. 5.7. Comparisons between ANN and RSM model for total polyphenols (mg L™* GAE)
leaching from tea factory solid wastes

5.3. Kinetic models analysis:

5.3.1. Determination of leaching kinetic model for the leaching of total polyphenols:

Fig. 5.8 (a) reveals the linear fitness of pseudo first-order Kinetics according to the
experimental data. From this figure, it is observed that the linearization is better at the low
leaching temperature (50°C) than higher temperature (70°C). With increasing temperature
from 50 to 70°C, a very low coefficient of R? has been found (Table 5.2). It reveals that
optimum leaching temperature can be found between 50 and 70°C. A maximum amount of
polyphenols is dissolved and extracted very fast when the temperature is at 50°C during the
leaching. Fig. 5.8 (b) represents the pseudo second-order kinetics. From this linearized plot,
it is clear that the leaching of polyphenols reaches its equilibrium or saturation point very
fast with the increasing solid content from 0.5 to 2.5 g as the slop has been decreased by
the high amount of solid content in water for each temperature.

Thus, a decreased rate constant has been observed (Table 5.2) with increasing solid content
in water. To find a correlation between the experimental and theoretical data, the Elovich
kinetic model has been discussed in the Fig. 5.8 (c). The kinetic constants, a (L mg™) and
¢ (mg L™t min?) for the Elovich model are presented in the Table 5.2.
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It is observed that the coefficient of determination is reasonably high for low solid content
such as 0.5 to 1.5 g solid in water indicating faster leaching. However, the Elovich kinetic
model signifies the better prediction than first-order kinetics. The pseudo second-order

presents the high R? value to predict the accurate physicochemical process.
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Fig. 5.8. Influence of different solid waste and temperature on the kinetics of the total
polyphenols leaching from tea factory waste (a) pseudo first-order model, (b) pseudo
second-order model, and (c) the Elovich leaching models (solid content: 0.5-2.5 g, Temp:
50 and 70°C, stirring speed: 500 rpm).
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Table 5.2. Values of the linearized rate constant for the pseudo first order, second order,

and the Elovich models

Solid pseudo first-order pseudo second- Elovich model
weight order
) k1x102 R? kox10° R? ax10® ¢ R?
Temp. 50°C
0.5 2.27 0.99 21.1 0.99 14.3 163.48 0.98
1.0 3.03 0.98 6.95 0.99 7.49 96.03 0.98
1.5 2.54 0.98 4.21 0.98 511 90.17 0.98
2.0 2.12 0.98 6.47 0.98 4.58 93.21 0.98
2.5 2.11 0.98 5.64 0.98 391 75.37 0.99
Temp 70°C
0.5 4.41 0.94 27.3 0.99 12.01  209.07 0.96
1.0 3.87 0.94 11.2 0.99 7.87 179.08 0.97
1.5 4.62 0.93 3.07 0.97 3.75 163.56 0.97
2.0 6.15 0.96 2.08 0.98 3.09 154.05 0.98
2.5 6.20 0.94 2.96 0.99 2.43 107.68 0.98

5.3.2. Analysis of various diffusion models during total polyphenols leaching:

The unsteady diffusion model has been presented in the Fig. 5.9 (a). The diffusion rate
constant is increasing at first with the increasing of solid content from 0.5 to 2.0 g, then
decreases at the high solid content of 2.5 g. This observation reveals that the optimum solid
content can be found between 2.0 to 2.5 g of solid waste in 50 mL of water. Due to the
increase of substantial diffusion resistance, the overall leaching process has been hindered

at the high amount of solid content in water.

The same trend has been observed for the film theory kinetic model which has been shown
in the Fig. 5.9 (b). On the other side, the Ponomaryov kinetic model (Fig. 5.9 (c)) reveals
the good model prediction for all the parametric conditions with respect to the significant
regression coefficient (R?) which has been tabulated in the Table 5.3. As the entire mass
transfer resistance involves in the solid phase of leaching the higher diffusion occurs with

the low amount of solid content in water (0.5 to 2.0 g).
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Table 5.3 presents the values of all parameters of all kinetic models. Independently of the

solid waste content, the model based on film theory predicts the highest diffusion rate,

while the Ponomaryov model reveals the good correlation coefficient (R?).
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Fig. 5.9. Variation of different diffusion kinetics models for the leaching of total

polyphenols from tea factory solid waste (a) unsteady diffusion model, (b) the model based

on film theory analysis, and (c) Ponomaryov’s kinetic model at various parametric

conditions (solid content: 0.5-2.5 g, Temp: 50 and 70°C, stirring speed: 500 rpm).

TH-1905_126107005

146



Recovery of total polyphenols from tea factory solid waste

Table 5.3. Values of the linearized parameters for the unsteady diffusion, film theory, and

the Ponomaryov models

Solid unsteady diffusion film theory model Ponomaryov model
weight ao k3x10° R? ai ksx10° R? a ksx103 R?
(9)
Temp 50°C
0.5 058 877 098 033 1599 098 061 524 0.99
1.0 066 1030 099 020 1566 098 068 525 0.99
1.5 073 1275 099 013 1484 098 079 525 0.98
2.0 079 18.00 098 015 1971 099 089 414 0098
2.5 066 983 098 019 1889 098 066 408 099
Temp 70°C
0.5 047 773 090 045 2247 096 048 485 098
1.0 053 776 093 041 1631 099 055 508 0097
1.5 065 1135 092 0.16 19.07 098 070 6.97 0.99
2.0 068 1384 094 011 2481 099 0.73 7.7 0.98
2.5 062 1124 093 002 3688 098 065 713 0098

5.3.3. Prediction of empirical model kinetics for the aqueous leaching of total

polyphenols:

Four empirical diffusion models namely, parabolic diffusion, power law, hyperbolic
diffusion and the Weibull’s equation were analyzed during leaching of total polyphenols
from the tea factory solid waste using simple aqueous solvent at different parametric
conditions. Figs. 5.10 (a)-(d) represent linearized forms of parabolic diffusion, power law,

hyperbolic diffusion and the Weibull’s equation, respectively.

From the Table 5.4, it is observed that with increasing solid content leaching coefficient
(as, min) decreases gradually for the parabolic diffusion. A high initial slope has already
been found from the Fig. 5.10 (a) revealing good leaching of polyphenols followed by the
uniform diffusion as the values of the rate of diffusion are almost equal. The parabolic
diffusion reveals that the plant particles are isotropic in nature. A good model prediction
during the power law model with the increasing leaching exponent signifies that the
uniform leaching occurs with the increasing solid content, from 0.5 to 2.0 g. Beyond 2.0 g
solid in 50 mL water, the value of leaching coefficient decreases which signifies the
optimum solid content between 2.0 to 2.5 g. The leaching also varies significantly with
respect to time. Whereas, the good model prediction for hyperbolic and the Weibull’s
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empirical model reveals that the diffusion of polyphenols occurs only towards the outer

surface of solid particles (Kitanovic et al., 2008). Nonetheless, the model based on

parabolic diffusion predicts the significant leaching coefficient (as, min®°), while, the

Weibull’s model gives the highest diffusion coefficient (as, min®) for all the operating

conditions.
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Fig. 5.10. Linearized plot for different empirical models for the diffusion of total

polyphenols in to the aqueous state (a) parabolic diffusion, (b) power law, (c) hyperbolic

diffusion, and (d) Weibull’s empirical model at various operating conditions (solid content:
0.5-2.5 g, Temp: 50 and 70°C, stirring speed: 500 rpm).
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Table 5.4. Values of the linearized leaching coefficients and diffusion rate constants for

the parabolic, power law, hyperbolic, and the Weibull’s empirical models

Solid Parabolic model Power law model  Hyperbolic model Weibull’s model
weight  a;  a;x10>° R®*  as n R a a R* ag a R?
(9)
Temp 50°C
0.5 0.24 6.58 099 023 028 098 011 015 099 041 419 098
1.0 013 7.44 099 0.15 038 098 0.07 010 099 052 730 0.98
15 005 7.24 099 0.08 051 099 0.04 005 098 061 1223 0.99
2.0 0.17 5.62 099 0.15 055 099 0.07 009 098 0.65 16.58 0.98
2.5 0.18 6.08 099 0.18 031 099 008 011 099 041 551 0.99
Temp 70°C
0.5 033 7.22 097 029 027 097 011 011 099 054 445 0.99
1.0 025 7.07 099 025 029 099 011 012 099 061 502 0.99
1.5 0.10 7.97 099 0.13 043 098 0.06 0.07 0.98 0.64 10.04 0.99
2.0 0.02 1003 099 011 049 098 0.05 0.05 0.99 0.83 17.64 0.99
2.5 0.12 1001 098 0.15 042 098 0.07 0.07 099 075 11.60 0.98

5.4. Analysis of permeate flux decline during spinning basket ultrafiltration:

Fig. 5.11 shows the evaluation of the permeate flux over ultrafiltration time for each

MWCO membrane in the presence of high rotational speed of 52.36 rads™. The permeate

flux increases with the changing of TMP drops from 207 to 414 kPa. The permeate flux

decline has been restricted within 5 min (250 s) of filtration. The steady state permeate flux

was obtained very fast for 207 kPa. This nature ensues due to the internal pore blocking

phenomena for the low TMP drop. In the present study, a vortex-like circulation due to the

membrane arm rotation reduces the deposition of rejected solutes on the active membrane

surfaces. As a result, concentration polarization is insignificant due to the rotation. The

adsorption of small solutes in to the membrane pore walls must be the dominating nature

to decline the permeate flux for high TMP drop in the beginning of this process.
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Fig. 5.11. Variation of permeate flux with respect to time during total polyphenols recovery
using various MWCO membranes with fixed rotational speed of 52.36 rad s

5.4.1. Impact of rotational speed and TMP drop on the total polyphenols

concentration and the green solvent recovery:

The impact of different rotation of the membrane basket (10.47 and 52.31 rad s*) on the
recovery of water has been analyzed based on the clarity test (Fig. 5.12 (a)). Similarly, Fig.
5.12 (b) reveals the influence of different parametric conditions on the concentration of
total polyphenols based on observed rejection (%, Ro). The clarity of feed and all permeate
samples were examined as % T= 100x10* with 660 nm (Abs is determined as optical
absorbance) wave length using UV-vis spectrometer, (Make: M/s. Thermo Fisher
Scientific, India; Model: UV 2300). The different MWCO membranes help to concentrate
the total polyphenols and simultaneously the used water has been recovered during
membrane ultrafiltration. With the increasing TMP drop from 207 to 414 kPa the clarity of
permeated water is increased for both the MWCO membranes. The clarity of the feed
sample was calculated as 61.38%. Whereas, the maximum clarity (91.2% approximate) of
recovered water has been achieved using 30 kDa MWCO membrane at high speed rotation
of 52.31 rad st and TMP drop of 414 kPa as the maximum total polyphenols rejection has

been occurred at this particular parametric condition. In the presence of rotational speed,
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the induced shear rate forces the particles away from the membrane active side to the feed
side resulting in a rising clarity of recovered water with the increasing of TMP drop in the
presence of membrane basket rotation. The influence of rotational speed and TMP drop to
concentrate the total polyphenols in a lab-scale membrane module after leaching has been
demonstrated in the Fig. 5.12 (c).

This figure shows the variation of the total polyphenols content in feed, retentate and
permeate samples during the spinning basket membrane ultrafiltration. The volume of the
feed was about to 15 L and the total polyphenols content in the feed solution was 18.34 g.
In specific, the minimum concentration of phenolic components was measured in the
permeate where total polyphenols were actually low due to the rejection of higher
molecular weight polyphenols. Whereas, the highest value was obtained in the retentate
portion because of the concentration of total polyphenols. With the changing of TMP drop
from 207 to 414 kPa, the concentration of polyphenols also rises in the retentate side for all
the parametric conditions. Due to the lower fraction of the phenolic components present in
the feed samples which was not retained by the membrane has been appeared in the
permeate side. The antioxidant activity of the phenolic components was determined using
the indices of the reduction technique of the radical scavenging activity (%) of 1,1-
diphenyl-2-picryl-hydrazyl free radical (DPPH®). The scavenging activity was calculated
as, free radical scavenging (%)= [(A—Ac/ Ac) x100], whereas, Ar is the absorbance of the
reactional mixture of free radical is and concentrated phenolic compounds and Ac is the

absorbance of control solution (Ac) (Sharma et al., 2016).

Fig. 5.12 (d) displays the free radical scavenging activity of total polyphenolic compounds
concentrated by ultrafiltration at different rotational speed (10.47 and 52.31 rad s™) and
MWCOs (30 and 50 kDa). It is clear from this figure that free radical scavenging activity
intensely depends on the concentration of the total polyphenols. With increasing rotational
speed and TMP drop the concentration becomes higher, as a result the lower the reduction
of the absorbance of DPPH° has been occurred and the higher the percentage of its

reduction is observed.
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Fig. 5.12. The impact of different rotation of membrane basket (10.47 and 52.31 rad s)

and MWCO membranes (a) on the recovery of water based on clarity, (b) total polyphenols
rejection, (c) the impact of TMP drop (207 to 414 kPa) and rotation (52.31 rad s*) on the

concentration variation of the total polyphenols, and (d) the free radical scavenging activity

of total polyphenolic compounds concentrated by ultrafiltration at different rotational speed
(10.47 and 52.31 rad s!) and MWCOs (30 and 50 kDa).
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5.4.2. Degradation study of concentrated samples:

The degradation of total polyphenols content in the stored samples has been analyzed using
a first order kinetic model (Eg. 5.2). The concentrated samples were stored in the
refrigerator under 4°C (Ozkan et al., 2005).

dC

— =—kdt 5.2
c (5.2)
C .
In] — |=—-kt 5.3
0.6932
b, = k— (5-4)

It is assumed that total polyphenols degradation was occurred with respect to storage time.
Where Cowas the initial concentration of total polyphenols after membrane ultrafiltration
and C' is the concentration value according to storage time (t, min) incubation (Ozkan et
al., 2005). The effects of various MWCO membranes (50 and 30 kDa) and TMP drops (207
to 414 kPa) on the recovery of total polyphenols during storage time was studied and
displayed in Fig. 5.13. At high MWCO of 50 kDa and a low TMP drop of 207 kPa, the
total polyphenols showed the highest sensitivity for the degradation as indicated by the
maximum reaction rate constant (£ ") and lowest half-life (t12) values (Table 5.5). With the
raising of TMP drops the half-life degradation has been increased due to the high
concentration of phenolic compounds was found at high TMP drops. Whereas, at low
MWCO of 30 kDa shows the significant stability of total polyphenols based on the highest
half-life (ti2) values because of the slow degradation of phenolic components. The lowest
stability of total polyphenols was observed at MWCO of 50 kDa and TMP drop of 207 kPa
due to the low purification of phenolic components. The concentration of phenolic
components decreased significantly with storage time (days). Many factors are responsible
for the degradation of phenolic compounds including, purification conditions, storage
temperature, oxidation, pH variation etc. The loss of total polyphenols is happened due to
the oxidation. With the increasing TMP drop at a low MWCO membrane of 30 kDa, the
total polyphenols concentration was also increased resulting low oxidation tendency than

other conditions. As a result, the degradation rate was also found low for this condition.
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Fig. 5.13. Degradation kinetics of total polyphenols for different MWCO membranes of 50
and 30 kDa and TMP drops (207 to 414 kPa) with respect to storage time

Table 5.5. Effects of MWCO and TMP drops on the degradation of total polyphenols

MWCO  TMP drop (kPa) -k x10° (day?l)  ti (days) R?
(kDa)
207 12.41 55.85 0.98
50 276 11.45 60.54 0.96
345 9.40 73.74 0.96
414 6.40 108.31 0.99
207 7.49 92.55 0.98
30 276 7.25 95.61 0.98
345 6.65 104.24 0.98
414 6.35 109.16 0.98

5.5. Summary of the chapter:

In the present study, tea factory solid waste was utilized to recover valuable organic

products, namely, polyphenols using five different solvents (ethanol, methanol, acetone,

ethyl acetate and de-ionized water). The solid waste content in water, as well as leaching
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time and temperature, were important parameters to achieve maximum leaching of total

polyphenols for a particular condition. The major findings are pointed out as follows

e Among the different organic solvents (methanol, ethanol, acetone and ethyl acetate),
ethanol-water mixture was the most efficient solvent mixture to recover polyphenols.
However, de-ionized water leaching of polyphenols at approximately, 70°C was also
verified to be as significant as regularly used solvents. Based on the cost effective and
green solvent leaching, de-ionized water has been selected to optimize the process
parameters in the present study.

e With the increasing leaching temperature from 50 to 70°C, total polyphenols leaching
was also increased due to the high amount of phenolic compounds diffusion. Beyond
70°C, the leaching yield reached the equilibrium state as the decomposition of
polyphenols started.

e To optimize the leaching process parameters, response surface methodology was
studied using central composite design. The optimum leaching of total polyphenols of
1270.34 mg Lt GAE has been obtained when solid waste content in 50 mL water (g),
time (min) and temperature ("'C) were 2.45 g, 68.06 min, and 67.33°C, respectively.

e Among all the leaching kinetics, such as pseudo first order, second order, and the
Elovich kinetics, the pseudo second order kinetic predicts the highest regression
correlation (R?) to recover the total polyphenols from the tea industry solid waste
materials.

e Whereas, the model based on film theory reveals the significant diffusion rate, while
the Ponomaryov model reveals the good correlation coefficient (R?) due to the slower
diffusion of solid waste extracted polyphenols.

e On the other side, it is clear that the spinning basket module seems to be a valid
approach for the recovery of total polyphenols after hot water leaching from the tea
factory solid waste. The concentrated phenolic materials can be considered a source of
antioxidant compounds. The degradation study reveals that the total phenolic

components degrade linearly with time.
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CHAPTER 6

OVERALL CONCLUSIONS AND PERSPECTIVE OF FUTURE
DIRECTIONS

6.1. Overall conclusions

The different treatment processes such as membrane ultrafiltration, alum coagulation,
extraction were attempted to treat Humic acids like natural organic materials and various
industrial effluents (paper and tea factory wastes) in this thesis successfully. Spinning

basket membrane module was performed for the ultrafiltration process.

» The ultrafiltration of Humic acids solution using spinning basket membrane module
was performed successfully. The feasibility assessment of Humic acids ultrafiltration
was also achieved by dead-end mode ultrafiltration where the TMP drop was an
important parameter to explore the permeate flux decline nature. The transient flux
decline behavior during ultrafiltration process time was evaluated and equated with the
theoretical approach using artificial neural network (ANN) analysis. The cake layer
formation and pore blocking mechanisms were confirmed using Hermia’s pore

blocking model for dead-end ultrafiltration.

> In the presence of membrane basket rotational speed, the permeate flux decline was
found to be marginal due to the less concentration polarization. During filtration, an
initial decline of permeate flux was observed due to the severe pore-clogging. The
irreversible pore blocking behavior was studied using Modified Hermia’s pore blocking
mechanism. For the observed rejection, Maximum solute rejection was noticed at a high
TMP (414 kPa) drop and low rotational speed of 31.41 rad s™. A reduced membrane
resistance has been observed with increasing membrane basket rotation. Regarding
cleaning of the fouled membrane, maximum cleaning efficiency of 88% was obtained
with ultrasound application than simple membrane basket back rotation. Based on the
membrane basket rotation, energy consumption, and permeate quality, the
ultrafiltration of Humic acids aqueous solution using spinning basket membrane

process is implemented as the appreciated and operative mode of separation.

TH-1905_126107005



Chapter 6

> Utilization of spinning basket membrane module for the treatment of paper and tea
industry waste effluents is a significant process to control the water pollution. To reduce
the total suspended solids from the industrial effluents, the vacuum filtration for the
paper industrial wastewater and the alum coagulation using commercial alum as an
effective coagulant reagent during tea factory effluents pretreatment were successfully
performed in the present study. During final treatment such as spinning basket
membrane ultrafiltration, maximum permeate flux was obtained for 50 kDa MWCO
membrane for both the cases among 5, 10, 30 and 50 kDa MWCO membranes.
Whereas, 5 kDa MWCO membrane gives higher rejection of solutes than others. High
rotational speed helps to raise the membrane shear rate which enriches the solvent
permeation reducing the mass transfer resistance of the polarized layer of retained
solutes. Due to the high turbulence at 52.36 and 73.30 rad s, the deposition of rejected
solute molecules on membrane effective surfaces is marginal which results in a less
membrane resistance for both effluent treatments. The module performance was
evaluated using three different diffusion models such as Brownian, rotational and shear-

induced model.

> Response surface methodology helps to optimize the process parameters successfully.
The optimum permeate quality during industrial effluent treatment was found when the
TMP drop, membrane basket rotation and retentate flow rate were 350.61 kPa, 600 rpm

(62.83 rad s) and 2 L min, respectively.

» Towards recovery of value added products from solid wastes, tea factory waste was
used to extract total polyphenols using five different solvents (ethanol, methanol,
acetone, ethyl acetate and de-ionized water). Among the different organic solvents
(methanol, ethanol, acetone and ethyl acetate), ethanol-water mixture was the most
effective solvent mixture to extract total polyphenols. Whereas, de-ionized water
extraction of polyphenols at approximately, 70°C was also verified to be as efficient
and significant like ethanol. The selection of solvent for the further study was based on
the cost effectiveness. As a result, de-ionized water was chosen as a green solvent to
optimize the process parameters in the present study. extraction temperature played an
important role during recovery of total polyphenols from solid wastes.

158
TH-1905_126107005



Overall conclusions and future perspective

> With raising the extraction temperature from 50 to 70°C, the phenolic components
extraction increased due to the high amount of phenolic compounds diffusion. Whereas,
beyond the high temperature of 70°C, the recovery of polyphenols extended its
equilibrium position due to the decomposition of polyphenols. Response surface
methodology was studied to find out the optimum process parametric conditions for the
extraction of total polyphenols. The optimum extraction of total polyphenols of 1270.34
mg L™? GAE has been obtained with the optimized parameters such as, solid waste
content in 50 mL water (g), time (min) and temperature ('C) were 2.45 g, 68.06 min,
and 67.33°C, respectively. During the kinetic evaluation of extraction, the pseudo
second order kinetic was found to be perfect according to the highest regression
correlation (R?). Whereas, the theoretical diffusion rate was significant for the model
based on film theory.

> After extraction of total polyphenols under different parametric conditions, membrane
ultrafiltration was carried out successfully to concentrate the phenolic compounds and
recover the green solvent such as water. It was clear that the spinning basket module
seems to be a valid and efficient approach to concentrate the total polyphenols after hot
water extraction from the tea factory solid waste. The concentrated phenolic materials
can be considered as a source of antioxidant compounds. On the other side, the

degradation study reveals that the total phenolic components degrade linearly with time.

6.2. Perspective of future directions

%+ Scaling up of newly designed spinning basket membrane module for the large scale
continuous operation

« Treatment of other different industrial waste effluents such as, oily wastewater,
municipal and domestic sewage etc. filtration to identify the behavior of concentration
polarization

+«» Comparative study of spinning basket ultrafiltration with spiral wound module and
cross flow filtration

% Commercialized application of alum coagulation followed by membrane
ultrafiltration of tea industry effluents in a continuous mode

+«» Application of extracted and concentrated phenolic compounds found from tea factory
solid wastes in the field of corrosion inhibition, pharmaceuticals, and natural dye
preparation etc.
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Appendix:

Table Al. Conversion of rpm to rad s

rpm rad s*
100 10.47
200 20.93
300 31.41
500 52.36
600 62.83
700 73.30

Note: 1 rpm= 2r/60 rad s

Table A2. Theoretical error prediction using RSM for the alum coagulation study of tea

factory wastewater
Responses Model standard Pure Lack of fit Comment
deviation error
TSS (%) 3.25 18.10 0.074 not
TDS (%) 3.03 18.80 0.109 significant
Turbidity 0.31 0.3 0.237
(NTU)

Table A3. Analysis of error for the three diffusion models during ultrafiltration of paper

industry wastewater
Diffusion Residual sum of Standard error Mean square error
models squares S (V-y)? (MSE)
n o= n— 2 l n )
RSS =" (v, — f (%)) MSE =3 (%~ %))
i=1 =)
Rotational 1.63 0.054 0.82
Shear 3.08 0.074 1.54
induced
Brownian 11.64 0.144 5.82
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Table A4. Theoretical error prediction between RSM data and ANN data for the
extraction of total polyphenols from tea factory solid wastes

RSM data ANN data Error
1241 1245.79 -4.79
1050 1050.08 -0.08
625 623.08 1.91
1162.22 1165.00 -2.78
1225 1228.79 -3.79
587 604.55 -17.55
1057.33 1056.15 1.17
435.67 435.89 -0.22
585.5 585.07 0.43
675 674.05 0.94
1100.25 1097.45 2.79
254.16 258.35 -4.19
1216.67 1215.79 0.87
795 795.01 -0.01
310 313.93 -3.93
560 555.78 4.21
1183.33 1185.79 -2.46
1358.33 1345.79 12.53
772.25 769.68 2.56
1191.67 1195.79 -4.12
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Fig. Al Variation of observed rejection for different MWCO membranes with respect to
TMP drops
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Fig. A3 Particle size distribution (a) at the beginning of the treatment; (b) during spinning
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163
TH-1905_126107005



Research output
Published Journal Papers:

e Suman Saha, Chandan Das, A lab-scale spinning basket membrane module for the
assessment of Humic acids ultrafiltration with effect of sonication on membrane
fouling, Chem. Eng. Comm. 205 (2018) 1457-1498.

e Suman Saha, Chandan Das. Purification of Humic acids contained simulated
wastewater using membrane ultrafiltration. European Water 58 (2017) 33-40.

e Suman Saha, Chandan Das. Spinning basket membrane ultrafiltration of paper
industry waste effluent: Experimental and theoretical aspects. J. Environ. Chem. Eng.
5 (2017) 4583-4593.

e Suman Saha, Chandan Das. Analysis of fouling characteristics and flux decline during
Humic acids batch ultrafiltration. J. Chem. Eng. Process Technol.; 6 (2015) 252-258.

Communicated Papers:

e Suman Saha, Chandan Das, Utilization of Tea Factory Solid Waste towards
Polyphenols Extraction: Optimization Study and Kinetic Model Analysis, Asia-Pacific
J. Chem. Eng. (under review).

e Suman Saha, Rijumoni Boro, Chandan Das, “Treatment of tea factory effluent in a
coagulation-ultrafiltration integrated hybrid process”, Clean Soil Air Water (Under
review).

Conferences:

e Suman Saha, Rijumoni Boro and Chandan Das " Treatment of tea factory effluent in
a coagulation-ultrafiltration integrated hybrid process"”, International Conference on
Water Resources Management, 11-12™" January, 2018, CSIR-Central Glass & Ceramic
Research Institute (CSIR-CGCRI) Kolkata.

e Suman Saha and C. Das "Effects of rotational speed and membrane molecular weight
cut-off on Humic acids ultrafiltration using spinning basket module” in Indian
Chemical Engineering Congress (CHEMCON-2015), 27-30"" December, 2015, IIT
Guwahati, India.

e Rijumoni Boro, Suman Saha and C. Das "Oily waste water treatment using different
technologies" in Indian Chemical Engineering Congress (CHEMCON-2015), 27-30"
December, 2015, IIT Guwabhati, India.

e Suman Saha and Chandan Das "Recovery of poly-functional polymers using
membrane ultrafiltration”, REFLUX 2.0, Annual Chemical Engineering Symposium,
29-30" March 2014, Indian Institute of Technology Guwahati, Assam, India.

164
TH-1905_126107005



e Sujoy Bose, Suman Saha and Chandan Das "Investigation of morphological and
mechanical behaviour of a ceramic membrane based on different parameters”, in
International Conference on "Membranes and Applications" (ICMA 2013), 22-23"
November, 2013, CSIR-Central Glass & Ceramic Research Institute (CSIR-CGCRI)
Kolkata.

165
TH-1905_126107005



