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Abstract

The present thesis deeply investigated the use of a commercial innovative material, the
thermoplasma-expanded graphite (TPEG), as adsorbent material for water remediation. This
innovative material has never been used for this kind of applications and this thesis would
demonstrate its effective use for water and groudwater remediation. TPEG is a promising
material for that purpose due to its characteristics, evidenced by the producer, such as: high
surface area and very significative expansion of interlayer distance of the plan of graphite. The
commercial form of the TPEG is a very light powder that floats on the water, therefore, it was
used in its natural form in batch tests. Adsorption of different pollutants, such as methylene
blue, thricloethylene and diclofenac, was deeply investigated by evaluating the kinetics and
isothermal aspect of the adsorption. Furthermore, other parameters that can affect the
adsorption, such as pH, initial concentration of pollutants, ionic strength or presence of
interference, were investigated. The possibility of regenerating and reusing the TPEG as

adsorbent was also evaluated.

Modification of the morphology of TPEG was conducted in order to use it as adsorbent material
for different setup of process, like fixed-bed column. To this aim, the commercial form was
transformed into a granular form of thermo-plasma expanded graphite (GTPEG), by entrapping
TPEG into calcium alginate, by using a process that was developed and optimized during tihis
thesis work. The GTPEG was then used to treat water by adsorption on fixed bed column. The
process was deeply investigated and several pollutants were tested as target compounds, such
as short chain phthalates (plasticizers), carbamazepine, bisphenol, 1,7-a ethynilestradiol and
atrazine. The effect of adsorbent dosage, flow rate, initial concentration of pollutants, time
contact and composition of GTPEG was evaluated. Other tests were conducted to verify the
leaching of GTPEG. Adams-Bohart and Thomas models can effective applied to modelize the

process and to evaluate its scale up.

A sonication process was optimised to transform the not soluble TPEG into a hydrosoluble
form, useful to treat groundwater by injecting the adsorbent material to obtain a hydraulic
barrier able to contain and remove the pollution. By using this hydrosoluble form, TPEG can

be used as material for the installation of injectable permeable reactive barrier. The capacity of
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the hydrosoluble TPEG to adsorb BTEX was firstly tested and characterized by using the batch
setup to have all the information on the adsorption process. After the deeply characterization of
the adsorption process, the use as injectable permeable reactive barrier to remove BTEX from

groundwater was investigated.

Innovative commercial materials can be used as adsorbent, but waste materials also represent a
source of adsorbent materials. For this reason, a little part of the thesis was reserved to this kind
of work. The last chapter reports a study conducted on the reuse of agricultural-food waste as
adsorbent material: the spent ground coffee. The ability of spent ground coffee as adsorbent
material was demonstrated by deeply investigating its capability to remove methylene blue.

1. General introduction and adsorption process overview

1.1 General introduction

Water remediation is an historical challenge as this natural resource represents the most
important element for human life; its damage can irremediably affect the life on the Earth.
Several processes have been implemented and optimized for water and wastewater treatment
[1,2,3,4,5,6,7, 8,9, 10] and reuse. By considering the increasing of the pollution and the
emerging of new kind of pollutants (known as “emerging pollutants™), several researches are
still conducted to improve the performance of the traditional processes and discover new
treatments. In the next sections further information on water and treatment waste water will be
given, but in this section an overview was reported to better understand the aim and the scope
of the thesis.

One of the processes traditionally used for water remediation is the adsorption, that is regulated
by transferring the pollutants from the water to the surface of a solid material, called adsorbent
material. This process is characterized by some advantages, like its operational simplicity, and
the absence of metabolites or new chemical species introduced into the water [8, 9, 10]. The
typical and most used adsorbent material is the activated carbon [11, 12]. It is largely used, but
its efficiency is not always reliable in removing emerging pollutants or traditional ones, when
they are present at concentrations lower than ppm. For these reasons, innovative adsorbent
materials are the topic of several scientific research groups and nowadays graphitic and
graphenic material are largely investigated [13, 14, 15, 16], due to their very large surface area,
a characteristic that ensures good adsorption properties. This thesis investigated the use of a
commercial form of thermo-plasma expanded graphite (TPEG), to evaluate the use it as

adsorbent material to replace activated carbon or to couple to it. For that reason, the adsorption
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ability of the commercial form of TPEG was investigated by batch testing. Diclofenac,
methylene blue and trichloroethylene were tested as target pollutants and the adsorption process
was deeply investigated. Kinetics and isothermal aspects of the adsorption process were
investigated and comparated with theoretical models (Langmuir, Friendlich, Dubinin, Temkin,
pseudo-first order, pseudo-second order, intraparticle diffusion, liquid film diffusion and
Elovich). Furthermore, the effect of other parameters, such as time of contact, pH, ionic
strength, concentration of pollutants, on the adsorption capacity of the material, was
investigated. The deep knowledge of the process at lab-scale is a mandatory step for real
applications because it is necessary to evaluate the performance of the adsorbent material for
dimensioning reactors, adsorbent dosages, time of contact and other parameters. Regeneration
and reuse as adsorbent material of the TPEG was investigated by testing the thermal

regeneration and solvent washing [17, 18, 19, 20].

The commercial form of TPEG is a very light powder with low density, it floats on the water
and it represents a limit for different setup applications, such as the use as fixed bed column of
adsorbent material [21, 22, 23, 24, 25, 26] (useful for filtration setup) and injectable permeable
reactive barrier [27, 28, 29, 30] (useful for the treatment of groundwater and containment of
plume). In order to investigate the use of the material for different setup, a modification of the
morphology of the material was carried out. Two different form were prepared: granular form
of TPEG (GTPEG) and hydrosoluble form of TPEG. The granular form could be used as
adsorbent material for fixed bed column. This is the typical setup used into the wastewater
treatment plants and it is often used for groundwater remediation when the Pump&Treat system
is applied. The preparation of the granular form of the TPEG was performed by using the
entrapment approach typically used into nanobioscience for the preparation of enzymatic
biosensor [31]. Indeed, TPEG was physically entrapped into calcium alginate sphere. In order
to perform that, TPEG was mixed to sodium alginate and mixed until an homogeneous solution
was obtained and then dropped into calcium chloride. The presence of the calcium ion facilitates
the reticulation of the chain of alginates and TPEG remains entrapped into. Then, the material
was dried at 105° in the oven and granular sphere of TPEG was obtained and used to prepare
fixed bed column where the water treatment was performed. The adsorption by filtration was
tested and deeply investigated by using phathalate (with short chain) normally used as
plastizers, bisphenol A, atrazine (herbicide), carbamazepine (anti-epileptic drug) and 1,7-a-
ethynilestradiol (hormone) as target pollutants. The process was deeply investigated to obtain
enough information that could be used for the scale up of the process. The effect of flow rate,

contact time, adsorbent dosage, initial concentration of pollutants and GTPEG composition
8



were investigated. The fitting of experimental data with theoretical models (Adams-Boahrt and
Thomas models) was evaluated and the obtained results were used for dimensioning the
possible scale up of the process. A test to evaluate the probably leaking of TPEG from the

obtained granular material was also conducted and no leak was observed.

Then, the hydrosoluble form of TPEG was prepared by optimizing the sonication process [32].
The adsorption efficiency of the hydrosoluble form was firstly investigated on batch test for the
removal of toluene, xylenes and ethylbenzene (BTEX) and then a simulation of use as injectable
permeable reactive barrier for groundwater remediation (BTEX as pollutants as target
pollutants again) was performed. The adsorption process was deeply investigated to have

complete knowledgment on the adsorption process of BTEX on hydrosoluble form of TPEG.

To conclude the thesis, the topic of water preservation was coupled with another aim of the
sustainable developing: circular economy. In order to reduce the solid waste production and the
water preservation at the same moment, an agricultural-food waste was used to prepare an
adsorbent material [33, 34, 35, 36], which was used to remove methylene blue from water. The
chosen waste was the spent ground coffee. The adsorption process was investigated by
evaluating the kinetics and isothermal aspect. Furthermore, the effect of numerous parameters,

such as adsorbent dosage, pH, pollutants concentration, ionic strength was deeply investigated.

The present thesis demonstrates the potentiality of TPEG as innovative adsorbent material for
water treatment and remediation. The material performance was comparable with the most
performing new material tested and reported in literature. Furthermore, the commercial form of
the material presents the advantage that can be easily modified when it is necessary for different
setup application from batch reactor, such as injectable permeable reactive barrier or fixed bed
columns. The promising results encourage us to perform further modification of the material
and the investigation of its adsorption ability of more pollutants. Every chapters focused on the
experimental aspect of the thesis contains a deep introduction on the aspect of the novelty, the
challenge of the work, the state of the art and other important aspect related to the single work
performed to give to the reader all the information that he/she needs. The actual presented
chapter is just an overview to gives to the reader the idea of the works performed for this thesis,

its logical execution and the context where it is.

1.2 Water preservation



Water is a precious resource used in households, industry, and agriculture. Freshwater on the
Earth is very rare and only 0.2% of the total water is directly accessible for human consumption
[38] and about 36% of that is actually used [39]. Its distribution in the world is inequal and
some countries, where accounting for 30% of the total world population, face freshwater
scarcity. The future increase of world population expected in the next years will even increase
the problem associated to the freshwater scarcity [40]. As reported in figure 1, the global water
demand will increase, and scientific community has to face the problem to avoid global fighting
and migration caused by water scarcity, as already happened in some countries where reserve
of surface water represent the only source of procurement and they were exhausted due to bad
management of the resource and the climate change. An example of what could involves a
future decrease of water reserves is represented by the case of lake Chad. Its surface is reduced
by about 90% respect the 1870 [41] and it is one of the causes of social tension and migration
in that area. Several studies demonstrate that the probability of conflicts is increased of 11% in
the African continent respect the 1980 due to the climate change that involves also increase of
water scarcity [42]. Furthermore, the increase of water demand and the decrease of water
resource will contribute to increase the difference between developed country and not
developed country, affected for example the production of cereal. Some models indicate that
the production of cereal will be decreased of about 30% in not developed country and increased
of about 15% in developed country [43]. It will contribute to the increase of migration

phenomena, social inequalities and the negation of the right to choose to live in own country.

Global water demand: Baseline scenario, 2000 and 2050
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Note :BRIICS = Brazil, Russia, India, Indonesia, China and South Africa; RoW = rest of the world
Source: Environmental Qutlook Baseline; output from IMAGE suite of models.

Fig.1 Global water demand: comparison between 2000 and 2050. OECD report on water.
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In this context, the source of freshwater (groundwater and surface water) needs protection and
intensive treatment and reuse of wastewater should be aimed for [44]. Wastewater cannot be
directly discharged into surface water because normally it contains several hazardous
substances that can affect its quality. Nevertheless, globally 80% of the produced wastewater
is discharged in surface water without treatment [45]. For this reason an increase of wastewater
treatment plans (WWTP) is required to preserve the quality of the water, although this alone
will not be enough as a typical WWTP is not able to remove emerging urban pollutants such as
herbicides, plasticizers, pesticides and pharmaceutical products that are still detected in WWTP
effluent [46, 47, 48, 49, 50]. For this reason, innovative process should be improved to treat
urban wastewater, to avoid discharging contaminants that can alter the natural ecosystem into
surface water. The pollution of water by urban purpose it is not the only source of water
degradation. There are other sources of pollution, such as industrial application and
environmental disaster caused by leaking of pipeline or other accidents. In that case, the kinds
of pollutants that contaminate water are different from the previous one reported before and the
concentration are different (typically for environmental disaster are higher than urban
wastewater). Innovative process could be also improved to have more performers treatment
able to treat water contaminated after uncontrolled disaster. Normally, pollutants involved in
these kinds of events are hydrocarbons or dyes used into tanning industries.

1.3 Wastewater treatment plants

Because of the preservation of water resource, by reusing wastewater after treatment and
preservation of freshwater, is necessary to ensure the future human life and developing,
wastewater treatment plants (WWTPs) were deeply studied and optimized and nowadays are
largely presents into developed country. Different degrees of treatment will be necessary
depending on the final use of this reclaimed water. The main function of a WWTP is to
minimize the environmental impact of discharging untreated water into natural water systems.
The conventional WWTPs consist of two levels of treatment: preliminary and primary (physical
and chemical), and secondary (biological) treatment. These treatments may reduce suspended
solids, biodegradable organics, pathogenic bacteria and nutrients. This treated wastewater is
usually discharge into the sea or rivers but not used for reuse purposes. Also a WWTP may get
a resource from wastewater carrying out a tertiary treatment on the treated wastewater which
can be reused. The preliminary treatment involves the removal of coarse solids and other large
materials often found in raw wastewater. Removal of these materials is necessary to enhance
the operation and maintenance of subsequent treatment units. Preliminary treatment operations
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typically include coarse screening, grit removal and, in some cases, comminution of large
objects. The primary treatment involves the removal of settleable organic and inorganic solids
by sedimentation, and the removal of materials that will float (scum) by skimming.
Approximately 25 to 50% of the incoming biochemical oxygen demand (BODs), 50 to 70% of
the total suspended solids (SS), and 65% of the oil and grease are removed during primary
treatment. Some organic nitrogen, organic phosphorus, and heavy metals associated with solids
are also removed during primary sedimentation but colloidal and dissolved constituents are not
affected. Primary sedimentation tanks or clarifiers may be round or rectangular basins, typically
3 to 5 m deep, with hydraulic retention time between 2 and 3 hours. Settled solids (primary
sludge) are normally removed from the bottom of tanks by sludge rakes that scrape the sludge
to a central well from which it is pumped to sludge processing units. Primary sludge is then
treated by anaerobic or aerobic digestion and dewatering. The objective of secondary treatment
is the further treatment of the effluent from primary treatment to remove the residual organics
and suspended solids. In most cases, secondary treatment follows primary treatment and
involves the removal of biodegradable dissolved and colloidal organic matter using aerobic
biological treatment processes. Aerobic biological treatment is performed in the presence of
oxygen by aerobic microorganisms that metabolize the organic matter in the wastewater
producing CO2 NH3z and H2O. The microorganisms are then separated from the treated
wastewater by sedimentation to produce clarified secondary effluent. The sedimentation tanks
used in secondary treatment, often referred to as secondary clarifiers, operate in the same basic
manner as the primary clarifiers described previously. The biological solids removed during
secondary sedimentation, called secondary or biological sludge, are normally combined with
primary sludge for sludge processing. Secondary treatment, in combination with primary
sedimentation, typically remove 85 % of the BODs and SS originally present in the raw
wastewater and some of the heavy metals. Tertiary and/or advanced wastewater treatment is
employed when specific wastewater constituents which cannot be removed by secondary
treatment must be removed. Because advanced treatment usually follows secondary treatment,
it is sometimes referred to as tertiary treatment. However, advanced treatment processes are
sometimes combined with primary or secondary treatment or used in place of secondary
treatment. Normally, tertiary treatments consist of adsorption, reverse osmosis filtration,
dephosphatizing, denitrification and sterilization. One of more of them can be conducted.
Because adsorption process is the topic of this thesis, it will be largely discussed in next
sections. The developing of adsorption process and adsorbent materials can be useful to remove

emerging pollutants detected in wastewater that are not removed by the typical WWTPs.
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Normally, emerging pollutants require very expensive and complex solution for the removal.
To have cheap, high removal efficient and easily adsorption process will allow to have it as

mainstream tertiary treatment of WWTPs. [51]

1.3 Groundwater remediation technologies

Groundwater remediaton operation is very expensive, time consuming, not always effective
and normally pertinent information is usually not available for the aquifer and the geological
system. All these consideration, promote the governmental strategies focused on reduction of
the risk of exposition to pollutants of the sensitive receptor. However, events of pollution of
groundwater could happen and remediation is necessary. Many different methods of physical,
chemical and biological technologies have been proposed for the protection/clean up of
groundwater reservoir. The remediation methods can include hydrodynamic or physical
containment of polluted plume and then extraction of the groundwater by pumping it and treat
it. After the remediation treatment water is pumped again into the aquifer system. This system
is called pump and treat and it is an ex-situ treatment technology. In-situ treatment technologies
are also developed and normally reagents, microorganism etc. useful for the pollutants removal

are directly pumped into the groundwater.

1.4.1 Physical control of groundwater

Different techniques are available for the physical control of the flow of groundwater and
therefore of the flow of polluted groundwater (plume): grouting, slurry walls and sheet pilling.
Grouting is a technique used in the construction industry. It is based on the injection of a
stabilizing liquid slurry under pressure into the soil that can also be used to create an
impermeable wall. The grout is injected into the soil until all the pores are completely filled.
Then, the grout solidify and set, resulting in a mass of solid material that will reduce the soil
permeability to zero when properly constructed. The success of the grouting operation depends
on several variable like the soil composition and geology, the soil temperature and pollutants
contained (acid and alkaline condition degradate the grout wall). An important consideration
during the grouting process is the pressure of injection of the grout. An high pressure of
injection may weaken the strata and increase the permeability. Other disadvantages of grouting
is that it is limited to granular types of soils, having pore space large enough to accept grout
fluids under pressure. Another method of impearmable wall formation is the use of slurry walls.
It represents a technology to prevent groundwater pollution or restrict the movement of

contaminated groundwater. It is very simple and involves digging a deep trench and concurrent
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in situ blending of a bentonite clay with the native soils. The advantages of the method are the
simplicity and the widely use in the construction industry, bentonite minerals will not break
down with the age and as long as the wall remains wet it will swell and maintain an excellent
impermeable seal, slurry walls are not attacked by the typical contaminants and low
maintenance are necessary. The disadvantages are that the excavation is necessary and
bentonite degradation has occurred where there has been exposure to higher ionic strength
leachate. Sheet pilling technique involves driving lengths of steel that are connected via a
tongue and grove mechanism into the ground to form an impermeable barrier to flow. Sheet
pilling materials include steel and timber. It is a simple technique, no excavation is necessary
and no contaminanted soils need disposal. For small project, construction can be economical
and there is no maintenance after the construction. Furthermore, the steel can be coated for
corrosion protection to extend its service life. The presence of acidic groups may attack the

steel.

1.4.2 Ex-situ treatment techniques

In addition to the physical containment of the groundwater, it can be also treated by ex-situ
processes to remove pollutants at the surface and then reinject it. The ex-situ treatment available
are air stripping, adsorption, biological treatment and chemical treatment. Air stripping is a
process by wich volatile or semi-volatile compounds are removed from the water and
transferred to gas phase. The transfer step is favoured by an air flow through the water. The
driving force of the process is the difference between the initial concentration of the pollutant
in the air phase (Ci=0) and the concentration associated to the equilibrium between the gas and

the liquid phase regulated by the Henry’s law, expressed by the following equation:
CG =H X CL

Where Cg is the concentration in the gas phase, H is the Henry’s law coefficient and Cy is the
concentration in the liquid phase. High values of H ensure high removal of the pollutants by
transferring it to the gas phase. Normally, compound with a H values higher than 10* atm m®
mol? are considered strippable. Chlorinated hydrocarbon compound used as solvent and
normally detected as pollutants of groundwater have a lower value of H and are not removed
by this technique. Different types of equipment are available for the operation that ensure the
transfer of the pollutants from the water to the air. The most widely used is the packed column
system. The packing material is useful to ensure the maximum surface area of contact for the

countercurrent flow of water coming down and air being forced up. Contaminated water is
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cascade from the top of the column and splashed against the packing material while air is forced
in from the bottom and out from the top by carryng the volatile and semivolatile pollutants. The
key design variables in air stripping project are the diameter of the columns, the liquid loading
rate that depends by the amount of the groundwater to treat, the air-water ratio, the packing
heght and its characteristic. Knowing the flow rate, the diameter of the column can be derived
from the loading rate. Fixed the liquid loading rate and the diameter of the column, the height
of the packing is a trade off with the air-water ratio. By increasing the air-water ratio a decrease
of the height is involved. The design of the column can be obtained by considering the following

equation:

C:
L R l/CO(R—1)+1

Z= 1
KD, R—1n( R

)

Where Z is the packing height (m), L the liquid loading rate (kg mol h'* m2), K. is the liquid
mass transfer rate times, Dy the molar density of the water (mol m®), Ciis the influent
concentration of water, Co is the effluent concentration of water and R is the stripping factor
defined as reported in the following equation:

R_(HXG)
" \PXL

Where H is the Henry’s law constant, G is the air velocity (kg mol h m) and P is the total

system pressure (atm). The equation allows to define the trade-off between height of the
packing and air-water ratio by plotting Z versus R for different values of Ci/CO. The methods

can be easily applied to the volatile organics compounds. The capital cost of air stripping are
relatively small but because of the length of the time to treat the plume, annual cost can be
substantial. Biological treatment represent another option to treat groundwater ex-situ.
Heterotrophic microorganism are the most common group that provide the metabolic process
for removing organic compounds from contaminated groundwater. They use the contaminants
as source of carbon and energy. Portion of contaminants are oxidized to provide energy and the
other portion are used as building blocks for cellular synthesis. Energy are obtained by
fermentation, aerobic respiration and anaerobic respiration. The biological treatment are
normally divided into two categories, the suspended growth system (activate sludge processes)
and fixed-film system. The activated sludge system consist of a large basin in wich the
contaminated water is introduced along with air or oxygen by diffusers or mechanical aeration

devices and nutrients like nitrogen and phosporous. The microorganism are present as
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suspended material and growt by using the pollutants present in the water. At the end of the
process, microorganism required to be separated from the water phase, therefore a gravity
settling is present. The described process is the typical process used into the WWTPs. The
fixed-film system differs from the activate sludge in that microorganism are fixed to media that
provide an environment for them. Rotating biological contactors are the most common forms
of fixed system. It consists of a series of rotating disk connected by a shaft and set in a basin or
though. Microorganism are fixed on the disk and they are in contact with the water. This system
ensure lower cost because oxygen are naturally provided thanks to the continuos rotation of the
disk that ensure moment outside the water for the microorganism. Biological treatment are
normally useful to remove organic compounds. Chemical precipitation is another technology
useful to remove inorganic pollutants. Three common techniques are available for the
precipitation of the inorganic compounds at specific pH and they are carbonate system,
hydroxide system and sulphide system. The sulphide system ensure the removal of all the the
inorganics but the handling the chemicals after the precipitation is not easy and resolubilitazion
can be observed. Carbonate system is managed by pH adjustement between 8.2 and 8.5 by using
soda ash. The hydroxide system is most used for inorganic metal removal. The system responds
to pH adjustement by adding lime or sodium hydroxide. The metals precipitate as hydroxide.
Another important process for the ex-situ treatment is the adsorption. As topic of that thesis, it
will be discussed deeply in the next section. Adsorption represents the most widely used method

because of its feasibility, lower cost and no complex maintenance.

1.4.3 In-situ treatment techniques

A major problem with in situ technologies is delivering the right reagents to the right locations
at the right concentration and the right time. The problem to overcome is mixing of the feed
material into the aquifer wich is a very slow process. In situ physical/chemical treatment
involves the installation of a banck of injection at the head of the plume. A treatment agent is
the pumped into the groundwater. In situ physical/chemical treatment include air sparging, hot
water/steam flushing/stripping, in-well air stripping, circulating wells and passive/reactive
treatments walls (permeable reactive barriers). Air sparging involves injection of air into
contaminated groundwater. Injected air traverses through the soil column, creating a stripper
that removes volatile and semivolatile compounds. Pollutants reach the unsaturated zone, where
a vapor exctration system is present to remove the generated contaminated gas-phase. The
addition of oxygen to the system can also enhance the biodegradation. Some limitation exist
for that process like the possible not uniform flow of the air through the soil, depth of the
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contamination can reduce the efficiency of the process and soil heterogeneity could represent a
limitation and some zone can be unaffected by the process. In-well air stripping is a similar
process to the ex-situ air-stripping. Air is injected into a double-screened well, lifting the water
in the well and forcing it out the upper screen. Circulating wells is a variation of the in-well air
stripping. Hot water/ steam flushing/stripping involves the forcing of hot water/steam into an
aquifer through injection wells to vaporize volatile and semivolatile organic compounds. After
the vaporization they reach the unsaturated zone where they are removed by vacuum extraction
and then treated. Permeable reactive barriers involve the installation of a permeable wall across
the flow of the contaminated plume. These barriers allow the passage of water while prohibiting
the movement of contaminants by entrapping or degrading them into not dangerous
substances.These technology is normally used for long-term operation to control migration of
contaminants in groundwater. The limitation are represented by the fact that the barrier lose
their activity and replacemet are required, depth and width of barrier could limit the application
to small plume, biological activity or chemical precipitation can limit the permeability of the
barrier and the long-term monitoring is mandatory. Some of that limitation are the topic of
researcher community, like the regeneration of the barrier by coupling adsorption and
biodegradation process or the limitation of the installation of the barrier for small and no depth
plume by developing low-pressure injectable barrier. In-situ biological remediation
technologies are also developed. They can involves inoculation of microorganism, nutrients
and primary substrate or oxygen to enhance the natural biodegradation. The biologic
remediation technology are already available and other develop are now conducting to improve
the efficiency of the process. As reported for the previous section, research on adsorption
process is actually largely conducted and, for in-situ treatment, focused on the developing of
injectable adsorbent permeable barrier and coupling with biodegradation. Traditional adsorbent

barrier is also subject of evaluation of coupling with biodegradation. [52]

1.5 Adsorption process
Adsorption is a chemical-physical mass transfer process with which atoms or molecules of

compounds present in the liquid or gas phase are fixed on a solid porous surface, concentrating
at the separation interface, due to the bonds of both a physical and physical nature. chemistry
between the adsorbate and the adsorbent solid. Adsorbate is the substance that is removed from
the liquid phase, the adsorbent is the solid (most common case), liquid or gaseous phase on
which the adsorbate accumulates. The adsorption phenomenon is widely exploited in scientific
and industrial applications, such as chromatographic analysis or even in many depuration or

discoloration technologies. Many substances present in the environment have adsorbent
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properties, but the materials most used for this purpose are materials based on silica gel,
activated alumina, zeolites and activated carbon. The latter is the most common one for the
removal of organic molecules given its high specific surface area, good affinity with many
compounds, ease of regeneration and relatively low costs [53]. Based on the type of relationship
that is established between the adsorbate and the adsorbent, the adsorption can be defined as
physical or chemical. We find ourselves in the first case if weak bonds are involved, such as
van der Waals bonds; in the second when strong bonds are involved (type n-n and chemical
bonds). Since the adsorption process occurs in several steps, the slower step is identified as the
kinetically limiting step [54]. In general, it is possible to distinguish four phases during the

adsorption process, as shown in Figure 2, and they are:

+ transportation within the solution;
 transport by diffusion within the liquid film;
 transportation within the pores;

+ adsorption.

The first phase concerns the movement made by the substances to be adsorbed inside the
solution, until the stagnant liquid film that surrounds the surface of the adsorbent is reached.
The second phase consists in the transport of the substances of interest, according to diffusion
processes, through the stagnant liquid film, until the pores of the adsorbent are reached. The
following phase consists in the transport of the substance to be adsorbed inside the pores of the
adsorbent due to the effect of molecular diffusion mechanisms in the liquid contained in the
pores and diffusion on the surface of the solid material. The actual adsorption phase occurs

when the substances bind to the adsorbent at the active adsorption sites.
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Fig.2 Schematic representation of adsorption process

1.5.1 Influence of experimental parameters on adsorption process

The adsorption capacity is highly variable and depends on the type of adsorbent used, the type
of contaminant to be removed and the operating conditions [53]. It is calculated as the mass of
pollutant removed per unit of mass of the adsorbent substance and the factors that most

influence it are:

» surface area of the adsorbent;

« porosity of the adsorbent;

* solubility;

» nature of the adsorbate (polarity, branching of the structure, presence of aromatic rings
etc.);

© pH;

» temperature;
 interaction with other substances present;
« concentration of the solute (adsorbate) and adsorbent material;

« contact time.

Adsorption is a superficial phenomenon and appears to be dependent on the specific surface
area of the adsorbent, defined as that portion of the total area involved during the process. In
general, the adsorption capacity grows with the specific surface but it is not always closely
related to it as it depends on the size of the molecules and the characteristics of the solution
[53]. The adsorption capacity is also greater when porosity increase and granulometry of the
material decrease. In this case, most of the area available for the process is located in the pores
of the adsorbent. If the adsorbent used is not porous or, although porous, the process is limited
to the transport of substances through the stagnant liquid film, then the adsorption capacity will
be inversely proportional to the diameter of the particles. If, on the other hand, the adsorbent is
porous but the adsorption process is based on interparticle transport, then the adsorption
efficiency will be the reciprocal of some power of the particle diameter. In addition, the speed
and adsorption capacity of a given material vary linearly with the quantity of adsorbent (the
adsorption capacity increases only if the number of active sites limits the number of adsorbed
molecules) [54]. The adsorption process is also strongly influenced by the properties of the
solute. In the case of inorganic compounds, it depends on the presence of solute in neutral or

ionic form [55]; in the case of organic compounds, however, the main factor is the solubility of
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the compound. Specifically, the Lundelius rule allows you to predict the degree of adsorption
of a given solute based on its chemical properties. According to this rule, a compound is all the
more absorbable the lower its solubility in the solvent. This can be explained considering that
the greater the solubility, the greater the solute-solvent bond and, therefore, the lower the
adsorption capacity due to the lower energy gain derived from the adsorbent-adsorbed
interaction. However, Lundelius’ rule is not always respected: there are many cases in support
of this theory, but also many exceptions. Another parameter that influences the adsorption
process is the molecular structure: the compounds with a branched chain are generally less
adsorbable than those with a linear chain [56]. The pH affect the process by changing the
solubility of the adsorbate (a low solubility promotes adsorption) but also because can provoke
protonation or deprotonation of the surface of the adsorbent. The temperature influences both
the kinetics of the process and the adsorption capacity. The increase of the temperature involves
the increase of the rating of the process due to increase of the energy of the system that ensure
a bigger number of molecules with energy equal or major of activation energy of the process.
The effect on the adsorption capacity depends on the thermodynamic of the process. Simple
assumption can be done and the increase of temperature improves the adsorption process when
they are endothermic or an increase of entropy is involved. When several compounds are
present at the same time, in general, the adsorption capacity towards each of them tends to
decrease, even if it is not said that the total adsorption capacity is lower than that which would
occur with a single species in solution [54]. It occurs because the compounds present in the
solution compete to interact with the active site of the adsorbent. Finally, the contact time also
contributes to the adsorption process. The increase of the contact time involves an increase of
adsorption capacity because adsorbate and adsorbent have more time to interact. Normally,
after a long time a plateau is reached due to the saturation of the adsorbent material. By
increasing the concentration of the adsorbate an increase of the adsorption capacity is observed
because the gradient of the concentration between the solution and the surface of the adsorbent
is observed. The increase of the concentration of the adsorbent involves an increase of removal

efficiency because a major number of active sites are free to interact with the adsorbate.

1.5.2 Kinetics of the adsorption

Kinetic models are useful for understanding the adsorption mechanism and its rate. The
evaluation of the kinetics of the process allows to understand what is the slowly step of
adsorption process previously described (diffusion in the pores or liquid film, interaction
between adsorbate and adsorbent). They are also useful to evaluate the performance of
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adsorbents in the removal of contaminants and compare them [57]. They allow to graphically
represent and evaluate the variation of adsorption capacity as a function of time. The reported
model can be used for adsorption test conducted in batch mode (adsorbent and adsorbate are in

contact by mixing it in the same solution).

1.5.2.1 Pseudo-first order model

The pseudo-first order model is regulated by the following equation:

In(ge — q¢) = Inge - kyt

where e and g are respectively the quantities of adsorbed solute for gram of adsorbent (mg g
1y at equilibrium and at time t, k1 is the adsorption constant. The values of the constant k; are
calculated from the trend line equation (linear regression line) obtained by linear regression
analysis of the graph obtained reporting the time on the abscissa axis, and the value
corresponding to In (ge-qt) on the ordinate axis. It is therefore possible to determine the Kinetic
constant and the theoretical adsorption capacity [58]. This model is generally observed in the
case where the slow step of the adsorption process is the physical interaction between adsorbent

and adsorbed.

1.5.2.2 Pseudo-second order model

The pseudo-second order model is regulated by the following equation:

t 1 t

At k2gqe? Qe

Where k2 is the adsorption constant and ge and gt are respectively the quantities of adsorbed
solute for gram of adsorbent (mg g) at equilibrium and at time t. The values of the constant k>
are calculated from the trend line equation (linear regression line) obtained by linear regression

analysis of the graph obtained reporting the time on the abscissa axis, and the value

corresponding to the ratio qi on the ordinate axis. The theoretical adsorption capacity can be
t

also calculated. This model is generally observed in the case where the slow step of the
adsorption process is the chemical interaction between adsorbent and adsorbed.

1.5.2.3 Liquid film diffusion model

The model is regulated by the following equation:
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where Ksq is the diffusion constant in the liquid film. To represent this model, on the abscissa

axis, the value of the time t considered and, on the ordinate axis, the value of the

In (1 — %) are reported [59]. The linear regression analysis allows to verify it the model fit

the data and the diffusion constant is calculated. This model is generally observed in the event
that the slow step of the adsorption process is the diffusion of the adsorbed into the film of

stagnant liquid formed near the surface of the adsorbent.

1.5.2.4 Intraparticle diffusion model

The model is regulated by the following equation:
1
q¢ = kqirtz + C,

where Kgif is the intra-particle diffusion constant and C is the intercept of the straight line that
represents the trend line of the graph. Reporting on the abscissa axis, the value of time t“?and,
on the ordinate axis, the value of the absorption capacity g: the intraparticle diffusion constant
can be obtained after the linear regression analysis if the model fit the experimental data[57].
This model is generally observed if the slowest step of the adsorption process is the diffusion

of the adsorbed into the pores of the adsorbent.

1.5.2.5 Elovich model
The model is regulated by the following equation:

= Linap) +~n (¢
9: = plna ﬁn()

Where a and B are the initial adsorption rate of the Elovich equation and the desorption constant
related to the extent of surface coverage and activation energy constant for chemisorption (mg
gl mint) (g mg?), tis the time and q:is the adsorption capacity at the time t. By reporting on
the graph, the adsorption capacity versus the time it is possible to evaluate if the model fit the
experimental data by doing the linear regression analysis. From the model it is possible to
evaluate a and S. This model is generally observed in the event that the slow step of the
adsorption process is the chemical interaction between adsorbent and adsorbed, the surface of

which however is not homogeneous.

1.5.3 Isothermal adsorption model

22



The amount of adsorbate that can be absorbed by an adsorbent material is a function of both the
characteristics and the concentration of the adsorbate and the temperature. Usually the quantity
of adsorbed material is determined as a function of the concentration at constant temperature;
what results is called the adsorption isotherm [52]. It represents the variation of the adsorption
capacity with respect to the concentration of solute in the fluid to be treated and is developed
by placing a variable concentration of contaminant in a fixed volume of liquid containing the
adsorbent in a known quantity, for a certain period of time. At the end of the time foreseen for
this test, the quantity of adsorbate that remains in solution is measured, at the variation of the
initial concentration values of the considered contaminant and it is reported on a graph
according to the adsorption capacity. A favorable isotherms isotherm is obtained when these
have downward concavities, unfavorable isotherms when they have upward concavities and
linear isotherms when the mass of solute varies linearly with the mass of adsorbent.
Furthermore, there is irreversible adsorption isotherms when such strong bonds are established
between adsorbent and adsorbed that it is impossible to reverse the adsorption operation by
treating the bed with fresh fluid (regeneration). In this case, the desorption cycle would
highlight no adsorbate release after the adsorption cycle. Normally, irreversible isotherms are
obtained in the case of strong chemical adsorption. In the figure 3 the different adsorption
isotherm previously described are reported.

q 4 irreversible

favourable

e

unfavourable

0 L____ == ) -
T =caost) Concentration

]

Fig.3 Representation of favourable, linear, unfavourable and irreversible isothermal

adsorption.

A further classification of the isothermal adsorption exists and five different categories of

isothermal adsorption are categorized. They can involve favourable, unfavourable or both the

23



previous type of isothermal adsorption. The figure 4 reports the further different type of
isothermal curves. The categories are listed here:

« Type I: indicate favorable adsorption, have a downward concavity (favourable), are
characteristics of microporous materials and typical of single-layer coatings of the
adsorbent surface;

« Type Il: they have an inflection point that indicates the beginning of the multilayer
coating of the adsorbent surface and are typical of macroporous materials;

« Type IlI: indicate an unfavorable adsorption, typical of systems with weak interactions;

» Type IV: they have an inflection point which indicates the beginning of the monolayer
coating of the adsorbent surface and are typical of mesoporous materials;

« Type V: like type Ill, they are typical of systems with weak interactions.

Type | Type Il Type Il Type IV Type V

Fig.4 Schematic representation of type I, 11, I11, IV and V isothermal adsorption.

1.5.3.1 Langmuir isothermal adsorption

The Langmuir isotherm, typical of single-layer adsorption on a homogeneous surface, was
developed to evaluate the absorption of gas on solids and is based on the following assumptions
[60]:

+ the adsorption energy is constant in all sites and the surface is uniform;

« the adsorbed-adsorbed interaction is considered negligible compared to the adsorbed-
adsorbent interaction;

» adsorption cannot proceed beyond the coating of a single layer;

+ adsorption is reversible.

In solid-liquid systems, the model is regulated by the following equation:

_ kaLCe

Qe =11 k.C,
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ge is the quantity of solute adsorbed per unit of mass of adsorbent (mg g %), gm is the solid phase
concentration corresponding to all available sites that have been occupied or the maximum
adsorption (mg g*), Ce is concentration in equilibrium (mg L™?), k. is associated with the
adsorbent / adsorbed affinity (Langmuir constant, L mg™). The previous equation can be

rewritten in the following linear form:

Cc 1 G

de B quL dm

By reporting on the graph the ratio % vs the Ce and by doing a linear regression analysis it is

possible to verify if the system respect this model and eventually evaluate the maximum
adsorption capacity (qm), Langmuir constant and it is also possible evaluate if the adsorption is

favourable, unfavourable or linear by calculating the parameter R as following [57]:

1
R, =——
LT 14 KLC

Where Cy is the initial concentration. The process resulted to be irreversible when Ry is equal

to 0, linear when Ry is equal to 1, unfavourable when Ry > 1 and favourable when 0 < Ry < 1.

1.5.3.2 Freundlich isothermal adsorption

Freundlich's isotherm, typical of multilayer adsorption on a heterogeneous surface, is used very
commonly to describe the adsorption characteristics of the adsorbent used in wastewater
treatments [24]. Empirically obtained in 1912, the Freundlich isotherm is defined by the

following equation:
q = KC'/"

Where q is the adsorption capacity (mg g*), Kris the Freundlich constant (L mg)Y" and it
approximates the maximum adsorption capacity, Ce is the equilibrium concentration (mg L™2).
The parameter 1/n is an indicator of the strength of the adsorption. Furthermore, it is <1 when
the adsorption is “normal” and >1 when the adsorption is cooperative. The ratio 1/n indicates
also the heterogeneity of the surface of the adsorbent material (an increase of that value is
normally related to the increase of homogeneity). The equation can be written in the following

linear form:

1
In(q) = InK; + Hln(Ce)
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By reporting on the graph the In(q) vs the In(Ce) and linear regression analysis it is possible to

evaluate if the system respect the model and evaluate the Freundlich constant and the ratio 1/n.

1.5.3.3 Dubinin-Radushkevich isothermal adsorption

The Dubinin-Radushkevich isotherm is an empirical model initially conceived for the
adsorption of subcritical vapors on micropores following a pore filling mechanism. The model

is regulated by the following linear equation [57]:
Inq, = Inqy, — B&?
&= RTIn(1 + =)

1

F= ——
—V28

where g is the adsorption capacity (mg g), gm is the theoretical maximum adsorption capacity
(mg g1), Ce is the concentration of solute at equilibrium, B is the constant associated with the
adsorption energy (mol?J2), R is the universal gas constant, T is the temperature expressed as
Kelvin and E is related to the free energy (kJ mol™?). By plotting In(ge) vs €2 and by doing the
linear regression analysis it is possible to verify if the system respects the model and evaluate
the theoretical maximum adsorption capacity and the free energy of the process. One of the
unique features of the Dubinin-Radushkevich isothermal model lies in the fact that it depends
on the temperature: when the adsorption data at different temperatures are reported on a graph
as a function of the logarithm of the quantity adsorbed in relation to the square of the energy
potential, all data deemed suitable will be on the same curve, called the characteristic curve
[54]. This model is typical of adsorption on heterogeneous surfaces where the adsorbed

molecules generate steric hindrance for those entering the pores.

1.5.3.4 Temkin isothermal adsorption

The model is typical for single-layer adsorption where the adsorbent / adsorbed affinity
decreases linearly with the increase of the covered adsorbent surface (heterogeneous surface).

The model is regulated by the following equation[61, 62]:
qe = BiInA+ B;InC,

where A is the equilibrium binding constant (L g!), Bs is related to the heat of adsorption (J

mol?), ge is the adsorption capacity at the equilibrium (mg g*) and C. is the equilibrium
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concentration (mg L™1). By plotting ge vs Ce and by doing the linear regression analysis it is
possible to evaluate if the system respects the model and eventually calculate A and B to

estimate the binding constant and the heat of adsorption.
1.5.3.5 Adsorption on fixed-bed column
Adsorption process can be conducted by filtration of contaminated water through a fixed-bed

column of an adsorbent material. The figure 5 is a schematic representation of the process of

adsorption by filtration on fixed bed at lab scale.

Sample collection Fixed - bed column Feed storage

Fig.5 Schematic representation of adsorption process on fixed-bed column.

The mechanism of the adsorption is the same of the previous described but the models that
regulate the process are different because the different setup of the system that involves
different mechanism of diffusion from the liquid solution and the surface of the adsorbent. The
models that regulate the process are described on the next section. The parameters that influence
the adsorption capacity are the same of the process in batch but in this case also the flow rate,
the section of the column and the fixed-bed height affect the adsorption capacity and the
removal efficiency. In the figure 6 a detail on the mechanism of the adsorption on fixed-bed

column is reported.
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Fig.6 Detail on the mechanism of adsorption on fixed-bed column.

The figure 5 is useful to understand a detail on the adsorption process on fixed-bed column and
the typical breakthrough curve of the adsorption process. At the time 0, the adsorbent material
(reported as AC) is not saturated and adsorption occurs on all the surface of it. After a specified
time of filtration, the adsorbent material started to be saturated and normally the saturation
proceeds from the part of the filter closed to the influent to the part closed to the effluent. When
saturation starts, a mass transferred zone (MTZ) exist that involves the transfer of adsorbate
from saturated adsorbent material to the not saturated one. By proceeding with the filtration,
MTZ go on until to reach the end of the filter. By considering the breakthrough curves of the
filtration (Cest/Cinf) Vs time, it is possible to observe a plateau closed to 0 when the MTZ does
not reach the end of the filter. When MTZ reaches the end of the filter, the ratio starts to increase
until to reach the value of 1 when all the adsorbent material is saturated and breakthrough point
is reached. The described mechanism can explain the typical breakthrough curves obtained for
the filtration system. The fixed bed is normally used for industrial application and for the ex-
situ groundwater remediation. Before to conduct the industrial remediation, pilot scale tests are
necessary to obtain the optimum contact time, bed depth, pretreatment requirement,
breakthrough characteristic, reactor dimension and adsorbent dosage[63]. The model reported

in the next section are useful to conduct the pilot tests.

1.5.3.6.1 Adams-Bohart model

The Adams-Bohart model assumes that the adsorption rate is proportional to the residual
capacity and the concentration of adsorbed micropollutants. Normally, this model can be
applied well in the first stage of the adsorption when Cef/Cins < 0.15. The Adams-Bohart model
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used for the description of the initial part of the breakthrough curve is expressed by the
following equation:

Cerr _ e(KCinft—KNO%)

Cinf

Where K is the kinetic constant ( L pg™ min?), t is the time (min), No is the saturation
concentration (mass of adsorbate adsorbed for unit of volume of bed, pug L), Z is the bed depth
of the column (cm) and F is the linear velocity (cm min™t). By plotting the natural logarithm of
Cer/Cint Versus the time is possible to obtain the value of the kinetic constant and saturation
concentration when bed depth and column section area are already known. After the
determination of K and No, evaluation of reactor dimension when done. The previous equation

can be transformed in the following equation:

Ceff _ _ _ z
ln Cinf = KClTLft KNO 7

If the breakthrough point is reached, the value of dependent variable of the previous equation

is zero, therefore previous equation can be arranged in the following equation:
Z

KNO ; = KCinft

Equation can be rearranged in the following equation:

Z _Ciny
tF No
By programming an excel sheet, it is possible evaluate one of variable Z, t or F by fixing all the
other parameters. In this work, F was evaluated by fixing Z and assuming to reach the
breakthrough in one day by treating 10000 liter of contaminated water (flow rate 10000 liter
for day). After evaluation of F, surface area of the reactor was calculated by the following

equation:

flow rate

surface area reactor (s) = -

By assuming to use a circular reactor, diameter of it can be calculated by using the equation to

calculate surface of circle.[64, 65]

1.5.3.6.2 Thomas model

The Thomas model is one of the most general and used methods in column performance theory.

The model assumes Langmuir kinetics of adsorption—desorption and no axial dispersion is
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derived with the adsorption that the rate driving force obeys second-order reversible reaction
Kinetics. By using this model, it is possible to evaluate the adsorption capacity of the system.
The linear form of the model is regulated by the following equation.

Ciny = Kn QoS — Ky Cir g -
In (22~ 1) = ke 2=k Cing - (20)

Where ki is the Thomas constant rate (ug™ L min™), ge is the adsorption capacity of the system
(g g, x is the amount of the adsorbent material (g) and v is the flow rate (L min'). From the
Thomas model, after the calculation of kinetics constant and theoretical adsorption capacity,
the necessary amount of adsorbent material was estimated by fixing the initial concentration of
wastewater, the breakthrough concentration, the flowrate and the time to reach the
breakthrough. After the evaluation of the mass of adsorbent material, it is possible to obtain
information on the dimension of the reactor by considering the density of the adsorbent. [64,
65]

1.5.4 Conventional adsorbent material

The main characteristics required for a good adsorbent are:

« aporous structure that provides a high surface area value;

 arather short time to reach balance, so that contaminants can be removed quickly.
Typical materials used in the adsorption process are listed here.

« silica gel based materials: it is the term commonly used for colloidal silica (a polymer
of silicon dioxide), when it is used for its dehydrating and adsorbent properties. The
colloidal suspension, obtained by acidifying a sodium silicate solution, provides a white,
granular, porous and amorphous solid, with a particle size ranging from a few
millimeters to a few microns, also called silica gel. Silica gel has the characteristic of
being an excellent dehydrator and is therefore used as a desiccant and for local humidity
control. Although its action is called "desiccant”, in reality the chemical-physical
process with which water vapor is removed from the air consists of an adsorption
operation: the water vapor molecules bind to the surface of the silica gel, which it is
intended not only as an external surface, but also as a whole surface. The silica gel, in
fact, has a considerable porosity, and this translates into a greater total area available for
the exchange of matter, or rather a fairly high speed of the dehumidification process,
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activated alumina: it is generally obtained by heating and dehydrating aluminum
hydroxide. It belongs to the category of chemical alumina and is mainly used in
adsorbents, water purifiers, catalysts and catalyst supports. The activated alumina has a
selective adsorption power for gas, water vapor and some liquids. After the adsorption
has been saturated, the water can be removed by heating to around 175-315 ° C.
Adsorption and reactivation can be done multiple times. In addition to being used as a
desiccant, activated alumina can also adsorb hydrogen, carbon dioxide, natural gas and
other similar compounds,

zeolites are silicates and constitute a family of minerals with a very open crystalline
structure and interconnected channels. The zeolitic structure can be imagined as a set of
SiO4 and AlO;4 tetrahedra that bind together, according to simple geometric shapes, to
form complex units such as chains, rings or cages. Zeolites represent a class of
molecular sieves with a high selectivity with respect to silica or activated carbon and
can be used for industrial, agricultural or wastewater purposes. In the industry field
they are used to dried, purify and separate chemical substance thank their selectivity.
Into the agriculture field they are added to the soil and used to release slowly water
during drought period. Into wastewater purpose they are used to retain and neutralize
selective molecules such as ammonium, heavy metals and various organic substances
as well as adsorb odorous gases such as ammonia and hydrogen sulfide.

activated carbons are materials mainly made up of amorphous carbon, with a highly
porous structure and a high specific area. Thanks to this last feature, the activated
carbons are able to retain many molecules of other substances inside, being able to
accommodate them on its extensive internal surface area. They are known as material
with high adsorbing capacities. They are used for several purpose, such as decoloration,
industrial wastewater treatment, water purification, recovery of solvents and air
treatment. The accumulation of substances on the surface of the activated carbon causes
the gradual loss of the adsorption power until it is canceled. In this case, the spent
activated carbon must be replaced or regenerated through a regeneration or reactivation
process which causes the adsorbent properties to regain the carbon. Several processes
are already developed to regenerate activated carbons. Chemical methods, or with
chemical reagents that oxidize the adsorbed organic substances, or with solvents that
cause their extraction. Steam or inert gas flow (typically nitrogen) at relatively high
temperatures (150-220 ° C) for the desorption of adsorbed volatile organic compounds

(VOCs) can be used. Biological regeneration processes are also available and thermal
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processes (reactivation) are carried out by heating the material in controlled atmosphere
rotating ovens (So as not to oxidize the coal) up to temperatures of 800-900 ° C, causing
the pyrolysis of the adsorbed substances. The latter is the most effective even if it causes

a partial loss of the treated carbon. [53]

1.5.5 Innovative adsorbent material: graphene-based material and expanded graphite

Among the materials studied for the high adsorption capacity, in recent years attention has
focused on a graphitic form of carbon, called graphene, composed of single layers of hybridized
atoms in the sp? form arranged hexagonally to form a nest structure two-dimensional
honeycomb. This material is characterized by high rigidity, thermal conductivity, high
electronic mobility, impermeability to gases, as well as low specific weight and high specific
surface which make it a good adsorbent, especially for aromatic compounds in water treatment.
There are different methods by which graphene is produced. One of the main concerns the
mechanical exfoliation, based on the experiment conducted by Konstantin Novoselov and
Andrei Geim, in which an adhesive is applied on a graphite crystal which captures several layers
by means of a small pressure, and then folds up several times until obtain a single layer of
graphene. Graphite is formed by several layers of carbon atoms, so it is possible to imagine it
as multilayer of graphene. Other techniques concern liquid phase exfoliation, chemical vapor
deposition, electrochemical exfoliation and chemical reduction of graphene oxide. Every
technique gives characteristics to the material produced in particular in terms of purity, but also
of yield, so the appropriate one must be evaluated based on the use for which the product is
intended. One of the most used production processes is thermal exfoliation which has the
advantage of being faster than the others, since, for high temperatures, it takes place in a few
seconds. During the heating process, the functional groups connected to the graphite layers
decompose and produce gases that create pressure between the adjacent layers; exfoliation
occurs when it exceeds the Van der Waals attraction forces between the layers. Anyway, the
graphene is obtained every time from graphite as raw material, that is subjected to different
mechanism of expansion and exfoliation. When the expansion or exfoliation process is not able
to ensure the formation of single layer of carbon atoms, expanded graphite is obtained (normally
the product is called graphite when the number of layers is more than 5). Expanded graphite,
like for the graphene, has different properties from the graphite and it normally has a higher
surface area, electrical conductivity, mechanical strength and so on. Therefore, even if graphene
IS not obtained, expanded graphite ensures good potential adsorption capacity due to the
increased surface area. Some industrial processes are developing to prepare expanded graphite
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or graphene. In this work, a commercial material produced by industrial plasma-thermal
expansion of graphite is used and its adsorption properties were characterized. Nowadays,
graphitic materials and graphene adsorption properties are widely evaluated and compared with
that of activated carbons. In the figure 7 the representation of graphitic and graphene-based

material is reported. [66]
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Fig.7 Allotropic form of carbon.

1.4.6 Morphological modification of expanded graphite and graphene structure

Normally, expanded graphite and graphene-based materials present a powder morphology and
they are not soluble in the water. Often, their density is lower than the density of the water and
they float on it. These characteristics could be a problem for some industrial environmental
remediation or can represent a limit for the use of the material for different application from the
simple batch adsorption. For example, filtration of the contaminated water on a fixed bed is not
possible if the adsorbent material float on the water. Furthermore, the low-pressure injection of
adsorbent material into contaminated groundwater to prepare a reactive barrier to confine the
pollution is not possible if the adsorbent material is not soluble in water. To solve that problem
and ensure the potential application of very low-density insoluble powder of graphitic or

graphene-based material, morphological modification can be implemented.

1.5.6.1 Transformation from powder to granular adsorbent material: physical
entrapment
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This transformation can be achieved with encapsulation, which consists in preparing capsules
composed of a core of encapsulated material covered by capsular formation material, also called
encapsulation material [67]. Sodium alginate (NaCeH-Os) can be used for this purpose. It is the
alginic acid salt obtained from the cell walls of brown algae, widely used in food and in the
pharmaceutical industry. It is a non-toxic and biodegradable polymer, consisting of a-L-
guluronic acid (block G) and B-D-mannuronic acid (block M) chains arranged in blocks of
homopolymer regions called MM and GG or alternating sequence MG [67]. In contact with
water under stirring, it changes its consistency becoming gelatinous. The powder material is
added to a sodium alginate solution and homogenized. This phase is followed by the cross-
linking of the molecules of alginate through interaction with divalent ions, such as Ca®*,
obtained from calcium chloride (CaCly) dissolved in water. The cross-linking step is conducted
by dropping the solution of powder adsorbent material and sodium alginate into a solution of
calcium chloride. The dropping addition ensures the formation of granular shape of the
polymer. The powder adsorbent material remains entrapped into the polymer of calcium
alginate formed after the cross-linking. After that, the material can be dried in the oven and a
granular form of the adsorbent material is obtained. The process guarantees a change of the
morphology and of the density of the material. The last parameter depends on the amount of
sodium alginate used and a material with density higher of the water can be obtained and used
as fixed bed filter. The figure 8 and 9 report a schematic representation of physical entrapment

process.
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Fig.8 Cross-linking mechanism of alginate chain. Alginates chains are represented by the
arrow with spherical structure (monomer). On the monomers are also reported the

carboxylic group involved into the ion exchange necessary for the cross-linking.
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Fig.9 Schematic representation of physical entrapment. E represent the powder adsorbent

material and the chain represent the alginate chain.

1.5.6.2 Transformation from insoluble to hydro soluble expanded graphite: sonication

Sonication was already described as one of the methods to produce graphene. Sonication is a
term used to describe the use of acoustic waves (ultrasonic waves) for various purposes.
Normally, sonification is carried out by using a sonifier that generates mechanical vibrations
amplified by exploiting high frequency electric current produced by a generator. The
ultrasounds are transmitted in a tank containing water. Sonic cavitation is the energetic effect
that is basically exploited. Mechanical exfoliation is involved with the sonication, indeed,
bubbles which collapsing on the surface of the graphite, generate compression waves, leading
to the exfoliation. A secondary process can also occur as a lateral compression wave can be
generated which is able to separate two adjacent layers of graphite with a cutting effect or
through a "wedge" effect. The cutting effect could reduce the dimension of the particle of
graphite until dimension that allows the formation of colloids or dispersion[32]. The figure 10

reports a schematic representation of process involved in sonication of expanded graphite.
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Fig.10 Schematic representation of exfoliation and fragmentation involved in the

sonication process.

The exfoliation and the fragmentation involve a modification in the morphology of the material.
The solid particles assume lower dimension and more exfoliation means lower interaction
between layers of graphite. Normally, sonication could also oxidize the surface of the graphite
and hydroxyl groups hydro soluble are formed on it. All this modification could increase the
hydro solubility of the graphite and an adsorbent material with higher solubility can be obtained.
The increase of solubility guarantees the increase of contact with the adsorbate (therefore higher
adsorption capacity) and also the possibility to inject graphite into ground water to prepare a

reactive barrier by using the low-pressure injection setup.

1.6 Material characterization analysis

The characterization of the adsorbent material is an important step to have preliminary
information on the chemical and physical characteristic of it to preliminary evaluate its potential
adsorption properties. As reported in the adsorption section, the adsorption capacity depends
on the properties of the adsorbent material. Therefore, by that analysis it is possible to check if
the material is porous and have a good surface area, two necessary parameters to have a good
adsorption. For example, another previously analysis of characterization useful to evaluate
adsorption properties is the evaluation of the chemical functional group present on the surface
of the adsorbent material. When several polar groups are detected on it, it is possible to conclude
that the material will have a good affinity with polar adsorbate. Therefore, that adsorbent
material will be chosen to remove that pollutants. The typical characterization analysis
conducted on adsorbent material are scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray diffraction analysis (XRD), Raman analysis, Infrared
spectroscopy (FT-IR) and BET analysis. In the next section an overview on that analysis will

be conducted.

1.6.1 Scanning electron microscopy analysis (SEM)

SEM is a versatile technique used in many industrial labs, as well as for research and
development. Due to its high lateral resolution, its great depth of focus and its facility for X-ray

microanalysis, SEM is used in materials science to elucidate the microscopic structure. The

figure 11 represent schematically the scheme of work of a scanning electron microscope.
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Fig.11 Schematic representation of scanning electron microscope scheme

The electronic source (normally tungsten filament) emits the primary electron beam focused by
several lens present into the evacuated microscope column. The primary electron beam scans
line by line over the surface of the sample and forms signals based on the interactions between
the beam and the sample, which are electronically detected and amplified by suitable
equipment. The useful effect of the interaction between sample and primary electron beam is
the emission by the sample of secondary electron, generated by the energy transferred to the
sample by the primary electron beam. The energy transferred and so on the energy of secondary
electrons emitted depends on the depth of the sample. For these reason, higher energy of
electrons emitted (higher current signal) correspond to thinner sample portion. Therefore, the
electronic signal measured is transformed in an imagine by a computer. In this way an imagine
with different scale of grey allows to have information on the morphological structure of the
material by having a topography information on it. To ensure the interaction between primary
electron beam and the sample the column of the microscope operate at vacuum condition to
avoid interaction between electron and air. Another requisite for the analysis is the electrical
conductivity of the sample, otherwise electron can interact with the first “layers” of the sample.
When the material has not electrical conductivity, it can be coated by gold. The figure 12 reports
the schematic representation between primary electron beam and sample. As reported
previously, the secondary electrons are the result “useful” to obtain the topography information,
but other effect are caused by the interaction of the sample and the primary electron beam. X-
ray are also emitted and the wavelength of that X-ray depends on the nucleus, therefore an
elemental analysis can be conducted for all the surface of the material to evidence the presence
of different phase in the sample. Other effect of the interaction is the back scattering of the
electron (BSE). The intensity of BSE depends on the atomic weight of the atom present in the

sample. For this reason, BSE detection can be used to evidence contrast of phase present in the
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sample. Auger emission is an emission present because an X-ray emission is present. It is
caused by the transferring of electron into free core shell that caused a release of energy that
provoke an emission of external shell electron. The energy of emitted electron depends on the
atomic nucleus and it allows to have information on elemental analysis of the sample as reported

for the X-ray emission. [68]
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Fig.12 Schematic representation of interaction between primary electron beam and sample

1.6.2 Transmission electron microscopy

A transmission electron microscope (TEM) operates by accelerating a beam of electrons to
sufficient energy so that when incident on a very thin sample (<100 nm), electrons are
transmitted through it. Conventional TEMs work on the same principle as light microscopes
but utilise a beam of electrons which travel in vacuum and originate from an electron gun
source, rather than using a light source. The figure 13 reports the schematic representation of
the TEM microscope. The main components consist of: the electron gun (source of electrons),
gun alignment controls, condenser lenses (to collimate the beam), objective lens (to focus and
initially magnify the image), apertures (to limit the diameter of the electron beam), intermediate
lens, projective lens, sample holder, viewing screen and detectors to pick up the main and
secondary signals. Atomic resolution images can be obtained because electron are used for the
interaction with the mater and topography information are obtained because the intensity of
electron that across the sample and reach the fluorescent screen depends on the depth of the
sample. The TEM column operate in vacuum condition to avoid interference of the air on the
electron way like the SEM. For the TEM analysis are required sample with light transparency.
[69]
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Fig.13 Schematic representation of transmission electron microscope scheme

1.6.3 Fourier-transformed Infrared spectroscopy (FT-IR) analysis

IR spectroscopy provides valuable and practical information about the identification of both
organic and inorganic materials. The information about a sample, given by each compound’s
IR spectrum, can be used to characterize unknown materials, as well as to determine molecular
structures. An IR spectrum shows detector response and is sketched in absorbance or %
transmittance (% T) versus IR frequency (normally reported in wavenumbers [cm™]). A
frequency of radiation that interacts with the sample produces an absorption band that is
characteristic of the energy required for a particular molecular group. The collective position
and pattern of these absorption bands designate the combination of molecular groups found in
any specific compound. The energy of the radiation is transferred to the sample and generate a
vibrational transition of the bond between the atoms. Every functional group has typical band
of absorbance depending on its structure. Therefore, the frequency of the absorbance is typical
for a specific functional group. In this way, by evaluating which band of absorbance the material
present, it is possible to establish the functional group that characterize the structure of the
sample. To manage the analysis, the solid sample is mixed to KBr powder (it does not absorb
IR radiation) and pellets are prepared and inserted in the sampler, which has a window that
allows the IR radiation through the sample. Therefore, the sample is crossed by all the IR

radiation (IR band is into the range 700 nm — 1 mm) in the same moment and the intensities of
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the radiation after the interaction with the sample is measured. Thanks to elaboration of
software the Fourier transformation can be applied and the IR spectrum is obtained very fast.
The ratio between the intensity of the radiation after the interaction and before the interaction
represent the absorbance and it is measured for all the IR spectrum. During the preparation of
the sample as KBr pellets it is important to avoid having trace of humidity to have in the
spectrum the typical large and intense band of water adsorption. In the figure 14 the schematic
representation of FT-IR spectrophotometer is reported. The figure 15 shows the sampler for

solid materials. [70]
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Fig.14 Schematic representation of FT-IR spectrophotometer.

Fig.15 Sampler for solid material. KBr plus sample pellets is fixed into the IR transparent

window.

1.6.4 X-ray diffraction (XRD) analysis

X-ray powder diffraction (XRD) is a rapid analytical technique used for phase identification of
a crystalline material and can provide information on unit cell dimensions. The analysed
material is finely ground, homogenized, and average bulk composition is determined. X-ray

diffraction is based on constructive interference of monochromatic X-rays and a crystalline
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sample. These X-rays are generated by a cathode ray tube, filtered to produce monochromatic
radiation, collimated to concentrate, and directed toward the sample. When the Bragg’s Law
(nA=2dsinB) is respected the interaction of the incident rays with the sample produces
constructive interference and a diffracted ray. These diffracted X-rays are then detected,
processed and counted. Conversion of the diffraction peaks to d-spacings allows identification
of the mineral because each mineral has a set of unique d-spacings. The figure 16 and 17 reports
the schematic representation of X-ray diffractometer scheme and schematic visualization of

Bragg’s law and X-ray diffraction. [71]
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Fig.16 Schematic representation of X-ray diffractometer.
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Fig.17 Schematic visualization of Bragg’s law and X-ray diffraction.

1.6.5 Raman spectroscopy

Raman Spectroscopy is a non-destructive chemical analysis technique which provides detailed
information about chemical structure, phase and polymorphy, crystallinity and molecular
interactions. It is based upon the interaction of light with the chemical bonds within a material.
It is a light scattering technique, whereby a molecule scatters incident light from a high intensity
laser light source. Most of the scattered light is at the same wavelength as the laser source and
does not provide useful information (Rayleigh Scatter). However, a small amount of light

(typically 0.0000001%) is scattered at different wavelengths, which depend on the chemical
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structure of the analyte (Raman Scatter). A Raman spectrum features a number of peaks,
showing the intensity and wavelength position of the Raman scattered light. Each peak
corresponds to a specific molecular bond vibration, such as C-C, C=C, N-O, C-H etc., and
groups of bonds such as benzene ring breathing mode, polymer chain vibrations etc. As reported
for the FT-IR analysis, the interaction between light and the sample involves vibrational energy
transition for Raman analysis too. The incident photon brings the system from the vibrational
state v = 0 (fundamental level) to a virtual level placed at a higher energy equal to E=hvo. From
this virtual state the system can relax by returning to the same vibrational level v =0 and a
Rayleigh scattering is obtained or relax on the first excited vibrational level v =1 giving rise to
the Raman scattering. The energy difference between the higher energy level equal to E=hvo
and the excited vibration level v=1 depends on the type of bond, crystallinity, phase and
molecular interaction of the sample, therefore typical Raman spectrum (intensity of Raman
scattering light vs wavelength) is obtained for every different compound. The Raman analysis
offers the advantage to manage analysis microanalysis by coupling the typical Raman
spectrometer with an optical microscope. By the coupling, the laser light incident on the sample
can be directed on specific portions of the sample identified by the operator. In this way, it is
possible to analyze different portions of the sample and evaluate difference in chemical
structure, phase and polymorphy, crystallinity and molecular interactions present on the sample.
The figure 18 shows the schematic representation of the light interaction that regulates the
Raman spectroscopy. The figure 19 reports the schematic representation of the vibrational

transition involved into the Raman spectroscopy. [72]

Fig. 18 Schematic representation of the light interaction involved into the Raman

spectroscopy.
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Fig. 19 Schematic representation of the vibration transition involved into the Raman

spectroscopy.

1.6.6 Brunauer-Emmett-Teller (BET) analysis

BET theory explains the physical adsorption of gas molecule on a solid surface and represents
the basis for the analysis technique for the measurement of the specific surface area of materials.
The BET theory applies to systems of multilayer adsorption and utilizes gases that do not
chemically react with material surfaces as adsorbates to quantify specific surface area.
Normally the gas used for this purpose is the N2 at the boiling temperature (77 K). The BET
theory is based on an extension of the Langmuir theory to multilayer adsorption by considering

the following hypothesis:

e gas molecules only interact with adjacent layers;

e gas molecules physically adsorb on a solid in layers infinitely;

e the Langmuir theory can be applied to each layer;

o the enthalpy of adsorption for the first layer is constant and greater than the second (and
higher);

e the enthalpy of adsorption for the second (and higher) layers is the same as the enthalpy

of liquefaction.

The equation that regulates the BET theory is the following:

1 _c—1<p)+ 1
v[&— 1] Vm€ \Po/  Vmce

Where pﬂ is the relative pressure of the gas in the adsorption system, v is the weight of gas
0

adsorbed, v,, is the weight of adsorbate as monolayer and c is the BET constant. By the linear
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plotting of —55— Vs £ the slope % and the intercept — can be obtained. From the slope and
U[T—l] Do vmC UmC

the intercept, the v,,, can be obtained from the following equation:

1
slope + intercept

Um =

Therefore, total surface area can be obtained by the following equation:
U N A
oM
Where St is the total surface, N is the Avogadro’s number, Acs is the adsorbate cross sectional

area (16.2 A for nitrogen) and M is the molecular weight of the adsorbate. Specific surface area
iIs then calculated by the following equation:

S
s==:t
w

Where S is the specific surface area and w is the weight of the sample. For this reason, by
considering the practical aspect, the mass of adsorbed gas is evaluated at different relative
pressure of the gas and the data analysis is conducted by considering the previous equation

reported. Other parameters can be calculated like the pore volumes. [73]

1.7 Analytical methods

During the experimental procedures, different chemical analysis was conducted to evaluate the
concentration of different pollutants in the water before and after the adsorption. The chemical
analysis conducted were UV-vis spectrophotometry, gas-chromatography analysis (GC) with

the barrier ionization discharge detector (GC-BID) and mass spectrometer detector (GC-MS).

1.7.1 UV-vis spectrophotometric analysis

Ultraviolet and visible light (UV-vis) spectrophotometry is one of the faster and easier chemical
diagnostic tools used for the detection and quantification of some substances into the water.
The substances that can be analysed are all the compounds with the “capacity” to absorb the
UV-vis light or they can be transformed in compounds able to. When the UV-vis light interacts
with the sample, the energy of photon is transferred to promote an electron transition from the
fundamental levels to excited levels. The frequency of absorbance is characteristic for every

molecules or chromophore groups and the intensities of adsorption depends on the
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concentration of the molecules into the solution. The absorbance of UV-vis light is regulated
by the Lambert-Beer equation:

A= gbC

Where A is the absorbance (intensity), ¢ is the coefficient of absorbance (L mol™ dm™), b is the
optical length (cm) and C is the concentration (mol L™). The coefficient ¢ is depending by the
frequency of the UV-vis light wavelength and it is different for every compounds. Before to
move to the quantification analysis, the spectrum of the analysed molecules needs to be
conducted to determine the wavelength which the maximum value of ¢ is observed. This step
is necessary to increase the limit of the detection of the method. After that step, quantitative
analysis can be conducted by measuring the intensity of the absorbance. As can be observed by
the previous equation, a linear relation between concentration and absorption intensity exists.
Therefore, the quantitative analysis is normally conducted by using the calibration line method.
The calibration line is evaluated and determined by measuring the absorbance of the analytes
for different known concentration. In this way, when absorbance of solution with unknown
concentration of analytes is measured, it can be easily related to the concentration by
considering the calibration line. The figure 20 reports the schematic representation of UV-vis
spectrophotometer scheme. [74]
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Fig.20 Schematic representation of UV-vis spectrophotometer scheme.

1.7.2 Gas-chromatography analysis

Chromatography is used to separate the mixture in its individual compounds.
Chromatographical methods are classified as liquid (LC) or gas (GC) chromatography
depending on the chemical nature of the mobile phase (either a gas or a liquid). The choice
between either gas or liquid chromatography depends on the physico-chemical characteristics
of the analyte. GC is normally used for the separation of mixtures that contain non-polar, (semi-
)volatile compounds. LC is typically preferred for the analyses of polar and non-volatile

substances. In the GC procedure, the components of a sample are dissolved in a solvent and
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vaporized. The resulting vaporized sample is then mixed with the mobile phase, consisting of
a chemically inert gas (typically helium, nitrogen or hydrogen). The mobile phase carries the
molecules to the heated GC column, where separation takes place. After elution from the GC
column, the separated compounds pass over a detector that generates a signal corresponding to
the concentration of the compound. Each component elutes at a different time, also called the
retention time of the component, because different interaction between each compound interact
in different way with the fixed phase (GC-column). At the end of the analysis a chromatogram
is obtained, where peaks are reported for different elution time. The area of the peaks is
proportional to the concentration of the analytes. Therefore, before to conduct a quantitative
analysis, the calibration line is evaluated by considering the same principles reported in the UV-
vis spectroscopy analysis. Also, the elution times are previously evaluated by injecting and
analysing standard sample of the analytes examined. The gas-chromatograph is constituted by
an injector, composed of a closed and thermally stabilized box with a glass insert and a heating
block. Two injection-mode exists: split and splitless mode. The split is used when the sample
could saturate the response of the detector and going out of scale distort the result of the analysis
due to its high concentration. The split dilutes the sample in the carrier gas, releases a part to
the outside by means of a breather and after a certain period of time it enters the column. The
splitless mode is used when the sample is diluted and all the sample enters into the column. The
column is the other constituent of the chromatograph directly connected to the injector. The
column is installed into a thermo-controlled oven to monitor and control the temperature of the
column during the separation step. Two different types of columns exist and they are capillary
and packed. The capillary columns are very thin fused silica open tubular columns with a
diameter generally not greater than 0.53 millimeters and a length of not less than 10 meters
coiled on a support metallic. The stationary phase is spread evenly on the internal surface of the
column, where it forms a film of constant thickness which generally varies between 0.5 and 2.5
pum. The packed columns are similar to those of traditional column chromatography; are tubes
of Teflon, steel or deactivated borosilicate glass with a diameter of the order of one centimeter
and with a length that can vary from one meter up to 10 meters, spiral or U-folded and filled
with the stationary phase consisting of a support solid and a non-volatile liquid. At the end of
the column a detector is installed to convert the presence of the analytes into an electric signal
proportional to the concentration of the analytes. BID detector and mass spectroscopy detector
were used during the works reported in that dissertation. BID is a highly sensitive device that
creates ionization from a Helium-based dielectric barrier discharge plasma. A 17.7eV plasma

is generated by applying a high voltage to a quartz dielectric chamber, in the presence of helium
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at a relatively low temperature. The BID detector ionizes the analytes that reach the detector
and they are directed on a cathode to generate an electric signal proportional to the
concentration of the analytes. The mass detector coupled to the GC resulted to be one of the
most advanced way to detect analytes. It allows to conduct a disruptive analysis and to obtain
indication on the structure of the analytes. The principle of mass spectrometry is based on the
ionization of chemical compounds, to produce charged molecules which are separated and
measured according to their mass to charge (m/z) ratio. After chromatographical separation, the
compounds enter into the mass spectrometer through a GC interface. The target molecules
undergo an ionization step. Electron-impact ionization (El) is the most common method of
ionization being used in gas chromatography. During this process, the molecules (M) are
bombarded by an electron beam with an energy of 70 eV, which produced a single charged
molecular ion (M™). Most energetic ionization can be conducted to obtain information on
molecular structure by considering its fragmentation. Normally, El does not provoke
fragmentation of the molecules and just the molecular ion is obtained and the ion with the
molecular weight of the compounds is obtained and registered on the mass spectrum. If
fragmentation is obtained, the different molecular fragments are separated as a function of time
or space by a quadrupole analyser to distinguish the different m/z fragments. The chromatogram
obtained by GC-MS analysis has the intensity of the electric signal registered for the different
elution time, where the intensity reported is proportional to electric signal of a manually defined
m/z ratio. As previously reported, the signal of analytes has a peak shape because distribution
of the analytes on the column. Furthermore, when GC-MS chromatogram is obtained, for every
elution time detected a mass spectrum is obtained, where are reported all the m/z ratio signal
detected and their intensities. The figure 21 reports the schematic representation of a gas

chromatograph. [75]
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Fig.21 Schematic representation of the gas chromatograph.

1.8 Hydrocarbons pollutants
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1.8.1 BTEX

BTEX stands for benzene, toluene, ethylbenzene and xylene, aromatic hydrocarbons, which are
part of the volatile organic compounds (VOCs) found in petroleum products. BTEXs are often
reported as contaminants of soil and groundwater that occurs mainly in the vicinity of oil and
natural gas refineries, service stations and other areas with underground storage tanks or raised
tanks containing petrol or other petroleum products. The nomenclature of these hydrocarbons
provides a prefix indicating the hydrogen substituent and the suffix 'benzene' so, for example,
the common paraxylene is 1,4-dimethylbenzene since it has two methyl groups, in positions 1
and 4, which they replace two hydrogen atoms. [76]

1.8.2 Benzene

Benzene is a chemical compound in the form of a volatile, colorless and highly flammable
liquid, with a characteristic odor, similar to that of petrol at room temperature and atmospheric
pressure. Benzene is a monocyclic aromatic hydrocarbon having a brute formula CsHe and it is
a natural constituent of petroleum. Until the 1920s, benzene was often used as an industrial
solvent, especially for degreasing metals; subsequently, once its carcinogenic properties and its
toxicity were discovered, it was gradually replaced with other less dangerous solvents. Until
the fifties, benzene was almost entirely derived from the production of carbon coke in the steel
industry, subsequently, it was also produced from oil, in order to meet the growing requests
from plastic factories. Benzene is currently mainly produced by the petrochemical industries.
Exposure to benzene can cause serious damage to human health: inhalation of a very high rate
of benzene can lead to death; a five to ten minute exposure to a 2% benzene rate in the air (i.e.
20000 ppm) is sufficient to lead a man to death. Lower exposure rates can generate drowsiness,
dizziness, tachycardia, headache, tremors, confusional state or loss of consciousness. The lethal
dose by ingestion is about 50 + 500 mg / kg (milligram of substance ingested compared to the
individual's weight expressed in kilograms) and the ingestion of food or drinks containing high
rates of benzene can trigger vomiting, gastric irritation, dizziness , sleepiness, convulsions,
tachycardia, and, in severe cases, cause death. The most dangerous way to absorb benzene is
by inhalation, since, once it arrives in the pulmonary alveoli, it is absorbed by the dense
capillaries. Dermal absorption can only occur if benzene is present in the liquid state. The World
Health Organization (WHQO) and the International Cancer Research Agency (IARC) classify
benzene as a group one carcinogen. WHO has not set an environmental standard for benzene

concentrations, stating that there is no safe level of exposure. Many countries use an average
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annual standard of 3.6 pg m™. Its main chemical-physical characteristics are reported in Table
1. [77]

Tab.1 Physical and chemical properties of benzene.

Parameters
IUPAC name Benzene
Molecular structure CeHs
Density 0.8765gcm™
Solubility (in water) 1.770 g L*
Structure

!

Y
: bt
1.8.3 Toluene

Toluene is a volatile and colorless liquid, with a strong characteristic odor similar to that of
benzene and with the brute formula C7Hg. It is an aromatic hydrocarbon, cheap, simple to
produce and is widely used in industrial processes as a solvent, in place of benzene. It is
classified as a harmful and highly flammable substance, however it is less toxic than benzene
and has no mutagenic effects. Toluene, whose main characteristics are shown in Table 2,
solidifies at -95° C, boils at about 111°C and in the water it is almost insoluble (0.52 g L),
while it is miscible in any relationship with the carbon disulphide, ethanol and ethyl ether. It
also dissolves well in acetone, chloroform and in most other organic solvents. Exposure, for
short or long periods, to low concentrations of environmental toluene in humans causes the
main toxic effects on the central nervous system. Typical symptoms include effects such as
insomnia, manifestation of concentration difficulties, mental confusion, tiredness, intoxication
states like ethanol intake, memory loss and appetite, these effects that vanish when exposure is
stopped. Toluene concentrations can also lead to changes in hearing and visual perception of
colors. [78]

Tab.2 Physical and chemical properties of toluene.

Parameters
IUPAC name Methylbenzene
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Molecular structure

Density

Solubility (in water)

Structure

1.8.4 Ethylbenzene

Ethylbenzene is an aromatic organic compound consisting of a benzene group to which an ethyl

group is linked, as visible in Table 3, where its main chemical-physical characteristics and the

structure are reported. It is used in the petrochemical industry as a reaction intermediate to

obtain styrene, which in turn is used to produce polystyrene and ABS, which are plastic

materials, but is also used as a solvent in inks, dyes and gasoline. It appears as a colorless liquid

with a characteristic odor, similar to that of benzene. Ethylbenzene boils at 136°C, solidifies at

-95°C and its solubility in water is equal to 0.15 g L. The effect on the human health of the

ethylbenzene are the similar of toluene previously described. [79]

Tab.3 Physical and chemical properties of ethylbenzene.

Parameters
IUPAC name Ethylbenzene
Molecular structure CsHio
Density 0.8665 g cm™
Solubility (in water) 0.15gL?
Structure

1.8.5 Xylenes
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The term xylene refers to the mixture of three isomer compounds derived from benzene, called
ortho-xylene, meta-xylene and para-xylene respectively. The prefixes o0-, m- and p- indicate the
positions where the methyl groups are linked to the benzene ring. In the IUPAC nomenclature,
the isomer o- is called 1,2-dimethylbenzene, the m-1,3-dimethylbenzene and the p-1,4-
dimethylbenzene. Xylene is a clear, oily, colorless, insoluble in water, flammable and harmful
liquid. It is a product that is naturally found in oil, tar but can also form in forest fires and its
chemical properties vary slightly from isomer to isomer. The chemical industries produce
xylene from petroleum and it is used as a solvent in printing, for the processing of rubbers and
leather. It is also used as a cleaning agent for steel, as a component and as a paint thinner.
Another frequent use of xylene occurs in analysis laboratories that process histological samples.
These samples, after being paraffin embedded, must be paraffin refined; since paraffin is a by-
product of oil refining, it is 100% soluble with xylene which is precisely used to eliminate all
traces of paraffin from histological sections. Exposure to this substance can cause effects
ranging from headache, lack of coordination in the muscles, dizziness, confusion and mood
changes to irritation of the skin, eyes and respiratory tract, difficulty in breathing, lung damage,
timing of person's reaction slowed, memory loss, stomach pains, liver and kidney damage. In
the case of very high levels of concentration, it can cause unconsciousness and sometimes even

death. In the table 4 the main physical and chemical properties are reported. [80]

Tab.4 Physical and chemical properties of xylenes.

Parameters
IUPAC name Dimethylbenzene
Molecular structure CsHao
Density 0.88 g cm™ (0-xylene)
0.86 g cm™ (m-xylene, p-xylene)
Solubility (in water) Not soluble
Structure
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1.8.6 Trichloroethylene

Trichloroethylene has been widely used as solvent in different kind of industry and often was
detected in surface/ground water, contaminated via direct discharge or leaching from disposal
operation?, furthermore, EPA identified TCE as a priority environmental pollutant? and set 5
ppb for the maximum level of contamination of TCE. TCE contamination is a great problem
because of its high solubility in water (1100 mg L™ at 25°C) and high resistance to biological
degradation, therefore contaminated water remains polluted for a long time. The agency for
the Toxic Substance and Disease Registry has reported that 852 of 1430 National Priority List
sites in 1997 present TCE®. When inhaled, trichloroethylene produces central nervous system
depression resulting in general anesthesia. Its high blood solubility results in a less desirable
slower induction of anesthesia. At low concentrations it is relatively non-irritating to the
respiratory tract. Research from Cancer bioassays performed by the National Cancer Institute
showed that exposure to trichloroethylene is carcinogenic in animals, producing liver cancer in
mice, and kidney cancer in rats. The National Toxicology Program's 11th Report on
Carcinogens categorizes trichloroethylene as ‘“reasonably anticipated to be a human
carcinogen”, based on limited evidence of carcinogenicity from studies in humans and
sufficient evidence of carcinogenicity from studies in experimental animals. In the table 5 the

physical and chemical properties of trichloroethylene are highlighted. [81]

Tab.5 Physical and chemical properties of trichloroethylene.

Parameters
IUPAC name Trichloroethene
Molecular structure C2HCl3
Density 1.46 g cm®
Solubility (in water) 1.1gL?
Structure

Cl /CI

=4
Cl H

1.8.7 Methylene blue
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Methylene blue is not very toxic, it generates some disease in human, such as vomiting,
diarrhea, increasing of heart rate, shock, cyanosis, jaundice, quadriplegia and tissue necrosis®.
Furthermore, it can adsorb other pollutants, such as heavy metals or suspended solids. It is
normally used as dye for textile industries and it is detected in their wastewater. Because it
properties to absorb the light and easily concentration evaluation, it is normally used for
preliminary investigation and evaluation of adsorbent properties of new material. In the figure

22 the structure of methylene blue is reported. [82]
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Fig.22 Structure of methylene blue.

1.9 Plasticizers

Plastic is currently one of the most practical and economical ways to hold food, sanitary
products, cosmetics or other products. The development and extensive use of plastics as
containers has led the packaging industry to significantly change the chemical composition of
plastics in recent years. To this end, chemical additives are added to their composition to
increase their malleability, brilliance and workability. Among these additives, the most
commonly used are phthalates and bisphenol A (BPA). Phthalates (or phthalate esters, PAE)
are compounds synthesized by the double esterification of 1,2 benzendicarboxylic acid
(phthalic acid) with linear or branched alcohols, starting from methanol or ethanol (C1-C2), up
to isotridecanol (C13). Depending on the molecular weight they can be used in various
industrial applications. Low molecular weight phthalates, such as diethylphthalate (DEP) and
dibutylphthalate (DBP), have been used since 1930 in personal hygiene products (in the
preparation of perfumes, shampoos, soaps, lotions, cosmetics and fabric softeners, or added as
plasticizers of cellulose acetate), in the process industry (e.g. production of lacquers, paints,
lubricating oils, adhesives, inks, insecticides, coatings) and in the pharmaceutical industry (in
some drugs it is used to regulate the rate of release ). High molecular weight phthalates, such
as bis (2-ethylhexyl) phthalate (DEHP), diisononyl phthalate (DINP) and di-n-octyl phthalate
(DnOP) are mainly used as plasticizers in vinyl production, which is often used in products
such as flooring. and wall coverings, toys, food packaging and medical devices. Plasticizer
phthalates, which also include diisodecyl phthalate (DIDP), dimethyl phthalate (DMP), diethyl
phthalate (DEP), dibutyl phthalate (DBP) and benzyl butyl phthalate (BBP), are used as
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intermolecular lubricants which confer hardness, flexibility, malleability and elasticity. The
chemical and physical properties vary with the structure, that is, with the length of the chain
and branches. They are generally colorless, odorless and lipophilic and have a high boiling
point and low vapor pressure, both parameters that influence their high stability and presence
in the environment. Worldwide, up to 8 million tons of phthalates are produced annually, of
which over 2 million are DEHP only. PAEs are molecules that are not covalently linked to the
matrix and show a tendency to migrate, especially in case of mechanical or thermal stress, so
they can be dispersed in the environment during their production, use or after disposal [83, 84].
Their potential for migration and leaching in the environment is a function of various
parameters, including the pH, the time of contact, the temperature, the chemical structure and
the lipophilia of the surrounding environment. Therefore, PAES represent ubiquitous
contaminants and decompose both with exposure to sunlight and with aerobic microbial
activity; by affinity with the natural organic substance, they tend to absorb themselves to the
soil, sediment and humus particles where they are also protected from sunlight. From an
environmental point of view, PAEs have a duration (and therefore a permanence) of several
hours in the atmosphere and months in the soil, while they can persist for years in the sediments;
they can bioaccumulate in invertebrates, fish and plants, while in complex animals they are
metabolized and excreted efficiently. The accumulation of PAE in human tissues can cause
chronic intoxication causing serious damage to the liver and / or reproductive system. Exposure
can arise from four main routes, namely ingestion (sources may be contamination of food
during the preparation or packaging process, drugs and nutritional preparations, children's toys),
inhalation (mainly DEP and DEHP, even if they show low volatility; they can come from
medical devices, for example bags or tubes, or from dust present in closed environments,
furniture, clothes, building materials, plastic components), intravenous (from PVC medical
devices that transport fluids for intravenously as nutrients or blood; the migration of DEHP
varies according to some parameters such as lipid content, temperature and duration of
exposure) and dermal (mainly DEP with contamination through clothing, footwear, gloves,
cosmetics, sunscreen, insecticides, products for hygiene, paints, toys). The toxicity of phthalates
is still under study, however it has been shown that many types of them, such as DEHP, DBP,
BBzP and various phthalate metabolites, are carcinogenic to the liver of rodents and teratogenic
to other animals [83]. The working group of the International Agency for Research on Cancer
(AIRC) classifies DEHP as a possible carcinogen for humans (group 2B) since toxic and
carcinogenic effects have been found in rats in numerous target tissues such as liver and

testicles. It has also been shown how phthalates affect children's neurodevelopment, decreasing
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their readiness and creating attention deficit hyperactivity disorder among girls [84]. In the
figure 23 is reported the general structure of phthalates. The group R and R’ can be the same or
different and it determine the name and properties of structure. For example, for R=R’ and

R=methyl, the compound will be dimethyl phthalate. [84]
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Fig.23 General structure of phthalates

1.10 Pharmaceuticals and personal care products (PPCPs)

Pharmaceuticals and Personal Care Products (PPCPs) have increasingly been found in surface
water and, even though they are normally present at very low concentrations, several scientific
studies have proved their negative impact on aquatic life. Conventional wastewater treatment
plants cannot completely remove PPCPs because of their high polarity and solubility in water.
These characteristics represent the main challenge for the removal of PPCPs from water

solution.

1.10.1 Diclofenac

Diclofenac sodium (DCF, fig. 24) is an analgesic drug included in the class of PPCPs, generally
prescribed to treat inflammatory disorders because of its nonsteroidal anti-inflammatory
potential. The DCF neutral form presents free acid groups (-COOH), whereas the anionic form
presents deprotonated acid groups (-COQO"). Chronic exposure to DCF generates hemodynamic
changes and thyroid tumors in Humans?. Furthermore, negative effects have been observed on
natural ecosystems, causing the death of several animal species. Particularly, Oaks et al.
investigated on the death of a popular specie of vultures in South Asia, proving that eating
carcasses of animals nursed with DCF may cause visceral gout in vultures, mainly due to the
crystallization of their internal organs. DCF has largely been detected in both natural water and

wastewater worldwide because of its common use in large quantities. [85, 86]
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Fig.24 Structure of diclofenac sodium salt.

1.10.2 Carbamazepine

Carbamazepine (CBZ), sold under the trade name Tegretol among others, is an anticonvulsant
medication used primarily in the treatment of epilepsy and neuropathic pain. Carbamazepine is
typically used for the treatment of seizure disorders and neuropathic pain. It is used off-label as
a second-line treatment for bipolar disorder and in combination with an antipsychotic in some
cases of schizophrenia when treatment with a conventional antipsychotic alone has failed.
Carbamazepine and its (bio-)transformation products have been detected in wastewater
treatment plant effluent and in streams receiving treated wastewater. Field and laboratory
studies have been conducted to understand the accumulation of carbamazepine in food plants
grown in soil treated with sludge, which vary with respect to the concentrations of
carbamazepine present in sludge and in the concentrations of sludge in the soil; taking into
account only studies that used concentrations normally found, a 2014 review found that "the
accumulation of carbamazepine into plants grown in soil amended with biosolids poses a de
minimis risk to human health according to the approach.”[84]. The structure of carbamazepine
is reported in figure 25. Regarding the chemical point of view, it is a molecule with a tricyclic
structure 6-7-6 of the class of imminestilbene. Due to its larger use it is often detected into water

and it can affect the ecosystem and generates disease for human that use that water.
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Fig.25 Structure of carbamazepine.
1.10.3 17-0. ethinylestradiol

Ethinylestradiol is an estrogen medication which is used widely in birth control pills in

combination with progestins. In the past, EE was widely used for various indications such as
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the treatment of menopausal symptoms, gynecological disorders, and certain hormone-sensitive
cancers. It is usually taken by mouth but is also used as a patch and vaginal ring. The general
side effects of ethinylestradiol include breast tenderness and enlargement, headache, fluid
retention, and nausea among others. In men, it can additionally cause breast development,
feminization in general, hypogonadism, and sexual dysfunction. Rare but serious side effects
include blood clots, liver damage, and cancer of the uterus. The figure 26 reports the structure
of the 17-a ethinylestradiol. As reported for the previous compound, it is often detected into the
water due to its large use and inability of WWTPs to remove it. It can affect the ecosystem and

affect the human that drink or use that water for agricultural purpose. [86]

Fig.26 Structure of 17-a ethinylestradiol.

1.11 Pesticides and herbicides

1.11.1 Atrazine

Atrazine is a herbicide of the triazine class. It is used to prevent pre-emergence broadleaf weeds
in crops such as corn and sugarcane and on turf, such as golf courses and residential lawns. As
of 2001, atrazine was the most detected pesticide contaminating drinking water in the United
States. Studies suggest it is an endocrine disruptor, an agent that can alter the natural hormonal
system. Its use was banned in the European Union in 2004, when the EU found groundwater
levels exceeding the limits set by regulators. Atrazine remains in soil for a matter of months
(although in some soils can persist to at least 4 years) and can migrate from soil to groundwater;
once in groundwater, it degrades slowly. It has been detected in groundwater at high levels in
some regions of the U.S. where it is used on some crops and turf. Atrazine degrades in soil
primarily by the action of microbes. The half-life of atrazine in soil ranges from 13 to 261 days.
Atrazine's effects in humans and animals primarily involve the endocrine system. Studies
suggest that atrazine is an endocrine disruptor that can cause hormone imbalance. The table 6

summarized the main physical and chemical properties. [87]

Tab. 6 Physical and chemical properties of atrazine.
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Parameters
IUPAC name 6-chloro-N?-ethyl-N*-(propan-2-yl)-1,3,5-
triazine-2,4-diamine
Molecular structure CsH14Cl3Ns
Density 1.19gcm
Solubility (in water) 70 mg L
Structure cl
i
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2.1 Removal of methylene blue dye from aqueous solutions using thermo-plasma
expanded graphite: adsorption mechanism and material reuse

Abstract

The adsorption of methylene blue dye (MB) on thermo-plasma expanded graphite (TPEG) from
water solution was investigated. The adsorbent material was characterized by SEM, TEM, BET,
Raman and X-ray diffraction analysis. The influence of pH on the adsorption capacity was
evaluated by varying its value in the range 1-11 and the adsorption mechanism was determined
by kinetic and isothermal studies. Pseudo-first order, pseudo-second order, intraparticle
diffusion, liquid film diffusion and Elovich models were used to fit our kinetics experimental
data, whereas the isothermal experimental data were fitted by using Langmuir, Freundlich,
Temkin and Dubinin-Radushkevich isotherms models. Pseudo-second order and Langmuir
models agreed with the theoretical value of adsorption capacity (i.e. 196 and 208 mg g7,
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respectively), thus resulting the best fit for our experimental data. The thermodynamics of the
process was evaluated by plotting the adsorption capacity/concentration ratio at the equilibrium
as a function of different values of the multiplicative inverse of temperature. The process results
to be spontaneous for temperature above 271 K and the increase of entropy is the driving force
of the process. Moreover, the adsorbent regeneration was also investigated, by using the
thermo-regeneration. The thermo-treatment was carried out by regenerating the exhausted
material in an oven at 105°C for 2 hours, firstly, and then at 200°C for 4 hours. The thermo-
treatment ensures a recover of at least 50 % of initial performance after 4 cycles of use and

regeneration.

1.Introduction

Surface water contamination is a growing concern and different kinds of contaminants and
remediation techniques have been widely investigated in literature. The presence of dyes in the
wastewater of cotton, wood and silk industry. The methylene blue (MB), a cationic dye, is
largely used in these kinds of industries” and wastewater that contains it require a treatment to
eliminate o reduce the MB concentration. In fact, even if MB is not very toxic, it generates
some disease in Human, such as vomiting, diarrhea, increasing of heart rate, shock, cyanosis,
jaundice, quadriplegia and tissue necrosis®. Furthermore, it can adsorb other pollutants, such as
heavy metals or suspended solids. The adsorption process results to be one of the most
investigated method by scientific community to remove MB, due its inexpensive maintenance,
simplicity of design, simplicity of the process, insensitivity to toxic pollutants and smaller
amount of harmful substances [1]. A large variety of substance was used and investigated as
adsorbent materials, such as iron terephthalate [2], sawdust [3], palm kern fiber [4], pineapple
leaf powder [5], activated carbon [6], carbon nanotubes [7], graphene [8] and graphene oxide
[9]. Activated carbon is the typical and more used adsorbent material, but carbon nanotube,
graphene and other carbonaceous nanomaterials are emerging as adsorbent materials and
several studies investigate their industrial application. Their structural characteristic ensure
strong interaction with organic molecules by mean of n-n interactions, H-bonding, electrostatic
forces, van der Waals forces and hydrophobic interactions [9,10]. They are capable to reach the
equilibrium very fast thanks to their nanostructure, furthermore they have high adsorption
capacity thanks to their high surface area. In this study, thermo-plasma expanded graphite
(TPEG) was proposed as adsorbent material and its performance in term of adsorption capacity

was evaluated. Furthermore, the Kinetics, the adsorption isotherm, the thermodynamics of the
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process and the possibility of regenerate and reuse the material for adsorption purpose were

investigated.

TPEG used in this study is produced by means of an innovative process, that ensure a higher
expansion than classical methods, consisting in the chemical intercalation of natural graphite
followed by high temperature thermal plasma expansion. This process confers excellent physic-
chemical properties to TPEG, i.e. apparent density[11] in the range 2.3 to 9 g L-1, that make it
an excellent adsorbent material. TPEG is an innovative carbon-based material used to remove
different kinds of hydrocarbons, like exhausted lubricating oil [12], BTEX [13] and PPCPs,
such as diclofenac [14], with a removal efficiency of more than 80%, both treating soil and

water.

2.Materials and methods

2.1 Materials

TPEG was obtained from Innograf. TPEG is produced from natural graphite by using the
chemical intercalation followed by the thermal plasma expansion. This process ensures the
separation of graphite in different individual sheets, with a volume expansion of up to 300 units,
compared to an average of 200 units obtainable by other standard methods. TPEG has good
structural properties, such as mechanical strength of about 1 TPa, a thermal conductivity of
about 500 W mK, a diameter between 60 and 300 um? and high apparent density that could

be associated with high surface area, property that can confer high adsorption capacity.

The initial pH of the solutions was adjusted by adding NaOH and HCI purchased from Carlo
Erba reagents (Carlo Erba, Rodano, Milano, Italy) and MB was supplied from Carlo Erba
reagents (Carlo Erba, Rodano, Milano, Italy, purity: 99.9%). The stock solution of MB was
prepared in distillated water at a concentration of 1000 mg/L. All reagents were of extra pure

grade and used without further purification.
2.2Material characterization

SEM (scanning electron microscope) images were obtained by using a high-resolution field
emission scanning electronic microscopy (HR-FESEM), Auriga Zeiss model, at CNIS

laboratory of the University of La Sapienza (Rome, Italy).

TEM images was obtained by using transmission scanning electronic microscopy (TEM), FEI-
TECNAI G2 20 TWIN model, with a value of 120 kV of acceleration voltage.
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XRD (X-ray powder diffraction) spectra have been acquired by a X-Perth-Pro Philips X-ray
diffractometer, operating at 40 kV and 32 mA, using CuKa radiation (wavelength of 1.5406 A)
in a g-2q configuration. The spectra have been acquired at 2q 10°-80°, step size 0.040°, time
per step 4 s. The Scherrer equation was used to calculate the average dimension of crystallite
(stacking of graphene’s sheet), while the average number of sheets of each stacking was
obtained by dividing the dimension of crystallite for the reticular distance obtained by using the
Bragg equation. Scherrer and Bragg equation are reported. T is the main size of the ordered
crystalline domains, K is the shape factor, A is the X-ray wavelength, B is the line broadening

at half maximum intensity, 0 is the Bragg angle, n is a positive integer and d is the interplanar

distance.
KA .
T = 250 (Scherrer equation)

nd = 2dsinf (Bragg equation)

Micro-Raman analysis was carried out by using a Jobin-Yvon Horiba LabRam microRaman-
spectrometer, equipped with a He-Ne laser (A = 632.8 nm), an edge filter and an Olympus
microscope with 10 x /50 x /100x objectives. A spectral resolution of about 5 cm™ was obtained
by a holographic grating with 600 grooves/mm. Spectra were acquired with an accumulation
time of 60 s and a laser power of 20mW.

Specific surface area was measured with MONOSORB quantachrome instrument by applying
the BET single point technique and by using N2/He 30% as gas to adsorb/desorb and BET
multipoint technique by using ASAP 2020 instrument of Micromeritics.

The pH of zero charge was also evaluated by adding different amount of GTPEG in a solution
with different initial pH and evaluating the final pH after 24 hours of contact. The ApH observed
for the different initial pH was reported in a graph and the pHzec was identified as the point
with a value of ApH of 0.

FT-IR spectrum was obtained in the range 400-4000 cm™ (4 cm™ of resolution) by using a
JASCO FT-IR 460 Plus spectrophotometer. The sample was measured in the form of KBr pellet.

2.3 Experimental setup

To investigate how pH influences the adsorption process, experimental batch adsorption tests
were performed by adding 10 mg of TPEG to 50 mL of MB solution (50 mg L) in a conical
flask at room temperature. The initial pH was brought at different values (i.e., 1, 2.5, 4, 7,9 and
11) by adding NaOH and HCI and checked by an Orion 420A pH meter (ThermoFisher
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Scientific, Waltham, Massachusetts, USA). The conical flask was placed on a magnetic stirrer
(IKA RH digital) and was mixed at room temperature for 20 minutes at 650 rates per minute
(rpm). At the end of adsoprtion treatment, the supernatant was aspirated to remove TPEG and
the residual MB was measured, by UV-vis spectrometry analysis at 661 nm (Dr. Lange Cadas
200 spectrophotometer) with the calibration line method. Therefore, the adsorption capacity
was evaluated at different pH values, as follows:

_ mass of MB adsorbed (img) (1)

mass of adsorbent (g)

q=(c—c) = (1 bis)

where V is the initial solution volume (L), m is the adsorbent weight (g), ¢; and ¢ (mg L?) are

the MB concentrations at the beginning and after each adsorption experiment.

The influence of initial concentration of MB was evaluated by measuring the adsorption
capacity at different initial concentration of MB (100, 70, 50, 30, 20 and 10 mg L%). Therefore,
50 mL of MB at different initial concentration and pH 9 was mixed with 10 mg of TPEG and
stirred at 650 rpm for 20 minutes. Then, the residual concentration of MB was evaluated by
spectrophotometric analysis and adsorption capacity was calculated.

Each test was repeated three times to have a main value.
2.4 Adsorption Kkinetics study

The kinetics models investigate the velocity of the process, providing the relationship between
contact time and adsorption capacity. Therefore, to evaluate the kinetic of the process,
experimental tests were executed by mixing 50 mL sample of contaminated water with a MB
concentration of 50 mg Lt with 10 mg of TPEG, at 9 as the initial pH and 650 rpm as the stirring
speed. Using different contact times, i.e. 5, 10, 15, 20, 30, 40 and 60 minutes, the adsorption
capacity was determined. All tests were repeated three times to obtain the main value. The
obtained data were plotted to evaluate the correlation between contact time and adsorption
capacity and were fitted to different kinetic models, i.e. pseudo-first order, pseudo-second
order, intraparticle diffusion, Elovich and liquid film diffusion models, and the R? coefficient
of linear regression and y? were calculated for each fitting, in this way the mechanism of

interaction was determined. Table 7 shows the linear form of model equations.

Tab. 7 Overview of the kinetics models. ge: equilibrium adsorption capacity (mg g*), g
adsorption capacity at time t (mg g?), ki: rate constant of pseudo-first order(min-?), ko: rate
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constant of pseudo-second order (g mg™ min), a and B: initial adsorption rate of the Elovich
Equation and the desorption constant related to the extent of surface coverage and activation
energy constant for chemisorption (mg g* min?) (g mg?), ke: liquid film rate diffusion

constant (min-t), kqir: rate constant of intraparticle diffusion (mg g* min*/?)

Model Equation References
Pseudo-first order log(q. — q;) = log(q.) 15
— kyt
Pseudo-second order t 1 t 15
R > + —
qc k20 Qe
i 1 1
Elovich 4. = ~In(af) +=1In (£) 16
B B
Liquid film diffusion In (1 _ ﬁ) = kgt 17
e
Intraparticle diffusion qr = kaiet'? +C 17

The pseudo-first order model involves a proportional correlation between the reaction velocity
and the concentration of adsorbed molecule, the pseudo-second order model involves a
quadratic correlation between velocity and the concentration of adsorbed molecule. The
Elovich model is the best fit for materials with heterogeneous surface and slow adsorption. In
the case of diffusion of adsorbate into the pores of adsorbent material is the slow step of the
process, the intraparticle diffusion model is followed, while the liquid film diffusion is the

model followed in case of the slow step is the diffusion in liquid/solid phase.
2.5 Adsorption isotherms

To identify the mechanism of interaction between the residual concentration of pollutant in
water samples and the adsorption capacity of the adsorbent is necessary to analyze the
adsorption isotherms. Therefore, adsorption capacity was evaluated for different MB
concentrations (i.e. 10, 20, 30, 50, 70 and 100 mg L-1). 50 mL of MB solution were mixed with
10 mg of TPEG, stirred for 20 minutes at 650 rpm at pH 9 (optimal pH) and the residual MB
was determined. The obtained experimental data were fitted using Langmuir [18], Freundlich
[19,20], Temkin [21] and Dubinin-Radushkevich [22] isotherm models. To evaluate the best fit
of the isotherms to the experimental data, the coefficient of linear regression (R?) and y* were

calculated. All the tests were repeated in triplicate.
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The Langmuir model is valid for monolayer adsorption on a surface containing a finite number

of identical sites and the adsorption is uniform. The linear form of Langmuir equation is:

Ce _ 1
de K1 am

+Ce /qm )

Where Ce is the concentration of adsorbate at equilibrium (mg L), ge is the adsorption capacity
at equilibrium (mg g*) and K. (L mg™) is associated to free energy of the process and gm (mg

gl) is the maximum adsorption capacity (mg g?).
The Freundlich model assumes a multilayer adsorption and the surface of adsorbent contains a

set of nearby sites. The linear form of the equation is:

1
Ing, = InK; + n—FlnCe (3)

Where K is an indicator of the adsorption capacity ((mg g*) (L mg™*)*") and ni defines the
F

adsorption intensity.

The Temkin model assumes the linear decrease of adsorption heat of all molecules in the layer
with the coverage due to the adsorbent-adsorbate interaction. Moreover, the adsorption is
characterized by a uniform distribution of the binding energies, up to some maximum binding

energy. The linear form of the equation is:
qe = BiInA+ B;InC, 4)

Where A is the equilibrium binding constant (L g) and Bz is related to the heat of adsorption
(3 mol ™).

The Dubinin-Radushkevich model assumes that the adsorption occurs on a heterogeneous
surface with a steric hindrance between adsorbed and incoming particles. The linear form of
the equation is:

ln(Qe) = ln(‘]s) - ,882 (5)
e = RTIn(1+-) (6)
E= T (7

Where E is related to free energy (kJ mol™), B is the Dubinin-Radushkevich constant (mol? J2),

gs is the adsorption capacity (mg g*) and ¢ is the Polanyi potential.

The surface area covered by MB was calculated by using the following equation':



SmB=0Qe - Am - 6.02:10%%/ Mme

Where g is the adsorption capacity (g g*), Awm is the molecular surface of MB (1.3 nm?) and

Mwg is the molecular weight of MB.
Thermodynamics of the process

In order to evaluate the free energy of the process, the minimum temperature of spontaneity of
the process and the driving force of the process, the thermodynamic study is required.

The adsorption capacity was determined for different temperature values (i.e. 273, 298 and 311
K) by adding 50 mL of MB solution (50 mg/L) to 10 mg of TPEG. The conical flask was
placed on a magnetic stirrer and the solution was mixed at 650 rpm for 20 minutes. Each test
was repeated in triplicate. The following relationships was used to evaluate the thermodynamics

of the process [23]:

AG=-RT InZe (8)
C,

AG%= AHP - TAS® (9)

Where AGCis the standard free energy , Ce is the concentration of adsorbate at equilibrium, ge
is the adsorption capacity,AH" is the standard enthalpy, AS?is the standard entropy and T is the

temperature.

The following equation can be obtained from equations 5 and 6:

InZf =- AHRT + AS’/R (10)

e

Therefore, in order to evaluate the driving force of the process, enthalpy and entropy of the

process were evaluated by plotting ln% versus 1/T.
e

2.6 Regeneration and reuse of TPEG

The reuse of TPEG after a regeneration process is important to obtain subsequent technical and
economic advantages and confer it a big competitivity with already used technology. The
thermo treatment was performed by regenerating TPEG samples in an oven at firstly 105° C
for 2 hours and then at 200° C for 4 hours. Before the thermo-treatment, the material was

separated from MB solution by aspirating the liquid phase with a pipette.

The regenerated TPEG was reused to perform 4 cycles of thermo-treatment, so 5 cycles of use

as adsorbent material. Particularly, 10 mg of TPEG were added to 50 mL of MB solution (50

72



mg/L, pH 9) and mixed at 650 rpm for 20 minutes on a magnetic stirrer. The MB residual was
evaluated and the TPEG was placed in the oven. After the thermo-treatment, TPEG was mixed
again with a new MB solution and the cycle of adsorption was repeated. The thermo-treatment
was repeated and so on, until 4 cycle of regeneration was reached. Each test was repeated in

triplicate.

The performance of regenerated TPEG was evaluated by comparing the adsorption capacity

using pure and regenerated material, as following (Equation 8):

MB adsorbed at specific cycle (mg)
MB adsorbed at first use (mg)

Relative q, = x 100 (11)

3. Results and discussion

3.1 Material characterization

In the figure 27 and 28, the SEM and TEM images with different magnification of the material

are reported.
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Fig. 27 SEM images of the TPEG with different magnification (a: 500 X, b: 2500 X, c:
5000 X, d: 10000, e: 150000 X, f: 390400 X)

Fig.28 TEM images of TPEG. The different scales of the images are reported to evidence

the different magnifications.

By observing SEM images of the material, it is clear the presence of different sheet of graphene
packaged together to form a series of layers of sheet of graphene that form a fibrous
macrostructure. It is possible to observe a crumple-like structure which is common in graphene.
TEM images confirm the presence of multilayer of graphene. Thin stacked of various size and
shape with a multilayered structure are present. X-ray diffraction and Raman analysis

confirmed the packing of different sheet of graphene (number of layers>5), because the typical
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diffractogram of graphite (position and broad of peaks) and a typical Raman spectrum of
graphite or sheet of graphene packed (n>5) were obtained® (ratio of the intensity of the peak
I/l of about %, where Ip is the peak at about 2679 cm™ and the Ig is the peak at about 1577
cm™). From XRD and Raman analysis results, it is possible to conclude that the layers of
graphene stacked are minimum 5%, In the figure 29, the diffractogram and Raman spectrum
of TPEG are showed.

70000
_ 60000 a) 20000 b)
S 50000 g 15000
"< 40000 2
>

g 30000 § 10000
(]
few |

0 M A 0

0 20 40 60 80 1260 1760 2260 2760
29 (°) Wavelength (cm)

Fig. 29 a) difractogramm of TPEG, b) Raman spectrum of TPEG.

The typical peaks of graphite at about 26.5° and 55° were obtained and the dimension of
crystallites (stacking of graphite’s sheets) and d-spacing were calculated from the shape and
position of the peak at 26.5° by using the Scherrer and Bragg equation. The dimension of 24.02
nm was calculated as crystallite dimension, while 0.374 nm was obtained as d-spacing. The
relative intensity of the peak, G and D, present in Raman spectrum (about 1577 and 2679 cm”
1) obtained and the position and the shape of the peak D are typical for a graphitic system or
packed graphene’s sheet (n>5) that has a broad D peak. Therefore, the material presents a series
of sheets (n>5) of graphene packed to form a ordered structure. The BET analysis reveals an
important information about the structure of material, mesopores and micropores are present
and the specif surface area of the mesopores is about 18 m? g%, while the total surface area of
the TPEG is about 45 m? g1. Therefore, the surface area of micropores is 27 m2g™.

In the figure 30 the FT-IR spectrum is reported. No peaks associated to functional groups are
present, TPEG results inactive to the IR photons. The low peak at about 3400 cm™ associated
to OH stretching vibration is due humidity presence caused by KBr used [24], confirmed by the

absence of the peak associated to C-OH stretching vibration.
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Fig. 30 FT-IR spectrum of TPEG.

3.2 pH influence on the adsorption capacity

pH has an important parameter on the adsorption interaction due its capacity to protonate both
the adsorbent and adsorbate, if they have some acid/basic group. For this reason, the optimal

pH of adsorption was determined. Figure 31 shows the results obtained.
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Fig. 31 Effect of pH on MB removal by TPEG. Co= 50 mg L, contact time = 20 minutes,
solution volume= 50 mL, mass of adsorbent= 10 mg, stirring speed= 650 rpm. Standard

deviation of each experimental data is reported.

The adsorption capacity increases by increasing the pH of the solution, in particular, it is about
50 mg g at very acid condition (pH 1) and about 150 mg g™* at alkaline condition. It can caused
by negatively charge formed on the adsorbent surface that can interact with cation dye [25]. At
low value of pH the surface of TPEG could be protonated and electrostatic repulsion between

TPEG and MB blocks the adsorption. The lower adsorption capacity at pH 1 could be also
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attributed to the protonation of amino groups and higher solubility of the dye, even if this
hypothesis requires further investigation. m-m interaction as principal mechanism of interaction
can be excluded because the number of & electron of MB and TPEG do not change by changing
the pH, therefore, it implies no change of adsorption capacity by changing pH.

3.3 MB initial concentration influence

In fig.32 is reported the influence of initial concentration of MB on adsorption capacity.
Standard deviation of adsorption capacity is also reported.

200

180
160 - {
140

fﬂ 120
2 100 )
= 80
60 I
40
o
0
0 20 40 60 80 100 120

Initial concentration (mg L1)

Fig. 32 Adsorption capacity for different value of MB initial concentration. Co= 100, 70, 50,
30, 20 and 10 mg L, 10 mg of adsorbent material, stirring speed=650 rpm, contact time=20

minutes, pH=9.

An initial rapid increase of adsorption capacity was observed by increasing the initial
concentration of MB, after the initial increase a plateau was reached at initial concentration of
about 50 mg L. Therefore, when the concentration of 50 mg L™ is reached, no further
adsorption are observed and the adsorbent dosage increase are required maintaining the ratio
solute/adsorbent of 0.25 to have an increase of adsorption capacity or removal efficiency.

3.4 Adsorption kinetics

The study of kinetics allows to understand the parameters that influence on the velocity of the
process and it can be useful to ensure the best performance of the process in industrial use. The
influence of the contact time on the adsorption capacity and the model that fit in the best way
the experimental data were determined to have information on kinetic of the process. The figure
33 shows the obtained results.
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Fig. 33Adsorption capacity of TPEG for different contact time. Co= 50 mg L™, Solution
volume= 50 mL, pH=9, mass of adsorbent= 10 mg, stirring speed= 650 rpm. Standard

deviation of each data is reported.

The adsorption capacity increase by increasing the contact time between TPEG and MB until
to reach the equilibrium after about 20 minutes of contact. The shape is the classical shape of
the adsorption process and it agreed with experiments reported in literature [2, 4, 5, 6, 7, 8, 27,
28, 29], even if other adsorbent materials were used. The equilibrium adsorption capacity results
to be about 150 mg g*. The experimental adsorption capacity was compared with theoretical
equilibrium adsorption obtained by fitting the experimental data with different kinetics models.
In the table 8, the linear correlation coefficient (R?) obtained for each model was reported.

Table 8 Fitting of different kinetic models for adsorption of MB on TPEG.

Model Equation R?; 2 Parameters

Pseudo-first order y =-0.0236x + 1.8474 | 0.5016; 5 K;=-2.36-10"2 min*!
Je=70.37mg g*

Pseudo-second order y =0.0051x + 0.055 0.9384; 0.10 Je=196 mg g*
k2=4.7-10% g mg! min?

Elovich y =48.811x — 18.955 | 0.8117;2.3 p=2.0-10%mg g* min™
0=73.8 g mg*

Liquid film diffusion y =-0.0543x — 0.8522 | 0.5016; 3.8 K=0.0543 min?

Intraparticle diffusion | y = 20.015x + 30.893 | 0.6827; 2.8 Kair=20.015 mg g min*2
C=30.893
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The best fit was obtained by using the pseudo-second order model, in agreement with our
previous study", in which the TPEG followed the pseudo-second order kinetics, even if a
different adsorbate was investigated. Also, in this case, the velocity of the process quadruplicate
when the concentration of MB duplicate. The kinetic constant of the process results to be 4.7-10
4 g mg! min! and the theoretical equilibrium adsorption capacity agreed with experimental
parameters, 196 mg gt and 150 mg g™ respectively. Both the value of adsorption capacity were

comparable with the value of other materials reported in other study [2, 4, 5, 6, 7, 8, 27, 28, 29].

3.5 Adsorption isotherms

To characterize the adsorbent material and the process of adsorption in exam, the adsorption

isotherms study results to be useful. The results obtained are showed in the figure 34.
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Fig. 34 Equilibrium adsorption of MB on TPEG. Co=10, 20, 30, 50, 70 and 100 mg L%, pH
9, 10 mg of adsorbent material, stirring speed=650 rpm, contact time=20 minutes. Standard

deviation of each experimental data is reported.

The adsorption capacity increase with the increase of the equilibrium concentration of MB until
to reach an equilibrium value of about 156 mg g at the equilibrium concentration of 20 mg L-
!, The shape of the isotherm is the typical shape of favorable adsorption process. In order to
evaluate the mechanism of interaction and the theoretical equilibrium adsorption capacity, the
experimental data were fitted with different isotherm models and the equation and the
coefficient of linear regression (R?) are reported in the table 9.

Table 9 Fit of adsorption isotherm data by using Langmuir, Freundlich, Temkin and

Dubinin-Radushkevich models.
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Model Equation R?; 2
Langmuir y=0.0048x + 0.0752 0.9198; 0.12
Freundlich y=0.5931x + 2.9046 0.7788; 1.5
Temkin y=49.775x — 26.833 0.8357; 0.88
Dubinin-Radushkevich y=-5-10°x + 4.9604 0.8711; 1.1

The Langmuir model was the best model to fit the experimental data, therefore, a monolayer of
MB is adsorbed on the TPEG surface, that results to be a homogeneous surface. The theoretical
maximum adsorption capacity results to be 208.33 mg g?, value in agreement with
experimental value and equilibrium adsorption capacity obtained from kinetic study (196 mg
g1) and comparable with value reported in literature [1, 2, 4, 5, 6, 7, 8, 27, 28, 29],. The value
obtained for the Langmuir constant was 6.38-:102 L g. The surface area covered by MB
calculated from adsorption isotherm studies results to be 574.08 m? g, while results to be
540.10 m? g’ from Kinetics studies. R was between 0 and 1, therefore, the process results to
be favorable.

3.6 Thermodynamics study

The effect of the temperature on the process was evaluated and some thermodynamic

parameters, such as free energy, enthalpy and entropy were determined. The plot of In % Versus

1/T was done and the linear equation that is the best fit of the data obtained was obtained by the
linear regression method. A coefficient of linear correlation of 0.9992 was obtained and from
the best linear fit and the equation 7, the thermodynamic parameters were calculated. The
enthalpy of the process, the entropy, the minimum temperature of spontaneity of the process

and the free energy at 298 K were reported in the table 10.

Tab. 10 Thermodynamics parameters of the MB adsorption on TPEG.

AH® (kJ mol™) AS° (J mol* K1) Tmin (K) AG® (kJ mol?)
28.27 112.45 251.40 -5.24

The value of free energy obtained demonstrate that the physio-adsorption happens and the value
is comparable with other reported in literature [2, 4, 8, 27, 30]. The driving force of the process
results to be the increase of randomness associated to the high disorder to the liquid-solid

interface. The process results to be endothermic but temperature above about -20° C ensure the
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spontaneity of the process. The value of free energy obtained demonstrate that physical

adsorption is involved.

In the table 10a the comparison between experimental data and theoretical data was reported to

show the best fit between theoretical value and experimental data that confirms the agreement

between experimental and theoretical data.

Tab. 10a Equilibrium constant and free energy obtained from experimental and theoretical

data. Experimental data obtained for MB solution of 500 mg "1L, 10 mg of adsorbent material,

pH 9, stirring speed= 650 rpm and contact time= 20 minutes.

Temperature % experimental % theoretical AGPxperimental | AG%theoretical
K - - kJ mol*? kJ mol*

(K) (mg L) (mg L) ( ) ( )

273 3.93 1.07 -1.21 -2.43

298 8.50 9.80 -5.30 -5.24

323 16.81 16.16 -1.57 -8.05

3.7 Regeneration and reuse of TPEG

The possibility to reuse the adsorbent material and the results obtained is reported in the figure

35.
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Fig. 35 Performance of material after recovery treatment. Recovery performed by thermo

treatment at 105°C for 2 hours and 200°C for 4 hours. Adsorption step was done by using
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MB 50 mg/L, pH 9, stirring speed of 650 rpm, contact time of 20 minutes and 10 mg of
adsorbent material.

The thermo-treatment ensures a recovery of the performance of the material between about 80
and 50 % after 4 cycles of thermo-recovery. It can be very useful in a industrial process because
after each use of the material, it requires only a limited amount of new material as integration
to work again at the same adsorption capacity. The recovery of the performance results to be
incomplete and it could be caused by strong interaction between MB and TPEG. The same
shape is reported in literature and the recovery of the performance is comparable with other
recover reported [7, 28, 31, 32].

4. Conclusions

In this study, TPEG was proposed as a good adsorbent material for MB adsorption and it results
to be a valid alternative to already available adsorbent material, both in terms of adsorption
capacity and reusability, for the removal of MB from water. The process follows a pseudo-
second order kinetics and the Langmuir isotherm, furthermore, its driving force is the increase
of entropy. The thermodynamics of the process indicates that a physio-adsorption is involved.
The results obtained are in accordance with previous and recent studies. The adsorption capacity
of the material is comparable with values reported in literature and it can be reuse as the other
technology proposed. The mechanism of interaction involves hydrophobic interaction and
probably electrostatic interaction. The deep characterization of morphology and the
determination of functional groups present on surface can be useful to determine the interaction
between adsorbate and adsorbent. Further studies can be conducted on this material, in
particular, its oxidation, magnetization or transformation in graphene and then the evaluation
of its adsorption capacity, the kinetics and the thermodynamics of the process of adsorption of
the same contaminants or the investigation on the possibility to adsorb new contaminants. It
could be interesting a different experimental setup for the adsorption of contaminants, such as
the filtration.
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2.2 Removal of diclofenac from aqueous solutions using a thermo-plasma expanded
graphite: material characterization, adsorption mechanism and material reuse

Abstract

The adsorption of diclofenac sodium on thermo-plasma expanded graphite (a commercial
product) from water solutions was investigated. The adsorbent material was characterized by
SEM, TEM, BET, Raman and X-ray diffraction analyses. Typical diffractogram and Raman
spectrum of graphitic material were observed, dimension of 24.02 nm as crystallite dimension
and a surface area of 47 m? gt were calculated. The effect of pH on the adsorption capacity
was evaluated in the range 1-7 and the adsorption mechanism was described by kinetic and
isothermal studies. Pseudo-first order, pseudo-second order, intraparticle diffusion, liquid film
diffusion and Elovich models were used to fit the kinetic experimental data, whereas the
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isothermal experimental data were fitted by using Langmuir, Freundlich, Temkin and Dubinin-
Radushkevich models. Pseudo-second order and Dubinin-Radushkevich models agreed with
theoretical values of adsorption capacity (i.e. 400 and 433 mg g%, respectively), thus resulting
the best fit for experimental data. The thermodynamics of the process was evaluated by plotting
the adsorption capacity/concentration ratio at the equilibrium as a function of different values
of the multiplicative inverse of temperature. Moreover, the adsorbent regeneration was also
investigated, comparing two different remediation techniques. Solvent washing was performed
by adding the exhausted material to 50 mL of NaOH 0.2 M and mixing it for 3 hours. The
thermo-treatment was carried out by heating in an oven at 105°C for 2 hours, firstly, and then
at 200°C for 4 hours. The thermo-treatment was the best technique to regenerate the adsorbent,

ensuring same performance after 4 cycles of use and regeneration.
Keywords
Adsorption, contaminated water, diclofenac, thermo-plasma expanded graphite

1. Introduction

Surface water contamination is a growing concern and different kinds of contaminants and
remediation techniques have been widely investigated in literature. Pharmaceuticals and
Personal Care Products (PPCPs) have increasingly been found in surface water and, even
though they are normally present at very low concentrations, several scientific studies [1, 2, 3,
4] have proved their negative impact on aquatic life. Conventional wastewater treatment plants
cannot completely remove PPCPs because of their high polarity and solubility in water [5, 6, 7,
8]). These characteristics represent the main challenge for the removal of PPCPs from water
solution. Different methods, such as photodegradation [9] , coagulation-flocculation [10] ,
biodegradation [11] , chlorination [12] and ozonation [13], have been used to remove PPCPs
by trapping or degradation. Coagulation-flocculation methods usually present a removal
percentage from nil to 50%, whereas oxidative processes and photodegradation present almost
total removal, but toxic by-products can be produced. For these reasons, the adsorption process
has become a popular method for the removal of organic contaminants (i.e. PPCPs, petroleum
derivates and dyes) from aqueous matrices. The strength of adsorption processes is their
inexpensiveness and simplicity [14]. Activated carbons have largely been used as adsorbent
material due to their hydrophobicity, surface functionality, pore structure and high surface area

[15, 16]. Other carbon-based materials, such as multi-walled carbon nanotubes [17, 18] and
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graphene/graphite [19, 20] compounds, have already been used as adsorbent material, showing
high efficiency in removing (closed to 100%) PPCPs from water.

Diclofenac sodium (DCF) is an analgesic drug included in the class of PPCPs, generally
prescribed to treat inflammatory disorders because of its nonsteroidal anti-inflammatory
potential. The DCF neutral form presents free acid groups (-COOH), whereas the anionic form
presents deprotonated acid groups (-COQO"). Chronic exposure to DCF generates hemodynamic
changes and thyroid tumors in Humans [2]. Furthermore, negative effects have been observed
on natural ecosystems, causing the death of several animal species. Particularly, Oaks et al.
2004 investigated on the death of a popular specie of vultures in South Asia, proving that eating
carcasses of animals nursed with DCF may cause visceral gout in vultures, mainly due to the
crystallization of their internal organs. DCF has largely been detected in both natural water and
wastewater worldwide because of its common use in large quantities [21]. Therefore, its
removal by using adsorption process has attracted the attention of the research community. In
this study, the thermo-plasma expanded graphite (TPEG) was used to remove DFC from
aqueous solutions. Expanded graphite consists of laminated two-dimensional nanoparticles
bound to each other by van der Waals forces only, and it is produced by the expansion of natural
graphite. This process confers excellent physic-chemical properties to TPEG, for example an
apparent density [22] in the range 2.3 to 9 g L%, that makes it an excellent adsorbent material.
Furthermore, it has a typical fibrous morphology and overlapping of graphene layers can be
evidenced by SEM analysis. Packing of more than five graphene layers are the basic structure
of TPEG with presence of mesopores and micropores. TPEG was used as an adsorbent material
and its interaction with DCF was investigated. TPEG was chosen as adsorbent material because
it is produced by an industrial process that ensures a significative increase of surface area of the
starting material promising good potential adsorbent properties. The industrial process of the
production is covered by industrial secret but basic information are available and it is known
that the process involves a first step of chemical intercalation of natural graphite and a second
step of very fast expansion conducted by a plasma thermal heating. Due to its industrial
production that ensures a not very expensive cost, promising improvement of mechanical
characteristic, increase of surface area and changing in the apparent density, TPEG resulted to
be an interesting material to investigate for environmental remediation purpose. Therefore,
experimental studies about the mechanisms of interaction between TPEG and DCF, the kinetics
and the thermodynamics of the process, pH influence and the reuse of the adsorbent material,

were conducted.

87



2. Materials and methods

2.1 Materials

TPEG was obtained from Innograf (Potenza, Italy). The initial pH of the solutions was adjusted
by adding NaOH and HCI purchased from Carlo Erba reagents (Carlo Erba, Rodano, Milano,
Italy) and Diclofenac sodium salt was supplied from Sigma Aldrich (Sigma-Aldrich,
Schnelldorf, Germany, purity: 99.9%). The stock solution of DCF was prepared in distillated
water at a concentration of 100 mg/L. All reagents were of extra pure grade and used without

further purification.

TPEG is obtained from natural graphite by means of chemical intercalation followed by the
thermal plasma expansion at high temperatures. Different methods, such as chemical vapor
deposition and chemical intercalation, are available to expand the natural graphite. TPEG used
in this study is produced by means of an innovative process consisting in the chemical
intercalation of natural graphite followed by high temperature thermal plasma expansion.This
process separates graphite in different layers, with a volume expansion of up to 300 units,
compared to an average of 200 units obtainable by other standard methods. TPEG has good
structural properties, such as mechanical strength of about 1 TPa, a thermal conductivity of
about 500 W mK and a diameter between 60 and 300 um [22].

2.2 Material characterization

The characterization of the material was not conducted in that specific case because the material

used was the same of the previous experimental work described.
2.3 Experimental setup

In order to investigate the influence of pH on the adsorption process, experimental batch
adsorption tests were performed by adding 10 mg of TPEG to 50 mL of DCF solution (100 mg
L) in a conical flask. The initial pH was adjusted at different values (i.e., 1, 2, 3, 5 and 7) by
adding NaOH and HCI and monitored by an Orion 420A pH meter (ThermoFisher Scientific,
Waltham, Massachusetts, USA). The conical flask was placed on a magnetic stirrer (IKA RH
digital) and was mixed at 650 rates per minute (rpm) at room temperature for 22 hours to ensure
contact between TPEG and the contaminated matrix. After treatment, the supernatant was
aspirated to remove TPEG and the amount of residual DFC was measured. Therefore, the

adsorption capacity was evaluated at different pH values, as follows:
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_ mass of DCF adsorbed (img)
q= mass of adsorbent (g) (12)
\%
q= (ci— ¢~ (13)

where ¢; and ¢; (mg L) are the DFC concentrations at the beginning and after each adsorption

experiment, V is the initial solution volume (L), and m is the adsorbent weight (g).

Removal was also evaluated by the ratio between mass of adsorbed DCF and initial DCF

present in the solution.
2.4 Analytical methods

DCF residual concentrations were estimated by UV-vis spectrometry at 271 nm (Dr. Lange
Cadas 200 spectrophotometer) with the calibration line method. The absorbance of DCF
solution was measured at pH 3.3

All the tests were repeated three times to obtain the mean value.
2.5 Initial concentration influence

The influence of initial concentration of the pollutant on the adsorption capacity of TPEG was
also evaluated. 50 mL of DCEF’s solution at different initial concentration (250, 200, 100, 40,
20, 10 mg L) at pH 1 was mixed with 10 mg of TPEG and stirred at 650 rpm for 10 minutes.
Then, the residual concentration of DCF was evaluated and the adsorption capacity calculated.

Each test was repeated three times.
2.6 Adsorption kinetics models

The kinetics models investigate the velocity of the process, providing the relationship between
contact time and adsorption capacity. In order to study the kinetic of the process, experimental
tests were executed by mixing 10 mg of TPEG with a 50 mL sample of contaminated water
with a DFC concentration of 100 mg L, at 650 rpm as the stirring speed and 1 as the initial
pH. Using different contact times, i.e. 3, 5, 7, 10, 15, 20, 30 and 40 minutes, the adsorption
capacity was determined. The obtained data were plotted to evaluate the correlation between
contact time and adsorption capacity. In order to evaluate the real mechanism of DFC
adsorption on TPEG, the experimental data were fitted to five kinetic mathematical models, i.e.
pseudo-first order, pseudo-second order, intraparticle diffusion, Elovich and liquid film
diffusion models. The best fitting was identified through the calculation of the R? coefficient.
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All tests were replicated three times to obtain the mean value. In the section 2.1 the equation of
the models used are specified.

2.7 Adsorption isotherms

The analysis of the adsorption isotherms is important to identify the interaction between the
residual concentration of pollutant in water samples and the adsorption capacity of the
adsorbent. Therefore, adsorption capacity was evaluated for different DCF concentrations (i.e.
10, 20, 40, 100, 200 and 250 mg L™). 10 mg of adsorbent were mixed with 50 mL of DCF
solution, stirred for 10 minutes at 650 rpm at pH 1 (optimal pH) and the obtained experimental
data were fitted using Langmuir [26], Freundlich [27, 28] Temkin [29] and Dubinin-
Radushkevich [30] isotherm models. All the tests were repeated in triplicate. In order to
evaluate the best fit of the isotherms to the experimental data, the coefficient of linear regression

(R?) was calculated. In the previous section the equations of the models are specified.
2.8 Thermodynamics of the process

The thermodynamic study allows an understanding of the relationship between spontaneity,
free energy, and temperature during the process. Moreover, it gives information about the

temperature at which the process is at equilibrium under standard conditions.

In order to evaluate the thermodynamics of the process, the adsorption capacity was determined
for different temperature values (i.e. 293, 299 and 311 K) by adding 10 mg of adsorbent to 50
ml of DCF solution (100 mg/L). The conical flask was placed on a magnetic stirrer and was
mixed at 650 rpm for 10 minutes. Each test was repeated in triplicate. In the previous chapter

the equations that regulates the thermodynamics are reported.
2.9 Regeneration and reuse of TPEG

The possible reuse of TPEG after a regeneration process is important to obtain subsequent
technical and economic advantages. Two different regeneration processes were tested to
recover the material for subsequent remediation tests. Solvent washing was carried out in a
glass beaker by adding exhausted TPEG to 50 mL of NaOH (0.2 M). The solution was posed

on a magnetic stirrer and mixed at 800 rpm for 3 hours.

The thermo treatment was performed by regenerating TPEG samples in an oven at firstly 105°
C for 2 hours and then at 200° C for 4 hours. Before the treatment, the material was separated

from DCF solution by aspirating the liquid phase with a pipette.
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The regenerated TPEG was reused to perform 2 and 4 cycles of treatment after solvent washing
and thermo-recovery, respectively. Particularly, 10 mg of TPEG were added to 50 mL of DCF
solution (20 mg/L, pH 1) and mixed at 650 rpm for 10 minutes on a magnetic stirrer. Each test

was repeated in triplicate.

The performance of regenerated TPEG was evaluated by comparing the adsorption capacity

using pure and regenerated material, as following (Equation 14):

DCF adsorbed at specific cycle (mg)
DCF adsorbed at first use (mg)

Relative q, = X 100 (14)

3. Results and discussion

3.1 pH influence on the adsorption capacity

Figure 36 shows the variation of TPEG adsorption capacity and removal by varying the pH in
the range 1-7. Some value of removal and adsorption capacity are overlapped but this scale of

removal is used in agreed with the next figures.
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Fig. 36 Effect of pH on DFC removal by TPEG and its adsorption capacity. Co= 100 mg L-
! contact time = 22 hours, Solution volume= 50 mL, mass of adsorbent= 10 mg, stirring

speed= 650 rpm. Standard deviation is also reported for each experimental data.

Adsorption capacity is maximum (420.5 mg g*) at pH 1 and 2, i.e. at values higher than pKa.
Adsorption capacity decreases with increasing pH, reaching the minimum (closed to 0) at pH
3, i.e. at values close to pKa. The reason for this is probably that DFC solubility decreases®’ at

low pH values due to the presence of DCF in the neutral form, resulting in a better adsorption
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capacity. Therefore, the optimal value of pH for this study is 1. The figure 36 illustrates the
dissociation equilibrium of DCF to better understand the influence of pH on its grade of
dissociation and therefore on its solubility. As can be observed, DCF has a carboxylic acid
group able to react with water (acid-base reaction) to form the conjugate anion of DCF and
hydroxonium. Because of DCF, as all organic acid, is a weak acid, the reaction of dissociation
is an equilibrium dissociation and it is influenced by the external presence of HsO" or OH". In
detail, when the pH is acid ([HsO0*] > 107" M) the equilibrium moves to reagents of the reaction
reported in the figure 37 because the presence of HzO™, therefore DCF is present in solution in
its undissociated form. When the pH is basic ([OH]> 107 M) the equilibrium moves to the
product of the reaction because H3zO" reacts with OH™ present in the solution, therefore DCF is
largely present in its dissociated form. The amino group of DCF can also react with water, as
reported in the figure 4, to form the conjugate cation of DCF and hydroxide ion. The pH has
the same reverse effect described for the carboxylic group. Therefore, the form of DCF in the
solution depends on the pH of the solution and it is neutral for pH values less than its pKa (4.2)
[31, 32]. The pHzrc of the TPEG was 12, therefore in the range of the pH considered, the charge
of the TPEG was positively and electrostatic interaction between undissociated/dissociated
form of DCF and TPEG is not affected by the change of the TPEG charge surface. It confirms
that the increase of adsorption capacity by decreasing the pH in mainly related to the solubility
of DCF decrease, for the value upper than 4.2 the increase of negatively charge of DCF does
not compensate the increase of solubility and no further increase of adsorption capacity was

observed.

cl + HO0 — ¢l * up®
| s
e
cl

Cl 0

Fig. 37 Equilibrium dissociation of DCF.

By considering the results observed, m-r interactions can be excluded because the number of
DCF (Bhadra et al. 2016) and TPEG =-electrons do not change by changing the pH. Therefore,
adsorption capacity is not influenced by pH in the case of these interactions as principal
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adsorption mechanisms. Even if the value of pH of 1 is not normally detected in real application,
the evaluation of best pH condition can be useful to have information on the trend of adsorption

capacity by changing the pH and little pH variations can be managed in real application.
3.2 Initial concentration influence

The figure 38 shows the influence of initial concentration of MB on adsorption capacity and

removal. Their standard deviations are also reported.
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Fig. 38 Adsorption capacity and removal for different Initial concentration of DCF. Co=10,
20, 40, 100, 200 and 250 mg L™, pH 1, 10 mg of adsorbent material, stirring speed=650

rpm, contact time=10 minutes.

A rapid increase of adsorption capacity was observed at the initial increase of initial
concentration of MB, followed by a slow increase of adsorption capacity for initial
concentration higher than 100 mg L™ probably caused by the saturation of the material. The
observed behavior is the typical behavior observed in adsorption processes caused by the
occupation of the TPEG adsorption sites involved into the interaction with adsorbate (DCF).
When all the adsorption sites are occupied no further adsorption can be observed and the
increase of concentration of adsorbate cannot involve other interaction with adsorbent. When
that equilibrium is reached, increase of dosage of adsorbent is necessary to have further
adsorption. The same behavior was observed for the removal, but for the initial concentration
higher than 100 mg L a decrease of removal was observed because the increase of
concentration are not proportional to the increase of number of active sites occupied by the
adsorbate (DCF). The values of 200 was evidenced as the ratio [DCF]/[TPEG] of maximum
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removal observed, therefore for values of initial concentration of DCF higher than 100 mg L™
an increase of TPEG are necessary to maintain the ratio at 200 and ensure the maximum
removal reached (69%). For that described reason, in the scale up of the process it is necessary
to decide what parameters would be maximized for value of initial concentration higher than
100 mg L. In order to maximize the removal, more than 10 mg of TPEG are required but a
decrease of adsorption capacity will be observed because of more adsorbent material will be

used.
3.3 Adsorption kinetics

Figure 39 shows the study of kinetics adsorption by varying the contact time in the range 3 - 40

minutes. Removal and adsorption capacity observed at different time of contact are reported.
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Fig. 39 Kinetic trend and standard deviation of experimental data of adsorption capacity
and removal with contact time. Co= 100 mg L™, Solution volume= 50 mL, pH=1, mass of
adsorbent= 10 mg, stirring speed= 650 rpm. Some values of standard deviation are lower

than surface area of indicators.

An increase of adsorption capacity with the increase of contact time can be observed in the first
10 minutes of treatment, then a plateau is reached. Therefore, the optimum contact time is 10
minutes, corresponding to the maximum adsorption capacity of about 350 mg g. Table 11
summarizes the kinetic parameters and the coefficient of correlation obtained by fitting
experimental data with the previous cited kinetic models.

Tab. 11. Fitting of experimental data with theoretical kinetics models
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Model R?%; 2 Parameters
Pseudo-first order 0.5519; 18 K1=3.44-10 min*
ge=10°mg g*
Pseudo-second order 0.9818; 0.16 Je= 400 mg g*
k2=6.6-10% g mg*
mint
Elovich 0.7222; 1.8 B=1.2:102 mg g*
min’t
0=267.5 g mg™*
Liquid film diffusion 0.5519; 5 Kt=0.0334 min!
Intraparticle diffusion 0.5873; 4.3 Kai=40.812 mg g*
min-42
C=143.43

The results show that the pseudo-second order model is the best fitting of the experimental data.
Particularly, the adsorption capacity obtained from the pseudo-second order kinetic model (400
mg g?) is close to the experimental data obtained for long contact time (i.e. 22 hours, 420.5 mg
g1). The value of kinetic constant (k2:6.6-10* g mg™ min, at room temperature) is comparable
with that obtained in literature (i.e. 10%/10%) (Jodeh et al. 2015; Bhadra et al. 2016). Because
of the pseudo second order model regulates the process, it is possible to conclude that by
increasing two times the concentration of DCF an increase of four times of the rate of the
process are observed. By considering that the kinetics model that regulate the process is the
pseudo-second order model, we can conclude that the slowly step of the process resulted to be
the interaction (the formation of the bond) between adsorbate and adsorbent active sites. By the
pseudo-second order model is not possible to distinguish between physical adsorption, such as
electrostatic interaction, and chemical adsorption, such as amide formation. To evaluate about
the type of the interaction, thermodynamics evaluation, by considering the free energy, is
necessary and for this reason were conducted and reported in section 3.6. To resume here the
results obtained, physical-adsorption can be designed as mechanism of adsorption of DCF on
TPEG because of the free energy value lower of 30 kJ mol™. Van der Waals force and other
hydrophobic interactions can be designed as main interactions involved into the adsorption
process. As expected, liquid film diffusion rate step was increased by the agitation of the

solution and it was not the limiting step of the process. The intraparticle diffusion step was not
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the limiting step probably due the dimension of pores that ensures fast diffusion of the
molecules of DCF into the pores and reaching and approaching the active surface of the
adsorbent (dimension of pores >> dimension of DCF). Elovich and pseudo-first order model
also involve as limiting step the interaction between adsorbate and adsorbent active sites but
they differ from pseudo-second order model because the adsorbent site are heterogeneous for
Elovich model and the rate of the process increase two times if an increase of two times of
adsorbate (DCF) is observed. By considering that, to improve the rate of the process
modification of the surface of the material must been conducted. Amino functionalization of
the surface could improve the reactivity of the material for the adsorption of DCF, because the
presence of the amino group could interact with acid group of DCF and form amide bond. If
amino functionalization will be conducted, the addition of substance in the solution or adsorbed
on TPEG surface with the capacity of catalyze the amide bond could further improve the rate
of the process. By considering the kinetics studies, it is possible to conclude that diffusion of
DCF into the mesopores and micropores of TPEG to approach the surface of it, where are
involved physical interactions able to “entrap” the molecules of DCF. The same shape of the
adsorption capacity was observed obviously for the removal. By increasing the time of contact
an increase of removal until to reach the maximum removal of about 73%. The maximum
removal was almost reached after ten minutes of contact. The value of adsorption capacity
calculated from the pseudo-first order is an unrealistic value and it confirms that model as no

adequate to describe the process.
3.4 Adsorption isotherms

Figure 40 shows the obtained results for the removal and adsorption capacity for different value
of equilibrium concentration of DCF in the solution. As expected, the adsorption capacity
increases with the increase of the pollutant concentration, reaching the adsorbent saturation
represented by the plateau. The removal of DCF reach a maximum value and then it decreased
because the increase of molecules of DCF is not proportional to the increase of the number of

active sites occupied.
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Fig. 40 Equilibrium adsorption of DCF on TPEG. Co=10, 20, 40, 100, 200 and 250 mg L,
pH 1, 10 mg of adsorbent material, stirring speed=650 rpm, contact time=10 minutes.
Standard deviation for adsorption capacity and equilibrium concentration are also reported

(some values are lower than the indicator surface).

The results of experimentations demonstrate that the best fitting was obtained with the Dubinin-
Radushkevich model with R? = 0.9903 and x?=0.15, proving that the adsorption occurs on a
heterogeneous surface with steric hindrance between adsorbed and incoming particles. For the
Langmuir model, Freundlich model and Temkin model values of R? of 0.058, 0.7596 and
0.9372 and y? of 18, 2.1 and 0.98 were obtained, respectively. Values of 433.29 mg g2, 5-10"
> mol? J2 and - 0.1 kJ mol! were observed for adsorption capacity, constant of Dubinin-
Radushkevich and free energy, respectively, calculated from the model. Particularly, the value
of adsorption capacity calculated from this model (433.29 mg g!) is in good accordance with
the value calculated from kinetic study (400 mg g). The Dubinin-Radushkevich model are
typical of process of adsorption that involve a formation of multilayers. Normally, multilayer
adsorption involves two or more plateau of adsorption capacity because of a multilayer of
adsorbate can be formed after the totally covering of adsorbent surface. In the figure 40, just
one plateau can be observed, probably because the first one could be observed for equilibrium
concentration lower than that investigated in this work. Furthermore, to prevent the steric
hindrance between adsorbed molecules and incoming ones, can be useful to increase the surface
area of TPEG to delay that hindrance as much as possible and increase the adsorption capacity
and formation of more layer of adsorbate. Furthermore, the adsorption isotherm shape seems to
have the typical shape of adsorption isotherm of type 1V, characteristic of system that present

mesopores and phenomena of pore blocking caused by the steric hindrance. Another
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consideration useful that can be deducted by the isothermal fitting is the best correlation with
model that assume heterogeneous surface of the adsorbent material (Temkin, Dubinin-
Radushkevich).

The comparison between our results and those obtained in literature using other adsorbent
materials is reported in Table 12, demonstrating the excellent adsorbent properties of TPEG. In
some cases, the higher adsorption capacity observed cannot be related to the surface area of
the material (47 m? g*) because it is not higher than the values observed for some materials
listed in the table for the comparison, such as CNT/AI>O3 (237 m? g1), UiO-66 (1710 m? g?)
and zeolite modified with cetylpyridiumchloride (712 m? g%). In that cases the higher adsorption
capacity can be related to the stronger interaction between DCF and TPEG. For the comparison
with grape bagasse, higher surface area was observed for TPEG (47 vs 2 m? g%) and the higher

adsorption capacity of TPEG could be also related to the higher surface of TPEG.

Tab. 12. Comparative data of adsorbent material for removal of DCF

Adsorbent material Adsorption capacity (mg | Interaction Reference
g
Thermo-plasma 433.29 (from isotherm) | Hydrophobic This work
expanded graphite 400 (from Kinetics) and
heterogeneous

carbon surface

Grape bagasse 77 Electrostatic 33

CNT/HNO3 24 - 17

CNT/AI203 27 n-nt and van der | 18
Waals force

Expanded graphite 330 Hydrophobicity | 34
and

energetically

uniform carbon

surface

GO 500 Hydrophobic 34
and -1t

UiO-66 189 Electrostatic 35

98



OAC (2.0) 487 Electrostatic and | 32
H-bonding
Commercial AC 76 Electrostatic 32
Zeolite modified with | 160 Electrostatic and | 36
cetylpyridiumchloride hydrophobic

3.5 Thermodynamic study
The best fit is represented by Equation 15 with R?= 0.9992.
y=-4665.3x + 17.173 (15)

Therefore, the value of enthalpy and entropy obtained are 38.70 kJ mol™* and 142.77 J mol* K-
! respectively. The driving force of the process is represented by the increase of entropy,
associated to the increase in randomness at solid/solution interface during the adsorption
process. The process is endothermic and a temperature above 271 K is required to ensure

spontaneity of the process. Table 13 shows both the experimental and theoretical values of

equilibrium constant (%) and free energy obtained from enthalpy and entropy values after the

fitting. Experimental and theoretical data are comparable, confirming the fitting accuracy.

Furthermore, the negative value of free energy confirms the spontaneity of the process.

Tab. 13. Thermodynamics evaluation of the adsorption process.

Temperature % experimental % theoretical AGPexperimental | AG%theoretical
K ) ) kJ mol*? kJ mol™?

(K) (mg L) (mg L) ( ) ( )

293 3.58 3.64 -3.10 -3.14

299 5.04 4,97 -4.18 -4.14

311 9.02 9.05 -5.46 -5.47

The standard free energy is comparable with values reported in literature and indicates a
physical adsorption of DCF on TPEG. The endothermicity of the process guarantees the
possibility to improve the performance of the process by increasing the temperature of the
batch. It indicates that the interaction between particles of DCF with itself is strongly than the
interaction between DCF and TPEG surface and it can also explain the formation of multilayer
of DCF on the surface of the TPEG. The major disorder caused by the breaking of bonding
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between of particles of DCF that were blocked casually on the surface of the TPEG is the
driving force of the process. The comparison with other free energy of the adsorption of DCF
on other material reported in literature demonstrated that the free energy of the adsorption on
TPEG is one of the higher (considering the absolute value), therefore the process of adsorption
is favored (higher free energy means higher equilibrium constant). The free energy calculated
for the adsorption of DCF on TPEG was -4.18 KJ mol, while values of -4.30, 3.97 and -0.99
KJ mol™ are reported in literature for adsorption on CNT/HNOs3 [18], grape bagasse [33] and
Zeolite modified with cetylpyridiumchloride [36], respectively.

3.6 Regeneration and reuse of TPEG

Figure 41 shows TPEG performance after the regeneration process.

140 .
First use

120

100 | pu o 1 I I I
- B solvent washing
| I thermo treatment
1 2 3 4

Cycle

[0
o

D
o

S
o

N
o

DCF adsorbed at specific cycle/ DCF
adsorbed at first use (%)

o

Fig. 41 Performance of material after recovery treatment. Recovery performed by solvent
washing with NaOH 0,2 M for 3 hours at stirring speed of 800 rpm and thermo treatment at
105°C for 2 hours and 200°C for 4 hours. Adsorption step was done by using DCF 20
mg/L, pH 1, stirring speed of 650 rpm, contact time of 10 minutes and 10 mg of adsorbent

material. Standard deviation of each experimental data is also reported.

The thermo recovery results to be the best way to recover TPEG because the amount of
adsorbed DCF after each cycle is comparable to that of pure TPEG. After four cycles of thermo
treatment the relative adsorption capacity results to be about 100%, proving that by heating the
material all the DCF adsorbed on it is released and all the sites available for the adsorption
interact with other molecules. The solvent washing is not a good way to recover the material
because the high solubility of DCF in basic solutions is not enough to desorb DCF from TPEG.

The relative ge is about 50% and 25% after the first and second treatment, respectively. The

100



reduction of relative ge by using solvent washing is also justified by the loss of material during
the separation water-TPEG. There is a technical limit due to the impossibility to do the filtration

because the powder of the adsorbent material remains on the filter paper.

4. Conclusions

In this study, TPEG was proposed as a good adsorbent material for DCF adsorption and removal
from water. The morphological and structural analysis of TPEG demonstrates the presence of
layers of sheet (n>5) of graphene packed together, dimension of 24.02 nm of the crystallite and
asurface area of about 47 m?g™. The point of strength of this material seems to be the possibility
to reuse it without decreasing its adsorption performance by using a regeneration process not
economically expensive (thermo-treatment). The adsorption results to be endothermic (38.70
kJ mol™) and the driving force of the process is the increase of entropy (142.77 J mol* K1) at
the surface of the material caused by the increasing of disorder generated after the breaking of
the interaction between the particles of DCF and their casual disposition on the surface of
TPEG. The thermodynamics studies (free energy observed, AG% -4.18 kJ mol™?) suggest that
physio-adsorption is involved. Pseudo-second order model regulates the kinetics of the process
and Dubinin-Radushkevich model regulates the isotherm adsorption, therefore multilayer
adsorption can be deducted as mechanism of adsorption. Values of adsorption capacity of about
400 mg g was obtained by both the kinetics and isotherm experiments. The diffusion of DCF
in the solution and into the pores of the material are faster than the “bonding” formation between
DCF and active sites of TPEG. Even if the diffusion is faster than interaction on the active sites
of TPEG, steric hindrance is involved caused by the formation of multilayer of DCF on the
surface of TPEG. The pH influence on the adsorption process demonstrates that solubility of
DCF deeply affects the adsorption process. Furthermore, the effect of initial concentration of
DCF on adsorption capacity and the removal was evaluated and the ratio of 200 of
[DCF])/[TPEG] was evidenced as the optimum ratio of maximum removal. By considering the
experiments conducted in this work, it is possible to conclude that increase of surface area of
TPEG and functionalization of TPEG surface can be useful to improve the rate of the process
by increasing the rate of the interaction between DCF and active sites and to delay the pore
blocking and increase the adsorption capacity. Further studies can be conducted on this
material, in particular, its oxidation, magnetization or transformation of its morphology and
then the evaluation of its adsorption capacity, the kinetics and the thermodynamics of the

process of adsorption of same or new contaminants. Another useful study could be the use of
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TPEG as a filter to adsorb the same contaminant, so that the separation of treated water and
TPEG is easier.
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2.3 “Hydro-soluble” thermo-plasma expanded graphite: preparation, low pressure
injectable permeable reactive barrier and adsorption of BTEX study

Abstract

Nowadays, public interest about environmental pollution has increased and many researches
are focused on the groundwater remediation. Benzene, toluene, ethylbenzene and xylenes
(BTEX) are the typical molecules associated to gasoline pollution, caused by accidental leakage
of petrol or diesel. They are designed as pollutants of primary importance and the maximum
permissible concentrations of benzene, toluene, ethylbenzene and xylene in drinking water are
respectively 0.01, 0.7, 0.3 and 0.5mg L. Different methods of BTEX remediation are
available, such as chemical oxidation, biological degradation and air stripping, but the
adsorption process seems to be more favored for its low-cost technology and absence of
metabolites. Adsorption process for groundwater remediation requires excavation of the soil

and installation of permeable reactive barrier (PRBSs), but a new technology is developing by
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academic world: low pressure injectable permeable reactive barrier. This technology allows to
install PRBs without excavation of the soil. In order to achieve this aim, a “hydro-soluble”
thermo-plasma expanded graphite (TPEG) was synthetized and its adsorption properties were
evaluated. Furthermore, its injectability and adsorption after the injection was evaluated.
Values of adsorption capacity of 18.91, 16.54, 22.24 and 19.81 mg g™ was obtained respectively
for toluene, ethylbenzene, m,p,-xylenes and o-xylene and different kinetics models were
followed by varying the initial concentration of pollutants. Mono-layer adsorption was
observed for toluene and multi-layer adsorption was observed for the other compound. Humic
acid enhances the adsorption capacity until to reach value of adsorption capacity of about 400
mg g for ethylbenzene and about 150 mg g™ for the other molecules, while values of pH > 7
promote the process. The influence of the pressure on the injection step was evaluated and was
observed that the “hydro-soluble” TPEG was able to act as permeable reactive barrier when

injected into water-saturated soil with pollutants removal of about 90%.

1.Introduction

In recent years, public concern has increased considerably due to environmental pollution,
which is becoming an increasingly widespread problem that affects both the environment and
human health. Among the main consequences of pollution there is the destruction of natural
resources such as water, air and soil and the onset of new diseases, some of which cause
malfunctions of the respiratory system, heart disease, skin and allergies. There are many sources
of contamination: industrial activities, urban traffic, waste, and the effluents that come from
agriculture. One of the most important sources of contamination is the leakage of petrol and
diesel from underground tanks. Once this release occurs, the gasoline, which is a mixture of
volatile and semi-volatile hydrocarbons, including benzene, toluene, ethylbenzene and xylene
(BTEX), contaminates the soil and can move inside and contaminate the water underground
[1]. The ever-increasing pollution has pushed towards the search for new technologies capable
of controlling or removing VOCs (volatile organic compounds), including BTEX. The USEPA
(Environmental Protection Agency of the United States) has classified BTEX as pollutants of
primary importance and whose concentration must be significantly reduced both in wastewater
and in soil. According to the guidelines of the WHO (World Health Organization), the
maximum permissible concentrations of benzene, toluene, ethylbenzene and xylene in drinking
water are respectively 0.01, 0.7, 0.3 and 0.5mg L-1. Some treatment methods such as chemical
oxidation [2,3,4], biological treatments [5,6,7] and air stripping [8] have shown excellent results
for the removal of BTEX from water but, among the innovative treatments, the adsorption

106



process is one of the best for the removal of these contaminants from aqueous solutions because
is a low-cost technology, characterized by operational simplicity, and no metabolites are
produced and no new chemical species are introduced into the treated water [9,10,11].
Furthermore, in the last years, innovative technologies are developing in the branch of
permeable reactive barrier (PRBs) for in-situ groundwater remediation. The classic method
PRBs is normally used for groundwater remediation [12,13,14], but it involves expensive and
long-time work of installation because of excavation of soil, preparation of a vessel for reactive
material and filling of the vessel are required. Several research teams are focusing their attention
on the production of reactive materials that don’t require excavation and vessel preparation for
their installation. This objective was reached by preparing hydro-soluble reactive material and
some example are reported in literature [15,16], as particular mineral phase of calcium
phosphate and innocuos vegetable oil. The hydro-soluble material can inject into groundwater
without excavation step. The purpose of this work consists of to produce a new material, which
can be injected at low pressure into a groundwater, that is able to remove the BTEX through a
characterized adsorption process. In order to achieve this goal, the thermo-plasma expanded
graphite [17,18,19] (TPEG) was transformed in a “hydro-soluble” material (in the commercial
form it floats on water and is therefore not injectable). Sonication was chosen and tested as
method to transform insoluble TPEG in “hydrosoluble” TPEG. Mechanical exfoliation is
involved with the sonication, indeed, bubbles which collapsing on the surface of the graphite,
generate compression waves, leading to the exfoliation. A secondary process can also occur as
a lateral compression wave can be generated which is able to separate two adjacent layers of
graphite with a cutting effect or through a "wedge" effect. The cutting effect could reduce the
dimension of the particle of graphite until dimension that allows the formation of colloids or

dispersion [20]. The described process is reported in schematic form in the figure 42.
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Fig. 42 Schematic representation of exfoliation and fragmentation involved in the

sonication process

After the transformation of TPEG, the adsorption process of BTEX in aqueous solution on
“hydro-soluble” TPEG surface was investigated. Kinetics, isotherm, influence of initial
concentration of pollutants, co-presence of pollutants, pH and presence of humic acid was
investigated. The injectability and the eventually leaching of the new form of the material was
also investigated before to evaluate if adsorption properties were preserved when injected in a

water-saturated soil.

2.Materials and Methods

2.1 Materials and Chemicals

TPEG was obtained from Innograf, that produced it from natural graphite, intercalated with
chemical compound and expanded by the thermal plasma expansion. This process ensures the
exfoliation of graphite, with a volume expansion of up to 300 units, compared to an average of
200 units obtainable by other standard methods. TPEG has good structural properties, such as
mechanical strength of about 1 TPa, a thermal conductivity of about 500 W mK™, a diameter
between 60 and 300 pum and high apparent density that could be associated with high surface

area, property that can confer high adsorption capacity.

Toluene, ethylbenzene, o, m, p-xylenes, methanol, humic acid, HCI and NaOH were supplied
from Carlo Erba reagents (Carlo Erba, Rodano, Milano, Italy). The stock solutions of all the
aromatic compounds were prepared in methanol at a concentration of 2 g L. Solutions of all
aromatic compounds used for adsorption experiment were prepared in distillated water with 1%
of MeOH. All reagents were of extra pure grade and used without further purification. Sandy
soil was used, and it was sieved between 2 mm and 62.5 pm to eliminate particles with
dimension different from sand. 37.28 %of particles had a diameter between 1 and 2 mm, 60.82
% had a diameter between 500 um and 1 mm, 0.67 % had a diameter between 250 and 500 pm,
1.04 % had a diameter between 125 and 250 um, 0.16 % had a diameter between 75 and 125
pum and 0.01 % had a diameter between 62.5 and 75 um. The porosity resulted to be 34 %.

For the sonication step a SONOREX ultrasonic bath RK 52 was used with a frequency of 35
KHZ.
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For injection step test a peristaltic pump PLP 380 of Labor-Technik with a pump head PPH
103. Tubes with internal diameter of 7.94 mm of TYGON (formulation E-LFL). These tubes

ensure a flow rate between 0.4 and 138 mL min™.
2.2 Methods
2.2.1 Sonication of TPEG

In order to reduce the particle dimension of TPEG, ultrasonication method was used. 0.2 g of
TPEG was added to 400 mL of distillated water in a beker of 1 L and the solution was putted

in the ultrasonic bath for about 50 hours.
2.2.2 Adsorption test in liquid solution
2.2.2.1 Kinetics studies

To evaluate the kinetics of the process, different volume of stock solution of toluene or
ethylbenzene or xylenes were added to 36 mL of “hydro-soluble” TPEG (0.02 g) at 1% MeOH
to obtain an initial concentration of 5, 10 and 20 mg L™ (when referred to xylenes, 20 mg L*
was the sum of the three types) and the residual concentration was evaluated at the different
time. The value of adsorption capacity at different time was plotted. The equations used for the

Kinetics studies are the same reported in the chapter 2.1.
2.2.2.2 Isotherm adsorption evaluation

The adsorption isotherm of the process was evaluated for each compound one by one. For this
reason, different volume of stock solution of toluene or ethylbenzene or xylenes were added to
36 mL of “hydro-soluble” TPEG (0.02 g) at 1% MeOH in a sealed vials (to avoid volatilization
loss) to obtain different initial concentration (range of 2.5-180 mg L™) and the residual
concentration was evaluated after 6 hours of contact. The value of the adsorption capacity at
different residual concentration was plotted for each compound. The different models used to
evaluate the adsorption isotherm are that reported in the chapter 2.1.

2.2.2.3 Influence of initial concentration

The initial concentration of adsorbate influences the adsorption capacity and the evaluation of
its influence is an important variable to know when an industrial interview is projected. For this
reason, different volume of stock solution of toluene or ethylbenzene or xylenes were added to
36 mL of “hydro-soluble” TPEG (0.02 g) at 1% MeOH in a sealed vials (to avoid volatilization

loss) to obtain different initial concentration (from 2.5 at 40 mg L for ethylbenzene, from 5 to
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60 mg L for toluene and from 5 to 80 mg L™ for xylenes) and the residual concentration was
evaluated after 20 hours of contact. The plot of adsorption capacity for the different initial

concentration was done.
2.2.2.4 Influence of co-presence of each contaminant on adsorption capacity

When more component can be adsorbed on the surface of adsorbent different condition can be
observed. If the adsorbates don’t compete for the same active sites, the adsorption capacity isn’t
affected by co-presence of adsorbate, while if they can compete for the same active sites and
the adsorption capacity of each compound results to be lower than when only one component
is present. When competition happens, the compound with high affinity and/or faster process
is adsorbed in major amount and only the adsorption capacity of the other compounds is
affected. In some cases of no-competition, the adsorption capacity of some compounds can be
affected by the steric hindrance caused by faster adsorbed molecules of other contaminants that
could impede the entrance in the pores of adsorbent material. In order to evaluate the effect of
co-presence of all the compound examined in this study, different volume of stock solution of
toluene, ethylbenzene and xylenes were added to 36 mL of “hydro-soluble” TPEG (0.02 g) at
1% MeOH in a sealed vials (to avoid volatilization loss) to obtain different initial concentration
(5, 10 and 20 mg L of each compound) and the residual concentrations were evaluated after
20 hours of contact. The adsorption capacity obtained were compared with the value obtained
when single-compound solutions were used to evaluate the adsorption capacity. This step was
very useful because normally BTEX are present together in polluted water.

2.2.2.5 Influence of presence of humic acid on adsorption capacity

Humic acid can be adsorbed on graphitic surface [30,31] and itself can adsorb molecules of
BTEX32,33, therefore it is clear that it can influence the adsorption capacity of BTEX on
TPEG. Humic acid is one major component of soil, therefore it is present in groundwater and
its influence on adsorption capacity of BTEX resulted to be fundamental as parameter to
investigate in this work. For this reason, 36 mL of “hydro-soluble” TPEG (0.02 g) at 1% MeOH
in a sealed vials (to avoid volatilization loss) with concentration of toluene, ethylbenzene and
xylenes at 20 mg L-1 for each compound was added humic acid to obtain different
concentration (12.5, 25, 50 and 100 mg L-1). The residual concentrations were evaluated after
20 hours of contact and all the obtained adsorption capacity were compared with values

obtained when humic acid was not present.

2.2.2.6 Influence of pH
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The pH of solution can influence the adsorption capacity of “hydrosoluble” TPEG because the
sonication could be partially oxidizing its surface. To verify it, the adsorption capacity was
evaluated at different initial value of pH (3.8, 7.6, 10). The initial concentration of each
contaminants was fixed at 20 mg L™ and the residual concentrations were evaluated after 20
hours of contact. The values obtained were compared to verify the influence of the pH. The
initial pH was modified by adding concentrated HCI and NaOH and controlling it by pHmeter.

2.2.3 Injection and leaching test

To verify the possibility to inject the “hydro-soluble” form of TPEG in a groundwater, several
experiment at laboratory scale were done. A burette of 10 mL was filled with water-saturated
soil and connected to a reservoir tank of solution of “hydro-soluble” TPEG that was pumped in
the soil chamber by the peristaltic pump. The set-up of the experiment is reported in the figure
44,

P 1
TPEG reservoir Peristaltic pump Soil chamber

Fig. 44 Schematic diagram of TPEG injection test.

The solution contained the TPEG (0.25 g L) was pumped and injected in the soil chamber at
different flow rate (5, 22, 35 and 45 mL min). The time necessary to fill the same height of
soil with TPEG at different flow rate was evaluated. Furthermore, the volume of TPEG solution
used to fill the same height of soil at different flow rate was evaluated. After the filling of the
soil with TPEG, 20 L of distillated water was pumped for 2 hours through the soil chamber to
verify possible leaching of TPEG.

2.2.4 Adsorption of TPEG-soil system

After the verification of the possibility to inject “hydro-soluble” TPEG in the groundwater, the
adsorption capacity of the system TPEG-soil was evaluated. The TPEG was injected by flowing
the TPEG solution at 45 mL min™ for about 2 minutes by using the setup described in the figure

111



44 . After the injection of TPEG, the burette filled with TPEG-soil (soil was previously water-
saturated) system was connected with a reservoir tank of solution of toluene, ethylbenzene and
xylenes at concentration of 20 mg L for each compound. To avoid loss of BTEX for
volatilization the reservoir tank was sealed but anyway, the concentration of inner solution was
controlled during the experiment. The solution of BTEX was pumped at 18 mL min through
the TPEG-soil system for 6 hours, with the same setup used for the injection of TPEG, and the
residual concentration of each compound was evaluated. The breakthrough curve was
constructed and compared with the curve of a system constituted by only water-saturated soil.
The flow of 18 mL min™ was choose because it was the value observed for groundwater that
flows through the vertical soil chamber filled with water-saturated soil. It is the maximum flow
of groundwater through the soil used in this work because the vertical setup represents the

maximum hydraulic gradient.
2.2.5 Evaluation of experimental data: statistical analysis

In order to evaluate the fitting of the isotherm and kinetics models with experimental data, the
coefficient of linear determination (R?) and other error functions including the sum of the
squares of the errors (SSE), the residual root mean square error (RMSE) and the chi-square test
(x?) were employed [34], expressed as the equation 16, 17, 18 and 19:

1-Yh- (Qen_an)z
R? = —&m=idenzdm, 16
22=1(Qe,n_Qm,n)2 ( )

SSE = Zg=1( Amn — Qe,n)z (17)

1
RMSE = J; n=1(Gen = Gmn)?  (18)

_ 2
x2= ¥, en—qmn)” (19)

den

Where ¢e and gm are the adsorption capacity at equilibrium and the calculated value at
equilibrium from the model, respectively and n is the number of the observation. SSE and
RMSE were calculated because R? and ¥ were very similar for some fitting and was not enough

to choose the best model.
2.2.6 Chemical analysis

A static headspace extraction coupled to gas chromatography-barrier ionization discharge
detection method for the determination of residual concentration of BTEX was used, as

described in literature [35]. BTEX’s solution was opportunely diluted in 20 mL of distillated
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water (1 % MeOH) and transferred in a 40 mL vial tightly sealed with polytetrafluoroethylene
silicone septa (Supelco; Milano, Italy) and the vial was placed on a stirrer hot plate at 80°C and
200 rpm for 30 minutes. Headspace gaseous phase sampling was performed with syringe for
gas (25 mL gas-tight syringe) and injected in GC through 500 uL sample loop at 70°C. A
Shimadzu system (Kyoto, Japan) consisting of barrier ionization discharge (BID) detector
equipped with a 2010 Plus Tracer gas chromatograph (GC) with a split/splitless injector was
used for TCE quantification. The pressure drop was kept constant by using a 10-100 cc/min
scale RMA-150-BV rotameter (Rometec, Roma, Italy), to improve the sample precision of
manual injection. The injector port was maintained at 200°C and a 500 puL of headspace was
injected in split mode (split ratio 90:10). A Restek Rtx-624 fused silica capillary column was
employed with He 6.0 (SIAD Corporation, Bergamo, Italy) as the carrier gas at flow rate of 1
mL/min. The column temperature was programmed as follows: constant 30°C for 1 minute,
increasing at 10°C/min to 70°C and holding for 10 minutes, increasing at 15°C/min to 200°C
and holding for 5 minutes. The effluent from the GC was transferred by 50 mL/min discharge
gas/flow into the BID detector at 250°C. For the data acquisition, LabSolution software was

used (Shimadzu, Kyoto, Japan).

3.Results and discussion

3.1 Sonication step

As described in the previous section, the sonication step was conducted in distillated water
without addition of emulsifier to doesn’t affect the natural composition of the soil object of
permeable reactive barrier installation. Clearly, possible implementation of sonication step
could be projected and evaluated if it is necessary for an industrial application. 50 hours of
sonication results to be the minimum time necessary to obtain a homogeneous TPEG dispersion
in the water. Before of 50 hours were observed the formation of little particles of “hydro-
soluble” TPEG. As reported in literature [36], dispersion of graphitic substance by sonication
can be obtained (it is a step of graphite’s exfoliation). The figure 45 shows the pictures of TPEG

in the water before the treatment and after 50 hours of treatment.
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Fig. 45 Picture of TPEG in the water before sonication treatment (on the left) and after 50

hours of sonication treatment (on the right).
3.2 Kinetics studies

Kinetics studies were conducted to have further information about the adsorption process of
BTEX on “hydro-soluble” TPEG. The variation of adsorption capacity by varying the time are
gathered for adsorption process of toluene, ethylbenzene and xylenes at the concentration of 5,
10 and 20 mg L. The figures 46, 47, 48 and 49 report all the evaluation done on the influence
of the time on the adsorption capacity.
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Fig. 46 Time influence on adsorption capacity of toluene on “hydro-soluble” TPEG.
Different initial concentration was investigated: 20 mg L (e), 10 mg L' (m) and 5 mg L
(e). 0.02 g of TPEG used as adsorbent and the solution stirred at 800 rpm.
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Fig. 47 Time influence on adsorption capacity of ethylbenzene on “hydro-soluble” TPEG.
Different initial concentration was investigated: 20 mg L (¢), 10 mg L™ (m) and 5 mg L

(®). 0.02 g of TPEG used as adsorbent and the solution stirred at 800 rpm.
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Fig. 48 Time influence on adsorption capacity of m, p-xylenes on “hydro-soluble” TPEG.
Different initial concentration was investigated: 20 mg L™ (m), 10 mg L (¢) and 5 mg L™
(e). 0.02 g of TPEG used as adsorbent and the solution stirred at 800 rpm.
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Fig. 49 Time influence on adsorption capacity of o-xylene on “hydro-soluble” TPEG.
Different initial concentration was investigated: 20 mg L (¢), 10 mg L™ (m) and 5 mg L
(®). 0.02 g of TPEG used as adsorbent and the solution stirred at 800 rpm.

By analyzing the data obtained, about 20 hours was the time to reach the saturation of the TPEG
for all the compound at all the value of concentration examined. The maximum adsorption
capacity was about the same for all the compound (with equal concentration) and it was
influenced by the initial concentration of the contaminants, its reduction involves reduction of
adsorption capacity. In the table 14 was reported the values of maximum adsorption capacity
observed for each compound at all the value of concentrations examined to synthetize the
results. The “hydro-soluble” TPEG had a capacity to remove these compounds comparable to

other adsorbent material reported in the literature [37,38,39,40,41,42,43].

Tab. 14 Maximum adsorption capacity observed of toluene, ethylbenzene, m, p-xylenes and

o-xylene at concentration of 5, 10 and 20 mg L on “hydro-soluble” TPEG.

Initial
concentration (mg g?)
(mg LY
Toluene
20 18.9
10 8.3
5 5.8
Ethylbenzene
20 16.5
10 11.3
5 9.7
m,p-xylenes
20 22.2
10 13.8
5 10.4
0-xylene
20 19.8
10 8.8
5 5.4

As previous described, the data obtained for the kinetics study were fitted with different kinetics
models (pseudo-first order, pseudo-second order, Elovich, intraparticle diffusion and liquid film
diffusion) to determine the slower step of the adsorption process and to calculate the theoretical
maximum adsorption capacity and the Kkinetics constant of the process. The statistical

parameters of the analysis are reported in the table 15.
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Tab. 15 Statistical parameters obtained from data analysis of kinetics studies.

Model Paramete Toluene Ethylbenzene m, p-xylenes o-xylene
r Concentration (mg Concentration (mg | Concentration (mgL | Concentration (mgL-
L) L) Y) Y)
20 10 5 20 10 5 20 10 5 20 10 5
Pseudo- R2 0.89 0.7 0.68 0.28 0.8 0.95 0.44 0.96 0.50 0.62 0.99 0.70
first order 3 8
RMSE 2.20 0.5 0.74 1.85 0.6 1.29 3.38 6.49 1.04 2.76 3.75 1.09
2 5
SSE 29.1 1.6 3.87 20.6 2.1 8.33 68.4 168. 6.52 45.6 5.42 4.75
9 2 9 3 4 3 8
X2 8.69 0.3 1.47 1.32 0.2 5.64 4.88 12.2 0.85 3.92 1.22 n.d.
1 8 7
Pseudo- R2 0.99 0.9 0.97 0.99 0.9 0.70 0.95 0.99 0.98 0.91 0.99 0.64
second 8 0
order RMSE | 137 |05 [035 [127 [07 [069 |167 |063 |096 |269 |042 |0.55
5 3
SSE 11.3 1.8 0.87 9.76 2.6 2.41 16.7 1.60 5.56 43.3 0.71 1.20
4 3 6 2 3
X2 2.08 0.3 0.28 0.68 0.2 0.31 0.98 0.27 0.80 5.39 0.15 1.01
8 9
Elovich R? 095 | 0.9 095 | 053 | 0.9 096 [ 092 | 098 | 080 |0.72 | 098 | 0.87
5 7
RMSE 1.12 0.5 0.39 1.31 0.6 0.68 1.82 0.60 0.97 2.54 3.48 0.70
1 1
SSE 7.59 1.5 1.07 10.3 1.8 2.35 19.9 1.42 5.69 38.6 48.5 1.95
6 6 5 2 3 6
X2 0.97 0.2 0.27 0.71 0.1 0.38 1.31 0.20 0.76 3.44 4.13 1.27
6 8
Liquid film R? 0.89 | 0.7 068 (028 |08 [ 093 | 044 | 096 | 065 | 062 |0.99 |0.89
diffusion 3 8
RMSE 2.21 0.5 17.8 1.86 0.6 48.2 3.38 1.60 39.3 2.76 0.37 20.3
2 3 5 1 4 4
SSE 29.2 1.6 2225 | 20.7 2.1 1162 | 68.5 10.3 9287 | 45.6 0.54 1655
1 2 0 2 0 1 5
X2 8.70 0.3 n.d. 1.33 0.2 n.d. 4.88 4.10 n.d. 3.92 0.12 n.d.
1 8
Intraparticl R2 0.96 0.9 0.83 0.39 0.9 0.95 0.90 0.98 0.75 0.78 0.94 0.93
e diffusion 2 3
RMSE 1.08 |06 | 0.74 | 1.50 | 0.9 0.70 | 2.10 | 0.52 1.59 | 2.24 | 040 | 0.51
0 4
SSE 7.04 |22 [3.88 |134 |44 | 246 | 262 |109 | 151 [301 |066 | 1.04
0 6 0 2 8 0
X2 0.58 0.3 1.27 0.92 0.5 0.32 1.40 0.10 1.61 2.46 0.09 0.66
1 1

By analyzing the statistical parameters, it could be deduced the kinetics aspect of the adsorption
process. For the toluene, the model that best fits the data at 20 mg L results to be the
intraparticle diffusion, while at concentration of 10 and 5 mg L™ the best models result to be
Elovich and pseudo-second order respectively. At higher level of concentration, the diffusion
of the molecules across the pores of TPEG results to be the slower step and a “funnel effect”
could explain that. By reducing the concentration, there is no “traffic” in the pores of the TPEG

and the slower step results to be the chemical adsorption, due to lower number of molecules
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that have to arrive on the surface of TPEG. For the ethylbenzene, by varying the initial
concentration no change in slower step was observed and the chemical adsorption is the limiting
process step. The best model changed from pseudo-second order at 20 mg L™ to Elovich model
at 10 and 5 mg L™, therefore only a change from homogeneous to heterogeneous surface of
TPEG that adsorb the molecules. For m, p-xylenes, the best model to fit experimental data were
pseudo-second order at 20 and 5 mg L™ and intraparticle diffusion at 10 mg L. At higher and
lower value of concentration, the chemical adsorption results to be the slower step of the
process, while at the value of concentration intermediate the slower step results to be the
diffusion in the pores of TPEG. It seems to demonstrate that when high number of molecules
are present, the effective adsorption step is slow because of the number of active sites could be
lower or comparable than the number of molecules and the chemical bonding is slow, while
when the concentration is low the chemical adsorption results to be the slower step because of
it is made on two step, the diffusion on the proximity of the active site and the bonding to the
active sites. At 5 mg L it is possible to deduce that the diffusion on the proximity of the active
site is the limiting kinetic step. Anyway, for concentration lower than 20 mg L™, a step that
involves diffusion limits the velocity of the process. For the o-xylene, the best model to fit
experimental data were pseudo-second order at 10 and 20 mg L™ and intraparticle diffusion at
5 mg L™ Also, in this case, with the reduction of the concentration, the limiting kinetic step
become a diffusion step. The different behavior of xylenes and toluene probably could be
associated to the different mechanism of adsorption, that is multilayer and monolayer
respectively as after described. The monolayer mechanism requires bonding between adsorbate
and adsorbent and when high number of molecules are present, they have difficult to find and
reach a free active site and diffusion step limiting the process. By decreasing the concentration
there are no problem to find and reach free active sites and the limiting step become the
chemical (or physical) bonding (normally chemical processes are slower than diffusion
process). Vice versa, the multilayer mechanism doesn’t require to all the molecules to find free
active sites and the number of adsorbate molecules higher (or similar) than number of active
sites is not affect the kinetics of the process and the slower step remains chemical adsorption,
as normal happens for reaction in liquid phase. At lower value of concentration, the slower step
could be to reach the active surface, caused by the lower gradient of concentration as usually
happens.

From the models that best fit the experimental kinetics data of each compound, parameters as
maximum adsorption capacity and kinetic constant of the process was calculated for all the
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compound at the different concentration investigated. In the table 16, the results obtained are
gathered.

Tab.16 Kinetics parameters of adsorption process on TPEG and some theoretical maximum

adsorption capacity for toluene, ethylbenzene and xylenes at different initial concentration.

20 mg L?! | 10 mg L'? | 5mgL? |
Toluene
kair: 270 mg gt h'¥2 | a:7.23 mg k2: 0.031 g mg*h
glht Qe: 6.54 mg g?
B:0.56 g
mg?!
Ethylbenzene
k2: 0.17 g mgtht a:2.75 mg a:1.89mggtht
Qe: 16.39 mg g glht B:0.21 gmg?
B:0.22¢g
mg?
m, p-xylenes
kz2: 0.004 g mgt h? kaif: 2.42 k2:0.033 gmg?th?
Qe: 28.81 mg g mg gt h™/?2 ge: 10.58 mg g
0-xylenes
kz: 0.007 gmgth? | k2:0.034¢g kair: 1.00 mg g™t h'/2
Qe: 23.81mgg? mgtht
Qe: 9.77
mgg*

The parameters obtained from the Kinetics studies allow to evaluate the velocity of the process
and compare the different velocity of adsorption process for the different compound and the
different concentration. For the concentration of 20 and 10 mg L the toluene has the higher
kinetic constant. At 20 mg L™, the adsorption process of toluene is 10-1000 times faster than
the adsorption of the other compound. At 10 mg L, the values of Kinetics constant are
comparable with one another. At5 mg L™, the adsorption of ethylbenzene and o-xylene seems
to be the faster process. The velocity of the process (also the affinity) can influence the
adsorption capacity when all the compounds are present in the solution to treat. Kinetics
constant obtained are comparable with the values reported in literature [40, 41, 44]. The value
of theoretical adsorption capacity obtained from the kinetics model are comparable with
experimental data and that confirms the good agreement between experimental data and the
models used. For example, for the ethylbenzene at 20 mg L™! the maximum adsorption capacity
observed was 16.54 mg g and the theoretical value obtained from kinetics model was 16.39
mg gt The order of adsorption capacity was influenced by the solubility [42], indeed it
increases by decreasing the solubility. The decrease of adsorption capacity by decreasing the
initial concentration involves that a bigger adsorbent dosage is required to have the same
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absolute removal of pollutants. The lower value of kinetics constant involves that saturation of

the material and maximum removal is reached at bigger time of contact.
3.3 Isotherm adsorption studies

Isotherm adsorption evaluation was done for each compound (toluene, ethylbenzene and
xylenes) to determine the mechanism of adsorption. Monolayer and multilayer adsorption can
be recognized, and the type of isotherm determined. The fitting of experimental data with the
previous described models allow to choose the best model that represents the system and to
calculate some parameters like the affinity adsorbate/adsorbent, intensity of the adsorption or
bonding energy (from Dubinin- Radushkevich). The isotherm curves obtained from

experimental data and the model curves are gathered in the figures 50, 51, 52 and 53.
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Fig. 50 Isotherm adsorption of toluene. Solution with different concentration was mixed
with about 0.02 g of “hydro-soluble” TPEG for 6 hours at 800 rpm.
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Fig. 51 Isotherm adsorption of ethylbenzene. Solution with different concentration was
mixed with about 0.02 g of “hydro-soluble” TPEG for 6 hours at 800 rpm.
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Fig. 52 Isotherm adsorption of m,p-xylenes. Solution with different concentration was
mixed with about 0.02 g of “hydro-soluble” TPEG for 6 hours at 800 rpm.
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Fig. 53 Isotherm adsorption of o-xylenes. Solution with different concentration was mixed
with about 0.02 g of “hydro-soluble” TPEG for 6 hours at 800 rpm.

From the experimental data obtained by isothermal study it is possible to classify the curve by
BDDT classification. For the toluene, the isotherm curve seems to be of the type I, type IV for
the ethylbenzene and m,p-xylenes, type V for o-xylenes. These classifications imply a
monolayer adsorption for the toluene and multilayer adsorption for the other compounds. This
different behavior could be explained by different solubility in water of studied compounds
(toluene > ethylbenzene > xylenes), indeed the decrease of the solubility involves a higher
aggregation of the molecules. The different behavior is also evidenced by the observed value

of adsorption capacity that is higher for ethylbenzene and xylenes than toluene, as can be
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observed by the figure 50, 51, 52 and 53. In the kinetics section little difference of q were
observed because lower initial concentration was used. As previous described, the data
obtained for the isothermal study were fitted with different models (Langmuir, Freundlich,
Temkin and Dubinin-Radushkevich) and the statistical parameters of the analysis are reported

in the table 17.

Tab. 17 Statistical parameters obtained from data analysis of isothermal studies.

Model Parameter Toluene Ethylbenzene m, p-xylenes o-xylenes
Langmuir R? 0.94 0.47 0.71 0.44
RMSE 0.82 3.49 2.53 27.88
SSE 4.05 60.83 25.70 3109.75
X2 0.64 6.62 1.70 49.36
Freundlich R? 0.90 0.86 0.96 0.95
RMSE 1.47 3.61 3.48 9.00
SSE 13.01 65.00 48.52 324.38
X2 1.51 5.85 2.18 8.76
Temkin R2 0.94 0.77 0.94 0.94
RMSE 0.79 4.03 4.43 4.65
SSE 3.75 64.87 78.56 86.57
X? 0.52 5.89 8.93 n.v.
Dubinin- R? 0.85 0.57 0.70 0.78
Radushkevich RMSE 1.55 6.95 11.51 13.45
SSE 14.44 241.42 530.07 723.47
X2 2.00 20.46 22.36 37.76

By the statistical analysis, best models that fit experimental data were Temkin for toluene and
Freundlich for ethylbenzene and xylenes. These data confirm the mechanism obtained from
previous BDDT classification. From the best model were calculated some typical parameters

of adsorption process and are reported in the table 18.

Tab.18 Isothermal parameters of adsorption process on TPEG for toluene, ethylbenzene and

xylenes.
Toluene Ethylbenzene m,p-xylene o-xylene
Parameters | B1:3.35J) mol? Kr:3.83 (mggl)(Lmg?) | Kr:0.94 (mggt)(Lmg?) | Ke:0.03 (mg gt)(L mg
A:0.52Lg* Un, 058 Un, 076 )
U, 156

By analyzing the data obtained from isothermal studies, consideration about the affinity
adsorbate/adsorbent of ethylbenzene and xylenes. It is possible to conclude, from the reverse
of the affinity, that ethylbenzene has a higher affinity than xylenes, probably due to the higher
number of double bonding present on its molecules that can increase the available sites for n-n

bonding. The Freundlich constant reveals higher adsorption capacity for ethylbenzene than
122



xylenes. Kinetics experimental data already revealed it for ethylbenzene and o-xylene, while
comparable values were obtained for m,p-xylenes. By the study of toluene’s isothermal, a value
of adsorption heat typical of secondary bonding was obtained and it could indicate m-m
bonding[45] as interaction between toluene and TPEG. The same type of interaction can be

imagined for the other compound caused by the similar structure that they have.
3.4 Influence of initial concentration

The adsorption capacity of adsorbent materials depends on the initial concentration of the
adsorbate and this parameter results to be fundamental to project an environmental remediation
intervention and to have the information about the amount of adsorbent to use. In the figure 54
are gathered the influence of initial concentration on the adsorption capacity of each compound
studied (ethylbenzene, toluene and xylenes) on TPEG.
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Fig. 54 Influence of initial concentration on the adsorption capacity of BTEX on TPEG
surface. The adsorption capacity was measured after 6 hours of contact, agitation speed of
800 rpm and initial concentration of each compound of 2.5, 5, 10, 20, 30, 40, 60 (for

toluene and ethylbenzene) and 80 (for xylenes) mg L.

As normal observed in literature, the adsorption capacity increases by increasing the initial
concentration. The adsorption capacity of the toluene seems to reach a constant value of
adsorption capacity by increasing the adsorption capacity, due to monolayer adsorption, while
for the other compound a constant value of adsorption capacity was not reached by increasing
the concentration ( in the investigated range) due to the multilayer adsorption mechanism. The
adsorption capacity results to be about 1 mg g™* for toluene and o-xylene and about 5 mg g for

ethylbenzene and m,p-xylenes at 2.5 mg L and it increase until about 40 mg g for xylenes at
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80 mg L, about 20 mg g for ethylbenzene at 40 mg L and 10 mg g* for toluene (value
constant reached at plateau). 6 hours of contact was chosen as optimal time of contact to have

a good compromise for an industrial use that requires fast processes.
3.5 Influence of co-presence of each contaminant on adsorption capacity

The previous paragraphs report the mechanism process, kinetics parameters and adsorption
capacity of BTEX on “hydro-soluble” TPEG when in the solution is present one compound at
a time. The previous studies were necessary for a deep investigation of the process. Normally,
when a groundwater was polluted by hydrocarbon compounds, they are present in it as a mix
of different molecules. Therefore, the investigation of adsorption capacity of BTEX on “hydro-
soluble” TPEG when all the compounds are present is necessary to have useful information for
an environmental remediation intervention. In the figure 55 the adsorption capacity for the

initial concentration of contaminants of 20 mg L™ present together are gathered.
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Fig. 55 Adsorption capacity of BTEX on “hydro-soluble” TPEG. Initial concentration of 20
mg L of each compound was investigated. 0.02 g of TPEG was mixed at BTEX and stirred
for 24 hours at 800 rpm. Black data are referred to the compound alone and the grey data
are referred to co-presence of adsorbate. The bars of error were also reported.

At 20 mg Lt of concentration of each compound, a reduction of the adsorption capacity was
observed for ethylbenzene. It could be explained by evidencing that the kinetic of toluene (at
20 mg L) is the faster of all the investigated process, therefore the molecules of toluene are
bonded to TPEG surface for first, then ethylbenzene molecules found some active site occupied.
The adsorption capacity of xylenes is not affected probably due to the presence of available

active sites for them that are not the same of the toluene. Further computational/experimental
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investigation is necessary to confirm these hypotheses by evaluating the diameter of pores of
TPEG and diameter of the molecules object of this work. In the figure 56 the adsorption

capacity for the initial concentration of contaminants of 10 mg L™ present together are gathered.
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Fig. 56 Adsorption capacity of BTEX on “hydro-soluble” TPEG. Initial concentration of 10
mg L of each compound was investigated. 0.02 g of TPEG was mixed at BTEX and stirred
for 24 hours at 800 rpm. Black data are referred to the compound alone and the grey data

are referred to co-presence of adsorbate. The bars of error were also reported.

At 10 mg L different behavior was observed. At this initial concentration, only the adsorption
capacity of ethylbenzene was preserved when the compounds are present in the solution
together. From kinetics data it is possible to observe that the kinetic of the adsorption process
of toluene and ethylbenzene are comparable the one with the other, therefore the higher affinity
of ethylbenzene involves that it is the compound adsorbed in majority occupying the active
sites. The kinetic of the process of adsorption of xylene is slower than ethylbenzene, especially
for o-xylenes, therefore they could reach the surface of TPEG when the multilayer of
ethylbenzene is already formed. The multilayer could act as steric hindrance and molecules of
xylene have difficult to reach the active sites. Molecules of xylenes could be bonded to TPEG
surface before the formation of multilayer of ethylbenzene and the adsorption capacity is
limited by the number of these molecules. The lower adsorption capacity observed for o-xylene
then m,p-xylenes, caused by lower kinetic, could confirm these hypothesis. Indeed, more
molecules of m,p-xylenes than o-xylene reach the surface and are bonded on it (by kinetics
consideration) before the formation of multilayer of ethylbenzene. In the figure 57 are gathered

the behavior observed at 5 mg L.
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Fig. 57 Adsorption capacity of BTEX on “hydro-soluble” TPEG. Initial concentration of 10
mg L of each compound was investigated. 0.02 g of TPEG was mixed at BTEX and stirred
for 24 hours at 800 rpm. Black data are referred to the compound alone and the grey data

are referred to co-presence of adsorbate. The bars of error were also reported.

At 5 mg L*, the same previous consideration could explain the behavior observed. The
adsorption capacity of ethylbenzene and o-xylene are not affected by co-presence of all the
compound because of they have the faster kinetic of adsorption. o-xylene adsorption seems not
affected by the formation of multilayer of ethylbenzene, as previous observed, probably because
of they have comparable kinetic. Capacity adsorption of toluene and m,p-xylene decrease for

the same reason described at 10 mg L.
3.6 Influence of presence of humic acid on adsorption capacity

Because of the aim of this work is to obtain an injectable material in groundwater capable to
adsorb BTEX, the influence of humic acid represents an important variable to analyze, because
of it is one of the major component of soils and it is adsorbed on graphitic surface [30,31] and
it is able to adsorb organic contaminant [32,33]. For these reasons, adsorption capacity of BTEX
on TPEG in presence of different concentration (12.5, 25, 50, 100 and 150 mg L) of humic
acid was evaluated. In the figure 58, adsorption capacity obtained in presence of 25 mg L of
humic acid with initial concentration of 10 mg L™ of each compound are gathered as example
and compared with the adsorption capacity observed without presence of humic acid when all

the compound are alone and when they are all mixed in the solution.
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Fig. 58 Comparison between adsorption capacity of BTEX observed at 10 mg Ltin
presence of 12.5 mg L of humic acid. Adsorption capacity was evaluated after 24 hours of
contact of BTEX with about 0.02 g of “hydro-soluble” TPEG in a solution with 25 mg L
of humic acid. Adsoprtion capacity is reported for test with compound alone (black data),
co-presence of all the contaminants (withe data) and the co-presence of humic acid (grey

data). The bars of error are also reported.

In the figure 59 are reported the variation of adsorption capacity by varying the concentration

of humic acid.
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Fig. 59 Adsorption capacity of BTEX on “hydro-soluble” TPEG for different concentration
of humic acid. Adsorption capacity was measured after 24 hours of contact (stirred at
800rpm) between 0.02 g of TPEG and BTEX at 10 mg L™t in presence of different

concentration of humic acid.

From the experimental data, it is possible to observe that the presence of humic acid increases
the adsorption capacity for value of concentration greater than 125 mg L. A peak of
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adsorption capacity was observed at the concentration of about 50 mg L™ of humic acid. The
increase of the adsorption capacity could be caused by the adsorption of humic acid that
entraps/adsorb organic substance. A multilayer of BTEX on humic acid adsorbed on TPEG
can be imagined. By increasing the concentration of humic acid an increase of adsorption
capacity was observed because more humic acid able to entraps/adsorbs BTEX was present on
TPEG’s surface until to reach a peak, because of a further increase of concentration of humic
acid involves a formation of multilayer of humic acid instead of the adsorption of BTEX on the
first layer of humic acid. The adsoprtion of humic acid on TPEG surface involves an increase
of free carboxylic group [31] that can bond BTEX through n-7 interactions*®. Because in real
application acid humic is often present in the water, the adsorption capacity of hydrosoluble
TPEG will be positivily affected.

3.7 Influence of initial pH on adsorption capacity

The variation of pH of the solution can influence the adsorption capacity of BTEX on “hydro-
soluble” TPEG because of the sonication could partially oxidize the graphitic surface. In the
figure 60 are gathered the adsorption capacity obtained for three different value of initial pH
(3.8, 7.6 and 9.9). The obtained value was referred to a solution of BTEX (20 mg L™ of

separated compound).
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Fig. 60 Adsorption capacity for different values of pH. Adsorption capacity was evaluated
after 24 hours of contact between 0.02 g of TPEG and BTEX (20 mg L) stirred at 800
rpom. The data are available for toluene (black data), ethylbenzene (light grey data), m,p-

xylene (grey data) and o-xylene (white data).

Study reported in literature [46], demonstrates the positively charge of BTEX in the investigated
pH range. By increasing the pH of solution an increase of adsorption capacity was observed. It
can be caused by the increase of interlayer separation [47] between the different sheet of
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graphite that could involve increase of surface active area, caused by negative charge associate
to dissociation of acid or hydroxyl group probably present on the surface of TPEG, and the
increase of electrostatic interaction between positively charged BTEX molecules and
negatively charged surface of adsorbent. By varying the pH from 7.6 to 9.9, a low reduction of
adsorption capacity was observed probably caused by the increase of steric
hindrance/competition of counter ions [48] (Na*).

3.8 Injection and leaching test

“Hydro-soluble” TPEG was obtained and its adsorbent properties were evaluated. The aim of
the work was to obtain an adsorbent material easy to inject in groundwater, therefore a series
of test to evaluate this property were done. First of all, a solution of “hydro-soluble” TPEG was
pumped by peristaltic pump and injected in sand water-saturated soil, as described in material
and methods description. Different flow rate was used to evaluate the effect on the time
necessary to fill the soil with TPEG and the volume of solution used. In the figure 61 are
reported picture of soil-chamber after the injection test conducted at different flow rate (5, 22,
35 and 45 mL min™).
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Fig. 61 Pictures of soil chamber after TPEG injection. “Hydro-soluble” TPEG’s solution
was injected into soil-chamber at different flow rate (5, 22, 35 and 45 mL min-t).

In the figure 62 are reported the results obtained about the time and volume necessary to inject
“hydro-soluble” TPEG in the water-saturated soil at different flow rate. Same height of soil was

taken as reference to evaluate these parameters.
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Fig.62 Variation of time injection and volume of solution used of “hydro-soluble” TPEG at

different flow.

The results obtained demonstrate as the increase of the pressure of injection is associated to a
decrease of time necessary to inject TPEG in the same fraction of soil. Anyway, the time of
injection reaches a plateau at which is not useful to increase the pressure of injection. By
varying the pressure of injection, a variation of volume of TPEG’s solution was observed and
it is caused by the sedimentation of littler particle in the tube at low flow rate, associated to very
quiet movement of the water. These observations allowed to have fundamental information
about optimal parameter of injection. To verify the possible leaching of TPEG, 20 L of
distillated water was pumped through the soil chamber for 2 hours. No visible leaching of TPEG

was observed.
3.9 Adsorption of TPEG-soil system

After the injection of “hydro-soluble” TPEG into the sand soil, its adsorbent properties were
evaluated to verify if they are preserved during the operation. For this reason, the adsorption of
soil and the system soil-TPEG was evaluated and the obtained results are gathered in the figure
63, 64, 65 and 66.
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Fig. 63 Breakthrough curves of toluene for the soil (#) and the system soil-TPEG (m).

Toluene’s solution (20 mg L) was injected at 18 mL min* for 6 hours. TPEG was injected
at 45 mL min! for 2 minutes. Bars of error are also reported.
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Fig. 64 Breakthrough curves of ethylbenzene for the soil (¢) and the system soil-TPEG (m)

Ethylbenzene’s solution (20 mg L) was injected at 18 mL min for 6 hours. TPEG was
injected at 45 mL min-! for 2 minutes. Bars of error are also reported.
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Fig. 65 Breakthrough curves of m,p-xylenes for the soil (¢#) and the system soil-TPEG (m).
m,p-xylenes’s solution (20 mg L) was injected at 18 mL min-! for 6 hours. TPEG was

injected at 45 mL min! for 2 minutes. Bars of error are also reported.
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Fig. 66 Breakthrough curves of o-xylenes for the soil (#) and the system soil-TPEG (m). o-
xylenes’s solution (20 mg L) was injected at 18 mL min! for 6 hours. TPEG was injected

at 45 mL min! for 2 minutes. Bars of error are also reported.

By analyzing the breakthrough curves obtained for the soil and the system soil-TPEG, it is
possible to observe an increase of adsorption of the soil after the injection of “hydro-soluble”
TPEG. Indeed, for the soil, in the range of time 0-360 min, is possible to observe the typical

shape of a breakthrough curves of a system of filtration. At the initial moment, contaminants
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were adsorbed into soil particle, until all the soil in the column was filled of contaminants. At
this moment, the ratio C/Co started to increase because the soil was saturated, and a plateau was
reached (“treated” solution had same concentration of untreated solution) then groundwater
kept for human use results polluted. For the system soil-TPEG, no plateau was reached into the
range of time 0-360 minutes and the ratio C/Co was lower than the ratio registered for the soil
atall the time evaluated. It means that TPEG increase added to the soil can adsorb contaminants,

therefore it could be used as permeable reactive barrier to remove BTEX from groundwater.

4.Conclusion

This study describes the simple preparation of a “hydro-soluble” form of thermo-plasma
expanded graphite (TPEG). The “hydro-soluble” TPEG demonstrated to have good adsorbent
properties for removal of toluene, ethylbenzene and xylenes from groundwater. The adsorption
mechanism was dependent on the molecules in terms of mono-multilayer adsorption, kinetics
of the process and affinity. The maximum adsorption capacity of BTEX on “hydro-soluble”
TPEG registered was about 20 mg g if are not present other organic substance in the water.
The presence of humic acid increase the adsorption capacity until to reach values of 400 mg g
! for ethylbenzene and 150 mg g for the other compounds. Injection test in groundwater of this
form of TPEG were done and promising results was obtained. The injection is possible and the
effect of pressure of injection was evaluated on the time necessary of injection and on the
volume of TPEG’s solution used. After the injection, “hydro-soluble” TPEG preserves its
adsorption properties and it demonstrates the possibility to use this material as innovative

permeable reactive barrier.
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2.4 Trichloroethylene adsorption from aqueous solution by thermo-plasma expanded
graphite: investigation of mechanism process

Abstract

The adsorption of trichloroethylene (TCE) on thermo-plasma expanded graphite (TPEG) from
water solution was investigated. The adsorbent material was characterized by SEM, TEM, BET,
Raman and X-ray diffraction analysis. The influence of stirring speed on the adsorption capacity
was evaluated by varying its value in the range 0-1500 rpm and the adsorption mechanism was
determined by kinetic and isothermal studies for different initial concentration of TCE (1-25
mg L) and different temperature(20-60°C). Pseudo-first order, pseudo-second order,
intraparticle diffusion, liquid film diffusion and Elovich models were used to fit kinetics
experimental data, whereas the isothermal experimental data were fitted by using Langmuir,
Freundlich, Temkin and Dubinin-Radushkevich isotherms models. The results obtained
demonstrates the influence of initial concentration of TCE and temperature on the mechanism
process. Pseudo-second order model results to be the best fit in the range of concentration 5-25
mg L* while the Elovich model results to be the best fit for the concentration of TCE of 1 mg

L. Freundlich model results the best fit for the range temperature of 20-45°C while Langmuir
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model is the best fit for the data obtained at the temperature of 60°C. The adsorption capacity
is depending on the initial concentration of TCE and its value is respectively 1.51 mg g and
27.17 mg gt at 1 mg Lt and 25 mg L™ of initial concentration of TCE. Furthermore, the
influence of parameters, such as presence of cosolvent (methanol), height of headspace,
adsorbent dosage on the process and the thermodynamics were investigated. The data obtained
from test with methanol demonstrates that the Lundelius rule is respected. The investigation of
the effect of stirring speed, temperature, adsorbent dosage and height of headspace demonstrate
that the process could be separated into two consecutively steps, the stripping of TCE from

solution (the first one) and the adsorption on the layer of TPEG.

1. Introduction

Trichloroethylene (TCE) has been widely used as solvent in different kind of industry and often
was detected in surface/ground water, contaminated via direct discharge or leaching from
disposal operation [1], furthermore, EPA identified TCE as a prirority environmental pollutant
[2] and set 5 ppb for the maximum level of contamination of TCE. TCE contamination is a
great problem because of its high solubility in water (1100 mg Lt at 25°C) and high resistance
to biological degradation, therefore contaminated water remains polluted for a long time. The
agency for the Toxic Substance and Disease Registry has reported that 852 of 1430 National
Priority List sites in 1997 present TCE [3]. An example of several contamination of
groundwater by TCE was reported in Korea, at the industrial complex of Wonju, where the
level of TCE was >50 times of limited indicated by Korean Ministry of Environment (0.06 mg
L-1 for industrial areas) [4]. Different technology for removal of TCE from soil or groundwater
are available and they can be classified in biotic and abiotic process. Biotic removal of TCE
involves the use of microorganisms to dechlorinate tetrachloroethylene (PCE) and TCE into
less-chlorinated by products such as dichloroethylene (DCE) and vinyl chloride (VC) in aerobic
or anaerobic system (normally O is used at the begin of the process, then other acceptors of
electron are used). Abiotic process includes chemical oxidation/reduction [5] of TCE like zero
valent iron6, the physical adsorption using various adsorbent or the combination of adsorption
and chemical oxidation/reduction [7,8]. The adsorption process is one of the most commonly
used techniques for the purification of groundwater contaminated by TCE. Several adsorbents
were investigated to mitigate the migration of TCE but the activated carbon results to be the
most popular in both granular and powder form. Other available adsorbent materials for TCE
were investigated and are nowadays investigated to found material with a higher capacity of
adsorption or better mechanical characteristic than configure it as conventional adsorbent to use
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for TCE removal. Example of adsorbent materials investigated are soils, peat moss [9], organo-
clays [10,11], polymer adsorbent [12], zeolites [13], multiwalled carbon nanotubes [14], silica
gels [15] and organic mulch [16]. Nowadays, accurate studies are conducting on the use of
carbon materials like single/multiwalled carbon nanotubes, graphitic and graphenic materials
due their higher surface area (if compared to typical activated carbon) that theoretically confers
them a higher adsorption capacity. Their structural characteristic ensures strong interaction with
organic molecules by mean of -7 interactions, H-bonding, electrostatic forces, van der Waals
forces and hydrophobic interactions [17,18]. Furthermore, mechanical characteristic of these
materials, such as mechanical strength, confers them potential advantages in the conventional
use as adsorbent instead of conventional activated carbon. For these reasons, in this work
thermo-plasma expanded graphite (TPEG) was investigated as potential adsorbent for TCE
removal and its performance in terms of adsorption capacity was evaluated. Furthermore, the
Kinetics, the adsorption isotherm, the thermodynamics of the process and the parameters that
influence the adsorption process of TCE on TPEG was investigated. The complete study on the
process of adsorption of TCE from water solution has not been diffuse in literature. TPEG used
in this study is produced by means of an innovative process, that ensure a higher expansion than
classical methods, consisting in the chemical intercalation of natural graphite followed by high
temperature thermal plasma expansion. This process confers excellent physic-chemical
properties to TPEG, i.e. apparent density [19] in the range 2.3 to 9 g L-1, that make it an
excellent adsorbent material. TPEG is an innovative carbon-based material used to remove
different kinds of hydrocarbons, like exhausted lubricating oil [20], BTEX [21] with a removal
efficiency of more than 80%, both treating soil and water.

2. Materials and methods

2.1 Materials

TPEG was obtained from Innograf, that produced it from natural graphite, intercalated with
chemical compound and expanded by the thermal plasma expansion. This process ensures the
exfoliation of graphite, with a volume expansion of up to 300 units, compared to an average of
200 units obtainable by other standard methods. TPEG has good structural properties, such as
mechanical strength of about 1 TPa, a thermal conductivity of about 500 W mK-1, a diameter
between 60 and 300 um and high apparent density that could be associated with high surface

area, property that can confer high adsorption capacity.
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The trichloroethylene and methanol were supplied from Carlo Erba reagents (Carlo Erba,
Rodano, Milano, Italy). The stock solution of TCE was prepared in methanol at a concentration
of 1000 mg/L. The solution of TCE used for adsorption experiment were prepared in water with

1% of MeOH. All reagents were of extra pure grade and used without further purification.
2.2TPEG characterization

TPEG characterization was already managed for the previous works.

2.3 Experimental setup and analytical method

The adsorption experiments were conducted by adding different amount of TPEG to 36 ml of
solution of different concentration of TCE. The mix of TPEG and TCE solution were
maintained in closed vials [16,22], to avoid TCE loss by volatilization, and stirred for different
times. The experimental parameters such as contact time, initial concentration of TCE, amount
of TPEG, temperature and presence of cosolvent were varied to evaluate the influence of each
parameters on adsorption capacity. At the end of the chosen contact time, TCE residual
concentration was evaluated by GC-BID analysis by using headspace method [23]. 20 ml of
TCE solution (in 30 mL vial closed with silicon septum bottom) at 1% of MeOH was stirred
and heated at 80°C for 15 minutes and then the gas in headspace was collected with syringe for
gas (25 mL gas-tight syringe) and injected in GC through 500 puL sample loop at 70°C. The
area of TCE peak was used to calculate the residual concentration by comparing it with
calibration line obtained by analysis of TCE solution with known concentration. TCE solutions
were opportunely diluted by considering that calibration line was obtained in the range 10-100
ppb (distillated water and 1% of MeOH).

A Shimadzu system (Kyoto, Japan) consisting of barrier ionization discharge (BID) detector
equipped with a 2010 Plus Tracer gas chromatograph (GC) with a split/splitless injector was
used for TCE quantification. The pressure drop was kept constant by using a 10-100 cc/min
scale RMA-150-BV rotameter (Rometec, Roma, Italy), to improve the sample precision of
manual injection. (inserire flusso usato). The injector port was maintained at 200°C and a 500
uL of headspace was injected in split mode (split ratio 90:10). A Restek Rtx-624 fused silica
capillary column was employed with He 6.0 (SIAD Corporation, Bergamo, Italy) as the carrier
gas at flow rate of 1 mL/min. The column temperature was constant at 30°C for 1 min,
increasing to 70°C at 10°C/min and holding for 3 minutes. The effluent of column was
transferred via a 50 mL/min discharge gas flow into the BID detector at 250°C. LabSolution

software (Shimadzu, Kyoto, Japan) was used to process the obtained data.
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The adsorption capacity was calculated by using the following equation:

_ mass of TCE adsorbed (mg)

(20)

mass of adsorbent (g)

q=(c—c) = (21)

where V is the initial solution volume (L), m is the adsorbent weight (g), c; and c¢; (mg L-1) are
the TCE concentrations at the beginning and after each adsorption experiment. For each test the
standard deviation was evaluated, and it always was below 5 % of main value. Test without

TPEG was done to verify that no lack of TCE for volatilization was obtained.
2.4 Effect of stirring speed

The stirring speed could influence the adsorption capacity because it influences on stripping of
TCE and agitation of TPEG phase that float on water surface. 20 mg of TPEG was mixed to 36
mL of TCE solution (10 mg/L, 1% MeOH), and stirred for 2 hours at room temperature.
Different stirring speed was evaluated (0, 150, 300, 600 and 1500 rpm). The residual

concentration of TCE was evaluated at the end of 2 hours of contact time.
2.5 Effect of headspace

To evaluate the possible effect of headspace on adsorption capacity a series of experiments
were made. The headspace is correlated with the number of TCE molecules necessary to reach
the value of pressure of gas phase on liquid phase that is regulated by Raoult law. More
headspace is related with higher number of molecules of TCE that pass in gas phase through
the layer of TPEG.

18, 27 and 36 mL of TCE solution (25 mg/L, 1% MeOH) was mixed with 20 mg of TPEG and

stirred at 300 rpm for 2 hours and then the residual concentration of TCE was measured.
2.6 Effect of adsorbent dosage

Different amount of TPEG (5, 10, 20, 30, 40 and 50 mg) was mixed to 36 ml of TCE (25 mg/L,
1% MeOH) and stirred at 300 rpm for 2 hours. The residual TCE was then measured with
analytical method already described. The adsorbent dosage could influence adsorption capacity
due the different headspace associated with different amount of TPEG and different number of

active sites that can adsorb TCE.

2.7 Effect of cosolvent
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Normally, the presence of reagents that improve the solubility of adsorbate in liquid phase
decrease the adsorption capacity (Lundelius rule), but exceptions were observed and reported
in literature, therefore the influence of this parameter was evaluated. 20 mg of TPEG was mixed
to 36 mL of TCE solutions (10 mg/L) with different amount of methanol (1, 5, 10, 20 and 30%)
and stirred at 300 rpm for 2 hours and then TCE residual concentration was evaluated.

2.8 Adsorption kinetics

The kinetics models investigate the velocity of the process, providing the relationship between
contact time and adsorption capacity. Kinetics models give also information about the slowly
step of the process and the mechanism of interaction between adsorbent and adsorbate. In order
to evaluate the kinetics of the process, different experiments were conducted. The kinetic was
evaluated at different concentration of TCE (1, 5, 10 and 25 mg/L) to evaluate also the effect
of this parameter on the mechanism of the adsorption. Therefore, 36 mL of TCE solution
(variable concentration, 1% MeOH) was mixed with 20 mg of TPEG and stirred at 300 rpm for
different time (20 minutes-24 hours) and the residual TCE concentration measured. The
obtained data were fitted to different kinetic models, i.e. pseudo-first order, pseudo-second
order, intraparticle diffusion, Elovich and liquid film diffusion models, and the R? coefficient
of linear regression and y? were calculated for each fitting. The equation of the models used are

reported in the chapter 2.1.
2.9 Effect of initial concentration and temperature

The influence of initial concentration and temperature on the adsorption capacity were
evaluated by mixing 20 mg of TPEG with 36 mL of TCE solution with different initial
concentration (1, 2.5, 5, 7.5, 15, 25 and 33 mg/L, 1% MeOH), stirred for 2 hours at 300 rpm at

different temperature (r.t., 45°C and 60°C). The residual TCE concentration was then evaluated.
2.10 Thermodynamics

Very important results to be to have information about the thermodynamics of the process. In
this way is possible to know if the process is spontaneous in normal condition, the minimum
temperature that ensure the spontaneity of the process and the exothermicity/endothermicity of
the adsorption phenomena. This last parameter allows to know if the increase of temperature
correspond to an increase of adsorption capacity. Therefore, the adsorption capacity was
determinate at different temperature (0, 25, 45 and 60°C). 20 mg of TPEG was mixed with 36
mL of TCE (25 mg/L, 1% MeOH) and stirred at 300 rpm for 2 hours and residual TCE
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concentration evaluated. The equations that regulates the thermodynamics and used are
reported in the chapter 2.1.

2.11 Adsorption isotherms

The investigation of the isotherms of adsorption allows to know the mechanism of interaction
between adsorbent and adsorbate. Different models were formulated but the most used are

Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherm models.

36 mL of TCE solution with different initial concentration (1% MeOH, 1, 2.5, 5, 7.5, 15, 25
and 33 mg/L) was mixed with 20 mg of TPEG and stirred at 300 rpm for 2 hours at different
temperature (r.t., 45°C and 60°C). Then, the residual TCE concentration was evaluated. In this
way, the mechanism of interaction was determinate and the effect of the temperature on the
mechanism of the process was also evaluated. The equations of the models used are reported

in the chapter 2.1. R? and 2 were calculated.

3 Results and discussion

3.1 Effect of stirring speed

The effect of the stirring speed on the adsorption capacity was reported in the figure 68.
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Fig. 68 The effect of the stirring speed on the adsorption capacity. 20 mg of TPEG was
mixed to 36 mL of TCE (10 mg/L, 1% MeOH) and stirred for 2 hours at r.t.

The increase of adsorption capacity with the increase of the stirring speed was observed until
300 rpm, further increase of stirring speed involves a decrease of adsorption capacity. From 0
to 300 rpm no dispersion of TPEG in water is observed, therefore it floats on the water, while
from 600 to 1500 rpm the dispersion of TPEG in water was observed. Therefore, it means that

the initial increase of adsorption capacity could be caused by increased stripping of TCE
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molecules from liquid phase and they across the TPEG floating on the water and adsorbed on
it. The further increase is associated with an increase of stripping of TCE molecules, but they
can’t across TPEG because it is dispersed in water and just a little amount of TPEG floating on

water.
3.2 Effect of headspace height

The effect of the headspace was studied to verify if the number of molecules necessary to reach
the value of the pressure regulated by Raoult law can influence the adsorption capacity. The
hypothesis was that the increase number of molecules that go across the layer of TPEG increase

the adsorption capacity. The results are gathered in the figure 69.

25
20

15

q(mgg?)

10

10 15 20 25 30 35 40
Liquid height (mL)

Fig. 69 The effect of headspace height on the adsorption capacity. Adsorption capacity was
measured after mixing 18, 27 and 36 mL of TCE solution (25 mg/L, 1%MeOH) with 20 mg
of TPEG and stirred at 300 rpm for 2 hours.

The figure 70 represents schematically the setup of the experiment for a good comprehension

of the experiment and the conclusion obtained.
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Fig. 70 Schematic representation of setup experiment at 18, 27 and 36 mL respectively.

The decrease of adsorption capacity obtained with the decrease of headspace height could be
explained by the lower number of molecules that go across the TPEG layer. Indeed, to reach

the value of pressure regulated by Raoult law a lower number of TCE molecules is necessary.
145



3.3 Effect of adsorbent dosage

The optimum dosage of adsorbent could be a parameter that improves the cost benefits of the
process because an overdosage of adsorbent can be obtained when the active sites is bigger than
adsorbate molecules. For this reason, the influence of adsorbent dosage was investigated. In the
figure 71 are shown the obtained results.
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Fig.71 Effect of amount of TPEG on adsorption capacity. 36 mL of TCE solution (25 mg/L,
1% MeOH) was mixed to different amount of TPEG (5, 10, 20, 30, 40 and 50 mg) and

stirred at 300 rpm for 2 hours.

The decrease of adsorption capacity with the increase of the amount of TPEG mixed to TCE
solution was observed. Two reasons could explain this behavior, indeed the increase of the
amount of TPEG corresponds to decrease of the headspace height, therefore lower number of
TCE molecules go across the TPEG layer even if the number of active sites were increased.
The decrease of adsorption capacity seems to reach a plateau that could be caused by a

negligible decrease of headspace that no compensate the increase of active sites.
3.4 Effect of cosolvent

To verify if the Lundelius rule is valid also for the adsorption of TCE on TPEG, the adsorption
capacity was evaluated by increasing the solubility of TCE in the solution by increasing the
amount of methanol in the solution. The results obtained are reported in figure 72.
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Fig. 72 Effect of the amount of methanol on the adsorption capacity. 36 mL of TCE
solution (10 mg/L) was mixed with 20 mg of TPEG and stirred at 300 rpm for 2 hours.

The increase of the amount of methanol corresponds to the increase of solubility of TCE and
the decrease of the adsorption capacity was observed, therefore the Lundelius rule is respected

for this adsorption process.
3.5 Adsorption kinetics

The evaluation of the kinetics of the process results to be another way to increase the benefit of
the cost of the process because the time of saturation of the adsorbent can be determinate. It is
useful because a contact time upper than saturation time doesn’t involve an increase of
adsorption and time is wasted and time means money. Furthermore, the study of the adsorption
kinetics allows to know if there is a one specific step that slow down the process and work on
it to develop the process. By the study of the kinetics of the process, the kinetic constant can be
calculated. In the figure 73 are reported the results obtained.
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Fig.73 Effect of the time on the adsorption capacity. 36 mL of TCE solution (1 mg/L:

orange points, 5 mg/L: red points, 10 mg/L: blu points and 25 mg/L: green points) was

mixed with 20 mg of TPEG and stirred at 300 rpm for variable times.

The results obtained shows that the increase of the concentration corresponds with an increase

of adsorption capacity but also with an increase of the time necessary to reach the equilibrium.

The fit of experimental data with kinetics model (pseudo-first order, pseudo-second order,

Elovich model, intraparticle diffusion model and liquid film diffusion model) was done and the

linear correlation constant and the parameters obtained from the fit are reported in the table 19.

Tab. 19 Parameters of the fit of experimental data with kinetics models.

1 mg/L 5 mg/L 10 mg/L 25 mg/L
Pseudo-first R? k: 0.4297 | R? k: 0.2012 | R? k:0.2578 mg R? k: 0.3696
order 0.6088 | mgg* 0.9179 | mgg* 0.8549 | g* 0.9394 | mgg*
X?-1.8 :0.45 mg X%-1.3 q: 10.20 | X?-3.7 q: 674.2 mg X2-11 q: 408.50
g’ mgg* g! mgg*
Pseudo- R? :1.51 mg | R? :7.57 mg | R? g: 16.86 mg | R? q: 27.17
second order | 0.9676 | g? 0.9989 | g? 0.9967 | g? 0.9785 | mgg?
X? k : 2.55 g | X20.08 | k :3.74-10 | X? k :2.69:107 | X? k:2.35-10°
0.15 mg?! min?! 1 g mg!|0.008 |gmglmint | 0.06 2 g mg!
min! min?
Elovich R? a: 2.88 g | R? a: 2617.12 | R? a: 20.60 g | R? a: 56.75 g
0.9895 | mgtmint | 0.9578 | g mg! min" | 0.9802 | mg?! min? 0.844 | mg!min?
X20.12 | B: 0.984 g | X?0.10 | * X20.14 | B: 0.314 g | X20.23 | B: 0.204 g
mg?! B: 148 g mg?! mg?!
mg?!
Intraparticle R? Kar:  0.40 | R? Kar:  0.77 | R? Kair: 2.43 mg | R? Kair:  4.17
diffusion 0.6731 | mgg'min | 0.8253 | mg g min" | 0.9098 | g min'/? 0.7034 | mg g?
X20.85 | /2 X20.38 | 12 X20.88 X20.96 | min'¥2
Liquid film | R? Kra:  0.43 | R? Kra:  0.20 | R? Ktd: 0.14 | R? Kra:  0.37
diffusion 0.6088 | mint 0.9179 | min? 0.8669 | min 0.9394 | min?
X%-18 X?-15 X?-19 X2-8

The pseudo-second order model results to be the best fit for the concentration of 5, 10 and 25

mg/L and it is symptomatic of chemisorption and quadratic relation between adsorbate

concentration and velocity. At the value of concentration of 1 mg/L the best fit of experimental

data results to be the Elovich model, therefore the surface of TPEG results to be heterogeneous,

the affinity decreases with the increase of covered surface. The values of adsorption capacity

obtained from the model result to be in optimum agree with experimental data, indeed 1.51 mg

gt (from pseudo-second order) vs about 1.5 mg g for 1 mg/L, 7.57 mg g* vs about 7.2 mg g°

! for 5mg/L, 16.86 mg g* vs 15.5 mg g* for 10 mg/L and 27.17 mg g vs about 23 m g were

obtained, respectively for theoretical and experimental data. By comparing the data obtained
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about kinetic constant and adsorption capacity with data reported in literatureA"™d.Wei js clear
that the TPEG has performance in terms of velocity of adsorption and adsorption capacity in
the range of best adsorbent. Furthermore, it is interesting to note the increase of kinetic constant
with the decrease of the concentration of TCE solution. In the figure 74 is reported the trend of
kinetic constant for different initial concentration and the equation that best fit the trend of
experimental data.

2,5 y =2,9199x 1,626
5 Lt R2=0,9156

kinetic constant (g mg
min1)

0 10 20 30
TCE concentratio (mg/L)

Fig. 74 Influence of initial concentration on kinetic constant.
3.6 Effect of initial concentration and temperature

The initial concentration has a big influence on the performance of adsorbent material. The
influence that this parameter has on Kkinetic constant was already reported in the previous
section. In this section the influence of initial concentration on adsorption capacity is
investigated in a range of 1-33 mg/L. It is important to know the performance on different range
of concentration because normally real sample have concentration that depends on the origin
of it. Furthermore, the trend of the adsorption capacity with the change of temperature was also
investigated and reported in this section. The figure 75 reported the experimental data obtained.
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Fig. 75 Effect of initial concentration for different temperature on adsorption capacity. 36
mL of TCE solutions at different concentration (1, 2.5, 5, 7.5, 15, 25 and 33 mg/L) were
mixed with 20 mg of TPEG and stirred for 2 hours at different temperature (20, 45 and

60°C).

The increase of adsorption capacity with the increase of TCE concentration was observed and
the concentration of 33 mg/L seems to be the value of concentration to reach the plateau of

adsorption capacity at 20°C and 60°C.

The temperature seems to have no influence for low value of concentration and little variations
of adsorption capacity were observed until 7.5 mg/L of TCE. Upper to 7.5 mg/L, the
temperature affects the adsorption capacity, indeed an increase of adsorption capacity was
observed by comparing the adsorption capacity at 20°C and 45°C and a decrease of adsorption
capacity was observed by comparing the adsorption capacity at 60°C and the value obtained at
lower temperature. From the obtained results seems that a no clear trend is observed by
increasing the temperature and it could be explained by considering two factor that are
influenced by the increase of the temperature, the value of pressure of TCE gas phase on liquid
phase and the thermodynamics of the process. The value of vapor pressure of pure TCE increase
with the increase of the temperature, therefore the pressure of gas phase of TCE on liquid phase
results increase and a bigger number of TCE molecules go across the layer of TPEG. The
process could be exothermic, therefore, an increase of the temperature decreases the adsorption
capacity. In conclusion, by increasing the temperature from 20 to 45°C an increase of adsorption
capacity was observed because the increase of pressure of gas phase is not compensate by the
exothermicity of the process, but the reverse happened with the further increase of the

temperature until 60°C.
3.7 Thermodynamics

The results showed in the previous section about the effect of the temperature push us to
investigate on the thermodynamics of the process. Therefore, a test to determinate the
thermodynamics of the process was done. As reported in the section of thermodynamics in
materials and methods, the natural logarithm of the ratio of adsorption capacity and equilibrium
concentration versus the reverse of the temperature was reported, for four different values of

temperature (8, 20, 45 and 60°C). The results obtained are gathered in the figure 76.
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Fig. 76 Effect of the temperature on the natural logarithm of equilibrium constant. 36 mL
of TCE solution (25 mg/L, 1% MeOH) was mixed with 20 mg of TPEG and stirred for 2
hours at 300 rpm at different temperatures (8, 20, 45 and 60°C).

The further investigation on the temperature effect on the process seems to confirm the previous
hypothesis. The increase of the temperature from 8°C to 40°C was associated with an increase
of equilibrium constant, while the increase until 60°C from 40°C or 20°C was associate with a
decrease of equilibrium constant. It is possible to conclude that the process is exothermic but
the increase of the pressure of TCE molecules in gas phase on liquid phase associated with the
increase of the temperature favors the increase of adsorption capacity in a specific range of

temperature (until 40°C).
Adsorption isotherms

In order to investigate the mechanism of interaction between adsorbate and adsorbent the
adsorption isotherms of the process were evaluated at different temperature (20, 45 and 60°C).
The experimental data were fitted with Langmuir, Freundlich, Temkin and Dubinin-
Radushkevich models and the classification of each isotherm obtained with BDDT

classification was done. The results obtained are showed in the figure 77.
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Fig. 77 Adsorption isotherms at different temperatures (20, 45 and 60°C). 36 mL of TCE

solution at variable concentration was mixed with 20 mg of TPEG and stirred at 300 rpm

for 2 hours.

By observing the isotherms obtained is possible to classify them by using the BDDT

classification. The isotherm at 20 and 45°C results to be an isotherm of type V and it results to

be of the type I at 60°C. In the table 20 are reported the square linear correlation coefficient and

parameters obtained from the fit of experimental data with the previous cited isotherm models.

Tab. 20 Overview on the fit of experimental data with some isotherm models. The square of

linear correlation coefficient and parameters of the models are reported.

20°C 45°C 60°C
Langmuir R? g: negative | R? g: 769.23 mg | R? q: 40.98 mg
0.085 value (no | 0.004 gl 0.966 g?
X2 n.a. logic) X? 25 ke 1.3-107 X2 0.02 k:: 030 L
k : negative mg?!
value (no
logic)
Freundlich R? Kr:6.84 ((mg | R? Ke : 10.38 | R? Kr:7.84 ((mg
0.845 gl (Lmgh¥" | 0.912 ((mg gt (L | 0.925 gl) (L mg
X212 ) X20.85 mg1)¥/n) X20.16 1)t/n)y
1/nf:1.16 1/nr:0.98 1/ng:0.65
Temkin R? B:: 12.63 J | R? B:: 12.92 J | R? B:1 : 7.23 J
0.679 mol? 0.764 mol*? 0.941 mol?
X25.8 A:295Lgt [ X221 A:419Lgt | X203 A:581Lg?
Dubinin- R? q:16.94 mg | R? g :55.64 mg | R? g:20.91 mg
Radushkevich | 0.557 gl 0.796 g? 0.875 g?
X% 16 B:1-10"mol® | X20.86 B : 1107 | X20.16 B : 1107
)2 mol?J2 mol?J2
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The results obtained demonstrates that the temperature influence the mechanism of the
adsorption process. In particular, the same type of isotherm was obtained at 20 and 45°C (type
V) while isotherm of type | was observed at 60°C. The fit with isotherms model confirms this
trend, indeed the Freundlich model results to be the best fit for isotherm at 20 and 45°C while
the Langmuir model results to be the best fit for isotherm at 60°C. It means that a monolayer of
TCE on homogeneous surface of TPEG is adsorbed at 60°C while a multilayer of TCE is
adsorbed on homogeneous surface of TPEG at 20 and 45°C. This change of the mechanism of
the interaction could be also related to the change in the trend of adsorption capacity with the
increase of temperature observed at 60°C reported in the section of effect of initial concentration
and temperature and thermodynamics. The multilayer adsorption observed at 20 and 45°C could
explain the bigger adsorption capacity observed at 60°C (monolayer adsorption). The
theoretical value of g obtained at 60°C by the Langmuir model (40.98 mg g*) was in good
agreement with experimental value (about 30 mg g?). By analyzing the parameters of
Freundlich isotherm obtained at 20 and 45°C is possible to observe the decrease of the intensity
of interaction (1/nr) between adsorbate and adsorbent by increasing the temperature in this
range and the increase of adsorption capacity (kr: parameter associated to adsorption capacity).
The comparison with data reported in literature shows different mechanism of interaction
between TCE and TPEG from other investigated adsorbent materials but the adsorption
capacity evaluated by isotherm adsorption is comparable with the value reported in literature
[24, 25, 26, 27].

4. Conclusions

The adsorption of TCE on TPEG was investigated and characterized in this work. The process
seems to be divided in two steps, the stripping of TCE molecules in the liquid phase that tend
to go in gas phase and the adsorption of these molecules on TPEG when they go across the
TPEG layer. The parameters that favors the stripping of TCE molecules, like the height of
headspace, stirring speed and temperature increase the adsorption capacity. The increase of
adsorption capacity with the increase of stirring speed and temperature is observed in a specific
range. The increase of stirring speed upper 300 rpm is associated with a decrease of adsorption
capacity caused by dispersion of TPEG in liquid phase and TCE molecules go across a thinner
layer of TPEG. The increase of temperature upper 45°C involves a decrease of adsorption
capacity probably due the exothermicity of the adsorption process. Commonly to the typical
adsorption process, the adsorption capacity results to be decreased by the increase of methanol
in solution (methanol used as model molecules that increase the solubility of TCE) while it is
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increased by the increase of initial concentration of TCE. Furthermore, the kinetic constant of
adsorption rate depends on the concentration of TCE and it increase with the decrease of the
concentration and the mechanism of the interaction between TCE and TPEG is depending on
the temperature. This work demonstrates the potentiality of TPEG to adsorb TCE from water,
therefore it results to be a good adsorbent comparable to conventional adsorbent typically used
for TCE removal. Further study could be interesting to develop the TPEG to remove TCE from
groundwater by injecting, at low pressure, adsorbent material in contaminated plume. For this
reason, TPEG needs a functionalization or a morphological transformation and study on it will

be conducted.
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2.5 Removal of organic micropollutants from water by adsorption on fixed-bed of
thermo-plasma expanded graphite encapsulated into calcium alginate

Abstract

Nowadays, public concern is focused on the degradation of water quality. For this reason, the
development of innovative technologies for water treatment in view of (micro)pollutant
removal is important. Indeed, organic (micro)pollutants, such as pharmaceuticals, herbicides,
pesticides and plasticizers at concentration levels of ug L™ or even ng L™ are hardly removed
during conventional wastewater treatment. In view of this, thermo-plasma expanded graphite,
a light-weight innovative material in the form of a powder , was encapsulated into calcium
alginate to obtain a granular form useful as filtration and adsorption material for removal of
different pollutants. The produced material was used to remove atrazine, bisphenol-A, 17-a-
ethinylestradiol and carbamazepine (at concentration levels of 125, 250 and 500 pg L) by top-
down filtration. The effect of flow rate, bed depth and adsorbent composition was evaluated
based on breakthrough curves. The experimental data was analysed with the Adams-Bohart
model in view of scale-up. Under optimal conditions, removal and adsorption capacity of
respectively about 21%, 21%, 38%,42%, 43 ug g}, 44 pg g%, 37 pg g* and 87 pg g* were
obtained for atrazine, bisphenol, 17-a ethinylestradiol and carbamazepine when using 0.12 g of
thermo-plasma expanded graphite to treat 200 mL at 500 pg L™ (for each compound) of solution

obtaining at contact time of 20 minutes.

1. Introduction
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Water is a precious resource used in households, industry and agriculture. Freshwater on the
Earth is very rare and only 0.2% of the total water is directly accessible for human consumption
[1] and about 36% of that is actually used [2] -Its distribution in the world is inequal and some
countries, where accounting for 30% of the total world population, face freshwater scarcity.
The future increase of world population expected in the next years will even increase the
problem associated to the freshwater scarcity [3]. In this context, the source of freshwater
(groundwater and surface water) needs protection and intensive treatment and reuse of
wastewater should be aimed for [4]. Wastewater cannot be directly discharged into surface
water because normally it contains several hazardous substances that can affect its quality.
Nevertheless, globally 80% of the produced wastewater is discharged in surface water without
treatment [5]. For this reason an increase of wastewater treatment plans (WWTP) is required to
preserve the quality of the water, although this alone will not be enough as a typical WWTP is
not able to remove emerging pollutants such as herbicides, plasticizers, pesticides and
pharmaceutical products that are still detected in WWTP effluent [6,7,8,9].

Indeed, innovative treatment needs to be introduced to remove these pollutants. To achieve this
goal, operational aspects of the conventional activate sludge process were looked upon, such as
increasing the hydraulic retention time [10] or sludge retention time [11] even if it involves an
increase of operation cost. Alternative biological treatment technologies, such as a membrane
bioreactor [12] and a biofilter [13], were investigated and good results were obtained. Also
technologies for tertiary treatment such as advanced oxidation process, adsorption and
membrane filtration were tested [14,15, 16]. With respect to adsorption, commercial available
activated carbon is the most common used adsorbent [14], although several innovative
adsorbents, such as biochar [17, 18, 19], activated carbon from waste [20, 21], carbon nanotubes
[22, 23], natural polymers [24, 25] and graphitic or graphenic substances [26, 27, 28] are being
investigated or used.

In this work, thermo-plasma expanded graphite (TPEG) produced by an innovative process was
used as adsorbent material to remove different types of organic micropollutants from water by
adsorption. Due to its light-weight characteristics it floats on the water and as such TPEG was
entrapped into calcium alginate polymers by in-situ cross-linking. The method used was
inspired by physical entrapment of enzyme for biosensor’s production [29, 30] and already used
in water treatment[31, 32, 33]. Recently, the method is used to prepare adsorptive material that
can be used in filtration systems [34, 35, 36]. The entrapment process was optimized to produce

a granular TPEG (GTPEG) heavier than water and the material obtained was characterized by
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SEM, FT-IR and BET analysis. The adsorption process was then characterized to evaluate the
removal of carbamazepine, atrazine, 17-a ethinylestradiol and bisphenol A. Carbamazepine and
17-0. ethinylestradiol are pharmaceuticals, while bisphenol-A is a plasticizers and atrazine a
herbicide. All four micropollutants have hazardous effect on human life. The effect of the flow
rate, bed depth, initial concentration, GTPEG composition was investigated as well as the long-
term stability of the entrapped TPEG.

2.Materials and methods

2.1 Materials

Sodium alginate and calcium chloride were purchased from Carlo Erba reagents
(https://www.carloerbareagents.com/en/). All chemicals were of analytical grade (purity> 98%)
and used without further purification. TPEG was purchased from Innograf s.r.l. Atrazine,
bisphenol-A, carbamazepine and 17-a ethinylestradiol standards were purchased from Sigma
Aldrich (https://www.sigmaaldrich.com/italy.html). All solutions were prepared in deionised
water (electrical conductivity below 5 pS cm™). A saturated solution of the individuals
micropollutants was prepared by adding an amount that equals three times the solubility of the
compound to 1 liter of deionised water. This saturated solution was vigorously stirred for three
hours. The solution was then filtered on Rotilabo type 601 cellulose filter (Carl Roth, 5-13 pm
of retention range) to remove undissolved particles. Then, individual solutions were diluted
with water to obtain a stock solution of 1 mg L™ and stored at 4°C to avoid degradation. Every
two weeks working solutions were renewed. Before each experiment, working solutions were

mixed and diluted to obtain the required concentration.
2.2 Preparation of granular thermo-plasma expanded graphite

To prepare granular thermo-plasma expanded graphite, 20 g of sodium alginate was added to 1
liter of distilled water and stirred until a homogeneous gelatinous solution was obtained. Then,
TPEG was added to the solution and stirred for 24 hours to obtain a homogeneous solution.
Different amounts of TPEG (2.5%, 5%, 7.5% and 10%, amount expressed as function of total
weight of sodium alginate) were added to the solution to test the effect of the composition of
adsorbent material on the filtration operation and estimate the optimal amount. When the
homogeneous solution was obtained, it was gradually transferred into a 250 mL separating
funnel and dripped into 1 liter of solution of CaCl. (2%) which was gently stirred. The presence
of Ca?" ions results in cross-linking of the alginate chains and formation of insoluble spheres

where TPEG is entrapped. The spheres where then recovered by filtration and dried in the oven
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at 105°C for 24 hours. The granular thermo-plasma expanded graphite (GTPEG) obtained was
used as adsorbent material for further testing. The GTPEG prepared by adding 7.5% and 10%
of TPEG were not useful for filtration because of its low density which resulted in floatation
during the water treatment tests. As such, 5% of TPEG was estimated as the maximal amount
that can be added to 1 litre of water to obtain a suitable water treatment material. GTPEG
obtained by different relative amount of TPEG were denominated GTPEG 2.5%, GTPEG 5%,
GTPEG 7.5% and GTPEG 10% respectively.

2.3 Characterization of granular thermo-plasma expanded graphite

The GTPEG obtained were characterized by SEM and FT-IR analysis. SEM images was
obtained by using a high-resolution field emission scanning electronic microscopy (HR-
FESEM), Auriga Zeiss model, at CNIS laboratory of University of Sapienza (Rome, Italy). FT-
IR spectrum was obtained in the range 400-4000 cm™ (16 cm™ of resolution) by using a
ThermoNicolet 5700 FT-IR  spectrophotometer  (Thermo  Fischer  Scientific,
https://www.thermofisher.com/be/en/home.html). For the FT-IR analysis, GTPEG 2.5%, 5%,
7.5% and 10% samples were analyzed to compare these samples with each other and with
individual alginate and TPEG spectrum. All the sample was measured in the form of KBr pellet,
prepared by mixing 0.2 g of sample to 20 g of KBr (stored in the oven at 105°C to eliminate
trace of humidity), crushedby hand in a mortar and pressed at 9 tons cm™. The characterization

of material was done consistent with literature information [36, 37, 38, 39]
2.4 Labscale experiments
Fixed bed column adsorption test for system optimisation

A 50 cm long glass burette of 1 cm of diameter was used as the column for all adsorption tests.
A cotton filter was added to the bottom of the column as a support to avoid loss of adsorbent
material. Prior of each experiment, the column was filled with wetted GTPEG and deionized
water was passed through the column to avoid the formation of air bubbles. The -
micropollutants solution was pumped through the column by a peristaltic pump connected by
silicones tubes to the column and the flow was controlled by the valve at the bottom of the
burette. For all the experiments a top-down flow was imposed and 200 mL of effluent collected
every 10 mL for analysis. In the figure 78 is reported the schematization of experimental

scheme.
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Fig.78 Schematic representation of lab-scale filtration plant

The effect of the flow rate on the removal and/or breakthrough was evaluated by using 500 ug
L-1 solutions of atrazine, bisphenol, 17-a ethinylestradiol and carbamazepine which were
introduced at flow rates of 0.2, 1 and 2.7 mL min™to a5 cm GTPEG 5% (2.4g, therefore 0.12g
of TPEG) column. These flow rates correspond to contact times of 25 min, 5 min and 1.8

minutes respectively.

The effect of the bed depth on the removal and/or breakthrough was evaluated by using 500 pg
L-1 solutions of atrazine, bisphenol, 17-a ethinylestradiol and carbamazepine which were
introduced at flow rate of 1 mL min™to columns of 5 cm (2.4g of GTPEG5% = 0.12g of TPEG),
10 cm (4.8g of GTPEG5% = 0.24g of TPEG) and 20 cm (9.6g of GTPEG5% = 0.48g of TPEG).
These conditions ensured a contact time of 5, 10 and 20 minutes respectively. For these test
GTPEG 5% was used.

The effect of the initial concentration of micropollutants on the removal and/or breakthrough
was evaluated in order to have information on the minimal concentration that can be treated by
GTPEG. The evaluation was performed by using different initial concentrations of atrazine,
bisphenol, 17-a ethinylestradiol and carbamazepine (125, 250 and 500 pg L-1) at a flow rate of
of 1 mL min™. A column height of 10 cm (4.8g of GTPEG5% = 0.24g of TPEG) was used to
ensure a contact time of 10 minutes and linear velocity of 1 cm min™. For all these test GTPEG

5%was used.

In order to have information about the influence of the composition of GTPEG, some tests were
performed at a concentration level of 500 pg L™ with a column height of 10 cm (4.8g of
GTPEG5% = 0.24g of TPEG, 4.8g of GTPEG2,5% = 0.12g of TPEG) at a flow rate of 1 mL
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min to ensure a contact time of 10 minutes. Granular alginate without TPEG was compared
with GTPEG2.5% and GTPEG5%.

Leaching test

To verify that TPEG did not leach from the prepared granular material and the adsorption
performance is not affected, a leaching test was performed with the material. The column was
filled with 10 cm of GTPEG 5% and 5 liters of deionized water was pumped through it at a
flow rate of 200 mL mint and linear velocity of 10 cm min, an higher velocity of the tested
condition that can carry on particles of TPEG if it were not entrapped very well into the alginate
and on its surface. After water pumping, 200 mL of micropollutants solution at initial
concentration of 500 pg L™ was treated by pumping it through the above reported column at
the flow rate of 1 mL min? (contact time 10 minutes and linear velocity of 1 cm min™.
Breakthrough curve, removal and adsorption capacity were evaluated and compared with that

observed were no leaching test was applied.

2.5 Data analysis of fixed bed column adsorption data
Removal efficiency and adsorption capacity

For all the test considered, breakthrough was reached after filtration of maximal 200 mL of
micropollutant solution. To evaluate the time of the filtration, the equation 22 can be used:

%4

Where T is the time of filtration (min), V is the volume of effluent (mL) and Q is the flow rate
(mL min™). The removal efficiency (R) for each compound was calculated based on the
breakthrough curve, plotting the ratio of the concentration in the effluent (Cefr) and influent (Cint
) versus the treated volume (V). The removal efficiency was calculated as follows (considering

that the maximal treated volume (Vmax) in this study is 200 ml):

vmax, Ceff
Iy S /Cinf)dV
J‘Vmax
0

R =

(23)

av
The amount of each pollutants that is adsorbed (W) was calculated by equation 24:
W =R X (Cinfruent X Vmax)  (24)

The adsorption capacity (g)was calculated by equation 25:
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(25)

w
qa=_

Where m was the mass of the adsorbent material. In this work, the adsorption capacity was
calculated by considering both the amount of TPEG into the GTPEG (because this is the actual
adsorbent material) and the total amount of GTPEG used. All the data obtained were processed

by using Microsoft Excel software.
Adams-Bohart model and Thomas model fitting

The experimental data obtained were further analysed with the Adams-Bohart model and
Thomas model to have a fundamental understanding of the adsorption process in view of scale-
up of the process [40, 41]. The Adams-Bohart model assumes that the adsorption rate is
proportional to the residual capacity and the concentration of adsorbed micropollutants.
Normally, this model can be applied well in the first stage of the adsorption when Cef/Cinf <
0.15. The Adams-Bohart model used for the description of the initial part of the breakthrough
curve is expressed by equation 26:

?:_Z _ o(KCingt=KNop) (26)

Where K is the kinetic constant ( L pg™ min?), t is the time (min), No is the saturation
concentration (mass of adsorbate adsorbed for unit of volume of bed, pug L), Z is the bed depth
of the column (cm) and F is the linear velocity (cm min™). By plotting the natural logarithm of
Cefi/Cint versus the time is possible to obtain the value of the kinetic constant and saturation
concentration when bed depth and column section area are already known. After the
determination of K and No, evaluation of reactor dimension when done. Equation 26 can be
transformed in equation 27:

m%%=Kme—K%§ 27)

If the breakthrough point is reached, the value of dependent variable of the equation 6 is zero,

therefore equation 27 can be arranged in equation 28:
Z

KNy =KCqpst  (28)

Equation can be rearranged in equation 29:

Z _ Cins (29)

tF N
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By programming an excel sheet, it is possible evaluate one of variable Z, t or F by fixing all the
other parameters. In this work, F was evaluated by fixing Z (10 m of GTPEG5%) for Cins of
500 and 250 pg L and assuming to reach the breakthrough in one day by treating 10000 liter
of contaminated water (flow rate 10000 liter for day). After evaluation of F,se surface area of

the reactor was calculated by the equation (30):

!
surface area reactor (s) =~ Om;mte (30)

By assuming to use a circular reactor, diameter of it was calculated by using the equation to
calculate surface of circle. Dimension of reactor was calculated for all the micropollutants
considered at initial concentration of 500 and 250 pg L. From the volume of the reactor, the
mass of GTPEG necessary to fill the reactor was also calculated by considering the density of
GTPEG (480 gdm™).

The Thomas model is one of the most general and used methods in column performance theory.
The model assumes Langmuir Kinetics of adsorption—desorption and no axial dispersion is
derived with the adsorption that the rate driving force obeys second-order reversible reaction
kinetics. By using this model, it is possible to evaluate the adsorption capacity of the system.
The linear form of the model is regulated by the equation 31.

Ciny = Krn Qo — K Cin g
In (22— 1) = ke -Z—krn iyt @D)

Where krn is the Thomas constant rate (ug™ L min™), ge is the adsorption capacity of the system
(g g, x is the amount of the adsorbent material (g) and v is the flow rate (L min't). From the
Thomas model, after the calculation of kinetics constant and theoretical adsorption capacity,
the necessary amount of adsorbent material was estimated by considering to treat contaminated
water with initial concentration of 500 and 250 pg L™ at the flow rate of 10000 liter for day.
From the amount of GTPEG necessary for the treatment considered, volume and diameter of
reactor was calculated by considering the density of GTPEG and a bed depth of 10 meters.

2.6 Analytical procedure

In order to quantify the concentration in the effluent of considered micropollutants
(carbamazepine, bisphenol A, atrazine and 17-a ethinylestradiol) micro-liquid extraction was
performed to transfer analytes from water to organic solvent, then GC-MS analysis was
conducted. Therefore, 1 mL of dichloromethane was added to 20 mL of water sample and

vigorously handly-shaken for 10 minutes. After the extraction, 500 pL of the organic phase was
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taken and transferred into a GC-MS vial. An aliquot of 1 pL of the sample was injected in the
splitless mode by an Agilent 7683 Series autosampler. The temperature of injection was set on
250°C and helium gas was used at mobile phase at flow rate of 13.9 mL min?. The
chromatographical separation was performed on a fused silica capillary (5% phenyl)-methyl
polysiloxane HP-5MS column (30 m length, 0.25 mm 1.D. and 0.25 pm film thickness). The
initial column temperature was programmed at 100°C and hold for 1 minute, then raised to
270°C with temperature rate of 10°C min™. The mass spectrometer was operated in negative
electron-impact ionization (EI) mode at 70 eV. A solvent delay of 2.0 min was used to preserve
the ion source. The MS transfer line temperature was set at 200°C, while the MS source
temperature was maintained at 230°C. MS spectra were acquired in SIM mode using one target
ion that were 200 for atrazine, 213 for bisphenol, 193 for carbamazepine and 296 for 17-a

ethinylestradiol. The total run time of the analysis was about 10 min.

3. Results and discussion

3.1 Characterization of GTPEG

In the figure 79, SEM images obtained for GTPEG 5% are reported. By the SEM analysis is
possible to observe the fibrous and rough structure of GTPEG and the presence of pores useful
for the adsorption process. Shape and pore size on the GTPEG surface seem to be heterogeneous
and not uniform and it is a good indicator of presence of surface porosity, useful to react with

adsorbate, as reported in literature [42]
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Fig.79 SEM images of GTPEG 5% at different magnification a) 60KX and b) 150 KX.

In the figure 80, the FT-IR spectrum obtained for granular alginate, TPEG, GTPEG 2.5%, 5%,
7.5% and 10% is reported. In the FT-IR spectrum the typical peaks associated with the
carboxylic group of alginate at about 1000 cm™, 1400 cm™ and 1600 cm™ [43, 44]. By

increasing the amount of TPEG in GTPEG a decrease of the intensity of these peak is observed,
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proving that a higher relative amount of TPEG is entrapped into the alginate (note that into the

spectrum of TPEG no peaks can be observed because it does not have functional group).
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Fig.80 FT-IR spectrum acquired in the range 400-4000 cm™* and resolution of 16 cm™.
3.2 Effect of flow rate

In the figure 81, the breakthrough curves of the carbamazepine for the three different flow rates
(0.2, 1 and 2.7 mL min't) are demonstrated. By decreasing the flow rate the exponential increase
of the ratio Ceri/Cint Was observed at higher breakthrough volume. For 0.2 mL min it was

observed at about 180 mL, about 90 mL for 1 mL minand 2.7 mL min™.
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Fig.81 Breakthrough curves of carbamazepine at the flow rate of 0.2 mL min (e), 1 mL
min (¢) and 2.7 mL min! (m).
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In the table 21 the typical parameter of adsorption on filtration bed are gathered for all the four
compounds at the all experimented flow rate. . Breakthrough volume is considered as the

volume when y axis reaches the value of about 1.

Tab. 21 Typical parameters of adsorption of considered micropollutants (initial
concentration of 500 pg L) on 5 cm of filtration bed of GTPEG 5%.

Flow rate q Removal | Breakthrough volume
(mL min™) (ug g* GTPEG) (%) (mL)
Atrazine
0.2 186 22 180
1 127 15 110
2.7 106 13 100
Bisphenol A
0.2 208 25 180
1 133 16 110
2.7 92 11 90
17-a
ethinylestradiol
0.2 292 35 180
1 128 15 110
2.7 111 13 80
Carbamazepine
0.2 290 35 180
1 184 22 80
2.7 168 20 90

From Table 1 it becomes clear that by decreasing the flow rate an increase of adsorption
capacity and removal is obtained as is also reported in literature [34, 35, 36, 40, 41, 44, 45, 46,
47, 48]. For example, for atrazine the adsorption capacity increased from 106 pg g to 195 g
gl and the removal increase from 13% to 22%. The same effect was observed for the other
micropollutants: for 17-a ethinylestradiol the removal efficiency even tripled (compared to a
doubling for the other micropollutants). By changing the flow rate also different breakthrough

volumes were observed. Carbamazepine is the molecules with the highest affinity for GTPEG.
3.3 Effect of bed depth

In figure 82, the breakthrough curves of 17-a ethinylestradiol are presented as example of the
effect of bed depth on the adsorption. By increasing the bed depth an increase of breakthrough
volume was observed and the adsorption at the initial stage of the filtration increased. In the
case of 17-a ethinylestradiol, a breakthrough volume of 200 mL was obtained for 20 cm and 10

cm bed height while a volume of 110 mL was obtained for 5 cm bed depth. By increasing the
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depth also a decrease of initial value of the ratio Ces/Cins (increase of initial removal) was

observed.
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Fig. 82 Breakthrough curves of 17-a ethinylestradiol (initial concentration of 500 g L?) at
the flow rate of 1 mL min™ filtered through a bed depth of 5 (m), 10 (¢) and 20 cm () of
GTPEG 5%.

In the table 22 the typical parameter of adsorption on filtration bed are gathered for all the four

compounds at all the experimented bed depth tested to evidence the effect of this parameter.

Tab. 22 Typical parameters of adsorption of considered micropollutants (initial
concentration of 500 pg L) filtered through different bed depth of GTPEG 5% at 1 mL

min,

Bed depth q Removal | Breakthrough volume
(cm) (ug g™ GTPEG) (%) (mL)
Atrazine
5 127 15 110
10 65 16 140
20 43 21 160
Bisphenol A
5 133 16 110
10 96 23 140
20 44 21 160
17-a
ethinylestradiol
5 128 15 110
10 152 37 200
20 78 38 200
Carbamazepine
5 184 | 22 80
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10 175 42 200
20 87 42 200

From Table 22 it can be seen that the increase of the bed height is the increase of the removal
and breakthrough volume, as reported in literature [34, 36, 40, 41, 44, 47, 48] due to the higher
amount of adsorbent material. The adsorption capacity increases when the increase of removal
balances the increase of amount of adsorbent material. The bed depth of 20 cm ensures a contact
time of 20 minutes that is the almost the same of the experiments conducted at 0.2 mL min
on a column of 5 cm (25 minutes) and the results obtained confirms it. Therefore, a bed depth
of 20 cm at 1 mL min! had the same performance of the filtration on 5 cm at 0.2 mL mint but
the adsorption capacity is lower because more material is used and the denominator of
adsorption capacity is higher. Because of the removal obtained at 1 mL min™ with 20 cm of bed
depth was the same of that one obtained at 0.2 mL min™ and 5 cm of bed depth, bigger amount
of water can be treated in the same time with same removal efficient. This solution can be used
to face emergency situations and wasting of GTPEG is not the priority. by increasing the bed
depth and flow rate. By the analysis of the effect of the bed depth on the adsoprtion, another
interesting observation can be deduced. For bisphenol, 17-a ethinylestradiol and carbamazepine
the same breakthrough volume and/or removal is observed by increasing the bed depth from 10
cm to 20 cm. This means that for contact times higher than 10 minutes, the contact time is not
the limiting step of the adsorption process. Therefore the adsorption capacity does not increase
and the removal is not affected. In the figure 83 the removal efficiency obtained at different

contact time (includes the results obtained at different flow rate) are reported.
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Fig. 83 Effect of contact time on removal observed in the previous experiments.
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The affinity of each compound for the GTPEG is as follows: atrazine > bisphenol > 17-a
ethinylestradiol > carbamazepine. . Carbamazepine is the molecules with the highest affinity
for GTPEG probably due to the higher number of aromatic rings compared to the other
molecules. These aromatic rings can interact with the sp? bonds of graphite. Atrazine has a
lower affinity for GTPEG probably due to its lower number of aromatic rings and molecular
weight, while 17-a ethinylestradiol could be more affine than bisphenol due its higher

molecular weight, lower polarity and solubility.

3.4 Effect of initial concentration

In figure 84, the breakthrough curves of bisphenol-A obtained at different initial concentrations
(500, 250 and 125 pg L) using a column of 10 cm with GTPEG 5% at 1 mL min* are
demosntrated. The decrease of initial concentration affects the breakthrough curves. At a
concentration of 125 pg L the influent and effluent concentrations are almost equal, even in
the initial phase of the experiment. This means that little adsorption occurs at these low
concentrations. adsorb at lower value of concentration. The other general considerations for the

behavior observed at the value of 500 and 250 pg L™ are reported in the next part of the test.
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Fig. 84 Breakthrough curves of bisphenol filtered on 10 cm of GTPEG 5% at the flow rate
of 1 mL mint. The initial concentration of the solution filtered were 125 (¢), 250 (m) and
500 pg L1 (e).

In the table 23 the typical parameter of adsorption on filtration bed are gathered for all the four

compounds at the all initial concentration tested to evidence the effect of this parameter.
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Tab. 23 Typical parameters of adsorption of investigated micropollutants at different
initial concentration filtered through 10 cm of GTPEG 5% at 1 mL min™,

Initial q Removal | Breakthrough volume
concentration (Mg gt GTPEG) (%) (mL)
(ug L™
Atrazine
125 28 7 10
250 74 18 190
500 65 16 140
Bisphenol A
125 55 13 10
250 89 21 200
500 96 23 140
17-a
ethinylestradiol
125 56 14 10
250 139 33 200
500 153 37 200
Carbamazepine

125 78 19 10
250 148 36 200
500 175 42 200

As normal observed in literature [34, 36, 40, 44, 45, 47, 49], by decreasing the initial
concentration a decrease of the adsorption capacity was observed for all the compounds
considered. In the case of atrazine and bisphenol-A an elongation of breakthrough was observed
due to the lower gradient of concentration at lower initial concentration. By decreasing the
initial concentration to 250 pg L from 500 pg L™ no big variation in terms of removal was
observed. It is a good indication to project a multi-filter system on series where an influent of
initial concentration of about 500 pg L™ for each compounds is filtered through the first filter
and the resulting effluent is filtered through a second filter. In this way, by considering the
removal observed in the previous experiments and reported in the previous table an influent of
initial concentration of 500 pg L™ could be transformed in an effluent of 347, 303, 211 and 187
ug L for atrazine, bisphenol, 17-a ethinylestradiol and carbamazepine respectively. By adding
another filter, an effluent of the concentration of 285, 238.5, 141 and 152 ug L™ for atrazine,
bisphenol, 17-a ethinylestradiol and carbamazepine respectively. A system of four filter could
allow to reach a effluent of concentration of 238.5, 234, 122 and 124 pg L™ for atrazine,

bisphenol, 17-a ethinylestradiol and carbamazepine respectively.
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From the analysis of breakthrough curves, lower value of the ratio Ces/Cint (higher adsorption)
were observed at the initial stage of the filtration because the adsorbent material has all its active
sites free and the same amount of particles can be adsorbed for both the concentration of 500
and 250 pg L™ and it means that in relative values the adsorption at 250 pg L™ is higher at
initial stage. After this initial stage, the value of the ratio Ces/Cintis lower for the concentration
of 500 pg L™ because of higher gradient of concentration ensures higher adsorption. This

behavior was observed for all the compounds tested.
3.5 Effect of GTPEG composition

In the figure 85, the breakthrough curves of 17-a cthinylestradiol observed for different
composition of GTPEG are shown. By increasing the concentration of TPEG into GTPEG an
increase of adsorption was observed and as a consequence, higher breakthrough volumes were
obtained. As previous reported, GTPEG 5% contains the higher amount of TPEG that can be
added to obtain a material heavier than water (TPEG is light powder that float on water).
Alginate contributes to the adsorption but, as next reported, its contribution to the adsorption

capacity of GTPEG 5% was negligible.
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Fig. 85 Breakthrough curves of 17-a ethinylestradiol (initial concentration 500 ug L")
filtered on 10 cm of GTPEG 5% (o), GTPEG 2.5% (m) and GTPEG 0% (+) at the flow rate

of 1 mL min.

In the table 24 the adsorption results when using different concentrations of TPEG are
summarized. In this case, also the value of the adsorption capacity calculated by considering

only the adsorbent material (TPEG) is given.
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Tab. 24 Typical parameters of adsorption for considered micropollutants for an
adsorption column containing 10 cm of GTPEG with difference compositions operated

with an influent concentration of 500 pug L and an influent flow rate of 1 mL min!

GTPEG content q* q Removal Breakthrough
(%) (Mg gt GTPEG) | (ug g TPEG) (%) volume
(mL)
Atrazine
0% 0.9 - 3 10
2.5% 1.1 25 3 10
5% 3 65 16 140
Bisphenol A
0% 3 - 8 20
2.5% 4 92 11 70
5% 5 96 23 140
17-a
ethinylestradiol
0% 3 - 9 90
2.5% 5 133 16 150
5% 8 152 37 200
Carbamazepine
0% 2 - 8 90
2.5% 7 175 21 200
5% 18 175 42 200

As logically expected, by decreasing the amount of TPEG used to produce GTPEG, a decrease
of the removal and adsorption capacity were observed because lower amount of adsorbent
material was present. The alginate can contribute to the adsorption because of its specific
functional groups, detected in FT-IR conducted analysis, as reported in literature [34] but its
contribute in terms of the adsorption capacity to the adsorption of GTPEG 5% is low. It was
also negligible in the case of GTPEG 2.5% for the adsorption of 17-a ethinylestradiol and
carbamazepine due to their higher affinity. The results obtained offer a new perspective for
future studies: to find a different substrate to entrap TPEG heavier than calcium alginate to

increase the amount of TPEG entrapped without affect the precipitation in the water.
3.6 Leaching test

In the figure 86, the breakthrough curves of atrazine (initial concentration of 500 pg L™)
obtained with a bed height of 10 cm of GTPEG 5% at a flow rate of 1 mL min before and after
passing 5 | (500 times the bed volume) of water through the column (at a flow rate of 100 mL
min). It is clear that no decrease of adsorption capacity or removal caused by leaching is

observed and that as such it can be assumed that little leaching occurred. Therefore, it can be
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concluded that the method used to entrap the TPEG is a good choice although limited amount
of it can be entrapped without affect precipitation in the water.
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Fig. 86 Breakthrough curves of atrazine (initial concentration 500 pg L) filtered on 10 cm of
GTPEG 5% at the flow rate of 1 mL min before (m) and after (®) leaking test.

In the table 25 the typical parameter of adsorption on filtration bed are demonstrated for all the
four compounds at the all initial concentration tested to evidence the effect of this parameter.

Tab. 25 Typical parameters of adsorption of considered micropollutants at initial
concentration of 500 pug L filtered through 10 cm of GTPEG 5% at 1 mL min, before
and after the leaking test.

Leaking test q Removal | Breakthrough volume
(ug g* GTPEG) (%) (mL)
Atrazine
Before 65 16 140
After 73 18 160
Bisphenol A
Before 96 23 140
After 79 19 140
17-a
ethinylestradiol
Before 152 37 200
After 139 33 160
Carbamazepine
Before 175 42 200
After 195 47 200
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The results obtained from the leaking test demonstrate that no leak of TPEG happened and the
adsorption capacity of the system is not affected, therefore the method used to entrap it results

to be a good choice.
3.7 Models fitting

The experimental data was further assessed with the Adams-Bohart model. With this model it
Is possible to have information about the kinetics of the process and the saturation concentration
of the system. These parameters are useful to scale-up the system. In the tables 26, 27, 28, 29
and 30 the correlation parameters of regression, kinetics constant and concentration of
saturation obtained for all the compound at the different parameters tested are reported to
compare the effect of their variations. Sometimes not excellent correlation was observed but it
can be used as first analysis to have a confirm of general trend observed in experimental tests.

Tab. 26 Correlation parameter of regression, Kinetics constant and saturation
concentration (theorical and experimental) obtained by the Adams-Bohart fitting of
experimental data obtained for atrazine at the different conditions tested.

Initial Bed | Flow | GTPEG% | Leaching K No Noexp RZ 42
concentration | dept | rate test (Lmintpg | (gL (Mg LY
(hg L) h | (mL Y
(cm) | min
Y
Atrazine
500 5 1 5 No 4-10° 15000 3040 0.42; 8
500 5 0.2 5 No 5-107 20800 4400 0.60; 1.2
500 5 2.7 5 No / / 2600 0.02; 22
500 10 1 5 No 4-10° 8900 1600 0.42; 6
500 20 1 5 No 2.8-10° 5900 1000 0.63; 0.9
500 10 1 2.5 No / / 300 0.01; 25
500 10 1 5 Yes 3.6-10° 9600 1800 0.80;
0.28
250 10 1 5 No 4.8-10° 9300 900 0.46; 5
125 10 1 5 No / / 200 0
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Tab. 27 Correlation parameter of regression, kinetics constant and saturation

concentration (theorical and experimental) obtained by the Adams-Bohart fitting of

experimental data obtained for bisphenol at the different conditions tested.

Initial Bed Flow rate | GTPEG% | Leachin K No Noexp R2; %2
concentration | depth | (mL min gtest | (Lmintpg | (ugLY) | (gL
(hg L) (cm) D) D)
Bisphenol A
500 5 1 5 No 5.8-10° 11900 3200 0.93;
0.2
500 5 0.2 5 No 2.6-10° 3700 500 0.79;0
.8
500 5 2.7 5 No / / 2200 0.04;
25
500 10 1 5 No 5.8-10° 9500 2300 0.93;
0.18
500 20 1 5 No 5.6-10° 9200 1000 0.81;
0.98
500 10 1 25 No / / 300 0.01;
29
500 10 1 5 Yes 1.8-10° 8100 1900 0.89;
0.5
250 10 1 5 No 1-10° 4400 1100 0.47;6
125 10 1 5 No / / 300 0

Tab. 28 Correlation parameter of regression, Kinetics constant and saturation

concentration (theorical and experimental) obtained by the Adams-Bohart fitting of

experimental data obtained for 17-a ethinylestradiol at the different conditions tested.

Initial Bed | Flowrate | GTPEG | Leachin K No Noew | R2, 2
concentration | depth | (mL min- % gtest | (Lmintpg | (MgL?) | (ugL?)
(ng L) (cm) Y Y
17-a
ethinylestradiol
500 5 1 5 No 1.3-10° 21400 3100 0.80;
0.3
500 5 0.2 5 No 2.4-10°® 7400 7000 0.31;
14
500 5 2.7 5 No 5.6-10° 21500 2600 0.6; 3
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500 10 1 5 No 1.3:10° 8700 3700 0.80;
1.3
500 20 1 5 No 1.2:10° 4600 1900 0.89;
0.92
500 10 1 2.5 No 5.2:10° 8100 1600 0.68; 2
500 10 1 5 Yes 2.4-10° 8600 3300 0.90;
0.98
250 10 1 5 No 15-10% 8400 1600 0.65;
1.5
125 10 1 5 No / / 400 0

Tab. 29 Correlation parameter of regression, Kinetics constant and saturation
concentration (theorical and experimental) obtained by the Adams-Bohart fitting of
experimental data obtained for carbamazepine at the different conditions tested.

Initial Bed | Flow | GTPEG | Leachin K No Noexp R?;
concentration | depth | rate % gtest | (L min?tug (Mg LY (Mg LY XZ
(hgLY) (cm) | (mL Y
min
Y
Carbamazepi
ne
500 5 1 5 No 1.5-10° 15600 4420 0.96;
0.03
500 5 0.2 5 No 1.4-10°® 20200 7000 0.68;
0.5
500 5 2.7 5 No 1.3-10° 14200 4000 0.62;
0.7
500 10 1 5 No 1.5-10° 9200 4200 0.96;
0.09
500 20 1 5 No 1.1-10° 5500 2100 0.60;
1.2
500 10 1 25 No 3.4-10°C 10000 2100 0.84;
0.6
500 10 1 5 Yes 2.4-10° 8600 4700 0.90;
0.2
250 10 1 5 No 9.4-10°° 9900 1800 0.65;
1.8
125 10 1 5 No / / 500 0

By the kinetic constants and saturation concentrations obtained from the Adams-Bohart model,
general trends can be noticed. By increasing the flow rate, an increase of kinetic constant and a

decrease of saturation concentration (except from calculated value of bisphenol and 17-a
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ethinylestradiol probably due to the model used) was observed for all the compound. This
confirms that breakthrough is reached faster and lower amount of adsorbate saturates the
system. By increasing the bed depth, a decrease of kinetics constant and adsorption capacity is
observed, therefore the breakthrough is reached later as observed in experimental test. The
decrease of saturation concentration can be explained by increase of amount of adsorbent used.
The trend of saturation concentration is the same of the experimental observed. The decrease
of initial concentration involves an increase of the kinetics of the process (except for
carbamazepine). The saturation concentration decrease by decreasing the initial concentration
of the influent (exception was observed for theoretical value of carbamazepine). As observed
in the experimental section effect of initial concentration, by decreasing the concentration an
elongation of breakthrough was observed but it does not involve a decrease of kinetics constant
because of at the initial stage the removal was higher due to increase of relative numbers of
active site respect pollutants molecules then the slope of the curve increases. The general trend
observed in this work agrees with that already reported in literature [36,40]. By decreasing the
amount of the TPEG entrapped, a decrease of the kinetics constant and saturation concentration
was observed for 17-a ethinylestradiol but not for carbamazepine (from theoretical value). After
the leaching test a small increase of the kinetic constant and small variations of the saturation
concentration is noticed probably higher grade of hydration of the adsorbent material. As
expected, the values of saturation concentration are not very close to experimental ones because
of the model can be well adapted at the first stage of the breakthrough curves, but in this work
we use it just for an estimations of the values of saturation concentration and kinetics that can
be then compared with the values obtained from Thomas model, widely used for adsorption on
fixed-bed. In the table 23 the dimension of the reactor estimated by assuming to treat 10000
liters of contaminated water for day in a reactor of a bed depth of 10 meters of GTPEG5%.
Results evidence that a reactor of diameter of 8.3 and 8.5 m is necessary to treat water and
remove carbamazepine, 17-a ethinylestradiol, bisphenol A and atrazine at initial concentration

of 500 and 250 pg L™ respectively at the flow rate of 10 m3day? and bed depth of 10 m.

Tab. 3 Reactor diameter and volume and mass of GTPEG estimation for treatment of 10
m?3 d! to remove carbamazepine, 17-a ethinylestradiol, bisphenol A and atrazine by
adsorption on column of bed depth of 10 m of GTPEG5%.

Initial Diameter of Volume of the Mass of GTPEG
concentration the reactor (m) reactor (m?) (tons)
(ug L)
Atrazine
250 5.7 \ 255 \ 130 \
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500 8.3 \ 540 268
Bisphenol A
250 8.3 540 268
500 8.2 528 253
17-a
ethinylestradiol
250 6.1 292 142
500 8.5 567 275
Carbamazepine
250 5.6 250 129
500 8.3 543 268

In the table 31, 32, 33 and 34 the correlation parameters of regression, kinetics constant and

adsorption capacity obtained from the fit of experimental data with the Thomas model for all

the compound at the different parameters tested are reported to compare the effect of their

variations. Furthermore, the experimental adsorption capacity is also reported to compare.

Tab. 31 Correlation parameter of regression, Kinetics constant and adsorption capacity

(theorical and experimental) obtained by the Thomas fitting of experimental data for

atrazine at the different conditions tested.

Initial Bed depth | Flow rate | GTPEG | Leaching K (L QMO T | Oexp(HO | RZ XZ
concentration (cm) (mL min % test min! h gl
(hg L) Y Hg)
Atrazine
500 5 1 5 No 3.8-10° 66 127 0.92;
0.08
500 5 0.2 5 No 4.8-10° 363 186 0.63;
0.98
500 5 2.7 5 No 1.6-10* 190 106 0.51;1.8
500 10 1 5 No 2.3-10° 171 65 0.60; 1.9
500 20 1 5 No 2.0-10° 75 43 0.61; 1.3
500 10 1 2.5 No 2.4-10° 1146 25 0.34;9
500 10 1 5 Yes 4.2-10° 23 73 0.80;
0.19
250 10 1 5 No 7.7-10°% 13 74 0.67;1.2
125 10 1 5 No / / 28 0.2;15
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Tab. 32 Correlation parameter of regression, kinetics constant and adsorption capacity

(theorical and experimental) obtained by the Thomas fitting of experimental data for

bisphenol A at the different conditions tested.

Initial Bed Flowrate | GTPEG | Leachin | K(Lmin" | q(U9 g | Cexp(MT | RZ X2
concentration depth (mL min- % g test Lugh h gl
(Mg L) (cm) Y
Bisphenol A

500 5 1 5 No 3.1-10° 103 133 0.89;
0.14

500 5 0.2 5 No 6.8-10° 76 208 0.47; 4
500 5 2.7 5 No 1.2-10% 40 92 0.54;
3.6
500 10 1 5 No 5.6-10° 62 96 0.80;
0.45
500 20 1 5 No 5.8-10° 18 44 0.81;
0.14
500 10 1 2.5 No 4.1-10° 257 92 0.77;
0.89
500 10 1 5 Yes 5.9-10° 40 79 0.82;
0.95
250 10 1 5 No 1.1-10* 27 89 0.90;
0.13
125 10 1 5 No / / 55 0.02;
16

Tab. 33 Correlation parameter of regression, Kinetics constant and adsorption capacity

(theorical and experimental) obtained by the Thomas fitting of experimental data for 17-

a ethinylestradiol at the different conditions tested.

Initial Bed Flow rate | GTPEG% | Leaching | K(Lmint | q(ugg | Qexp(Hg | R%
concentration depth | (mL min') test ug?) h gl X2
(ng L) (cm)
17-a
ethinylestradiol
500 5 1 5 No 2.3-10° 206 128 0.51;
12
500 5 0.2 5 No / / 292 0.02;
18
500 5 2.7 5 No 1.2-10°® 185 111 0.63;
6.7
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500 10 1 5 No 5.5-10° 62 152 0.69;
3.6

500 20 1 5 No 6.6-10° 60 78 0.75;
1.2

500 10 1 2.5 No 6.1-10° 32 133 0.87;
0.88

500 10 1 5 Yes 9.1-10° 120 139 0.87;
0.6

250 10 1 5 No 1.3-10* 55 139 0.88;
0.5

125 10 1 5 No 9.3-10° 44 56 0.54;

9

Tab. 34 Correlation parameter of regression, Kinetics constant and adsorption capacity
(theorical and experimental) obtained by the Thomas fitting of experimental data for

carbamazepine at the different conditions tested.

Initial Bed Flowrate | GTPEG | Leaching K (L (M g | Cexp (Mg R
concentration depth | (mL min % test min! h gl XZ
(Mg L) (cm) D) Hg)
Carbamazepine
500 5 1 5 No 9.5-10° 163 184 0.98;
0.02
500 5 0.2 5 No 1.5-10° 236 290 0.57;
9.8
500 5 2.7 5 No 6.6-10° 127 168 0.68;
6.7
500 10 1 5 No 9.9-10° 136 175 0.77;
7.8
500 20 1 5 No 7.8-10° 62 87 0.74;
8.9
500 10 1 25 No 5.9-10* 48 175 0.61;
12
500 10 1 5 Yes 8.7-10° 160 195 0.90;
0.09
250 10 1 5 No 1.1-10* 51 148 0.62;
3.6
125 10 1 5 No 1.3-10* 44 78 0.32;
14

By analyzing the data obtained by the Thomas model can be observed that the value of
experimental and theorical adsorption capacity are close as expected because this model is
widely used for all fixed-bed adsorption test. As observed by the Adams-Bohart model, by

increasing the flow rate an increase of kinetic constant and decrease of adsorption capacity is
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observed. By increasing the bed depth, variation of kinetics constant is observed but the trend
is different for each compound (decrease for atrazine and carbamazepine and increase for
bisphenol A and 17-a ethinylestradiol). The adsorption capacity decrease by increasing the bed
depth because the increase of removal does not balance the increase of amount of adsorbent
material. By decreasing the initial concentration of the influent and amount of TPEG into
adsorbent material a decrease of adsorption capacity and increase of kinetics constant is
observed. Leaching test involves variation of kinetics constant and adsorption capacity due to
the probably higher grade of hydration of adsorbent material, but as can be observed from
experimental data, not loss of performance can be deduced. Also the general trend observed in
this case agrees with that already reported in literature [36,40]. In the table 35 the dimension of
the reactor estimated by assuming to treat 10000 liters of contaminated water for day in a reactor
of a bed depth of 10 meters of GTPEG5%. Results evidence that a reactor of diameter of 0.6
and 0.7 m is necessary to treat water and remove carbamazepine, 17-a cthinylestradiol,
bisphenol A and atrazine at initial concentration of 500 and 250 pg L™ respectively at the flow
rate of 10 m3day*and bed depth of 10 m. As expected, results are different from Adams-Bohart
model because it is a good model for all fixed-bed system while Adams-Bohart model can be
used just for the initial step of breakthrough curves and also because Thomas model can be used
to estimate reactor dimension by assuming Cin/Cett = 2. The better agreement between
experimental and theoretical data predicted by Thomas model than Adams-Bohart suggests to

consider the Thomas model as reference to scale-up of this system.

Tab. 35 Reactor volume and diameter and mass of GTPEG estimation for treatment of
10 m3 d! to remove carbamazepine, 17-a ethinylestradiol, bisphenol A and atrazine by
adsorption on column of bed depth of 10 m of GTPEG5%.

Initial Mass of Volume of the Diameter of the
concentration GTPEG (kg) reactor (m?®) reactor (m)
(Mg L)
Atrazine
500 584 1.2 0.4
250 3800 8.0 1
Bisphenol A
500 1611 3.3 0.6
250 1800 3.8 0.7
17-a
ethinylestradiol
500 1611 3.3 0.6
250 908 1.9 0.5
Carbamazepine
500 734 \ 1.5 0.4
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| 250 | 979 | 2.0 | 0.5 |

In the table 36, values obtained from Adams-Bohart, Thomas model and experimental of
carbamazepine are reported for a fast comparison but as already mentioned, Thomas model is
more indicated model for this system than Adams-Bohart. The value of saturation concentration

was transformed into adsorption capacity by considering the density of GTPEG (480 g dm?).

Tab. 36 Comparison of the typical parameters of Adams-Bohart and Thomas model

obtained for carbamazepine.

Initial Bed Flowrate | GTPEG | Leaching | Kas (L K (L gas (Mg | grn(p
concentration depth | (mL min- % test min? min? g?d) ggd)
(Mg L) (cm) ) Hg™) Hg™)
Carbamazepine
500 5 1 5 No 1.5-10° | 9.5-10° 650 163
500 5 0.2 5 No 1.4-10% | 1.5-10° 841 236
500 5 2.7 5 No 1.3-10° | 6.6-10° 592 127
500 10 1 5 No 1.5-10° | 9.9-10° 383 136
500 20 1 5 No 1.1-10% | 7.8-10° 229 62
500 10 1 25 No 3.4-10°% | 5.9-10* 832 48
500 10 1 5 Yes 2.4-10° | 8.7-10° 358 160
250 10 1 5 No 9.4-10° | 1.1-10* 412 51
125 10 1 5 No / 1.3-10* / 44

3.8 Literature comparison

In the table 37, relevant results obtained by adsorption of carbamazepine, 17-a ethinylestradiol,
bisphenol A and atrazine on fixed bed are reported to have a faster comparison with results of
this work. When comparison is done, it is important to remember the very low of amount of
TPEG (adsorbent material) used to prepare the fixed bed in this work ( 0.24 g for 20 cm of bed
depth represents the higher amount used) and the four pollutants are present in the same
solution. Very few data in literature are available by considering a mix of these kind of

pollutants in the same solution. Normally the conditions used in every work are different, but
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we can consider the results that we obtained comparable with that present in literature and it

encourages us to continue to investigate on way to improve the use of this material.

Tab. 37 Literature overview on removal of carbamazepine, 17-o ethinylestradiol,

bisphenol A and atrazine by adsorption on fixed bed of different adsorbent material.

Reference which consider a mix of pollutants in the same solution are evidenced by *.

Reference Adsorbent Initial Adsorption K, No K,
material conditions capacity, adsorption
removal capacity
(Thomas
model)
Carbamazepine
50 Activated Cinf:25mg | 227 mgg* Not Krh: 2.8:10°
carbon Lt 45% available g m3ug
Bed depth: 8 mint
cm=0.8g q: 277-10°
Flow rate: 2 ug g
mL min’?
51%* Mesoporous 0.72 ug gt Not Not
silica Cint: 10 pg L° available available
1
Bed depth: 10
cm
Flow rate: 1.5
Cu-Amino mL min? Ougg? Not Not
grafted available available
mesoporous | Cinf: 10 pg L
silica !
Bed depth: 10
cm
Flow rate: 1.5
mL min’?
This work GTPEG Cinf: 500 pg 175ug gt | K:1.510° | Ky 9.9-10°
L-l 42% m3 ug-l 5 m3 ug-l
Bed depth: 10 min’t min-
cm No: 92.3 q: 136 g
Flow rate: 1 mg L! gt
mL min’?
Bisphenol A
52* Activated | Cinr:2pug Lt | 6:102pgg? | K:9.8:10°8 Not
carbon Bed depth: 4 50% m3 ug* available
cm=173g min’t
Linear No:
velocity: 3 m 22.7-10°
ht mg L
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This work GTPEG Cinf: 500 pg 96 ug gt K:5.8:10° | Krn: 5.6:10
L-l 23% m3 ug-l 5 m3 ug-l
Bed depth: 10 mint mint
cm No: 92.3 | q:62ugg?
Flow rate: 1 mg L!
mL min’?
17-a
ethinylestradiol
53 Aliphatic Cinf: 300 pg | 4470 pug gt Not Not
polyamides Lt available available
Bed depth:
2.9 cm=1g
Contact time:
1 min
54 Activated | Cinf: 14 pgL | 55pgg? Not Not
carbon ! available available
Flow rate: 20
mL min’?
Manganese 2ug gt
oxide Cint: 14 pg L Not Not
! available available
Flow rate: 20
mL min’?
This work GTPEG Cinf: 500 pg 152 ug gt | K:1.3:10° | Kyh: 5.5:10
L-l 37% m3 ug-l 5 m3 ug-l
Bed depth: 10 min’t min-
cm No: 87.4 |(q:62ugg*
Flow rate: 1 mg L!
mL min’?
Atrazine
55 Activated | Cinf: 20 ugL" | 104 pg g* Not Not
carbon ! available available
Contact time:
1 min
This work GTPEG Cinf: 500 pg 65 g g K:4:10° | Ktn: 2.3-10°
L—l 16% m3 ug—l 5 m3 “g—l
Bed depth: 10 mint mint
cm No: 89.3 q: 171 ug
Flow rate: 1 mg L* gt
mL min’?

4. Conclusion
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In this work a method to entrap an innovative adsorbent material (TPEG) was optimized and
demonstrated. The granular form of TPEG obtained (GTPEG) results to have a good adsorbent
property for the removal of carbamazepine, atrazine, bisphenol A and 17-a ethinylestradiol
from water at concentration levels between 250 and 500 pg L. Good removal, about 40 % for
carbamazepine and 17-a ethinylestradiol and about 20 % for atrazine and bisphenol A, was
obtained by using a very low amount of TPEG (5% as weight relative to total alginate weight,
GTPEG5%) and a low contact time (10 minutes). Furthermore, in the work it was demonstrated
that experimental parameters such as flow rate, bed depth and composition of TPEG can be
optimized to increase the removal and adsorption capacity. A systematic investigation was done
to give information about the influence of the experimental parameters on the process and
theoretical models (Thomas and Adams-Bohart) were used to confirms the influence observed
and to estimate the dimension of the reactor for a scale-up of the process. These promising
results confirms the adsorbent properties of TPEG and push-up us to investigate on its
application and improve of its performance. To use a entrapping agent heavier than alginate can
be useful to increase the amount of TPEG entrapped and to be sure to obtain a granular form of

TPEG heavier than water and useful as fixed-bed adsorbent material.
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2.6 Removal of phtalathes plasticizers from water by adsorption on fixed-bed of thermo-
plasma expanded graphite encapsulated into calcium alginate

Abstract

Plastic is currently one of the most practical and economical ways to hold food, sanitary
products, cosmetics or other products. Chemical additives are added to their composition to
increase their malleability, brilliance and workability. Among these additives, the most
commonly used are plasticizers such as phtalathes. Microplastics have been increasingly found
in freshwater ecosystems in recent years and growing concerns have been raised about their
potential environmental health risks. That microplastic represent the vector of phtalathes into
the freshwater, because they are released during the process of physical degradation of the
microplastic by atmospheric agents. The removal of phtalathes from water was tested by
adsorption on fixed-bed of thermo-plasma expanded graphite encapsulated into calcium
alginate (GTPEG). Dimethyl, diethyl, dibuthyl and diisobuthyl phtalathes were filtered on
fixed-bed of GTPEG and the effect of different bed depth (3, 10 and 20 cm), different flow rate
(0.4, 1.2 and 2.4 mL mint) and different initial concentration of phtalathes ( 10, 25 and 50 mg
L) were tested. The breakthrough curve were evaluated to evaluate adsorption capacity and
removal efficiency.The maximum value of removal efficiency observed was about 80% for the
removal of the dibuthyl phtalathes. The removal efficiency decrease by decreasing the length
of hydrocarburic chain and a removal efficiency of about 20% was observed for dimethyl
phtalathes at the same condition. The experimental data were compared with Thomas and

Adams-Bohart model to have a model to predict the system for an industrial scale up.

1. Introduction

Plastic is currently one of the most practical and economical ways to hold food, sanitary
products, cosmetics or other products. Chemical additives are added to their composition to
increase their malleability, brilliance and workability. Among these additives, the most
commonly used are plasticizers such as phtalathes. Phthalates (or phthalate esters, PAE) are
compounds synthesized by the double esterification of 1,2 benzendicarboxylic acid (phthalic
acid) with linear or branched alcohols, starting from methanol or ethanol (C1-C2), up to
isotridecanol (C13). Plasticizer phthalates, which also include diisodecyl phthalate (DIDP),
dimethyl phthalate (DMP), diethyl phthalate (DEP), dibutyl phthalate (DBP) and benzyl butyl
phthalate (BBP), are used as intermolecular lubricants which confer hardness, flexibility,

malleability and elasticity.Worldwide, up to 8 million tons of phthalates are produced annually,
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of which over 2 million are DEHP only. PAEs are molecules that are not covalently linked to
the matrix and show a tendency to migrate, especially in case of mechanical or thermal stress,
so they can be dispersed in the environment during their production, use or after disposal [1, 2].
PAESs represent ubiquitous contaminants and decompose both with exposure to sunlight and
with aerobic microbial activity; by affinity with the natural organic substance, they tend to
absorb themselves to the soil, sediment and humus particles where they are also protected from
sunlight. The accumulation of PAE in human tissues can cause chronic intoxication causing
serious damage to the liver and / or reproductive system. The toxicity of phthalates is still under
study, however it has been shown that many types of them, such as DEHP, DBP, BBzP and
various phthalate metabolites, are carcinogenic to the liver of rodents and teratogenic to other
animals [3]. Microplastics have been increasingly found in freshwater ecosystems in recent
years and growing concerns have been raised about their potential risks to environmental health.
Thanks to their lightness, durability, corrosion resistance and low electrical and thermal
conductivity, the materials plastics have become universal materials [4, 5, 6]. Plastic debris is
accumulating in both terrestrial and aquatic (marine and freshwater) systems globally [7, 8]
and, given their slow degradation, they remain for much longer than that for which the product
from which they derive was created [9, 10]. They have even been found in remote regions such
as the Arctic (trapped in sea ice) and the deep sea [11]. They are then degraded into smaller and
smaller pieces until they reach dimensions less than 1 mm, therefore such as to be considered
"microplastic" [12]; conventionally, these are also defined as those having an upper limit of
size 5 mm, to distinguish them from mesoplastics. They are divided into primaries, specially
made to be microscopic in size, consisting mainly of pellets and microbeads ("beads™) used in
many products for daily hygiene (which are presented in flattened, cylindrical, spheroidal or
discoid shapes), and secondary, deriving from the disintegration of larger, much more irregular
waste and from the angular or rounded (depending on the degree of wear) and fibrous forms,
which occur in the form of thin and elongated filaments. potential risks for organisms include
inflammation of the digestive system [13], reduced nutrient absorption and reduced growth and
reproduction [14]. Given their small size following degradation and fragmentation processes,
they acquire a high specific surface which gives them a strong increase in adsorbing power, as
in the case of microplastics deriving from PVC, capable of adsorbing varieties of organic and
inorganic compounds (Teuten et al., 2007). A study carried out on phthalates, in particular
diethyl phthalate (DEP) and dibutyl phthalate (DBP) [14] has shown how the latter can be
adsorbed by polystyrene (PS) microplastics, polyethylene (PE) and polyvinyl chloride (PVC);
the factors that favor the process are the high specific surface, hydrophobicity and conditions
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of high salinity (making marine environments more risky). The same plastics contain additives
such as phthalates, Bisphenol A and brominated flame retardants, which can enter the aquatic
environment causing harmful effects to the endocrine, carcinogenic or mutagenic system in
aquatic organisms. Phthalates are more commonly used as plasticizer additives for polyvinyl
chloride which, among all types of plastic, requires the highest number of additives [15]. The
breakdown of the polymer bonds and subsequent fractures on the surfaces of the microplastics
due to strong atmospheric agents can lead to the migration of the additives from the inside
towards the external surfaces of the microplastics [16, 17]. Since they are not chemically linked
to the polymeric matrix, they can be easily released into the environment through leaching and
emission by microplastics, especially deriving from PVC [18]. Ding et al., 2019 [19]
evindenced the presence of phthalate esters (dimethylphthalate DMP, diethylphthalate DEP,
diisobutyl phthalate DiBP, di-n-butyl phthalate DnBP and di-2-ethylhexyl phthalate DEHP)
and phthalate monoesters (monomethyl phthalate MMP, monoethyl phthalate MEP,
monoisobutyl phthalate MiBP, mono-n-butyl phthalate MnBP and mono-2- ethylhexyl
phthalate MEHP) in 146 drinking water samples collected in 90 drinking water plants in 24
cities located throughout China. Liu et al. (2015) [20] identified PAEs in seven geographic
areas of China, of which the prevalent were DBP and DEHP.The detection frequencies of DEP,
DBP, DEHP and DMP were greater than 88% with concentrations of 0.18 = 0.97 ng / L, while
those of BBP and DnOP were between 45.4 and 50.7% with very low concentrations (0.001 pg
/ L). Wastewater treatment plants contribute largely to the contribution of phthalates in surface
water bodies. Salaudeen et al. (2018) [21]found the concentration of six PAEs (DMP, DEP,
DBP, BBP, DEHP and DnOP) in the wastewater from three treatment plants that adopt activated
sludge technology in the municipality of Amathole, in the Eastern Cape, in South Africa. They
were found in all influencers and in almost all effluents, where DBP was the most abundant
followed by DEHP. The concentrations of DBP in the influent of the three plants varied between
2.7 and 2488 mg / L, while in the effluent it was between 4.9 and 8.88 mg / L. For these reason,
it is necessary to develop process to treat freshwater and wastewater to remove plasticizers. Not
several studies are reported in the literature on the topics, therefore that work would introduce
the topic into the research community. Thermo-plasma expanded graphite encapsulated into
calcium alginate (GTPEG) was tested as fixed-bed to treat water and remove dimethyl, diethyl,
dibuthyl and diisobuthyl phtalathes (DMP, DEP, DBP, DIBP) by the adsorption process. The
effect of bed depth, flow rate and initial concentration of phatalathes were evaluated to
characterize the process. Furthermore, the experimental data were compared with Adams-

Bohart and Thomas models to predict the system behavior for a industrial scale-up.
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2. Materials and methods

Materials

Ethanol, dichloromethane, sodium alginate, calcium chloride, dimethyl, diethyl, dibuthyl and
diisobuthyl phtalathes were purchased from Carlo Erba Reagenti and used as commercial form.

All the solution were prepared into deionized water with 5% of ethanol.
GTPEG preparation and characterization

See the chapter 2.5.

Experimental setup

A 30 cm long glass burette of 0.8 cm of diameter was used as the column for all adsorption
tests. A cotton filter was added to the bottom of the column as a support to avoid loss of
adsorbent material. Prior of each experiment, the column was filled with wetted GTPEG and
deionized water was passed through the column to avoid the formation of air bubbles. The
pollutants solution was pumped through the column by a peristaltic pump connected by Tygon
R-3603 tubes to the column and the flow was controlled. For all the experiments a top-down

flow was imposed and effluent collected regularly.

The effect of the flow rate on the removal and/or breakthrough was evaluated by using 50 mg
L solutions of DMP, DEP, DBP, DIBP which were introduced at flow rates of 0.4, 1.2 and 2.4
mL mintto a 20 cm GTPEG 5% column.

The effect of the bed depth on the removal and/or breakthrough was evaluated by using 50 mg
L solutions of DMP, DEP, DBP, DIBP which were introduced at flow rate of 0.4 mL min™to
columns of 3 cm (0.59 of GTPEG5%), 10 cm (3.10g of GTPEG5%) and 20 cm (6.18g of
GTPEG5%).

The effect of the initial concentration of micropollutants on the removal and/or breakthrough
was evaluated in order to have information on the minimal concentration that can be treated by
GTPEG. The evaluation was performed by using different initial concentrations of DMP, DEP,
DBP, DIBP (10, 25 and 50 mg L1 at a flow rate of of 0.4 mL min%. A column height of 20 cm

was used.
Data analysis of fixed bed column adsorption data

Removal efficiency and adsorption capacity
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Adams-Bohart model and Thomas model fitting
See the chapter 2.5.
Analytical procedure

In order to quantify the concentration in the effluent of considered pollutants solid-phase
extraction on Supelclean ENVI-18 SPE 500 mg, 6 mL was performed to transfer analytes from
water to organic solvent, then GC-BID analysis was conducted. Therefore, 5 mL of sample was
added to the SPE filter and filtered on it. Then, 5 mL of petroleum ether was used to eluite the
DMP, DEP, DBP and DIBP retained on the SPE filter. After the extraction, 500 pL of the
organic phase was taken and injected into the GC. The temperature of injection was set on
250°C and helium gas was used at mobile phase at flow rate of 0.2 mL min?. The
chromatographical separation was performed on a fused silica capillary column (30 m length,
0.25 mm I.D. and 0.25 pm film thickness). The initial column temperature was programmed at
120°C and hold for 2 minute, then raised to 250°C with temperature rate of 10°C min™. The
BID detector was maintained at 250°C to detect the analytes and reveal it. The calibration line

method was used to evaluate the concentration of each phtalathes.

3. Results and discussion

Effect of bed depth

In figure 87, the breakthrough curves of DEP are presented as example of the effect of bed

depth on the adsorption. By increasing the bed depth an increase of breakthrough volume was

observed.
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Fig. 87 Breakthrough curves of DEP (initial concentration of 50 mg L) at the flow rate of
0.4 mL min-! filtered through a bed depth of 3, 10 and 20 cm of GTPEG 5%.

In the table 38 the typical parameter of adsorption on filtration bed are gathered for all the four

compounds at all the experimented bed depth tested to evidence the effect of this parameter.

Tab. 38 Typical parameters of adsorption of considered micropollutants (initial
concentration of 50 mg L) filtered through different bed depth of GTPEG 5% at 0.4 mL

mint.
Bed depth q Removal Breakthrough Pollutant adsorbate
(cm) (mg gt (%) volume (mg)
GTPEG) (L)
DMP
3 850 23 1.9 22
10 173 26 2 26
20 85 21 2.5 26
DEP
3 1998 42 2.5 52
10 1080 81 4 162
20 445 46 6 138
DIBP
3 5114 45 6 135
10 5265 81 19.5 790
20 3143 83 23.2 963
DBP
3 20180 38 27.9 530
10 3850 55 21 578
20 1963 52 23.2 603

By increasing the bed depth, the adsorption capacity decrease because the increase of adsorbate
does not compensate the increase of the adsorbent material. The removal efficiency is affected
by the bed depth and the best removal seems to be obtained for the bed depth of 10 cm, but in
the last column can be observed that by increasing the bed depth an increase of pollutants
adsorbate was obtained. However, it is possible to conclude that the bed depth of 10 cm is the
optimal value of bed depth, because for higher bed depth probably the diffusion step from
solution to adsorbent surface is not the slowest step of the process (interaction between

adsorbate and adsorbent could start to be the limiting step for higher than 10 cm bed depth).

Effect of the flow rate
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In figure 88, the breakthrough curves of DIBP are presented as example of the effect of the flow

rate on the adsorption. By increasing the flow rate a decrease of breakthrough time was

observed. More details will be reported in the next lines.
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Fig. 88 Breakthrough curves of DIBP (initial concentration of 50 mg L) at the flow rate
of 0.4, 1.2 and 2.4 mL min filtered through a bed depth of 20 cm of GTPEG 5%.

In the table 39 the typical parameter of adsorption on filtration bed are gathered for all the four

compounds at all the flow rate tested to evidence the effect of this parameter.

Tab. 39 Typical parameters of adsorption of considered pollutants (initial concentration
of 50 mg L) filtered through 20 cm of GTPEG 5% at 0.4, 1.2 and 2.4 mL min™,

Flow rate (mL q Removal Breakthrough Pollutant adsorbate
min?) (mg g (%) volume (mg)
GTPEG) (L)
DMP
2.4 71 10 4.4 22
1.2 97 18 3.3 30
0.4 85 21 25 26
DEP
2.4 387 24 10 120
1.2 484 38 7.9 150
0.4 445 46 6 138
DIBP
2.4 3116 23 84 966
1.2 3290 34 60 1020
0.4 3143 83 23.2 963
DBP
2.4 1871 20 58 580
1.2 1906 30 39 591
0.4 1963 52 23.2 603
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The results obtained demonstrate that the condition used ensure the maximum adsorption
capacity. Indeed, by increasing the flow rate almost the same adsorption capacity is obtained
even if much solution needs to be filtrate to reach the saturation of the GTPEG. The higher
breakthrough volume was reached after lower time of filtration because higher flow rate was
used. It involves a decrease of removal efficiency and the effluents result to have higher

concentration of pollutants after treatment at higher flow rate.
Effect of the initial concentration

In figure 89, the breakthrough curves of DBP are presented as example of the effect of the initial
concentration on the adsorption. By increasing the initial concentration an increase of

breakthrough time was observed. More details will be reported in the next lines.
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Fig. 89 Breakthrough curves of DBP at the flow rate of 0.4 mL min™! filtered through a bed
depth of 20 cm of GTPEG 5%. Initial concentration of DBP of 10, 20 and 50 mg L.

In the table 40 the typical parameter of adsorption on filtration bed are gathered for all the four

compounds at all the initial concentration tested to evidence the effect of this parameter.

Tab. 40 Typical parameters of adsorption of considered pollutants (initial concentration
of 10, 25 and 50 mg L) filtered through 20 cm of GTPEG 5% at 0.4 mL min.

Initial q Removal Breakthrough Pollutant
concentration (mg g? (%) volume adsorbate (mg)
(mg LY GTPEG) (L)
DMP
10 7 10 1.7 2
25 22 14 2 7
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50 85 | 21 | 2.5 26
DEP

10 27 24 3.5 8.4

25 129 32 5 40

50 445 46 6 138
DIBP

10 274 50 17 85

25 1400 79 22 434

50 3143 83 23.2 963
DBP

10 163 35 14 49

25 653 45 18 202

50 1963 52 23.2 603

The results obtained demonstrate that the decrease of the initial concentration involves a
decrease of the adsorption capacity and of the removal. It is probably due to lower gradient
concentration between adsorbate surface and solution and equilibrium condition are reached for

lower particle of adsorbate fixed on the surface of the adsorbent.
Models fitting

The experimental data was further assessed with the Adams-Bohart model. With this model it
is possible to have information about the kinetics of the process and the saturation concentration
of the system. These parameters are useful to scale-up the system. In the tables 41, 42, 43 and
44 the correlation parameters of regression, kinetics constant and concentration of saturation
obtained for all the compound at the different parameters tested are reported to compare the
effect of their variations.

Tab. 41 Correlation parameter of regression, Kinetics constant and saturation
concentration (theorical and experimental) obtained by the Adams-Bohart and Thomas
fitting of experimental data obtained for DMP at the different conditions tested.

Initial Bed | Flow K No R2; % Km(L | q(mgg | RZy?
concentration | dept | rate (L min? (mg L mint h
(mg L) h | (mL mg) Y mg)
(cm) | min
1
)
DMP
50 20 0.4 2-10® 511 0.67; 6 6-10° 60 0.49;5
50 20 1.2 5-10® 621 0.78; 2 8-10® 77 0.88;
0.92
50 20 24 8-10® 472 0.71; 3.1 1-10° 50 0.85;
0.91
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50 10 0.4 4-10° 725 0.76; 2.8 1-10% 150 0.75; 2.1
50 3 0.4 8-:10° 1428 0.81;1.1 6-10° 700 0.83;1.6
25 20 0.4 5-10°¢ 416 0.71;4.1 8-:10° 32 0.88;1.3
10 20 0.4 7-10° 52 0.78 9-10° 15 0.91

Tab. 42 Correlation parameter of regression, kKinetics constant and saturation

concentration (theorical and experimental) obtained by the Adams-Bohart fitting of

experimental data obtained for DEP at the different conditions tested.

Initial Bed | Flow rate K No Rz y? | Km(L | q(mg | R% 2
concentration | depth | (mL min- (L mint (mg L?) min! gl
(Mg L) (cm) Y mg) mg™)
DEP
50 20 0.4 2-10® 829 0.77;1.8 | 4-10° 400 0.91;
0.36
50 20 1.2 5-10® 850 0.82;1.3 | 7-10° 500 0.86;
1.2
50 20 2.4 9-10 610 0.78;19 | 1-10° 360 0.85;
1.8
50 10 0.4 7-10° 1024 0.72;2.1 | 9-10° 800 0.88;
1.2
50 3 04 9-10 1860 0.82;1.1 | 1-10° 1800 0.91;
0.52
25 20 0.4 8-10°® 510 0.76;3 | 2-10° 1025 0.79;
2.8
10 20 0.4 8-10°® 87 0.66;6.8 | 2-10° 521 0.67;
3.5

Tab. 43 Correlation parameter of regression, Kinetics constant and saturation

concentration (theorical and experimental) obtained by the Adams-Bohart and Thomas

fitting of experimental data obtained for DIBP at the different conditions tested.

Initial Bed | Flow rate K No Rz y? | Km(L | q(mg | R2 2
concentration | depth | (mL min- (L min* (mg LY min? g
(hgLY) (cm) Y mg) mg)
DIBP
50 20 0.4 1-10° 5000 0.73;2.8 | 1-10°® 5740 0.9;
0.23
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50 20 1.2 3-:10°® 4802 0.72;3.1 | 4-10% | 5250 0.83;
0.62

50 20 24 5-10° 5102 0.75;2.2 | 5-10% | 5528 0.86;
0.52

50 10 0.4 8-10° 7205 0.72;1.8 | 9-10° | 7024 0.91;
0.18

50 3 0.4 1-10% 1860 0.82; 2:10° | 7982 0.91;
0.55 0.26

25 20 0.4 1-10% 1250 0.74;3.8 | 3:10° | 3521 0.83;
1.3

10 20 0.4 2:10° 600 0.78;4.5 | 3-10° | 1728 0.85;
1.1

Tab. 44 Correlation parameter of regression, Kinetics constant and saturation
concentration (theorical and experimental) obtained by the Adams-Bohart and Thomas

fitting of experimental data obtained for DBP at the different conditions tested.

Initial Bed | Flow rate K No R%y? | Km(L | q(mg | R2 >
concentration | depth | (mL min- (L mint (mg L?) min! gl
(Mg L) (cm) Y mg) mg)
DBP
50 20 0.4 6-107 4400 0.78;5.6 | 1-10° 3000 0.76;
4.8
50 20 12 8-107 4600 0.73;6.2 | 3-10° 3210 0.88;
1.1
50 20 2.4 1-106 4000 0.78;4.3 | 5-10° 2985 0.82;
15
50 10 04 7-107 7000 0.68; 9 3-10® 5010 0.75;
2.8
50 3 04 9-107 14520 0.78; 4 5-10% | 12182 0.82;
13
25 20 04 1-10°6 1200 0.76; 4.5 | 5-10° 1060 0.85;
0.8
10 20 04 3-10° 628 0.85;2.1 | 6-10° 521 0.88;
0.48

By the kinetic constants and saturation concentrations obtained from the Adams-Bohart and
Thomas model, general trends can be noticed. By increasing the flow rate, an increase of kinetic
constant was observed for all the compound. This confirms that breakthrough is reached faster.
No variations of adsorption capacity and saturation concentration were observed probably
because the system had the time to reach the maximum saturation of the adsorbent and the
diffusion step from solution to adsorbent surface was not the slowest step of the adsorption

process. By increasing the bed depth, a decrease of kinetics constant and adsorption capacity is
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observed, therefore the breakthrough is reached later as observed in experimental test. The
decrease of saturation concentration can be explained by increase of amount of adsorbent used.
The trend of saturation concentration is the same of the experimental observed. The decrease
of initial concentration involves an increase of the kinetics of the process. The saturation
concentration decrease by decreasing the initial concentration of the influent. The general trend
observed in this work agrees with that already reported in literature.

In the table 45 the dimension of the reactor estimated with the Adams-Bohart model by
assuming to treat 10000 liters of contaminated water for day in a reactor of a bed depth of 10
meters of GTPEG. The parameters obtained for the filtration on 20 cm of GTPEG at the the

flow rate of 0.4 mL min and initial concentration of 50 mg L™ were used.

Tab. 45 Reactor diameter and volume and mass of GTPEG estimation for treatment of
10 m3 d* to remove DMP, DEP, DIBP and DBP by adsorption on column of bed depth of
10 m of GTPEG.

Initial Diameter of Volume of the Mass of GTPEG
concentration the reactor reactor (m?®) (kg)
(mg L™ (cm)

DMP

500 108 | 9 | 4425 |
DEP

500 110 | 9.6 | 4608 |
DIBP

500 57 | 2.6 | 1239 |
DBP

500 40 | 1.3 | 609 |

In the table 46 the dimension of the reactor estimated with the Thomas model by assuming to
treat 10000 liters of contaminated water for day in a reactor of a bed depth of 10 meters of
GTPEG. The parameters obtained for the filtration on 20 cm of GTPEG at the the flow rate of

0.4 mL min't and initial concentration of 50 mg L were used.

Tab. 46 Reactor volume and diameter and mass of GTPEG estimation for treatment of
10 m3 d* to remove DMP, DEP, DIBP and DBP by adsorption on column of bed depth of
10 m of GTPEG.

Initial Mass of Volume of the Diameter of the
concentration GTPEG (kg) reactor (m?®) reactor (m)
(ug L)
DMP
250 8 | 0.017 | 1 |
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DEP
250 10 | 0.022 | 0.7 |
DIBP
250 6.7 | 0.014 | 0.5 |
DBP
250 0.5 \ 0.001 \ 0.5 \
4. Conclusion

In this work the TPEG entrapped into calcium alginate was demonstrated useful also to remove
plasticizers from the water by filtration on fixed-adsorbent bed. The granular form of TPEG
obtained (GTPEG) results to have a good adsorbent property for the removal of DMP, DEP,
DIBP and DBP from water at concentration levels between 10 and 50 mg L. Good removal,
about 80% and 50% for DIBP and DBP was obtained by using a very low amount of TPEG
(5% as weight relative to total alginate weight, GTPEG5%). Furthermore, it was demonstrated
that experimental parameters such as flow rate and bed depth can be optimized to increase the
removal and adsorption capacity. A systematic investigation was done to give information
about the influence of the experimental parameters on the process and theoretical models
(Thomas and Adams-Bohart) were used to confirms the influence observed and to estimate the
dimension of the reactor for a scale-up of the process. These promising results confirms the
adsorbent properties of TPEG and push-up us to investigate on its application and improve of
its performance. To use a entrapping agent heavier than alginate can be useful to increase the
amount of TPEG entrapped and to be sure to obtain a granular form of TPEG heavier than water
and useful as fixed-bed adsorbent material.
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2.7 Adsorbent material prepared by soft alkaline activation of spent ground coffee:
characterization and adsorption mechanism of methylene blue from aqueous solution

Abstract
Ground coffee waste was used as precursor for the preparation of activated carbon by chemical

activation using NaOH. Ground coffee was impregnated with NaOH and carbonized at 300°C
for 3 hours. Its morphological and physical-chemical properties was determinate by SEM, X-
ray diffraction, Raman spectroscopy and BET analysis. The performance of the treated ground
coffee as adsorbent material for methylene blue (MB) was evaluated, by analyzing the effect of
the initial pH and ionic strength of adsorption capacity and by evaluating the Kkinetics of the

process and the mechanism of the process analyzing the adsorption isotherms. The effect of the
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initial concentration (500 mg L™ and 250 mg L) of MB on the kinetic of the process and the
effect of the initial pH (7.5, 6) on adsorption isotherm was evaluated. Pseudo-second order
model results to be the model that control the process for both the initial concentration
investigated and the adsorption capacity resulted to be 142.8 mg L! and 113.64 mg L7,
respectively. The pH influences the adsorption isotherm model that regulates the process, in
particular, Temkin’s model regulates the process at pH of 7.5 and Langmuir’s model regulates
the process at pH 6. The surface covered by MB and the thermodynamics of the process were

also determined.

1. Introduction
Activated carbons have found a wide range of use and application thanks to their porous

structure, large availability and neutral effect on the environment. Japan and USA are the first
consumer of these materials [1] and the increasing demand of activated carbons is caused by
the use in all branch of industries in economically developed countries of new technology that
use porous materials. Activated carbons result to be the cheaper porous materials available. The
production of activated carbons is mainly based on the natural organic substrate like wood [2],
sawdust [3], waste product as fruit stone [4, 5, 6, 7]. Other precursors were also used, like waste
phenolic resins [8], phenol-formaldehyde resins [9] or other synthetic polymers, but they are a
little bit more expensive than natural source. The morphological properties of activated carbons
depend on the condition of the process of activation, as the temperature of pyrolysis and the
presence of chemical activating agent. Normally, the surface area and porosity obtained by the
simple pyrolysis are not enough use of activated carbons as adsorbent material or other
application and chemical activation is required [10, 11,12, 13]. Typical chemical activation is
conducted by using phosphoric acid [14, 15] but an example of chemical activation with KOH
by using pyrolysis conditions is reported [16, 17, 18]. A mechanism for alkaline activation was
proposed in a study reported in literatureH. When the starting material is mixed with a KOH
solution, KOH or K" cations are intercalated in the carbon matrix. After dehydration, the carbon
layers expand in the presence of K20 derived from KOH (300°C). Since carbon inside the
sample is consumed, pores were formed in the carbon matrix. In the figure 90 the schematic

representation of alkaline activation is reported.
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Fig.90 Schematic representation of alkaline activation

When the activation temperature exceeds 700°C, a considerable amount of metallic potassium
is formed due to a reduction of K»0 by carbon at high temperature. The effect of the use of KOH
and NaOH as alkaline medium on morphological properties on the activated carbon is reported
in literature [19]. NaOH results to confer bigger surface area and higher adsorption capacity to

not pyrolyzed precursor than KOH, due to the higher expansion of carbon lamellae.

Many pollutants are present in water and sewage, like heavy metals, dyes and pigments. They
are very difficult to remove, and different physical, biological, mechanical and chemical
technologies were developed to solve this problem. The most used treatment to remove dye is
the adsorption on activated carbon, because it is very cheap and easy to design, furthermore it
is applicable with large range of concentration of pollutant. Activated carbons used as
adsorbents can be functionalized to improve their properties, like surface area, selectivity or
affinity, by introducing functional group like amine [20] or other chelating ligands [21],
sulphide [22] and metals nanoparticle [23]. Other new carbonaceous material, like expanded
graphite or nanotube, functionalized or not, are developed and increasingly used for the removal
of different pollutants, like dyes [24, 25], PCPs [26] or BTEX [27]. These new materials have
a higher surface area than activated carbons, but they are more expensive, therefore, they are
not yet largely used in applied technology. In this study, we demonstrate the possibility to obtain
an activate carbon by soft alkaline activation (300°C and NaOH as alkaline medium) of spent
ground coffee and its ability to remove an organic dye, methylene blue (MB), with an
adsorption capacity comparable with activated carbons obtained from ground coffee by acid or
other activation and activated carbons obtained from other sources. The kinetics, isotherm
adsorption, thermodynamics, pH and ionic strength influence on the process and material
characterization studies were done. Several condition of pyrolysis, as inert atmosphere and

high temperature are not necessary to obtain an activated carbon useful for adsorption use.

2. Materials and methods
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Materials

Ground coffee waste was obtained from the central cafeteria of the University and then treated
as reported in methods section. The initial pH of the solutions was adjusted by adding NaOH
and HCI purchased from Carlo Erba reagents (Carlo Erba, Rodano, Milano, Italy), MB was
purchased from Carlo Erba reagents (Carlo Erba, Rodano, Milano, Italy)). The stock solution
of MB was prepared at 1000 mg/L. All reagents were of extra pure grade and used without

further purification, and the solutions prepared in distillated water.
Ground coffee treatment

13 g of ground coffee was washed with 1 L of NaOH 1 M, by mixing the two phase and stirring
for 6 hours, to eliminate the soluble compounds present in the waste and impregnate with NaOH
the ground coffee. After the wash treatment, the solid phase (very viscous slurry was obtained)

was carbonized at 300°C in an oven overnight and a carbonaceous powder (11 g) was obtained.
Material characterization

SEM images was obtained by using a high-resolution field emission scanning electronic
microscopy (HR-FESEM), Auriga Zeiss model, at CNIS laboratory of University of Sapienza
(Rome, Italy).

Micro-Raman analysis have been carried out using a Jobin-Yvon Horiba LabRam microRaman-
spectrometer, equipped with a He-Ne laser (A = 632.8 nm), an edge filter and an Olympus
microscope with 10 x /50 x /100x objectives. A spectral resolution of about 5 cm™ was obtained
by a holographic grating with 600 grooves/mm. Spectra were acquired with an accumulation

time of 60 s and laser power of 20mW.

FT-IR spectrum was obtained in the range 400-4000 cm™ (4 cm™ of resolution) by using a
JASCO FT-IR 460 Plus spectrophotometer. The sample was measured in the form of KBr
pellet.

Adsorption test

The influence of the pH, ionic strength and initial concentration of MB on the adsorption
capacity were evaluated. 50 mL of MB solution (500 mg/L) was mixed at 100 mg of treated
ground coffee in a conical flask of 100 mL and stirred at 400 rpm for 30 minutes. After 30
minutes of contact time, the liquid phase was aspirated and analyzed by UV-Vis
spectrophotometer, to determinate the MB residue concentration. The adsorption capacity was

measured by using the following equation:
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_ mass of DCF adsorbed (mg) (32)

q

mass of adsorbent (g)

q= (ci— )~ (33)

where c; and ¢ (mg L) are the MB concentrations at the beginning and after each adsorption

experiment, V is the initial solution volume (L), and m is the adsorbent weight (g).

The initial pH (1, 3, 4.5,6 7.5,9) of the MB solution was modified before the adsorption test by
adding NaOH and HCI and monitoring the pH by using a pHmeter (Orion 420A, ThermoFisher
Scientific, Waltham, Massachusetts, USA). The initial ionic strength (0, 0.25, 0.5, 0.75, 1 M)
of the solution was modified by adding the useful amount of NaCl. The initial concentration of
MB for the evaluation of its influence on the adsorption capacity were 500, 400, 250, 125, 100
and 25 mg Lt at pH 7.5 and 1000, 500, 350, 250, 100 and 50 mg L™ at pH 6. All the test was
repeated two times.

Kinetics studies

In order to evaluate the velocity of the process and the relationship between contact time and
adsorption capacity, the same experimental setup described below was used, but different
contact time (5, 10, 15, 30, 40 and 60 min) was used. Therefore, 50 mL of MB solution (500
and 250 mg/L) was mixed at 100 mg of treated ground coffee and stirred at 400 rpm for different
contact time, at pH 7.5 (optimal pH). Two different concentration of MB was used to verify the
influence of initial concentration on the kinetic of the process. Adsorption capacity was
evaluated and reported versus contact time. All tests were repeated three times to obtain the

main value.

To interpret the mechanism of adsorption of MB on treated coffee ground and to evaluate the
slowest step of the process, the experimental data were fitted to five kinetic mathematical
models, i.e. pseudo-first order, pseudo-second order, intraparticle diffusion, Elovich and liquid

film diffusion models. In the chapter 2.1 the equations of the used models are reported.
Adsorption isotherm

Further considerations on the mechanism of the process of adsorption were done by evaluating
the adsorption isotherm of the MB on treated ground coffee. In particular, the influence of pH
on the adsorption isotherm was also investigated. Therefore, 50 mL of MB solution at different
initial concentration (1000, 500, 350, 250, 100, 50 mg/L) at pH 6 and 50 mL of MB solution at
different initial concentration (500, 400, 250, 125, 100, 25 mg/L) at pH 7.5 was prepared. pH 6
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and 7.5 were chosen because near the neutrality and no further process was required to
reintroduce water in environment after the treatment. Each solution was mixed in a conical flask
of 100 mL with 100 mg of treated ground coffee and stirred at 400 rpm for 30 minutes. After
30 minutes of contact time, the liquid phase was aspirated, and the residual concentration of
MB was determined by UV-Vis spectrophotometer analysis and the adsorption capacity was
calculated. All the tests were repeated two times. The data obtained were fitted with Langmuir
[32], Freundlich [33, 34], Temkin [35] and Dubinin-Radushkevich [36] isotherm models. The

equations of the models used are reported in the chapter 2.1.
Thermodynamics study

The driving force, the free energy of the process and the minimum temperature that ensure the
spontaneity of the process can be determined by evaluating the thermodynamic of the process.
Therefore, 50 mL of MB solution (500 mg/L) at pH 7.5 was mixed at 100 mg of treated ground
coffee and stirred at 400 rpm for 30 minutes. The adsorption capacity was evaluated at different
temperature (293, 313 and 323 K), by controlling it with a magnetic stirred with heat control
system. All the tests were repeated two times. In the chapter 2.1 the equation used for the
thermodynamic studies are reported.

3.Results and discussions

Material characterization

Textural properties of treated ground coffee were evaluated by SEM analysis. In the figure 91

are reported the SEM images acquired by using different magnification.
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b)

Fig. 91 SEM images acquired with different magnification, (a: 5000 X, b: 10000 X, c:
25000 X).

By analyzing the SEM images can be observed the roughly heterogeneous surface of the treated
coffee (figure a). Probably on the surface were present residue of activating agent. By observing
the images with higher magnification, the formation of pores can be observed. The typical
honeycomb structure obtained with pyrolysis at about 700°C reported in literature [37, 38] can
be observed, even if it is not extended on all the surface of the material. It confirms that the
temperature used involves the dehydration of water that impregnate the ground coffee and a
partial reduction of sodium oxides by carbon. As demonstrated subsequently, the porosity

obtained was enough to obtain an adsorption capacity comparable with materials pyrolyzed at
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higher temperature. In the figure 92 the Raman spectrum is gathered and the abroad peak at

about 1500 cm® confirms the carbonaceous amorphic structure of the treated ground coffee.
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Fig. 92 Raman spectrum of treated coffee ground.

In the figure 93 the FT-IR spectrum in the range of 400-4000 cm™ obtained for the treated
ground coffee is reported.
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Fig. 93 FT-IR spectrum of treated coffee ground (TGC) and coffe ground without
treatment (GC).

The broad peak at about 3400 cm is typically attributed to hydroxyl groups and it seems to be
more intense in non-treated ground coffee, the band located at about 2900 cm™ corresponds to
C-H stretching vibrations and it is more intense in non-treated ground coffee. The band at about
2300 cm* can be attributed to the stretching of triple bond C-C and it is present only in treated
ground coffee. The band at about 1600-1400 cm™ can be associated to stretching of double
bond C-C of alkene compounds, C-H bending and also to the bending of N-H bond. This band

is present in treated ground coffee while the peak at about 1400 cm™ is lower in non-treated
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ground coffee and the peak at about 1600 cm™ is shifted at about 1700 cm™ in non-treated
ground coffee and it could be associated to the stretching of C=0 bond. The band at 1000 cm™
associated to alcohol groups is present in not treated ground coffee. The band in the range 780-
880 cm™ about can be associated to rock of C-H aromatics bond and it is present only in treated

ground coffee.
pH influence

In the figure 93 is reported the variation of adsorption capacity of treated ground coffee for MB

at different values of pH. The standard deviation is also reported.
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Figure 93 Effect of pH on MB removal by treated ground coffee. Co= 500 mg L™, contact
time = 30 minutes, Solution volume= 50 mL, mass of adsorbent= 100 mg, stirring speed=
400 rpm.

The decrease of the pH involves a decrease of adsorption capacity due the protonation of
adsorbent’s functional groups and/or surface and decrease of electrostatic interaction between
adsorbate and adsorbent [39, 40, 41, 42] (MB is positively charged), while the large amount of
OH-" influence negatively on the adsorption capacity due the possible neutralization of MB and
decrease of electrostatic interaction. Therefore, an optimal value of pH was obtained when the

two effect was balanced.
Effect of ionic strength

The figure 94 shows the influence of ionic strength on the adsorption capacity of treated ground
coffee for the MB. The measurements of adsorption capacity were reported with their standard

deviation.
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Figure 94 Effect of ionic strength on MB removal by treated ground coffee. Co=500 mg L"
1, contact time = 30 minutes, Solution volume= 50 mL, mass of adsorbent= 100 mg, stirring

speed= 400 rpm, pH=7.5.

The increase of ionic strength is associated with an initially increase of adsorption capacity due
probably to increase of solubility of the MB caused by salt effect. The same increase of
adsorption capacity with the increase of ionic strength is reported in literature [43], even if the
ionic strength used in this study was higher. After the initial increase of adsorption capacity
with the increase of ionic strength, a decrease of adsorption capacity was revealed due the
probably hindering effect caused by the high concentration of negatively charged sodium ions
and/or by the competition between MB and positively charged ions added to the solution [44].

Kinetics studies

The influence of the contact time for different values of initial concentration of MB on the
adsorption capacity was evaluated and reported in the figure 95. The standard deviation is also

reported.
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Figure 95 Effect of contact time on MB removal by treated ground coffee. Co= 500 mg L™
(blue circle), 250 mg L (orange circle), contact time = 30 minutes, Solution volume= 50

mL, mass of adsorbent= 100 mg, stirring speed= 400 rpm, pH=7.5.

An increase of adsorption capacity with the increase of contact time can be observed in the first
30 minutes of treatment, then a plateau is reached. Therefore, the optimum contact time is 30
minutes, corresponding to the maximum adsorption capacity of about 100 mg g. The trend is
the typical present in the literature and it is interesting to note that the initial concentration of
MB doesn’t affect on the trend of the kinetic of the process. Table 47 summarizes the Kinetic
parameters and the coefficient of correlation calculated by fitting the experimental data with

the already cited kinetic models.

Tab. 47 Fitting of experimental data with kinetics models.

500 mg L1 250 mg L
Model R% %2 | Parameters R% %2 | Parameters
Pseudo-first 0.861; K1=1.15-101 min’! 0.912; K1=5.46-102 min!
order 1.1 ge~ 10°mg g? 0.67 ge= 10°mg g*
Pseudo-second | 0.932; ge=142.8 mgg? 0.973; ge=113.64 mgg*
order 0.23 k2=3.7-10%gmg'min?' | 0.14 k2=7.3-10% g mg! min?
Elovich 0.829; B=3:102mg g* min? 0.715; B=4.1-102mg g min?

1.5 a=16.7 g mg™! 1.6 a=22.7 g mg!

Intraparticle 0.929; Kair=14.04 mg gt min~ | 0.852; Kair=9.02 mg g min"1/2
diffusion 0.35 1/2 0.96 C=26.10

C=7.76
Liquid film | 0.861; Ktg=1.15-10" mint 0.912; Ktq=5.46-102min!
diffusion 0.89 0.38

By analyzing the results of the fit of experimental data with kinetics model it is possible to note
that the pseudo-second order model results to be the best model to fit the experimental data for
MB concentration of 500 mg L™ and 250 mg L, therefore, the concentration doesn’t affect on
the kinetic of the process, and a chemisorption is observed. For the concentration of 250 mg L
! of MB, the fit with the pseudo-second order model gives a value of 113.64 mg g for the
adsorption capacity (about 100 mg g™* for the experimental data). For the concentration of 500
mg L the intraparticle diffusion model results to have a R? coefficient higher than liquid film
diffusion and the value obtained of R? allows to say that the intraparticle diffusion is the slow
step (limiting for diffusion step) while for the concentration of 250 mg L the slowly step of
the adsorption is the liquid film diffusion. The value of 142.8 mg g for ge obtained from the
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pseudo-second order model is higher than the value obtained for initial concentration of 250

mg L1 (113.64 mg g}), that is very closed to the experimental data (about 100 mg g*), confirms

the best fit obtained for the data collected with the initial concentration of 250 mg L. The
surface area covered by MB results to be 311,39 m? g for Co=250 mg L* and 393.50 m? g

for Co= 500 mg L. The value of adsorption capacity obtained is higher or comparable with

other reported in literature for pyrolyzed/activated coffee waste [45, 46] or coffee residues

untreated [39, 45, 47]. In the table 48 a comparison with other activated carbon derived from

different/same biosources was reported.

Tab. 48 Comparison of adsorption capacity for different adsorbent material derived from

different bioresources.

Material Adsorption capacity (mg g?) | Reference
Ground coffee activated by | 113.64 (Co=250 mg L?) This work
alkaline medium at 300°C 142.80 (Co=500 mg L?)

Coffee ground activated by | 99.43 48
microwave heating (alkaline

activation)

Coffee residues 6.76 46
Coffee ground pyrolyzed at | 129.90 47
850°C

Coffee residues 4.68 40
Coffee ground activated by | 367.00 31
phosphoric acid at 450°C

Pine fruit shell 529.00 49
Black stone cherries 321.75 6
Walnut shell 315.00 50
Oil palm shell 243.90 51
Hazelnut husks 204.00 52
Plant leaf powder 61.22 53
Wood apple rind 40.00 54
Cherry stones 276.00 55
Rice husks 441.52 56

Adsorption isotherm

The adsorption isotherm obtained at initial pH of 6 and 7.5 are reported in the figure 96. The

standard deviation of each data is also reported.
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Fig. 96 Isotherm adsorption at different value of pH (6 orange circle and 7.5 blue circle).
Co=500, 400, 250, 125, 100 and 25 mg L"* for pH 7.5, Co=1000, 500, 350, 250, 100 and 50

mg L for pH 6, 100 mg of adsorbent material, stirring speed=400 rpm, contact time=30

minutes.

As expected, the adsorption capacity increase with the increase of equilibrium concentration

until to reach a plateau at 300 mg L™ at pH 7.5 with a gmax of about 100 mg g* and 400 mg L*

with a gmax of about 60 mg g* at pH 6. In the table 49 are reported the equation of linear

regression and the linear regression coefficient of experimental data fitted with each models.

Table 49 Fit of adsorption isotherm data by using Langmuir, Freundlich, Temkin and

Dubinin-Radushkevich models.

pH 7.5 pH 6

Model R x* | Equation R ¥* | Equation

Langmuir 0.922; y=6.5-103x +1.18 0.983; y=1.3-10%x +0.73
0.39 0.36

Freundlich 0.934; y=0.75x + 0.42 0.896; y=0.39x + 1.89
0.26 1.1

Temkin 0.983; y=26.98x — 62.68 0.957; y=14.42x - 20.08
0.08 0.51

Dubinin- 0.841; y=-5-10"x + 4.09 0.938; y=-5-10"x + 4.02

Radushkevich 0.67 0.6

By varying the pH, a change of mechanism of interaction happens. In particular, at pH 7.5 the

model that best fits the experimental data results to be the Temkin model, while at pH 6 the

Langmuir model was the best fit for experimental data. Therefore, at pH 7.5 the adsorbate
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interact with a heterogeneous surface and a multilayer of adsorbate on adsorbent could be
present, while at pH 6.5 the increase of H causes an adsorption of just one layer of MB due to
the reduction of electrostatic interaction and the surface could result homogeneous because H*
was adsorbed on it. The gmax reported previously support these hypotesis (100 mg g™ at pH 7.5
vs 60 mg gt at pH 6).The value of Langmuir constant calculated was 1.8-102 L mg™and the
value of gmax calculated was 76.92 mg g*. The value of separation factor is between 0 and 1 for
each value of initial concentration, therefore the process was favorable. The value of
equilibrium binding constant calculated by Temkin model was 0.099 L g and the value of B;
(related to the heat of adsorption) was 26.98 J mol™. The adsorption capacity evaluated by
isotherm adsorption is comparable with values reported in literature [39, 44, 46].

Influence of initial concentration

In the figure 97 is reported the influence on the adsorption capacity of different initial

concentration of MB for different value of pH.
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Fig. 97 Adsorption capacity for different value of MB initial concentration. Co= 500, 400,
250, 125, 100 and 25 mg L™* for pH 7.5 (blue circle), Co=1000, 500, 350, 250, 100 and 50 mg
L2 for pH 6 (orange circle), 100 mg of adsorbent material, stirring speed=400 rpm, contact

time=30 minutes.

An initial rapid increase of adsorption capacity was observed by increasing the initial
concentration of MB for both the value of pH, after the initial increase a plateau was reached at
initial concentration of about 250 mg Lt at pH 7.5 and about 350 mg L at pH 6. The different
minimum initial concentration required to reach the plateau is associated to a different

adsorption capacity of the material at different condition of pH.
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Thermodynamics studies

The evaluation of the thermodynamic of the adsorption process of MB on treated ground coffee
was conducted. In the table 50 are reported the values of each parameters calculated from this
study (standard enthalpy, standard entropy, standard free energy and minimum temperature of
spontaneity).

Tab. 50 Thermodynamic parameters of adsorption process of MB on treated ground coffee.

AH (kJ mol?)
1.28

AS (J moltK?)
7.10

AGO (k.l m0|'1) Tmin (OC)
-0.84 -83

The increase of entropy due to the increase of randomness at interface liquid/solid results to be
the driving force of the process. The process results to be endothermic, therefore the increase
of temperature promote the process in terms of equilibrium position and velocity of process.
The value of free energy obtained demonstrates that the physio adsorption happens. The value
of free energy obtained and the physical adsorption observed were comparable with literature
data [56, 57]. In the table 51 are showed the experimental and theoretical free energy and
equilibrium constant of the process at different temperature. It is possible to note the perfect

correlation between experimental and theoretical data.

Tab. 52 Equilibrium constant and free energy obtained from experimental and theoretical
data. Experimental data were obtained for adsorption test of MB solution of 500 mg 1L, 100

mg of adsorbent material, pH 7.5, stirring speed= 400 rpm and contact time= 30 minutes.

Temperature | 22 experimental 9e theoretical AG%experimental | AG%theoretical

(K) Ce Ce (k) mol) (k) mol)
(mgl) (mgl)

293 1.39 1.39 -0.80 -0.80

313 1.43 1.45 -0.94 -0.94

323 1.46 1.46 -1.02 -1.01

4.Conclusions

The above presented and discussed results have proved that ground coffee can be treated and
carbonized by soft alkaline activation. The performance of this activated carbon is comparable
with that of other active carbon derived from other biosource and/or activated with different
processes. No particular or hard condition are required to remove MB from aqueous solution,

the very low minimum temperature of spontaneity of the process ensure the feasibility of the
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process also during the winter if the process is conducted outdoor. The neutral pH required for
the treatment allows to reintroduce the treated water in the natural cycle of water without further
treatment. Furthermore, the ground coffee and the described process of activation result to be a
good way to produce an adsorbent material useful for environmental safeguard and, further
study can be conducted to examine the possibility to remove other pollutants and determinate
the amount of it adsorbed by this material. This study demonstrates how a human waste can

become a resource and offer a reflection on the recycle of waste product of agri-food industry.
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3. General conclusions and outlook

3.1 General conclusions

The adsorption process is widely used for the environmental remediation and upgrade of the
basic wastewater treatment into the municipal wastewater plants. The most used adsorbent
material used is the activated carbon and the process results to be cheap, easily to perform and
no metabolities are produced from the contaminants. Even if the process is already largely
widespread and used, several studies are focused on it to develop it and increase the sprectrum
of contaminats that can be removed and the situation of application. As reported in the previous
sections, the develop of the adsorption process results to be very interesting for the removal of
emerging contaminants like plasticizers, personal care and pharmaceutical products, pesticides.
Furthermore, the develop of the process results to be very important to guarantee its good
performance at lower concentration of typical contaminants treated than nowadays or for the

application of it in new situation and setup, like the injection of adsorbent material into the
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contaminated groundwater or the coupling of the adsorption with other traditional or advanced
process, like biodegradation, advanced oxidation process, photocatalytic degradation etc. For
these reason, the investigation of the use of new adsorbent material is very important to develop
the adsorption process. This PhD thesis demonstrates the possibility of the use of thermo-
plasma expanded graphite as adsorbent material with interesting results and the perspective of
the modification of its morphological and physical-chemical properties to use it on new and
innovative adsorption setup. Several contaminants were tested to verify the spectrum of
potential application of the thermo-plasma expanded graphite for the adsorption process on the
field. Because the hydrophobic nature of the thermo-plasma expanded graphite, its ability to
remove contaminants was tested on organic compounds. It was demonstrated that compounds
like methylene blue, trichloroethylene, toluene, ethylbenzene, xylenes, atrazine,
carbamazepine, 17-a ethinylestradiol, bisphenol A, diclofenac, dimethylphtalates,
diethylphtalates, dibuthylphtalates and di-isobuthylphtalates can adsorbed on it. The thermo-
plasma expanded graphite was tested in its original commercial form (a very light powder that
float on the water) and as modified form prepared during the experimental work. Lab-scale
procedures were optimized for the production of a granular form of thermo-plasma expanded
graphite by physical entrapment into sodium alginate and for the production of an hydrosoluble
form of the thermo-plasma expanded graphite through the sonication of the commercial form.
The granular form was used and tested as fixed bed for the filtration of lab-contaminated water
and the hydrosoluble form was used and tested as permeable reactive barrier injected at low
pressure for the treatment of lab-contaminated groundwater. During the characterization of the
adsorption process of all the previous reported contaminants on the thermo-plasma expanded
graphite, different parameters were tested to have deep information on it. Kinetics,
thermodynamics and isothermal information were obtained, the influence of the pH, the initial
concentration of the contaminats, the effect of ionic strength or presence antagonistic molecules
, the effect of headspace (for volatile contaminants) and the effect of the contemporaneous
presence of contaminants on the adsorption process were tested. For the fixed-bed tests also the
effect of the flow rate and bed depth were tested. Furthermore, the regeneration ot the adsorbent
material were also investigated by thermal recovery and very promising results were obtained.
The material preserves its adsorption properties after five cycles of use and regeneration. This
PhD thesis demonstrates that thermo-plasma expanded graphite can be used for the typical
adsorption setup to remove a large spectrum of contaminants and the lab-scale conducted tests
represent the first mandatory optimization step of the process on the field. The most interesting

results obtained during this PhD thesis work are the results obtained by modifying the
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commercial form of the thermo-plasma expanded graphite. The granular form resulted to be
very useful for the adsorption on fixed bed with very high adsorption capacity and the
mechanism of production that was optimized allows the coupling of the graphite with other
compounds and it can be useful to prepare a material for coupling adsorption to other
remediation process (in the outlook section it is better explained). The tests conducted on the
hydrosoluble form of the thermo-plasma expanded graphite were very promising and
demonstrated the possibility of the use of the material as permeable reactive barrier injectable

at low pressure for the treatment of contaminated groundwater.

3.2 Outlook

The thermo-plasma expanded graphite wast tested as the commercial form, granular and
hydrosoluble form. The promising results suggest to evaluate the performance of the material
at lower concentration than the concentration tested during the work to reach the concentration
of pug L. Further contaminants can be tested to evaluate the ability of the thermo-plasma
expande graphite and increase the spectrum of compound that can be removed by using that
material. The most interesting outlook for the material is the possibility of further modification
of its morphology and physical-chemical properties. Further modification can be conducted to
improve the characteristic of the thermo-plasma expanded graphite and obtain a material with
properties useful for field implementation. One modification could be the magnetization of the
material to facilate the recover of the adsorbent after its use. It could very useful for batch
application in pump & treat setup or in wastewater treatment plants. Further study can be
conducted by entrapping into the granular thermo-plasma expanded graphite molecules of oxide
metals with photocatalytic properties to couple the adsorption and the photodegradation. It
could be useful to overcome the limitation of the saturation of the adsorbent materials that limits
the use of the adsorption process. Other promising modifications can be conducted by
entrapping microorganism able to degradate contaminants to couple adsorption and
biodegradation with the same benefit described for the coupling of adsorption and
photodegradation or by introducing functional groups on the surface of the thermo-plasma
expanded graphite. Polar groups can be introduced to enhance the affinity with the water and
facilitate the dispersion into the water. It could be useful to increase the diffusion of the
contaminants on the surface of the thermo-plasma expanded graphite or to obtain an adsorbent
material easily injectable into groundwater. Other specific functional groups could be added to

confer to the material a selective adsorption property. The thermo-plasma expanded graphite
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could be used for this last purpose by representing an ideal substrate due its optimum
mechanical properties.

229



