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SUMMARY

Water is a scarce natural resource, indispensable for human life and for the environmental
sustainability, which with the passage of time, has suffered an alarming deterioration as a result
of the rapid human and economic development. For years, quantities of pharmaceutical
compounds, such as acetaminophen (ACE), ciprofloxacin (CIP), diclofenac (DIC) and
sulfamethoxazole (SUL), have been present in municipal, hospital and industrial wastewater,
and due to the inefficiency of the conventional water treatment methods, these compounds have
been detected, in both natural and drinking waters, producing adverse effects on the living
beings of the aquatic and terrestrial ecosystems. Therefore, the study of the behavior of these
compounds in the environment, and their possible elimination in wastewaters, is a subject of

growing interest for researchers around the world.

Alternatives such as membrane filtration, advanced oxidation processes and adsorption by
using activated carbon are among the most promising options to deal with pharmaceutics in
wastewaters. The use of activated carbons is of particular interest thanks to their high efficiency
and easy application. In addition, activated carbons can be obtained from organic wastes, such

as coconut husks, bamboo, fruit seeds and peels, sawdust, coffee pulp and rice husks (RH).

Among them, RH are of special interest, because in many developing countries, including
Colombia, it is considered an environmental problem. In fact, large volumes of this waste are
produced annually, and a significant part of them are not used or inadequately disposed,
generating environmental pollution. Therefore, the use of this waste for the production of
activated carbon for water treatment allows the simultaneous treatment of two environmental
concerns: the elimination of waste generated by the RH and the elimination of contaminants,

such as pharmaceuticals, from waters.
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Considering the aforementioned, this work focused on the preparation of activated carbons from
RH to be used in the elimination of various pharmaceuticals in aqueous solution. Activated
carbons prepared from RH wastes were activated with NaOH, ZnCl, and FeCls at 800°C.
Initially, these materials were applied in the elimination of a mix of ACE, CIP, SUL, and DIC
in distilled water. The results showed that NaOH activated RH carbon is the most effective in
removing all of four contaminants. Then, several NaOH activated RH carbons with different
ash content, RH-NaOH-800°C (activated carbon from RH activated with NaOH at 800°C), RH-
NaOH-800°C pretreated and RH-NaOH-800°C post-washed, were tested on its ability to
remove the organic pollutants. The results confirmed that a decrease in the percentage of ash
increases the BET surface area, and consequently the adsorption capacity of activated carbon.
The best activated carbon, RH-NaOH-800°C post-washed, was then tested on adsorption of the
pharmaceuticals in both distilled water and synthetic urine, to determine the effect of the
chemical structure of the contaminant and the complexity of the matrix on the adsorption
capacity. CIP, due to its zwitterion structure, was the pharmaceutical that presented the highest
affinity with the adsorbent surface, while ACE was the one with the lowest affinity. Both, ACE
and CIP, were then selected to better understand the process by investigating isotherms
(Langmuir, Freundlich and Redlich-Peterson models), kinetics (pseudo first-order, pseudo-
second order and intraparticle diffusion models), and thermodynamics involved during the
adsorption. The best fit, of both pharmaceuticals, for the Langmuir isotherm, which was
confirmed by the Redlich-Peterson model, suggested a monolayer-type adsorption, presenting
maximum adsorption capacities of 555.56 and 210.55 mg g™ for CIP and ACE, respectively, in
RH-NaOH-800°C post-washed. Concerning the kinetic models, the best fit, of ACE and CIP,
to the pseudo second order model suggests that the adsorption capacity is proportional to the
number of active centers of the adsorbent. Furthermore, the intraparticle diffusion model

indicated that ACE and CIP adsorption occur both on the surface and within the pores of the
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activated carbon. Thermodynamic studies such as activation energy (Ea), enthalpy change
(AH°) and Gibbs free energy change (AG°) suggest that the physisorption of both pollutants
takes place in a spontaneous process. However, the thermodynamic data showed that ACE
physisorption is an exothermic process, while the CIP physisorption process is endothermic,

suggesting that the material developed temperature-dependent functional groups.

These results presented in this work show the possible application of RH residues as an
promissory option for the elimination of pharmaceutical pollutants from water and urine. The
best activated carbon prepared from RH and activated with NaOH can be effectively used for
adsorption, in a complex matrix like urine, of various types of pharmaceutical contaminants
with different chemical structures, such as ACE, CIP, SUL, and DIC, presenting adsorption

percentages of 71.97, 98.36, 94.23 and 97.87%, respectively, in 5 minutes of treatment.
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CHAPTER 1

1.1. Introduction

Pollution with contaminants of emerging concern (CECs) is nowadays one of the most
important environmental problems, due to their continuous introduction into the environment.
In fact, even at low concentrations, CECs causes adverse effects on the available resources.
Water, is one of the most affected natural resources, which are of particular interest due to the
variety of CECs that are not removed by conventional water treatment systems. A wide variety
of CECs, such as human and veterinary pharmaceuticals, has been widely reported in freshwater
environments [1], [2], which can elicit effects at very low environmental concentrations in both
plants and animals [3]-[5]. Pharmaceutical products are of great concern given that, although
these compounds are at trace levels (from ng L™ to ug L) in the environment, they produce
accumulative effects due to their high persistence [6], [7]. Furthermore, the combined effects

of pharmaceuticals increases the risk due to negative synergistic effects [8].

To deal with this, it is necessary to implement effective treatments for pharmaceuticals at the
source, thus minimizing the pollutant charges of conventional treatment plants. Otherwise,
advanced tertiary treatment can be used as a complement of conventional treatment systems.
Thus, the treatment of waters and wastewaters containing pharmaceuticals have been tested
using solar photo-Fenton [9], [10], photolysis [11], heterogeneous photocatalysis [12],
electrochemical oxidation [13], activated sludges [14], filtration [15] and adsorption [16], [17].
However, these methodologies have shortcomings, such as high costs, high generation of sludge
[18] or dangerous by-products generation [9], [10]. Therefore, the search for more effective,

economic and safe wastewater treatment methods is a need.

Adsorption-based systems present some advantages for the treatment of effluents contaminated

with pharmaceuticals, such as low-cost implementation and easy operation. In this sense, low-
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cost biomass can be pyrolyzed in absence of oxygen to produce biochar. This carbon material
can be utilized raw, or activated with chemicals to improve its adsorbent properties [19]. Among
the vegetable residues used in the production of activated carbons, rice husk (RH) is of special
interest, because in many developing countries it is considered an environmental problem. In
fact, in 2011 it was reported that 400 thousand tons of RH are produced annually in Colombia

[20].

Considering the abundance of this waste in Colombia, and the fact that several studies confirm
the use of this material as an good adsorbent of different pollutants [21], to implement a strategy
that minimizes the presence of RH in the environment and at the same time contributes to the

removal of pharmaceuticals from water is of particular interest.

1.2. Problem Statement

The presence of pharmaceutically active compounds in the environment has drawn attention
over years [22], due to their toxicity [23], ubiquity, persistence, and biological activity [24]—
[26]. Furthermore, in Colombia, the legal requirements for their discharge into surface water
bodies have not yet been established. In general, the freshwater environment is thought to be
an important sink for different types of pharmaceuticals [27]. These compounds are
continuously discharged into the environment, as the initial product or as human metabolites,
and during their passage through urban wastewater systems they can be subjected to several
transformation reactions, giving rise to by-products, which may have greater toxicity than the

precursor compounds [28]-[31].

Acetaminophen (ACE), ciprofloxacin (CIP), diclofenac (DIC) and sulfamethoxazole (SUL) are
pharmaceutical compounds that have been detected in both influents and effluents of WWTP

[32].
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ACE is a pharmaceutical widely used as anti-inflammatory and analgesic [33]. DIC is a non-
steroidal analgesic, anti-inflammatory, antirheumatic and antiarthritic compound, which has

been classified as toxic, and one of the most widely used pharmaceuticals [34].

SUL is a sulfonamide-type antibiotic, which is used in the prevention and treatment of
infections. CIP, is a synthetic antibiotic used to treat a wide variety of bacterial infections, such
as respiratory tract infections, urinary tract, skin, bone, gastrointestinal tract and ear canal,

among others [35].

The continued presence of antibiotics in the water, even at low concentrations, can have
detrimental effects on the ecosystem. For example, presence of SUL and CIP in natural waters
can lead to the development of antibiotic resistance in microorganisms, which cause
suppression of the therapeutic efficacy of antibiotics against pathogens [36], [37]. Furthermore,
the photosynthesis mechanism of some plants, such as algae, can be inhibited by the presence

of antibiotics in the water [38].

ACE, used to treat pain and fever, is widely consumed in Colombia; in fact this is sold without
medical prescription [39]. ACE is metabolized (up to 90%) in the body by hepatic
biotransformation into glucuronic acids and sulfonate conjugates, which are renally eliminated
[40]. Only 3-5% of ACE is excreted unmetabolized by the kidneys [41]. Despite its high
metabolism, it has been estimated that the worldwide amount of this chemical that reaches the
WWTP is 292-585 Ton/year [40]. Thus, this contaminant has often been found in municipal
wastewater effluents in concentrations up to 65 pg L™ [42]. In Colombia 29.66, 0.16 and 15 g
L1 of ACE has been detected in effluents of municipal WWTP from Bogota, Medellin and the
Amazonian region, respectively [32]. Although the concentration of ACE detected in natural
waters in generally below the range of ug L™ [33], its presence can affect aquatic organisms

[43], due to the capacity of this chemical to bioaccumulate [44]-[47].
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On the other hand, agro-industrial processing and production has always resulted in some type
of waste in the form of a solid, liquid or gas. The waste generated has high values of biological
oxygen demand and can cause problems in different aspects, including the cost of collection,
disposal, treatment, and the consequent loss of valuable raw materials [48]. For example, the
annual global production of RH is approximately 148 million metric tons [49], where more than
96% of RH is produced in developing countries [50]. Of all the RH production around the
world, only 17% is reused in several applications [51]. Thus, large volumes of RH are burned

in open spaces or end up in the environment causing negative impacts on the living organisms.

Therefore, in order to contribute in two environmental issues: the contamination by
pharmaceuticals in wastewaters and the pollution occasioned by RH wastes, the adsorption
capacity of activated carbons prepared from RH was evaluated in the removal of four
pharmaceuticals models (ACE, DIC, SUL and CIP) from waters. The elimination of the selected
contaminants in urine, which is a primary source of water contamination by pharmaceuticals
was particularly considered. Special attention is paid in the effect of different activating agents

(ZnCl2, NaOH and FeCls) on the adsorption capacity of the contaminants.

1.3. Hypothesis
e RH waste present in Colombia (from the Huila department) or activated carbons
obtained from this residue can be effectively applied to the removal of pharmaceuticals
such as ACE, CIP, SUL and DIC, even in urine.
e Activated carbons obtained from the RH waste are better adsorbents of pharmaceuticals

than their corresponding natural raw material.
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1.4. Objectives

General objective

e To evaluate the behavior of activated carbons prepared from rice husks (Oryza Sativa)

in the removal of pharmaceuticals present in urine.
Specific objectives

e To develop activated carbons from rice husks (Oryza Sativa) for use as adsorbent.

e To characterize physiochemically the activated carbons obtained from rice husk (Oryza
Sativa).

e To evaluate the effect of both the activating agent and the chemical structure of the
contaminant on the process of adsorption.

e To establish the adsorption capacity of the activated carbon of rice husk with better
behavior compared to a commercial activated carbon during the removal of the tested
pharmaceuticals.

e To determine the adsorption mechanism of pharmaceuticals for the most efficient

activated carbon obtained.

1.5. Theoretical framework and background

Pharmaceutical products are a group of bioactive chemical compounds used in veterinary,
animal farms, and humans medicine [52]. Various investigations have shown that
pharmaceuticals are present in surface waters, seawater and even in groundwater [3], [53], [54],
[55]. Much of the pharmaceuticals are not metabolized and are released into sewage systems
[56]. Therefore, a high concentration of pharmaceuticals can be found in raw wastewater [57]-
[59]. According to studies the range of pharmaceutical concentrations in raw wastewater is 10
%to 102ug L [60]. Additionally, common wastewater treatment plants (WWTPs) cannot

efficiently remove these substances from liquid and sludge effluents [32]. When found in
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wastewater, these compounds become dangerous pollutants to both aquatic environment and

humans due to their adverse effects on aquatic life [55].

The appearance of pharmaceuticals in the environment depends on many variables, the most
obvious route is through urine and feces, but other anthropogenic mechanisms must be

considered [61], [62], such as:

e Direct disposal from home by consumers (by expiration).

e Direct contamination of these residues to soil, through the biosolids from treatment
plants (activated sludge).

e Veterinary products released into the urine and animal excreta, later used as fertilizer,
and which due to runoff causes water contamination.

e Pharmaceutical products and their metabolites from aquaculture; which are dumped
directly into surface waters.

e Effluents from pharmaceutical production plants.

Pharmaceutical compounds are subdivided into a diverse group of organic compounds such as
antibiotics, hormones, anti-inflammatories, antiepileptics, blood lipid regulators, beta-blockers,
contrast media and cytostatic drugs, antimicrobial agents, synthetic musk, insect repellents,
preservatives and UV protection filters [63]. Within this great variety, different studies
published since the beginning of the new century have shown that ACE, DIC, SUL and CIP are
among the most frequently detected pharmaceutical residues in water bodies water [64], [65].
ACE is a pharmaceutical with analgesic and antipyretic properties used mainly to treat fever
and mild and moderate pain. DIC is a pharmaceutical that is a member of the non-steroidal anti-
inflammatory family, which is indicated to both reduce inflammation and as an analgesic. SUL
is a sulfonamide-type bacteriostatic antibiotic that is frequently used for the treatment of urinary

infections. CIP is an antibiotic from the group of fluoroguinolones that contain fused aromatic
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rings and a carboxyl group attached; the mode of action of this antibiotic is by interfering the
replication and transcription of bacterial DNA, and is active against Gram-positive and Gram-
negative bacteria. Table 1, describes some physicochemical properties of the studied

pharmaceutical and Figure 1, shows their chemical structures, in accordance with their pKa

values.

Table 1. Physicochemical properties of studied pharmaceuticals.

CIP SUL ACE DIC
Chemical 2 9 - T ¢
structure FMOH ¥ ) T ’ NH
a N /©/ N 0 ol OH
HN\) A o HO o]
Chemical Ci7H1gN5F 05 CioH11N505S CgHyNO, Ci4H11NCL,0,
formula
Use Antibiotic Antibiotic Analgesic, anti-  Anti-
inflammatory inflammatory
Molecular 331.346 g/mol 253.279 g/mol 151.17 g/mol 296.148 g/mol
weight
Water 30000 mg/L (20°C) 610 mg/L (37 °C) 12.78 mg/mL (20°C) 2.37 mg/L (25°C)
solubility
pKa pKai: 6.3 pKay: 8.6 pKai: 2.0 pKay: 6.2 pKai: 9.38 pKai: 4.5
Average life 4 hours 10 hours 1-4hours 1.5 -2 hours
Excretion Renal: 60% bile: 15% Urine: 20% unchanged Renal: 85-90% DIC unchanged:

bile, 1% in urine;
metabolites: 35%
bile, 65% urine.
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Figure 1. Chemical structure of pharmaceuticals according to pKa. (a) CIP; (b) SUL; (c) DIC;

(d) ACE.

Pharmaceutical contaminants in raw wastewater from hospitals, homes, veterinary clinics, and
health care units eventually end up in WWTPs. Unfortunately, WWTPs employing
conventional methods do not efficiently remove these compounds, and they can remain in
effluent wastewater (EWW) at concentrations similar, or even higher, than in influent
wastewater (IWW) [66]-[69], even after applying tertiary treatment [70]. Consequently, the
pharmaceutical products still present in the treated wastewater are introduced into the aquatic
environment, bringing serious damage to the ecosystem, thus becoming a danger to human

health [66], [71]. For this reason, it is important to identify and evaluate the efficiency of
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technologies for water treatment, in order to propose alternatives that allow minimizing the

presence of pharmaceutical compounds at a low economic, energy and environmental cost.

Some promising alternatives for the elimination of pharmaceutical in water are ozone [72],
electrochemical oxidation [73], [74], homogeneous photodegradation [75], [76], membrane
separation [77], [78], osmosis [79], electrocoagulation [80], ion exchange processes [77], [78]
and adsorption [81]. The last one is among the most attractive options, due to its easy operation,

efficiency, and relative low cost in the elimination of antibiotics [81].

On the other hand, the manufacture and transformation of agro-industrial products results in
large amounts of solid organic waste, with the consequent cost of its collection, treatment, and
disposal [48]. Therefore, it is necessary to look for alternatives of using such wastes in order to
reduce their negative impact on the environment. In the last decade, the scientific community
has investigated the use of activated carbon with materials obtained from biomass as an
interesting option for the treatment of water contaminated with pharmaceuticals. Figure 2
provides an overview on adsorption studies (published in January-March 2021) according to

the type of pharmaceutical, adsorbent precursor and type of activation to prepare the adsorbent.

PHARMACOLOGICAL GROUP

Synthetic hormones 3% Antihypertensive 6%

NS 9% auds ze
SalDs 1 Antibiotics 44%

Analgesics 25%

(a)
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TYPE OF TREATMENT TYPE OF PRECURSOR

Hydrothermal treatment + Chemical activation 3%
No treatment 10%

Chemical activation 39%

Agricultural 47%

Agro-Industrial 13% (c)

Figure 2. Percentage of published studies on the elimination of pharmaceutical products by
alternative adsorbents classified according to the specific pharmaceutical product (a), type of

treatment during the production of activated carbon (b), and type of precursor of the adsorbent

().

As seen in Fig. 2, practically a half of the precursors used as adsorbent are coming from
agriculture activities. The most promising agro-industrial waste products used in obtaining
activated carbons for the treatment of contaminants include coconut husk and palm seeds [82],
potato husk [83], pods of corn [84], peanut stick wood [85], cotton stalk [86], rubberwood
sawdust [87], coffee husk [88], RH [89], among others [90]. Furthermore, high internal surface
areas, well-developed internal pore structures and the presence of a wide spectrum of surface
functional groups have been reported in these materials [88], [91]. In recent years, RH has
received a special interest due to its high availability, slow degradation and the consequent
environmental problems it generates. In fact, activated carbons obtained from RH have been
tested and applied in the adsorption of dyes as methylene blue [92], heavy metals as Pb?* [93]
and Cr® [94], pharmaceutical contaminants as ACE [89], pesticides as carbofuran [95], and
other organic contaminants such as phenol [96]. Therefore, the conversion of this agricultural
waste into activated carbon would decrease the accumulation of its waste and make it a value-

added material with potential applications in water treatment.
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The production of activated carbon from RH can mainly be carried out through two methods:
physical or chemical activation [88], [97]. Physical activation consists of carbonization of the
raw material in an inert atmosphere at a temperature between 600°C — 900°C, followed by
activation at elevated temperature (between 600°C — 1000°C) in presence of a gas oxidant such
as water vapor, air, or carbon dioxide [98]. On the other hand, chemical activation can be carried
out by means of one stage or two stages. Two-stage activation consists of precarbonization of
the precursor, in an inert atmosphere, followed by addition of the activating agent and pyrolysis
at 400°C — 900°C; while one stage activation consists of a single step, in which carbonization

and activation occurs simultaneously in an inert atmosphere.

Chemical activation has advantages over physical activation, such as the use of lower
temperatures and the availability of numerous activating agents (ZnCl,, KOH, NaOH, FeCls,
H2S0s4, H3PO4 and K2COs), which inhibit the production of volatile substances during the
process [99]. The use of FeCls as an activating agent is interesting given that the amount of
residual iron that remains in the activated carbon could allow its use as a catalyst in advanced
oxidation processes. In the same way, the use of ZnCl,and NaOH as activating agents produces
activated carbons with well-defined porous structures and high surface areas [100], [101],
which favors adsorption since there would be greater availability of active sites on the surface
of the adsorbent to be occupied by the adsorbate molecules, decreasing the concentration of the

contaminant in the solution.

The relationship between the adsorbed amount of the pollutant and its concentration in known
as isotherms or adsorption curves. The most common isotherms to describe the adsorption
characteristics of activated carbon used in water treatment are the Freundlich, Langmuir and
Redlich-Peterson isotherms. The basic assumptions of the Langmuir isotherm are: (i) the
surface of the solid is homogeneous, so that the adsorption energy is similar in all centers, (ii)

the adsorption on the surface occurs only on the active centers and (iii) each active center can
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accumulate only one molecule of adsorbate. The Langmuir isotherm can be calculated using

the following equation [154]:

= KiC o
qe_qml_I_KLCe q'()
The Eqg. 1 can be rearranged into a linear form:
. C
—“ ==+ Eq.(2)

de Am Kiqm

Where C, (mg L) and g, (mg g?) are equilibrium concentration and the amount of adsorbate
adsorbed per unit mass of adsorbent, respectively; g,,, (mg g?) is the amount of pharmaceutical
adsorbed per unit mass of adsorbent equivalent to formation of a complete monolayer. The

affinity constant, K; (L mg™), is the equilibrium constant of the adsorption process. Thus, a plot

of Ce/qe vs C,, g, can be done, and from the slope K; from the intercept. The essential

characteristics of Langmuir isotherm can be expressed by a dimensionless equilibrium

parameter, also known as separation factor, which is defined as follow [154]:

R, Eq.(3)

T 1+K,G,

Where R; values indicate the type of adsorption: irreversible (R, = 0), favorable (0 < R, <
1), linear (R, = 1) or unfavorable (R, > 1); and C, (mg L™) is the initial concentration of the

pollutant.

In it turn, the Freundlich isotherm is used in systems where the adsorption surface is
energetically heterogeneous. The Freundlich isotherm can be studied using the following

equation [155]:

e = KrC,M™  Eq.(4)
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Where Kr and n are indicators of the adsorption capacity and the adsorption intensity,
respectively. The n value indicates the intensity of adsorption as follows: If the value of n = 1,
the adsorption is linear; if n < 1, the adsorption is a chemical process; while if n > 1, the

adsorption is a favorable physical process [156]. Rearranging Eq. 4 we get,
1
Ing, = LnKp + ;Ln C. Eq.(5

Furthermore, the Redlich-Peterson isotherm is a much more versatile model than previous
models since it can be used not only in homogeneous systems, but also in heterogeneous ones
[102]. The Redlich-Peterson model can be represented as follows:

KrpCe

=" _ Eq. (6
1+ agC,P 7. (6)

de

Where Kzp (L g~1) and ai (L mg~1)F are the Redlich-Peterson isotherm constants and B is an
exponent that lies between 0 and 1. Eq. 6 can be linearized by taking logarithms of both sides,
to produce Eq.7:

C
ln(KRP—e—l) =lnazg+ BInC, Eq. (7)

e

On the other hand, the kinetics describes the adsorption rate of the adsorbate on the adsorbent
and determines the time at which equilibrium is reached. Owing to their interesting results,
pseudo first order, pseudo second order and intraparticle diffusion are the most employed [106].
The pseudo first order Lagergren equation is the oldest and most typical adsorption rate model.
This describes a reversible equilibrium of the adsorbate and adsorbent [165]. The pseudo first
order kinetic model assumes that the rate of occupation of adsorption sites is proportional to the
number of unoccupied sites [166]. Using this model, the rate of adsorption can be determined

by the following equation [167]:

In(qe —q) =Inq, — kit Eq.(8)
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Where g, is the amount of the pharmaceutical adsorbed (mg g™?) at the time ¢t (min), g, is the
amount of pharmaceutical adsorbed at the equilibrium (mg g%), and k; is the equilibrium rate
constant of pseudo first order adsorption (min). The pseudo-second order model assumes that
the rate of occupation of adsorption sites is proportional to the square of the number of

unoccupied sites [168]. Hence, the pseuso second order kinetic rate law can be written as [169]:

t

t
= +—  Eq.(9
9 k2q.%  q. 7.

Where k, is the pseudo-second order rate constant of adsorption (mg g min™).

Since the previous kinetic models do not allow to identify the diffusion mechanism, it is
important to apply the intraparticle diffusion model, which allows to predict the rate-limiting
step in the adsorption process. This model can be determined using the equation proposed by

Weber and Morris [172]:
qr = kigt/?+ C  Eq.(10)

Where g, (mg g?) is the amount of pollutant adsorbed at time ¢, k;4 is the intraparticle rate
constant (mg g* min'Y’2), while C is a constant that indicates the thickness of the boundary layer.

Then, a larger intercept means a greater effect of the boundary layer [156]. The plot g, versus

t1/2 allows us to obtain a straight line with slope k;, and intercept C.

On the other hand, to further investigate the adsorption mechanism, the feasibility and
spontaneous nature of the processes, it is necessary to evaluate the behavior of adsorption
processes when subjected to thermal changes. In the adsorption process, Ea (kJ mol™?) is defined
as the minimum energy that the adsorbate molecules must overcome. It can be estimated from

the Arrhenius equation as follows [167]:

E,
Ink, =InA,— RT Eq.(11)
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Where A, is the Arrhenius constant, R is the universal gas constant (8.314 J mol* K1), and T
is the temperature (K). The E, for the contaminants can be calculated from the slope of the plot
Ink, vs 1/T. The thermodynamic parameters: AS°, AH® and AG®° are determined using the

following equations [174]:

AS°  AHP
InKe = =%

Eq.(12)

AG® = AH® — TAS® Eq.(13)

R is the ideal gas constant and T the temperature (in Kelvin). K¢ is the apparent equilibrium
constant of the adsorption process defined as K. = MW*55.5*1,000*K., where MW is the
molecular weight of the adsorbate, factor 55.5 is the number of moles of pure water per liter,
KL is the affinity constant of Langmuir and the term K¢ is dimensionless. The Ln K, versus 1/T
plots are used to calculated the slope and the intercept, which determined the parameters AH°

and AS°, respectively.

Finally, with this work it can be inferred that the use of RH as a precursor material to obtain
activated carbon could address two serious environmental problems: the elimination of residues

from rice processing and the elimination of pharmaceuticals from water.



30

CHAPTER 2

2.1. Methodology

2.1.1. Reagents

ACE (CgHoNOy), CIP (C17H1sN3FO3), SUL (C10H11N303S) and DIC (C14H1iNCI202) were
supplied by Allianz Group International Ltda. Sodium chloride (NaCl), acetonitrile (C2HsN),
sulfuric acid (H2SO4), urea (CH4N20), methanol (CH3OH), hydrochloric acid (HCI),
ammonium chloride (NH4Cl), sodium dihydrogen phosphate (NaH2POgs), sodium sulfate
(Na2S0.), sodium hydroxide (NaOH), calcium chloride (CaCly), potassium chloride (KCI),
magnesium chloride (MgCly), zinc chloride (ZnCly) and ferric chloride (FeCls) were obtained
from Merck. Commercial activated carbon (extraction cartridge) was supplied by Y-Carbon,
Inc. All solutions were prepared with distilled water, except for those solutions used for
chromatographic analysis, which were made with purified water from a Millipore Milli-Q®

system.
2.1.2. Adsorbents preparation

2.1.2.1. Natural adsorbent

RH was collected from agroindustry of the Huila department in Colombia. The material was
washed repeatedly with distilled water to remove dust and soluble impurities, and then dried in
an oven at 60°C for 48 h. The RH was ground to power and sieved to obtain uniform size

between 75 — 150 um. The material was then stored in plastic bottles before use.

2.1.2.2. Activated carbons

The preparation process consisted of two steps: carbonization and activation. RH was centered
in a furnace (KSY-6D-16B, Electric Furnace Factory) and purged with N2 gas (purity of
99.995%) at a flow rate of 60 mL min™. The temperature was increased by 5°C min* until the

desired temperature was reached (500°C, temperature determined by thermogravimetric
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analysis (TGA)). This temperature was then maintained for 2 h to complete the carbonization

process.

Subsequently ZnCl,, FeCls and NaOH were selected as activating agents, and used at mass
ratios agent/carbonized of 3:1 in order to develop high surface area [103]. In addition, since
activated carbons prepared from RH are characterized by developing greater surface areas at
activation temperatures of 800°C [89], this temperature was chosen as the activation
temperature. Therefore, the mixtures were heated at 5°C min™ up to the activation temperature

of 800°C for 1 h.

After activation, all samples were immersed in HCI 0.1 M to remove the excess of NaOH, FeCls
and ZnCl; and other impurities. Later, the activated carbons were washed with distilled water
until the pH of the rinse became neutral (pH 6.8-7.0), followed by drying at 105°C for 24 h.

Finally, the materials were stored in plastic bottles for use.

2.1.3. Characterization of natural adsorbent and activated carbons

The natural adsorbent and activated carbons obtained were characterized using different
techniques. Elemental analysis was carried out using CHSN/O elemental analyzer (Leco
Truspec micro) according to standard procedure ASTM D-5373-08 method. TGA was carried
out using a Q500 TA Instruments equipment, the temperature was increased from 40°C up to
120°C with an isotherm of 12 min, then it was increased up to 800°C at 40°C/min with an
isotherm of 10 min, the two previous stages were carried out in a Nitrogen atmosphere. Then,

the gas was changed to O, and the system was left at 800°C for 25 min.

The textural properties of natural adsorbent and activated carbons were determined by nitrogen
adsorption at 77.15 K using Micrometrics ASAP 2020 surface area and porosity analyzer.
Specific surface areas (Sget) were determined by applying the Brunauer-Emmett-Teller (BET)

equation to the isotherm. Additionally, the total pore volume (Vtp), which corresponds to the
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liquid nitrogen volume adsorbed at a relative pressure (P/Po) of 0.98 was determined. The
volume of the micropores (Vp) and external surface area (Sext) were determined using the t-
Plot method. The external volume (Vext) was calculated using the difference between Vrp and

Vup. The average pore diameter (Dap) was calculated using the 4V1p/Sget ratio.

Surface functional groups were investigated with Fourier transformed infrared spectroscopy
(FTIR) on a Spectrum Two (PerkinElmer, Waltham, Massachusetts, USA), using attenuated
total reflectance (ATR). The point of zero charge (pHpzc) for all adsorbents were calculated
using the addition solid method [104]. Additionally, surface morphology of RH was examined
by using a scanning electron microscopy (SEM), using a JEOL JSM-6490LV model. Besides,
an energy dispersive spectrometer (EDS) was coupled to the SEM to identify the relative

content of elements.

2.1.4. Adsorption experiments

2.1.4.1. Preparation of synthetic urine

The experimentation process was carried out using distilled water and synthetic urine prepared
in the laboratory. The preparation of synthetic urine was carried out according to previous
reports [73]. Table 2 details the chemical composition of the urine. The adsorption processes

were carried out at room temperature and at 200 rpm using a magnetic stirrer

Table 2. Chemical composition of fresh urine [73].

Fresh urine

Concentration [mg L™

Urea 16000
NESoN 2300
NH.CI 1800
NaH,PO4 2900
KCl 4200
MgCl,*6H,0 790

CaCl>*2H;0 680



33

NaOH 120

2.1.4.2. Operational strategy

For the adsorption tests, a dose of 0.2 g L™ of adsorbents obtained from RH was initially used
to evaluate the simultaneous adsorption of AC, DIC, SUL and CIP pharmaceuticals (15 uM) in
both distilled water and synthetic urine. The best adsorbent material was chosen based on the

percentage of adsorption (%) (Eq. 1).

(%) =22+ 100 Eq. (1)
0

Where Cq is the initial pollutant concentration (UM) and C. is the equilibrium pollutant

concentration (LM).

The best performing activated carbon was compared against a commercial activated carbon

(extraction cartridge) supplied by Y-Carbon, Inc.
2.1.5. Adsorption isotherms

2.1.5.1. Determination of the adsorption mechanism

To understand the adsorption mechanism of the best-performing activated carbon,
concentrations between 5 and 120 mg L™ of ACE and CIP were used. The data were fitted to
the Langmuir, Freundlich and Redlich-Peterson isotherms. In addition, kinetic models of
pseudo first order, pseudo second order and intraparticle diffusion were evaluated. The
comparisons of the applicability of each model of isotherms and kinetics were made on the
basis of the linear correlation coefficient (R? values). To further validate the results, an average
percentage error (APE) and a normalized standard deviation (Aq (%)) were also calculated for

the three models obtained, using the following equation:

N ‘ (Qexp—qcal)
1

APE (%) — = dexp

+100 Eq. (2)



34

(qexl’_qcal)z

— B

N-1

Aq (%) = 100

Where gexp and qca are, respectively, the experimental and calculated amounts of
pharmaceuticals adsorbed at equilibrium; while N, represent the number of measurements. As
can be seen, the APE and Aq indicates the fit between the experimental and predicted values of
adsorbed amounts, while R? shows the fit between the experimental data and linearized forms
of the isotherm and kinetic equations. The higher the values of R? and the lower values of APE

and Aq, the better the goodness of fit.

Furthermore, the thermodynamic parameters of the adsorption of ACE and CIP, in synthetic
urine, were determined at different temperatures (25-65°C), adding 0.01 g of adsorbent to 50
mL of ACE and CIP solutions at 40 mg L. Finally, an adsorption mechanism of the

pharmaceuticals evaluated in the proposed matrix was proposed.

Additionally, all the experimental tests were performed at least by duplicate considering a

confidence level of 90%.

2.1.6. Pharmaceuticals Analysis

The concentration of the pharmaceutical contaminants was monitored using an Agilent 1200
chromatograph, equipped with a LiChrospher® RP-18 column (5 um) and a UV detector (254,
267, 279 and 276 nm for ACE, SUL, CIP and DIC, respectively). The injection volume was 50
ML. The eluents were acetonitrile (A) and formic acid (10 mM) (B). The flow rate of the mobile
phase was 0.5 mL min. The following gradient was used: 0-3 min 10:90 (A:B v/v); 3-13 min

80:20 (A:B v/v); 13-20 min 100:0 (A:B v/v); 21-25 min 10:90 (A:B v/v).
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CHAPTER 3

Preparation and characterization of activated carbons from RH and their evaluation in

the removal of pharmaceuticals

3.1. Introduction

A lot of organic wastes, such as RH, had shown to be efficient in removing different types of
pollutants such as pharmaceuticals [105]. However, this adsorptive property can be improved
by transforming them in char or activated carbons. Therefore, this chapter evaluate the use of
RH as a natural adsorbent and the preparation of char at temperatures of 500°C and 800°C; as
well as activated carbons with NaOH, ZnCl, and FeCls as activating agents at 800°C. These
materials were characterized by techniques such as TGA, nitrogen adsorption, elemental
analysis, FTIR, SEM and EDS. Subsequently, the materials were tested in the elimination of a
mixture of ACE, CIP, SUL and DIC in distilled water. Once the materials were evaluated, the
best adsorbent was identified, and several washing procedures were applied, decreasing the
silica content, to further improve its adsorption capacity. Additionally, the best activated
carbon, obtained from the RH, was compared with a commercial activated carbon. Then, the
effect of the chemical and mixing structure of the pharmaceuticals and the adsorption on a
complex matrix (simulated urine) was evaluated. To better understand the adsorption process
in the urine matrix of the two pharmaceuticals with the highest and lowest adsorption
percentages, the data were adjusted to the Langmuir, Freundlich and Redlich-Peterson
isotherms and the kinetic models of pseudo first order, pseudo second order and intraparticle
diffusion were evaluated. On the other hand, thermodynamic parameters such as activation
energy (Ea), enthalpy change (AH®), entropy change (AS°) and Gibbs free energy change (AG°)
were obtained. Finally, through the FTIR analysis it was possible to propose an adsorption
mechanism for the two pharmaceuticals that presented the highest and lowest adsorption

percentage.
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3.2. Results and Discussion

3.2.1. Characterization of the activated carbons and starting material

The material adsorption capacity depends on several highly interrelated factors, such as the
physicochemical properties of the adsorbent, the chemical characteristics of the adsorbates and
the prevailing experimental conditions [106]. Initially, the physicochemical properties of RH,
were studied to know some characteristics of the raw material and predict its behavior in the
adsorption of pharmaceuticals. However, the surface area BET of RH is low (0.902 + 0.101 m?
g1), which suggests a poor adsorption ability [89]. Thus, it seems necessary to prepare activated
carbons to increase the surface area of the materials and consequently improve the capacity as
adsorbents of pharmaceuticals. ZnCl,, NaOH and FeClz are among the most widely used
activating agents, which are characterized by producing activated carbons with a variety of
functional groups, high surface areas and high porous structures [107]. To achieve these good
characteristics in the material, this must be activated at high temperatures (between 500°C and
800°C) [89]. Therefore, RH was used as raw material for the preparation of a carbonized at
500°C, and then it was activated with ZnCl,, NaOH and FeClz at a temperature of 800°C. The
materials obtained were denoted with the initials of the precursor, followed by the activating
agent and finally the temperature at which they were activated. Therefore, the carbons were
denoted as follow: RH-NaOH-800°C, RH-ZnClI>-800°C, RH-FeCl3-800°C, as well the controls
of the carbonized at 500 and 800°C (RH-500°C and RH-800°C, respectively) were prepared.
In this way, to know the elemental composition and the stability of the materials, a TGA
analysis was carried out for RH, RH-500°C, RH-800°C, RH-NaOH-800°C, RH-ZnCl>-800°C

and RH-FeCl3-800°C (Fig. 3 (a), (b), (c), (d), (e) and (f), respectively).
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Figure 3. TGA profile of RH and activated carbons prepared from RH. (a) RH; (b) RH-500°C;

(c) RH-800°C; (d) RH-NaOH-800°C; (e) RH-ZnCl2-800°C; (f) RH-FeCl3-800°C.

Fig. 3 (a) show three events for RH. The first event happens at a temperature lower than 150
°C, which corresponds to the released of moisture and adsorbed water from the surface. The
subsequent stage at 150 — 400 °C shows a steep weight loss of approximately 55.44%, which
can be associated to the de-volatilization of hemicellulose and cellulose [108]. Then, the third

stage at reaction temperature of 500 — 800 °C with total weight loss of 11.28%, corresponds to

the decomposition of lignin [109].

In the case of RH carbonized at 500 and 800°C (Fig. 3 (b), (c), respectively) and of the activated
carbons RH-NaOH-800°C, RH-ZnCl,-800°C and RH-FeClz-800°C (Fig. 3 (d), (e), (),
respectively) three stages in the TGA are also evident. The first stage (<150 ° C) showed a

lower humidity loss than the starting material suggesting that these material have a more
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hydrophobic character. However, RH-NaOH-800°C (Fig 3 (d)) presented a humidity higher
than RH indicating a high hydrophilicity on the activated carbon surface [110]. Next, the second
stage occurred between 150 and 800°C for all materials (Fig. 3 (b), (c), (d), (e), (f)), which
showed with respect to RH (Fig. 3 (a)), a decrease of volatile compounds equal or higher to
37%. These results indicate the efficiency of high temperatures and activating agents to
eliminate volatile compounds, which give rise to a carbon-rich structure. Consequently, the
third stage for some materials occurred at 800°C or 900°C (Fig. 3 (b)-(f)). RH-500°C and RH-
800°C (Fig. 3 (b), (c), respectively) showed a fixed carbon content higher than RH. This is
consistent with the high temperatures used in their preparation, which breaks the least stable
chemical bonds present in the material, remove heteroatoms in the form of simple gas or liquid
compounds, and consequently order the carbonaceous structure [111]. Additionally, RH-ZnCl»-
800°C (Fig. 3 (e)), presented a higher percentage of fixed carbon than RH, due to the fact that
ZnCl; acts as a dehydrating agent and at high temperatures it evaporates giving rise to the
formation of a porous structure with high carbon content [112]. The opposite happened for RH-
NaOH-800°C and RH-FeCl3-800°C (Fig. 3 (d), (f), respectively), which decreased the
percentage of fixed carbon with respect to the starting material. The phenomenon occurred with
FeCls, is because this activating agent at high temperatures react strongly with the carbonaceous
matrix causing in some cases the destruction of the carbon [113]. While that the result with
NaOH is attributed to the reaction that this activation agent has with the C, where CO- is
produced generating porosity [114]). Finally, at 800°C or 900°C, the atmosphere was changed
from N2 to O, where all the materials prepared showed, as expected, a higher percentage of
ashes than those reported for RH. The percentage of volatile material, fixed carbon and ash in
dry base of the raw material and activated carbons obtained from the TGA profiles are

summarized in Table 3.
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Table 3. Yield, elemental and proximate analysis of natural adsorbent, RH carbonized at

different temperatures without activating agents and activated carbons prepared from RH.

Elemental Analysis Proximate Analysis (dry base)
Adsorbent Yield C H N @) Volatile Matter Fixed Ash
(wt. %)  (wt. %)  (wt.%)  (wt. %) (wt. %) (wt. %) Carbon (wt. %)
(wt. %)

RH - 36.00 3.9 0.56 38.00 61.19 12.45 26.37
RH-500°C 40.00 54.6 0.7 0.0 5.2 14.27 43.56 42.17
RH-800°C 39.00 28.1 0.0 0.0 18.9 14.22 28.88 56.90
RH-NaOH-800°C 18.70 27.4 0.0 0.0 0.0 5.79 11.58 82.63
RH-ZnCl:-800°C 17.76 36.8 0.0 0.7 135 8.66 38.57 52.77
RH-FeCl:-800°C 43.88 27.3 0.0 0.8 0.0 13.42 1.40 85.18

Conventions: The first two letters refer to the starting material, NaOH, ZnCl,and FeCls are the agents used to activate the carbons,
and the number means the temperature at which the carbons were activated.

The information of Table 3 confirms that the carbonized and activation processes at high
temperatures reduces in the materials the content of volatile material, and according to the
activating agent, increase or decrease the fixed carbon content. In addition, the preparation
process increased the ash content in the material. FTIR analysis of RH, as well as the carbonized
at different temperatures without activating agents and activated carbons prepared from RH are

shown in Fig. 4.



40

E ) o1
5 = = 2 9F S =
z S Q U9y 2
! =2 = ~ oo = J
g 2 8 =T 2 A

RHG 7 o a T T = T
A\ A A

RH-500°C

RH-800°C

RH-NaOH-800°C

RH-ZnCl1,-800°C
RH-FeCl,-800°C

Transmittance (a.u.)

i,

600-Fe-O

3500 2800 2100 1400 700
Wavelenght (cm'l)

Figure 4. FTIR spectrum of natural adsorbent, RH carbonized at different temperatures without

activating agents and activated carbons prepared from RH.

In Fig. 4, a band between 3200 cm™* and 3700 cm™ assigned to the -OH stretching of carboxyl
groups (-COOH), alcohols (R-OH) and phenols (-Ph-OH) [115] is observed in RH. The peak
between 3000 cm™ and 2800 cm™* could be attributed to the vibration of aliphatic groups (C-H)
of cellulose and hemicellulose present in RH [112-113]. Also, cyanate groups can be observed
through —~N=C=0 vibrations at wavelength 2147 cm™ [118]. Vibrations between 1700 cm™ and
1800 cm!, are attributed to the C=0 stretching in the ketones or carboxyl groups [119], [120].
Others vibrations around 1440 cm™ and 1600 cm™, are associated with the aromatic skeleton
C=C stretching [121]. The materials presented a band between 900 cm™ and 1200 cm, which
is characteristic of the SiO, functional groups [122], the band at 767 cm™ is attributed to the Si-
H functional groups, while the band in the region at 3700 cm™ can be assigned to the Si-OH

stretching [122].

Besides, after the carbonization and activation process, the Fig. 4 showed a decrease in the band

between 3200 cm™ and 3700 cm™ of the OH stretching for RH-NaOH-800°C, while for the
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other materials prepared, this band disappears. This is associated with the elimination of
alcohols and phenols present in cellulose, hemicellulose and lignin, respectively. The result was
confirmed by elemental analysis, which showed a decrease or elimination of O and H for all

materials with respect to the starting material (Table 3).

On the other hand, Fig. 4 shows that compared to RH, in the prepared materials the band at
2900 cm disappeared due to the breaking of the chains of the aliphatic groups of cellulose,
hemicellulose and lignin. Regarding the band around 2147 cm™ of the -N=C=0 vibrations of
the cyanate groups, it continues to be observed for all materials. However, the elemental
analysis only reports the presence of N for RH-ZnCl>-800°C and RH-FeCl3-800°C (Table 3),
possibly because the nitrogen content of the other materials is below of the detection limit of
the technique. Furthermore, there was an increase in the C=C band around 1600 cm™ for RH-
500°C (Fig. 4) and RH-ZnClI>-800°C (Fig. 4) due to the formation of aromatic rings, which
agrees with the higher C content reported in elemental analysis for these two materials (Table
3). The other materials prepared (RH-800°C, RH-NaOH-800°C and RH-FeCls-800°C (Fig. 4),
showed a decrease in this band, associated with the effect of high temperature (800°C) and the
use of NaOH and FeCls, which managed to destroy a large part of the carbonaceous structure.

This was confirmed by the low percentage of C determined in the elemental analysis (Table 3).

Surprisingly, the band at 1050 cm™ increased its sharpness for carbonized and activated carbons
with NaOH and ZnCl; (Fig. 4), evidencing an increase in SiO2 functional groups in the structure
of the materials. For the case of RH-FeCl3-800°C (Fig. 4), the band was less sharp, due to the
iron loading [123], in fact bands under 600 cm ™ associated to the Fe-O vibrations are observed
[124]. Additionally, the band at 767 cm™ increased for all materials (Fig. 4), indicating the
increase of Si-H functional groups in the carbonaceous structure. Thus, the presence of SiO>

and Si-H in charred and activated carbons can be related to the high ash content reported by the
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TGA analysis (Table 3). The superior ash percentage for the iron activated carbon, can be

explained with the iron incorporation to the material.

Despite the disappearance and elimination of some bands in the charred and activated carbons,

it is important to highlight that RH-500°C and RH-800°C, presented interesting yields in the

process (Table 3). This indicates the import of high temperatures in the preparation of the

materials [125]. However, RH-FeCl3-800°C was the one that presented the highest yield (Table

3), this can be due to the loaded iron species on the surface of the material [126], [127].

Additionally, the surface area of RH, carbonized materials and activated carbons was studied

by nitrogen physisorption applying the BET methodology (Fig. 5 (a) and (b)) and their

characteristic parameters of the porous structure are summarized in Table 4.
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Figure 5. Nitrogen adsorption/desorption isotherms. (a) RH carbonized at different

temperatures without activating agents; (b) Activated carbons prepared from RH.

Table 4. Characteristic parameters of the porous structure of natural adsorbent, RH carbonized

at different temperatures without activating agents and activated carbons prepared from RH.

N2 Physisorption
Adsorbent SeeT Sup Sexr Ve Vexr Vi Dap

(m?g?) (m?gh) (m*gh) (cm®g?) (ecm*g?) (emgh) (nm)
RH 0.902 + 0.101 - - - - - -
RH-500°C 106.09 + 2.862 66.40 39.69 0.037 0.043 0.08 3.015
RH-800°C 341.55 + 6.550 159.65 181.90 0.087 0.173 0.26 3.079
RH-NaOH-800°C 579.12 + 7.627 45.24 533.88  0.027 1.363 1.39 9.629
RH-ZnCl;-800°C 573.48 +£19.877 293.37 302.36 0.160 0.280 0.44 2.959
RH-FeClz-800°C 223.49 + 4.123 77.12 146.36  0.043 0.147 0.19 3.410

Conventions: The first two letters refer to the starting material, NaOH, ZnCl;and FeCls are the agents used to activate
the carbons, and the number means the temperature at which the carbons were activated. Specific surface areas (Sger),
micropores surface area (Sup), external surface area (Sext), volume of the micropores (Vup), external volume (Vexr),
the total pore volume (V1p), average pore diameter (Dap).
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The nitrogen adsorption/desorption isotherms of Fig. 5 (b), showed that the amount of N>
adsorbed with increasing relative pressure (P/Po) was higher for RH-NaOH-800°C and
decreased for RH-ZnCl»-800°C, followed by RH-800°C (Fig. 5 (a)), RH-FeCls-800°C (Fig. 5
(b)) and RH-500°C (Fig. 5 (a)). Consequently, the V1p followed the order: RH-NaOH-800°C
>RH-ZnCl>-800°C> RH-800°C> RH-FeCl3-800°C> RH-500°C (Table 4). Regarding the Sget
for RH-NaOH-800°C and RH-ZnCl,-800°C was higher than in the other materials (Table 4),
obtaining values of 573.48 and 579.12 m? g for activated carbons with ZnCl, and NaOH,
respectively (Table 4); for the latter, similar BET surface areas were reported in the literature
[128]. The development of higher surface area obtained for activated carbon with NaOH is
attributed to the high reactivity, which breaks the C-O-C and C-C bonds of the carbonized.
Thus, NaOH is reduced to metallic sodium Na, hydrogen gas and sodium carbonate Na>COs.
In the presence of N, gas under elevated temperature, further activation occurs by the
degradation of Na,COs into CO, CO. and Na. Then, Na ions are entrapped into the pores, which
leads to the development of porosity [129]. Additionally, NaOH has a boiling point of 883°C,
which is above of the activation temperature. This allowed a controlled reaction where the Na
was diffused into the layer of carbon, causing the enhancement of porosity in the material which
increasing the surface area [128], [130]. For the case of RH-ZnCl,-800°C, the boiling point of
ZnCly is 732°C, therefore, at 800°C the smaller pores are prone to collapse, hence decreasing
the surface area, showing Sger similar to RH-NaOH-800°C (Table 4) [131]. On the other hand,
RH-FeCl3-800°C presented a lower Sger (Table 4), because the high activation temperature
resulted in a stronger interaction of the iron with the carbon matrix forming iron oxides [132].
These species of iron are not efficiently extracted during the washing step, which is consistent
with the significant increase in the ash content (Table 3) [124]. Results for RH-500°C and RH-

800°C (Table 4) suggest that for the development of materials with prominent surface areas the



45

use of high temperatures is preferred. In fact, 800°C is more efficient to break the chains of
cellulose, hemicellulose and lignin, which benefices the formation of a porous structure [133].
However, if greater surface area development is required the addition of NaOH or ZnCl; should

be considered.

Additionally, the isotherms of Fig. 5 (a) and (b) can be classified according to IUPAC [134].
RH-500°C, RH-800°C, RH-NaOH-800°C, RH-ZnCl,-800°C and RH- FeClz-800°C (Fig. 5 (a)
for carbonized materials without activating agents and (b) for activated carbons), show type IV
isotherms of mesoporous adsorbents [134]. The analysis is consistent with that reported in Table
4, which indicates that these materials have higher Sext and lower Syp. Consequently,
carbonized materials and activated carbons have a higher Vexr than Vp (Table 4). The higher
development of Sext in carbonized materials and activated carbons is associated with the high
content of silica in RH. Silica was not completely eliminated at 800°C or using NaOH, ZnCl;
and FeCls, which prevented the rupture of some lignin bonds and the penetration of activating
agents into the internal structure of RH, generating carbonized and activated carbons with large
pores [135]. Additionally, according to the IUPAC classification, the isotherms for RH-500°C,
RH-800°C, RH-ZnCl>-800°C and RH-FeCl3-800°C (Fig. 5 (a) for carbonized materials without
activating agents and (b) for activated carbons) showed hysteresis loops H4 associated with a
narrow slit-like pore, while RH-NaOH-800°C (Fig. 5 (b)) had a hysteresis H3 loops indicating
the formation of slit-shaped pores [134]. On the other hand, the pore size distribution (PSDs)

of carbon samples prepared from RH is shown in Fig. 6.
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Figure 6. PSDs of carbons samples prepared from RH. (a) RH carbonized at different

temperatures without activating agents; (b) Activated carbons prepared from RH to 800°C.

The PSDs shows that RH-500°C, RH-800°C, RH-ZnCl>-800°C and RH-FeCl3-800°C have the
highest pore distribution in a region below 8.0 nm (Fig. 6 (a) and (b)). In fact, a Dap between
2.950 and 3.410 nm was reported for these materials (Table 4), confirming a higher
development of mesoporosity. For the case of RH-NaOH-800°C, a wide distribution of pores
is observed in the range between 8.0 nm and 160 nm (Fig. 6 (b)); having a Dap of 9.629 nm

(Table 4). This is consistent with its superior development of mesopores.

The development of porosity can be observed in the SEM micrographs of the Fig. 7. As seen in
Fig. 7 (a), RH present a rough surface. RH-NaOH-800°C shows a significant increase in the
porosity (Fig. 7 (d)). A less porous surface was observed for RH-ZnCl>-800°C, followed by
RH-800°C, RH-FeCl3-800°C, and RH-500°C (Fig. 7 (e), (c), (f) and (b), respectively). These
results confirm the effect of high temperatures and activating agents in the preparation of porous

materials.
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Figure 7. SEM micrographs carbonaceous materials prepared from RH. (a) RH; (b) RH-500°C;

(c) RH-800°C; (d) RH-NaOH-800°C; (e) RH-ZnCI2-800°C; (f) RH-FeCI3-800°C.

The carbonized materials and activated carbons showed a series of physicochemical
characteristics such as the presence of functional groups and the development of high surface
with pores of different sizes which makes them interesting to be evaluated in the removal of
pharmaceuticals from waters. Therefore, in the next section, the ability of materials prepared

from RH, will be evaluated in the removal of ACE, CIP, SUL and DIC.
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3.2.2. Preliminary evaluation of the adsorption of pharmaceutical in waters on the
prepared material
The starting material (RH) (Fig. 8 (a)), carbonized materials at 500°C and 800°C (Fig. 8 (b) and
(c), respectively) and activated carbons RH-NaOH-800°C, RH-ZnCl>-800°C and RH-FeCls-
800°C (Fig. 8 (d), (e) and (f), respectively) were used to remove the pharmaceuticals ACE, CIP,

SUL, DIC present in a mix in distilled water.
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Figure 8. Adsorption of pharmaceuticals mixed in aqueous solution, using as activated carbon
adsorbents prepared from RH and activated with NaOH, ZnCl; and FeCls at temperature of
800°C. Conditions: Pharmaceuticals concentration 15 uM, adsorbent dose 0.2 g L™, pH 5.8
— 6.5, particle size 75 — 150 pm, temperature 25°C, stirring rate 200 rpm. (a) RH; (b) RH-

500°C; (c) RH-800°C; (d) RH-NaOH-800°C; (€) RH- ZnCl»-800°C; (f) RH-FeCls-800°C.

These contaminants have a different molecular size. For example, for ACE itis 0.95x 0.6 x 0.3
nm, CIP has 1.35 x 0.3 x 0.74 nm, SUL has 1.33 x 0.47 x 0.38 nm and DIC has 1.1 x 0.8 x 0.5
nm. Therefore, these can be adsorbed on the porosity of RH-500°C, RH-800°C, RH-NaOH-
800°C, RH-ZnClI>-800°C and RH-FeCl3-800°C, which presented a Dap between 2.959 nm and
9.629 nm (Table 4). However, in addition to Dap, the adsorption of pharmaceuticals can be
influenced by other characteristics such as the pHpzc of the material (Fig. 9), and the pKa of the

pollutant [136].
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Figure 9. Determination of the pHpzc of natural adsorbent, RH carbonized at different

temperatures without activating agents and activated carbons prepared from RH.

In this way, according to the value of their pHpzc (Fig. 9), at the pH of the solution (6.5) RH
and RH-FeCl3-800°C are negatively charged, while RH-500°C, RH-800°C, RH-ZnCl>-800°C
and RH-NaOH-800°C are predominantly positively charged. In it turn, at the pH of the
experiment, ACE (pKa of 9.5) is in its neutral form [137]. Therefore, ACE adsorption should
not be influenced by charges. Thus, the best ACE adsorption presented by RH-ZnCl>-800°C
(Fig. 8 (e)) can be associated with the proportional development of Syp and Sexr (Table 4),
which allowed the transport of the pollutant through the macropores and mesopores to reach

the micropores [138].

Acetaminophen is the smallest tested compound, which can go through the micropores of the
materials. Interestingly, adsorption in RH-NaOH-800°C and RH-800°C was similar (see Fig. 8
and Table 5). This is probably because in spite of RH-NaOH-800°C has a higher surface area
(BET), RH-800°C developed a higher microporosity (see Table 4). Additionally, RH-500°C
and RH-FeCl3-800°C (Fig. 8 (b) and (f), respectively), also presented a disproportionality

between Syp and Sext; however, ACE adsorption was low due to its small V1p (Table 4). In this



51

way, it is possible to say that a high proportional development of S,p and Sext and/or a

development of microporosity in the material favors the adsorption of ACE.

In the case of CIP, removals are observed with all materials (Fig. 8-(CIP adsorption)). The
pollutant is in its zwitterionic form (pKaz = 6.1, pKaz = 8.7) [139], where its negative charges
are forming electrostatic attractions with the positive charges of RH-500°C, RH-800°C, RH-
NaOH-800°C and RH-ZnCl>-800°C. The opposite occurs for RH and RH-FeCl3-800°C (Fig. 8
(a) and (1), respectively), which are negatively charged interacting with the positive charges of
the pollutant. Despite the fact that CIP adsorption was possible due to the attraction of charges
between the contaminant and the materials, the process was better using RH-NaOH-800°C (Fig.
8 (d)). This good result of RH-NaOH-800°C can be attributed to its highest Vtp and Sext
associated with the its greater presence of mesopores (Table 4) [140], [141]. Therefore, it is
possible to indicate that the adsorption of CIP with the different materials is through
electrostatic attractions, but the process can be improved using activated carbons with high Sexr

and Vp.

On the other hand, SUL is negatively charged (pKa: = 1.7 and pKaz = 5.6) [139] presenting a
repulsion with RH and RH-FeCl3-800°C (Fig. 9). Despite the repulsive effect of the charges, it
is observed that RH-FeCl3-800°C removed around 30% of the contaminant in 60 min (Fig. 8
(F)), possibly due to the development of Sger (Table 4). Regarding RH-500°C, despite being
favorable the electrostatic attraction with the contaminant, there is no appreciable adsorption
(Fig. 8 (b)), possibly due to the low development of Sget of the material (Table 4). Furthermore,
SUL removal was observed using RH-800°C, RH-NaOH-800°C and RH-ZnCl>-800°C (Fig. 8
(c), (d) and (e), respectively), because these materials were positively charged, forming
interactions with the negative charges of the pollutant. However, the best adsorption was
achieved with RH-ZnClI>-800°C (Fig. 8 (e)) because it presented a higher content of Syp

compared to the other materials (Table 4). This indicates that the adsorption of SUL can be
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governed by attraction of charges and it can be improved by using an activated carbon with
high Syp. Interestingly, in the materials RH-NaOH-800°C and RH-ZnCI2-800°C, the adsorption
of SUL and ACE presented similar behavior, which can be explained by the high development
of surface area and microporosity in these materials, which facilitated the retention of ACE in

the pores and the electrostatic attraction of SUL on the surface of the adsorbents.

Additionally, the adsorption of DIC, which was negatively charged (pKa 4.15) [142] was
evaluated. Therefore, it presented a repulsion with RH and RH-FeCl3-800°C (Fig. 8 (a) and (f),
respectively) and an attraction with RH-500°C, RH-800°C, RH-NaOH-800°C and RH-ZnCl;-
800°C (Fig. 8 (b), (c), (d) and (&), respectively). However, RH-FeCl3-800°C (Fig. 8 (f)) showed
50% of DIC removal in 60 min, possibly because this material developed Sger (Table 4).
However, the best adsorption was achieved with the material impregnated with NaOH (Fig. 8
(d)) associated with the greater development of Sext and mesopores content greater of 9.0 nm
(Table 4). In this way, it can be indicated that the removal of DIC is favored in materials having
a high Sexr, which can be improved by attraction of charges between the contaminant and the

material.

Additionally, the efficiency of each material was analyzed for the removal of contaminants in
the mixture. In this way, it was found that the adsorbent capacity of pharmaceuticals on RH has
the following order: CIP > SUL > DIC > ACE (Fig. 8 (a)). These results can be explained
considering the molecular size in length, height, and width of the pharmaceuticals. For example,
the molecular size of SUL is 1.33 x 0.47 x 0.38 nm [143], CIP is 1.35 x 0.3 x 0.74 nm [144],
ACE is 0.95 x 0.6 x 0.3 nm and DIC is 1.1 x 0.8 x 0.5 nm [145]. Therefore, the similar
adsorption of SUL and CIP is because these two contaminants have a molecular length greater

than DIC and ACE, which allowed them to reach the surface of RH faster.
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Additionally, using RH-500°C and RH-800°C (Fig. 8 (b) and (c), respectively), the pollutant
removal order was CIP > ACE > DIC > SUL. Furthermore, it was observed that the activated
carbons (Fig. 8 (d), (e) and (f)) showed the following order of adsorption of the pollutants CIP
> DIC > SUL > ACE. The efficiency of the materials to remove CIP is associated with the
zwitterionic form of the molecule that allows it to be attracted with positive and negative
charges at the same time [146]. Also, the good removal of CIP may be related with the
molecular size of this contaminant [144]. Thus, the greater length and lower height molecular
allowed it to reach the porous structure of carbonized and activated carbons faster than the other
pharmaceuticals [147]. For the other pollutants (DIC, SUL and ACE), the adsorbent capacity
decreased, possibly due to a mixture of characteristics related to the molecular size of the
pollutants (decrease in length and increase in molecular height), affinity for fillers and porosity
sizes [148]. To determine the best adsorbent, the total adsorption of pharmaceuticals was

calculated for each material and the results are listed in Table 5.

Table 5. Total adsorption of pharmaceutically using materials prepared from RH. The total
milligrams (mg g*) of the pharmaceutical compounds are taken after 60 minutes adding the
adsorbed milligrams for each pharmaceutically. Condition: concentration of contaminants: 15

UM , adsorbent dose 0.2 g L™2.

Adsorbent ACE CIP SUL DIC Total adsorption
(mg g*) (mg g*) (mg g*) (mg g*) (mg g*)
RH 0.0 + 0.001 5.20 £ 0.019 0.53+£0.002 0.43+0.141 6.16 £0.157
RH-500°C 1.03 + 0.139 4,63+ 0.178 0.33+0.039 0.46 +0.004 6.45+ 0.353
RH-800°C 6.37 £ 0.095 18.03 + 1.416 5.28+0.058 10.49+ 0.27 40.17 + 1.646
RH-NaOH-800°C 6.44 + 0.017 26.18 + 0.001 11.72+0.04 20.86+ 0.04 65.21 + 0.100
RH-ZnCl,-800°C 8.18 + 0.003 2392+ 0.001 13.51+0.08 19.18+ 0.04 64.79 + 0.039
RH-FeCl3-800°C 3.01 £ 0.127 16.26 + 0.884 6.61+0.211 11.76 +0.24 37.65 + 0.304
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Conventions: The first two letters refer to the starrting material; ZnCl,, FeCls and NaOH are the agents used

to activate the carbons, and the number means the temperature at which the carbons were activated.

Among the best materials for the removal of the four contaminants are RH-ZnCl,-800°C and
RH-NaOH-800°C, with an accumulative adsorption of the pollutants of 64.79 mg g* and 65.21
mg L2, respectively (Table 5). In addition, it has been reported that washing with NaOH could
lead to eliminate the silica present in the raw material [149] or the ashes contained in the
activated carbon [150]. Thus, this information increases the interest to continue studying the
adsorbent and surface characteristics of RH-NaOH-800°C. Consequently, RH-NaOH-800°C
will be washed with NaOH (RH-NaOH-800°C post-washed) and a new activated carbon will
be also prepared under the same conditions using RH previously washed with NaOH (RH-
NaOH-800°C pretreated). Possible changes in the materials will be the subject of investigation
in the next section.

3.2.3. Effect of the removal of ash from RH-NaOH-800°C on the adsorption of
pharmaceuticals

RH-NaOH-800°C post-washed and RH-NaOH-800°C pretreated, showed changes in the
surface with respect to RH-NaOH-800°C, which are reported in Tables 6 and 7. Thus, in the
new materials, a decrease in the yield was observed, which is consistent with the loss of material
in the pre-wash and post-washed with the NaOH step. However, the activated carbons increased
the carbon and oxygen content according to the elemental analysis; and according to the TGA
increased their fixed carbon and decreased their ash content (Table 6). These changes suggest
better adsorbent characteristics in the new activated carbons, indicating that it is possible to
eliminate or reduce the silicon using NaOH to wash the activated carbon or to pretreat the raw

material [92].
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Table 6. Activation process yield, pHpzc, proximate analysis in dry base, elemental and EDS
analysis of activated carbons prepared from RH and activated with NaOH at 800°C, with

normal, pretreated and post-washed processes.

Characteristics Material
RHANGOHB00°C ™ e pretreated
Yield (wt. %) 18.70 5.43 3.45
pHezc 6.8 7.1 7.6
Proximate analysis
— dry base (wt. %)
Volatile matter 5.8 154 8.9
Fixed carbon 11.6 75.8 50.7
Ash 82.6 8.8 40.4
EDS analysis
(wt. %0)
Si 72.6 7.3 36.4
Elemental analysis
(wt. %0)
C 27.4 73.7 53.6
H - - -
@) - 19.0 10.0
N - - -

Conventions: The first two letters refer to the starting material, NaOH is the agent used to activate the
carbon, and the number means the temperature at which the carbons were activated.
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Table 7. Characteristic parameters of the porous structure of the activated carbons prepared

from RH and activated with NaOH at 800°C, with normal, pretreated and post-washed

processes.
N2 Physisorption
Adsorbent SBET Sup SEXT Vup VEXT V1p Dar
(m?g™) (m?g?) (m?g’) (emig?) (em*g?) (cmig?) (nm)
RH-NaOH-800°C 579.12 +7.627 4524  533.88 0.027 1363  1.39 9.629
RH-NaOH-800°C post- 071 55 1 3087 5252 1619.03 0.044 1106 115 2763
washed
RH-NaOH-800°C 103251 + 2453 199.81 83270 0.12 0580  0.70 2728

pretreated

Conventions: The first two letters refer to the starting material, NaOH, ZnCl,and FeCls are the agents used to activate
the carbons, and the number means the temperature at which the carbons were activated. Specific surface areas (Sger),
micropores surface area (Sup), external surface area (Sexr), volume of the micropores (Vue), external volume (Vexr),
the total pore volume (V+p), average pore diameter (Dap).

The nitrogen adsorption/desorption isotherms of Fig. 10 showed that the amount of N, adsorbed
with increasing relative pressure (P/Po) presented the next order: RH-NaOH-800°C> RH-
NaOH-800°C post-washed > RH-NaOH-800°C pretreated (Fig. 10). Thus, the V1p was bigger
for RH-NaOH-800°C and lower for RH-NaOH-800°C post-washed and RH-NaOH-800°C
pretreated (Table 7). However, the Sger was higher for RH-NaOH-800°C post-washed and
decrease for the other materials (RH-NaOH-800°C pretreated > RH-NaOH-800°C) (Table 7).
The best Sger presented by RH-NaOH-800°C post-washed, is due to the fact that the NaOH
used in the wash reacts with the SiO2 present in the material and forms sodium silicate
(Na2SiO3). NazSiOs is soluble in water so it is removed in the wash [149]. Thus, the pores are
unoccupied and therefore the Sget increases. On the other hand, RH-NaOH-800°C pretreated,
showed a better Sger compared to RH-NaOH-800°C (Table 7), indicating the importance of
pre-treating the raw material silicon. But at the same time, this shows that NaOH at room

temperature is not capable of completely breaking the SiO, bonds present in RH [151]. Thus,
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RH-NaOH-800°C pretreated developed a higher ash content (Table 6), which covered the
porosity of the material causing the decrease in Sger compared to the activated carbon post-

washed with NaOH (Table 7).

1000
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Relatrve Pressure (P/Po)
Figure 10. Nitrogen adsorption/desorption isotherms for RH-NaOH-800°C, RH-NaOH-800°C

post-washed and RH-NaOH-800°C pretreatment.

In addition, according to IUPAC the isotherms of RH-NaOH-800°C post-washed and RH-
NaOH-800°C pretreated showed in the Fig. 10, were classified as type IV of mesoporous
adsorbents with a hysteresis loops H4 associated with narrow slit-like pore [134]. Therefore,
the new activated carbons showed a higher development of Sext and lower Syp (Table 7),
indicating that the materials are mainly composed of mesopores and macropores rather than
micropores. Consequently, a high Vexr and low Vp were observed (Table 7). However, the
new activated carbons showed a decrease in Sext, Vext and an increase in Syp and Ve with
respect to RH-NaOH-800°C (Table 7). In this way, it is possible to indicate that the pre-
treatment or post-washed with NaOH increases the microporosity of the activated carbons. In

the case of pre-washing, the ash content present in RH decreased. The decrease can lead to an
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increase in the activating agent/carbon ratio [149], which contributes to a better production of
porosity. While in the post-washed, the NaOH solution diffuses through the macropores and

mesopores, easily reaching the micropores of the material and eliminating ashes [150].

It is important to highlight that the three activated carbons have in common a higher Sext
development (Table 7), which is related to the presence of mesopores and macropores.
However, Fig. 11 of PSDs shows for RH-NaOH-800°C pretreated and RH-NaOH-800°C post-
washed a greater development of mesopores. In fact, a greater distribution of pores in the region
between 1.5 nm and 4.0 nm, with a Dap around 2.7 nm is observed for the two new materials
(Table 7) [134] . For RH-NaOH-800°C, the highest porosity distribution was observed in the
region between 8.0 nm and 150 nm (Fig. 11), with a Dap of 9.629 (Table 7), which suggests a
predominance of mesopores, but with a larger V1p than the other two materials. Again, it is
confirmed that the post-washed or pre-treatment with NaOH in the materials reduces the

presence of SiO; (Table 6), generating smaller porosity.
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Figure 11. PSDs of activated carbon samples prepared RH-NaOH-800°C, RH-NaOH-800°C

post-washed and RH-NaOH-800°C pretreatment. Insert: region of pore diameter between 0 and

11 nm.
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The increases in porosity can be verified by SEM micrographs. Thus, the ashes removal

increased the porosity (Fig. 12 (a)-(c)).

20kV  X1,400 10pm

20kV  X1,400 10pm

Figure 12. SEM micrographs activated carbon prepared from RH using NaOH as activating
agent at 800°C, with normal, pretreated and post-washed processes. (a) RH-NaOH-800°C; (b)

RH-NaOH-800°C post-washed; (c) RH-NaOH-800°C pretreated.

RH-NaOH-800°C pretreated and RH-NaOH-800°C post-washed improved their surface
characteristics compared to RH-NaOH-800°C. However, their efficiency as adsorbents is
unknown. Therefore, in Fig 13. the three materials were evaluated in the removal of a mix of
the contaminants ACE, CIP, SUL and DIC, and were compared with a commercial activated

carbon.
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Figure 13. Adsorption of pharmaceuticals mixed in aqueous solution using RH-NaOH-800°C,

enhanced by various techniques, and using a commercial activated carbon. Conditions:

Pharmaceuticals concentration 15 puM, adsorbent dose 0,2 g L, pH 5.8 — 6.5, particle size 75

— 150 pm, temperature 25°C, stirring rate 200 rpm. (a) RH-NaOH-800°C; (b) RH-NaOH-800°C

post-washed; (c) RH-NaOH-800°C pretreated; (d) Commercial activated carbon.

The materials RH-NaOH-800°C post-washed, RH-NaOH-800°C pretreated and RH-NaOH-

800°C, showed the best removals for CIP (compared to DIC, SUL and ACE), this fact is

because at the pH of the experiment (pH 6.5), the CIP molecules are in their zwitterionic form

(Fig. 1 (a)), and according to the pHpzc (Table 6), both negatives and positive charges are

presents on the materials surface. Thus, the positive charges of the CIP interact by electrostatic

attraction with the negative charges present on the surface of the materials, in the same way,

the negative charges of the CIP interact with the positive charges on the surface of the materials.
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Interestingly, among the three prepared carbons, the RH-NaOH-800°C pretreated presented the
highest pHrzc values (Table 6). Therefore, a lower attraction of the negative part of CIP take
place. This explain the lower CIP adsorption compared with the other two materials activated

with NaOH.

DIC and SUL also present electrostatic attraction with the surface charges of the materials, but
their lower adsorption (compared to CIP) can be explained because, at the pH of the experiment,
these molecules are negatively charged (Fig. 1 (b) y (c)) and can only interact with the positive
charges of the adsorbents. Although DIC has a smaller length size compared to SUL, it could
be removed more easily due to its affinity with the mesopores present in the activated carbons
[152]. Finally, electrostatic attraction is not favorable for ACE, since it is in its neutral form at
the pH of the experiment (Fig. 1 (d)), but its adsorption similar to SUL, in RH-NaOH-800°C
and RH-NaOH-800°C post-washed (Fig. 13 (a) and (b), respectively), and DIC, in RH-NaOH-
800°C pretreated (Fig. 13 (c)), may be due to ACE efficient adsorbs on materials with a large
microporous area [89], which explains its significant adsorption enhancement in RH-NaOH-
800°C post-washed and RH-NaOH-800°C pretreated (Fig. 13 (b) and (c), respectively), which

presented higher Syp and V,p (Table 7) than the RH-NaOH-800°C material.

Additionally, it was observed that the adsorption of the four contaminants was better using RH-
NaOH-800°C post-washed (Fig. 13 (b)), this can be due, to the highest Sget and Sext of the
material. Therefore, RH-NaOH-800°C post-washed (Fig. 13 (b)) was used to compare it with a
commercial activated carbon (Fig. 13 (d)). As seen, under work conditions, RH-NaOH-800°C
resulted better than the commercial activated carbon. This result is interesting because
commercial activated carbon presented Vr (1.31 cm® g?) higher than the reported for activated
carbon with post-washed (Ve 1.15 cm?® g1) (Table 7). However, commercial activated carbon

has a smaller surface area (800 m? g') and a Dap Of 8.2 nm, indicating a large Sext with
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mesopores larger than those of RH-NaOH-800°C post-washed (2.76 nm) (Table 7). The above

characteristics explain the lower adsorbent capacity of the commercial activated carbon.

It is known that the adsorption of pharmaceuticals can be affected by the presence of other
pollutant in the same matrix. Therefore, this topic will be discussed in the next section, by
evaluating the individual adsorption of each pharmaceutical on the RH-NaOH-800°C activated

carbon with post-washed.

3.2.4. Evaluation of the adsorption of the pharmaceuticals mix in a complex matrix

Fig. 14 shows the adsorbent capacity of RH-NaOH-800°C post-washed for the removal of ACE,
CIP, SUL and DIC, both individually and as a mix of them. It is observed, as expected, that
when the compounds are alone in the matrix they are quickly eliminated (15 min). However,
the system is also highly efficient for the mix. In fact, close of the 95% of all of them in the mix

are eliminated in 15 min.
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Figure 14. Adsorption of individual and mixed pharmaceuticals in agueous solution using RH-
NaOH-800°C post-washed. Conditions: Pharmaceutical concentration 15 pM, adsorbent dose
0.2gL 1, pH5.8-6.5, particle size 75 — 150 um, temperature 25°C, stirring rate 200 rpm.
Solid symbol: Adsorption of pharmaceuticals mixed in distilled water; open symbol:

Adsorption of pharmaceuticals singles in distilled water.
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In spite of the excellent performances of the material in distilled water, the evaluation of its
ability to remove the pollutants in a more complex matrix is a need. Therefore, the efficiency
of the activated carbon with post-washed to remove of ACE, CIP, SUL and DIC in urine was

tested (Fig. 15).
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Figure 15. Adsorption of pharmaceuticals in distilled water and urine using RH-NaOH-800°C
post-washed. Conditions: Pharmaceuticals concentration 15 uM, adsorbent dose 0,2 g L1,

pH 5.8 -6.5, particle size 75 — 150 um, temperature 25°C, stirring rate 200 rpm. Solid symbol:

distilled water; open symbol: urine.

Interestingly, a good adsorption is observed in a such complex matrix. In fact, about 80.74% of
ACE in the urine is eliminated in 60 minutes, which is ~17% lower than that observed in
distilled water (97.64%). Thus, the decrease in ACE adsorption could be by the presence of
urea in urine, which is also a neutral molecule that competes with the pharmaceutical for the
active sites of the material [89]. In the case of the other pharmaceuticals the inhibition by urine
matrix was not significant (below 1.3%). This result indicates that despite the complexity of the
urine matrix characterized by a high content of inorganic salts [73], the adsorbent RH-NaOH-

800°C post-washed can efficiently remove the pharmaceutical contaminants.
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RH-NaOH-800°C post-washed showed interesting results for the removal of contaminants in a
urine matrix, being CIP and ACE the compounds having a higher and lower removal efficiency,
respectively. Consequently, these two pollutants were chosen to study the mechanisms involved
in the adsorption processes in urine.Thus, the study of the adsorption isotherms, as well as,

kinetic and thermodynamic studies will be carried out in the next sections.

3.2.6. Study of adsorption isotherms

An isothermal equilibrium model represents the relationship of pharmaceuticals contaminant
adsorbed on the activated carbon (adsorbent). The equation used for the adsorption isotherm
indicates the diffusion of adsorbate from the liquid phase to the solid phase under equilibrium
conditions [119]. Therefore, the correlation of the equilibrium data is necesssary for the
interpretation of the process. For the adsorption of CIP and ACE in urine on RH-NaOH-800°C
post-washed, three isotherm models were tested in the present study; i.e., Langmuir, Freundlich
and Redlich-Peterson isotherm models, using an adsorbent dose of 0.2 g L%, pH 5.5,
pharmaceutical concentrations of 5-120 mg L™ and an optimal adsorption time of 60 minutes.
The Langmuir model assumes that the adsorption sites are uniformly distributed, the pollutant
form a monolayer and there is no transmigration of the adsorbate on the adsorbent surface. On
the other hand, the Freundlich model assumes a heterogeneous adsorbent surface, where the
strongest binding sites are occupied first [153]. The Langmuir isotherm, was calculated using
the Eq. 1. The experimental data fitted to the non—Ilinear form of the Langmuir model are
shown in Figure 16 (a) and (b), for ACE and CIP, respectively. The isothermal parameters
obtained from the linear plots for ACE and CIP (Fig. 17 (a) and (b) respectively) are shown in

Table 8.
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Figure 16. Comparison between the experimental and predicted isotherms (Langmuir,
Freundlich and Redlich-Peterson) for the adsorption of pharmaceuticals in urine by RH-NaOH-
800°C post-washed in an optimal time of 60 minutes. (a) ACE; (b) CIP. Conditions:
Pharmaceuticals concentration 5-120 mg L, adsorbent dose 0.2 g L%, pH 5.5, particle size 75

— 150 pm, temperature 25°C, stirring rate 200 rpm.
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Table 8. Adsorption parameters for the Langmuir, Freundlich, and Redlich-Peterson isotherms
in the removal of ACE and CIP in urine using RH-NaOH-800°C post-washed. Conditions:
Pharmaceuticals concentration 5-120 mg L, adsorbent dose 0.2 g L™, pH 5.5, particle size 75

— 150 pum, temperature 25°C, stirring rate 200 rpm.

Pharmaceuticals compounds CIP ACE
Isotherm models Parameters Values Values
Langmuir am (Mg gh) 555.56 210.55
KL (L mg?) 0.37 0.11
RL 0.35-0.02 0.63-0.07
R? 0.991 0.999
APE (%) 3.48 1.44
Aq (%) 5.86 3.32
Freundlich Kr(mg g*)(L mgH)*™ 117.59 26.70
n 1.80 1.95
R? 0.979 0.930
APE (%) 5.03 4.38
Aq (%) 8.44 6.51
Redlich-Peterson Kgp (L g7) 256.70 24.30
aR (L mg™)P 0.84 0.12
B 0.80 1
R? 1 1
APE (%) 1.02 1.04
Aq (%) 2.62 2.58

It can be observed that the activated carbon (RH-NaOH-800°C post-washed) in the adsorption
of ACE presents a maximum capacity of adsorption, g,,,, of 210.55 mg g* and a constant of
Langmuir, K;, of 0.11 L mg™. As expected, these parameters were higher for adsorption of CIP,
which showed a g,, of 555.56 mg g and K; of 0.37 L mg™. For the adsorption of both

pharmaceuticals a high R? value and low values of APE and Aq were found. Additionally, the
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R; value between 0 and 1 for ACE and CIP, suggested that the adsorption processes are
favorable for the two pharmaceuticals. On the other hand, the Freundlich isotherm was studied
using the Eq. 3. The experimental data fitted to the non linear form of the Freundlich model are
presented in Fig. 16 (a) and (b) for ACE and CIP, respectively. Additionally, from Eq. 4 the
linear graph Ln g, vs Ln C,, where the slope represents n and the intercept K, was obtained
for ACE (Fig. 18 (a)) and CIP (Fig. 18 (b)). The results obtained for the Freundlich isotherm

for ACE and CIP are shown in Table 8.
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Figure 18. Freundlich isotherm for the removal of pharmaceuticals in urine using RH-NaOH-
800°C post-washed. (a) ACE; (b) CIP. Conditions: pharmaceuticals concentration 5-120 mg L~
! adsorbent dose 0.2 g L, pH 5.5, particle size 75 — 150 um, temperature 25°C, stirring rate

200 rpm.

1 1
The ACE and CIP presented an adsorption capacity, K, of 26.70 mg' nLng~! and 117.59

1 1
mg* nLng~1, respectively; with a value of n>1, indicating a favorable adsorption process for
both pharmaceuticals. However, low values of R? and high values of APE and Aqg, suggest a
bad fit of the data to the Freundlich isotherm. These results showed that the Langmuir isotherm

better describes the experimental data than the Freundlich model.
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In order to confirm the results obtained, the Redlich-Peterson isotherm, which is widely used
as a compromise between the Langmuir and Freundlich systems [157], [158], was calculated.
This model has three parameeters and incorporates the advantegeous significance of both
models. The Redlich-Peterson model was represented using Eq. 6. A procedure was adopted to
solve Eq. 7 by minimization of APE between the predicted data for g, from Eq. 6 and the

experimental data, using the solver adding function of MS excel.

The experimental data fitted to the non-linear form of the Redlich-Peterson model are shown
in Fig. 16 (a) for ACE and (b) for CIP. The isotherm constants obtained from the linear plots

(Fig. 19 (a) for ACE and (b) for CIP) are listed in Table 8.
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Figure 19. Redlich-Peterson isotherm for the removal of ACE and CIP in urine using RH-
NaOH-800°C post-washed. (a) ACE; (b) CIP. Conditions: pharmaceuticals concentration 5-
120 mg L, adsorbent dose 0.2 g L, pH 5.5, particle size 75 — 150 um, temperature 25°C,

stirring rate 200 rpm.

The results for ACE and CIP of R?, APE and Aq were better than the reported values in
Langmuir. Therefore, the sorption process of ACE and CIP on RH-NaOH-800°C post-washed,
can be best represented by the Redlich-Peterson model. Additionally, the values of g for ACE

and CIP were closer to 1 than 0 (Table 8), which means that the isotherm is more consistent
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with the Langmuir than the Freundlich isotherm. Hence, the best fit of equilibrium data in both
the Langmuir and Redlich-Peterson isotherm expressions confirm the monolayer coverage

process of ACE and CIP on RH-NaOH-800°C post-washed.

The gm values found here for ACE (210.55 mg g*) and CIP (555.56 mg g) in urine during the
adsorption on RH-NaOH-800°C post-washed were compared with the adsorbent capacity of

other materials used for removal of these two pharmaceuticals in distilled water (Table 9).

Table 9. A comparison of maximum adsorption capacities in urine matrix of ACE and CIP (gm)

onto different adsorbents in matrix of distilled water.

Pharmaceutical

Adsorbent am (Mg g%) Reference
ACE
RH-NaOH-800°C post-washed 210.55 This study
Activated carbons from urban residues 159.0 [159]
Magnetic activated carbon 125.25 [160]
AC Prepared from RH (urine matrix) 48.31 [89]
AC Prepared from RH 20.96 [161]
CIP
RH-NaOH-800°C post-washed 555.56 This study
Activated carbon desilicated RH 461.9 [162]
Activated carbon from Enteromorpha prolifera 244 [163]
Ordered mesoporous carbon from pitch resin and anthracene 236 [140]
Powdered activated commercial carbon 64.93 [164]

Interestingly, the gm obtained in this study were higher than the reported for other adsorbents
indicated in Table 9, which may be related to the greater surface area of the activaated carbon
used in this study compared to the adsorbents reported in Table 9. Thus, RH-NaOH-800°C post-
washed is richer in functional groups that promote the adsorption of pharmaceutical molecules

[160]. Also, it was possible to make the comparison with a activated carbon from RH
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impregnated with NaOH used for the ACE removal in urine [89], which presented a qm lower
than that determined in this study, possibly due to the absense of post-washed and, therefore,
the surface area is smaller, which can be related to a lower availability of functional groups that
favor the adsorption of contaminanting molecules. These results indicate the importance of
performing the post-washed with NaOH, which better eliminate ashes, and then the surface area

and porosity increases, and consequently, the adsorbent capacity of the material is improved.

3.2.7. Study of Adsorption Kinetics

The adsorption kinetics can be adjusted to different mathematical models. Pseudo first order,
pseudo second order and intraparticle diffusion methods were used. The Kinetics of the process
was determined using the same parameters with concentration of pharmaceuticals 5 - 120 mg
L1, adsorbent dose 0.2 g L, pH 5.5 and particle size 75 — 150 pm. The adsorption rate using
the pseudo first order model was determined by Eg. 8. Thus, from Eq. 8 it was plotted
In (g, — q.) versus t, for ACE (Fig. 20 (a)-(f)) and CIP (Fig. 21 (a)-(f)), obtaining from the
intercept, q., and from the slope, k;. The values of the pseudo first order kinetic for ACE and

CIP are reported in the Table 10 (a) and (b), respectively.
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Figure 20. Pseudo-first order kinetics for the removal of ACE in urine using RH-NaOH-800°C
post-washed as adsorbent and different concentrations of analgesic: (a) 5 mg L; (b) 10 mg L
1 (c) 20 mg L%; (d) 40 mg LY; (e) 60 mg Lt and (f) 120 mg L. Conditions: Adsorbent dose

0.2 g L%, pH 5.5, particle size 75 — 150 um, temperature 25°C, stirring rate 200 rpm.
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Table 10. Pseudo first order and pseudo second order kinetics of the removal of pharmaceutical

in urine using RH-NaOH-800°C post-washed. (a) ACE; (b) CIP. Conditions: Pharmaceutical

concentration 2.4-60 mg L, adsorbent dose 0.2 g L?, pH 5.5, particle size 75-150 um,

temperature 25°C, stirring rate 200 rpm.

(a) ACE
Pseudo first order Pseudo second order
Co Oeg, exp
Oeg, cal Ki APE Aq eg, cal Ka APE Aq
(mgL™*)  (mgg?) R? R?

(mgg™®) (min™) (%) (%) (mgg?) (mgg*min?) %) (%)
5 20.473  4.085 0.138 0.816 80.08 113.25 20.576 0.187 1 0.502 0.711
10 38.442 15984 0.242 0.944 5849 8271 38911 0.048 1 1.218 1.723
20 74.854 19599 0.241 0.849 73.42 103.84 75.758 0.033 0.999 1.207 1.707
40 134.308 36.350 0.144 0.793 73.02 103.28 135.135 0.015 0.999 0.616 0.903
60 162.399 25450 0.226 0.832 84.70 119.79 163.934 0.023 0.999 0.945 1.337
120 188.137 19.596  0.244 0.872 90.71 128.28 188.679 0.056 1 0.295 1.245

(b) CIP

5 24918  3.680 0.204 0.681 85.02 120.24 25.253 0.076 0999 1215 1.727
10 49954 11.606 0.229 0.874 77.72 109.93 50.505 0.047 0.999 1.103 1.559
20 99.938 17.812 0.291 0.727 82.63 116.86 101.010 0.017 0999 1.073 1517
40 199.753 53.075 0.167 0.799 73.46 103.89 200.000 0.011 0.999 0.124 0.175
60 299.264 122584 0.145 0.851 59.37 83.96 303.030 0.004 0.999 1.259 1.780
120 595.264 250.185 0.129 0.913 56.71 80.22 588.235 0.002 1 1.181 1.670

A great difference between the capacity of adsoption experimental (qeq,exp) and the calculated

(Qeq,cal)r for all concentrations of ACE and CIP, were observed. For example, for a

concentration of 5 mg L2, for ACE, the Qeq,exp Was 20.473 mg gt and the value for Qeq,cal WaS

4.085 mg g*. A similar case occurred for CIP, which presented a Qeq,exp OF 24.918 mg gland

a eq,car OF 3.680 mg gl. Additionally, low R? and high APE and Aq values were reported for
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both pharmaceuticals (Table 10), which indicates that the experimental data does not fit a

pseudo first order kinetics. This result led to fit the data to another model.

Therefore, the pseudo-second order kinetic was calculated used Eq. 9. The plots of t/CIc Versus

t, obtained for ACE (Fig. 22 (a)-(f)) and CIP (Fig. 23 (a)-(f)), allows from the slope and

intercept determine g, and k,, respectively.
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Figure 22. Pseudo-second order kinetics for the removal of ACE in urine using RH-NaOH-
800°C post-washed as adsorbent and different concentrations of analgesic: (a) 5 mg L?; (b) 10
mg L?; (c) 20 mg L%; (d) 40 mg L (e) 60 mg Lt and (f) 120 mg L™*. Conditions: Adsorbent

dose 0.2 g L%, pH 5.5, particle size 75 — 150 pm, temperature 25°C, stirring rate 200 rpm.
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Figure 23. Pseudo-second order kinetics for the removal of CIP in urine using RH-NaOH-
800°C post-washed as adsorbent and different concentrations of antibiotic: (a) 5 mg L*; (b) 10
mg L?; (c) 20 mg L%; (d) 40 mg L (e) 60 mg L™t and (f) 120 mg L™*. Conditions: Adsorbent

dose 0.2 g L%, pH 5.5, particle size 75 — 150 pm, temperature 25°C, stirring rate 200 rpm.

The data for the pseudo second order model for ACE and CIP are reported in the Table 10 (a)
and (b), respectively. From the table, it can be observed that the calculated adsorption capacities
were highly consistent with the experimental values. Again, for a concentration of 5 mg L™ for
ACE, the Geq exp Was 20.473 mg g™ and the g.q cq; Was 20.576 mg g™; while for CIP qeg exp
was 24.918 mg g and Qeq,car WaS 25.253 mg gl. Additionally, the high R? and low APE and
Aq values indicated a goob fit of the model. These findings suggest that the adsorpetion of ACE

and CIP on RH-NaOH-800°C post-washed follows the pseudo-second order kinetic.

The high correlation of the pseudo second order kinetic equation with the kinetic data presented
here, is consistent with previous results, e.g., adsorption on ordered mesoporous carbon
prepared from pitch resin and anthracene [140], sugarcane bagasse and activated commercial
carbon [164], acid activated carbon prepared from Prosopis juliflora wood [170], activated
carbon prepared from urban and industrial residues [159], activated carbon synthesized from

spent tea leaves [171], as well as natural adsorbents prepared from rice and coffee husk [89].
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Additionally, the kinetic rate constant, k,, determines how fast the adsorption occurs [165].
From Table 10, it can be also noted that for ACE and CIP the value of the rate constant k.,
decreased with the increase of the initial concentration of pharmaceuticals (C,). The reason for
this behavior can be attributed to lower competition for the adsorption surface sites at lower
concentrations of ACE and CIP. At higher concentrations of the pharmaceutals, the competition

for the surface active sites will be high and consequently lower sorption rates are obtained [169].

However, the kinetic models of pseudo first order and pseudo second order do not allow to
identify the mechanism of diffusion, which is important to predict the rate-limiting step in an
adsorption process [156]. The intraparticle diffusion model had shown to be suitable to
investigate this. This model was determined using the Eq. 10. The graphical representation of
the intraparticle diffusion model is shown in Fig. 24 ((a)-(f)) and Fig. 25 ((a)-(f)) for ACE and

CIP, respectively, adsorbed on RH-NaOH-800°C post-washed.
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Figure 24. Intraparticle diffusion model for the removal of ACE in urine using RH-NaOH-
800°C post-washed as adsorbent and different concentrations of analgesic: (a) 5 mg L; (b) 10
mg L; (c) 20 mg L%; (d) 40 mg L (e) 60 mg Lt and (f) 120 mg L™*. Conditions: Adsorbent
dose 0.2 g L%, pH 5.5, particle size 75 — 150 um, temperature 25°C, stirring rate 200 rpm. Color

conventions: first stage: blue; second stage: red and third stage: violet.
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Figure 25. Intraparticle diffusion model for the removal of CIP in urine using RH-NaOH-
800°C post-washed as adsorbent and different concentrations of antibiotic: (a) 5 mg L*; (b) 10
mg L?; (c) 20 mg L%; (d) 40 mg L?; (e) 60 mg Lt and (f) 120 mg L™*. Conditions: Adsorbent
dose 0.2 g L%, pH 5.5, particle size 75 — 150 um, temperature 25°C, stirring rate 200 rpm. Color

conventions: first stage: blue; second stage: red and third stage: violet.

The graphic representation of the intraparticle diffusion model showed a multilinearity during
the adsorption of ACE (Fig. 24 (a)-(f)) and CIP (Fig. 25 (a)-(f)) on RH-NaOH-800°C post-
washed. For the case of the two pharmaceuticals, three stages were observed (Fig. 24 (a)-(f) for
ACE and Fig. 25 for CIP (a)-(f)). The first stage can be attributed to the diffusion of adsorbate
through the solution to the external surface of adsorbent. The second portion describes the

gradual adsorption stage, where intraparticle diffusion is the rate-limiting step. The third portion
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is attributed to the final equilibrium stage, where intraparticle diffusion starts to slow down due

to extremely low adsorbate concentration in the solution [156]. However, is important highlight

that when the concentration of ACE is very high (120 mg L), the adsorption on the outer

surface of the adsorbent occurs so fast that the first stage is not observed (Fig. 24 (f)). The

calculated values of Kig and C, for the first stage (Kiq1 and C;) and second stage (Kid 1 and Cy)

for ACE and CIP are reported in the Table 11 (a) and (b), respectively.

Table 11. Intraparticle diffusion of the removal of pharmaceuticals in urine using RH-NaOH-

800°C post-washed as adsorbent. (a) ACE; (b) CIP. Conditions: Pharmaceutical concentration

5-120 mg L, adsorbent dose 0.2 g L%, pH 5.5, particle size 75 — 150 pm, temperature 25°C,

stirring rate 200 rpm.

(a) ACE
Co Oeq, exp Qeg, cal Kig, | Ci Kig n Cn Aq
R?, R? APE
(mgL") (mgg") (mgg?) (mgg'min®?)  (mgg?) (mg g*min™?)  (mgg™) ) (%)
5 20473 20.113 10.813 5258  0.990 4.277 11.828  0.999 1.743 2.466
10 38.442  37.706 19.282 3862  0.990 7.961 18.462  0.989 1.890 2.673
20 74.854  74.842 44.153 52816  0.990 25.177 25139 0.999 0.009 0.029
40 134.308 133.161 110.410 21.546  0.992 39.974 50.741  0.998 0.842 1.216
60 162.399 161.979 140.56 18.014  0.990 40.467 90.446  0.995 0.280 0.403
120  188.137 187.939 - - - 76.600 90.857  0.995 0.474 1.843
(b) CIP
5 24918 24611 26.226 10.093  0.996 11.153 5530  0.994 1.233 1.746
10 49.954  48.119 59.359 21.763  0.999 14.439 23.071  0.992 3.673 5.195
20 99.938  99.908 82.186 21.931  0.992 34.973 26.177  0.995 0.029 0.042
40 199.753 199.224 137.010 52423 0.999 66.755 62.824  0.994 0.264 0.374
60 299.264 298.504 168.470 15.097  0.993 91.360 69.772  0.993 0.254 0.359
120  595.264 594.397 379.970 37.252  0.993 145.750 210.530 0.991 0.146 0.228
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It is observed in both cases, that the values of Kiq are larger than Kig . This phenomenon
suggests that the pharmaceuticals molecules were initially adsorbed very quickly by the
external surface of the adsorbent. When the adsorption of the external surface reaches the
saturation, the pharmaceuticals molecules entered into the pores within the particle and were
eventually adsorbed on the active sites of the adsorbent internal surface. When the
pharmaceuticals molecules were transported into the pore of the particle, the diffusion
resistance increases and consequently the diffusion rate was lowered. With the decrease of the
pharmaceutical concentration in the solution, the diffusion rate became much smaller and the
diffusion processes reaches the final equilibrium stage [173]. Moreover, for this diffusion
model the R? values are close to 1 and APE and Aq values are low. This indicates that the
adsorption of pharmaceuticals in RH-NaOH-800°C post-washed can be modeled by the
intraparticle diffusion model. However, the C values showed that the lines do not pass through
the origin (C # 0), which indicates that the intraparticle diffusion is probably not the only rate-

limiting step and that boundary layer control may be also involved in the processes [158].

The above experiments carried out at room temperature allows to explain some phenomena
occurring during the adsorption of pharmaceuticals on the adsorbent. However, to further
investigate the adsorption mechanism as well as the feasibility and the spontaneous nature of
the processes it is necessary to evaluate the behavior of the adsorption processes when subjected
to thermal changes. Therefore, thermodynamic studies, at different temperatures, will be

discussed in the next section.

3.2.8. Thermodynamic studies
To perform thermodynamics studies a pharmaceutical concentration of 40 mg L™, an adsorbent

dose of 0.2 g L™ and pH 5.5 were established. It is important to note that a concentration of 40
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mg L of the pharmaceuticals was chosen based in the highest removal observed for CIP (Fig.

26 (b)). The experimental data obtained in the removal of ACE and CIP in urine using the RH-

NaOH-800°C post-washed at different temperatures (25, 45, 65°C) are reported in Fig. 26 (c)

and (d), respectively.
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Figure 26. Effect of pharmaceuticals concentration, (a) ACE; (b) CIP using a pharmaceutical

concentration 2.4, 5, 10, 20, 40, 60 and 120 mg L™, adsorbent dose 0.2 g L%, pH 5.5, particle

size 75— 150 um, temperature 25°C, stirring rate 200 rpm and removal pharmaceuticals in urine

at different temperatures, (c) ACE; (d) CIP using an pharmaceutical concentration 40 mg L,

adsorbent dose 0.2 g L%, pH 5.5, particle size 75 — 150, stirring rate 20 rpm.
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Then thermodynamic parameters such as Ea, AG®, AH®, and AS® were calculated. Considering
that the kinetic data was adequately described by the pseudo second order reaction shown in
section 3.2.7, k> was used to calculate the Ea, which was estimated from Eq. 11. E, for ACE
and CIP was calculated from the slope of the plot in k, vs 1/T (Fig. 27 (a) and (b), respectively)

and the thermodynamic parameters are reported in Table 12.
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Figure 27. Ea of the adsorption process of pharmaceuticals using RH-NaOH-800°C post-
washed as adsorbent. (a) ACE; (b) CIP. Conditions: pharmaceutical concentration 40 mg L;
temperature 25, 45 and 65°C, adsorbent dose 0.2 g L, pH 5.5, particle size 75 — 150 pm,

stirring rate 200 rpm.
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Table 12. Thermodynamic parameters in the removal of pharmaceuticals using RH-NaOH-
800°C post-washed as adsorbent. (a) ACE; (b) CIP. Conditions: Adsorbent dose 0.2 g L%, pH
5.5, particle size 75 — 150 pm, pharmaceutical concentration 40 mg L, temperature 25, 45 and

65°C, stirring rate 200 rpm.

Thermodynamic parameters

Pharmaceutical Temperature E, AG° AH° AS°
(°C) (kJ mol?) (kJ mol?) (kJ mol?) (I mol*K?)
ACE 25 -36.996 + 0.03
45 13.82+1.79 -38.375+0.13 -16.46+1.40 68.90 +4.79
65 -30.753  0.22
CIP 25 -47.62 +0.07
45 1454 +0.15 -53.26+0.17 3635+516 281.79+16.97
64 -58.89 + 0.41

The E, value found for the ACE adsorption on RH-NaOH-800°C post-washed was 13.82 kJ
mol, while the corresponding value for CIP was 14.54 k] mol? (Table 12). These results
suggest that the mechanism is controlled by physisorption in both pharmaceuticals (activation
energies values lower than 17.57 kJ mol-1) [167], similar results were reported in other studies
[89], where they reported that the adsorption mechanism for these pharmaceutical molecules

was controlled by physisorption .

Likewise, to determine the energy changes associated with the adsorption processes, the
thermodynamic parameters: AS°®, AH® and AG° were determined by using the Eq. 12. and Eg.
13. The plots Ln K. versus 1/T, of ACE (Fig. 28 (a)) and CIP (Fig. 28 (b)), were used to
calculated the slope and the intercept, which determined the parameters AH° and AS°,

respectively.
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Figure 28. Calculation of thermodynamic parameters (AH° and AS°) in the adsorption of
pharmaceuticals using RH-NaOH-800°C post-washed as adsorbent. (a) ACE; (b) CIP.
Conditions: pharmaceutical concentration 40 mg L™*; temperature 25, 45 and 65°C, adsorbent

dose 0.2 g L%, pH 5.5, particle size 75 — 150 pm, stirring rate 200 rpm.

The results in Table 12 shows that, for both pharmaceuticallys, the values AG® are negative,

denoting that the adsorption of ACE and CIP in RH-NaOH-800°C post-washed are

thermodynamically favorable and occurs spontaneously without any additional requirement



87

(i.e., energy or heating) [175]. AG® decreases with an increases in temperature, higlighting the
spontaneity of ACE and CIP adsorption. The AH° values are lower than 80 kJ mol ™2, which is
also consistent with physisorption mechanisms [176]. In addition, for CIP, 4H"° has a positive
value, indicating that the adsorption is an endothermic process; while that 4/~ for ACE it was
negative, consistent with a exothermic process. The fact that the process for ACE is exothermic
and for CIP is endothermic, could be because thermal decomposition promotes removal of
water and other volatile components from the matrices of biomasses [177] and subsequent
activation results in the formation of temperature-dependent active sites [170]. If the energy
involved for temperature dependent active sites is higher than the energy expelled while
sorbate-sorbent interaction, the interaction would likely to be endothermic [170].Thus, the
adsorption efficiency of the sorbate will increase with the increase in temperature as was
reported for the adsorption of CIP (Table 12). Alternatively, if the energy involved for the active
sites is less than the energy expelled durind sorbate-sorbent interaction; the adsorption
phenomenon is likely to be exothermic [170]. So, the adsorption efficiency decreases with the
increasing in temperature as indicated 4H ° for ACE, suggesting that the physical bond between
the solute molecules and the active sites of the adsorbent weakens at higher temperatures.
Additionally, positive AS° values denote that, at the solid/liquid interface, an increase in
randomness occurs during adsorption and indicates an affinity of the adsorbent toward ACE
and CIP. Finally, AH° values < 40 KJ mol™ and E, < 17.57 KJ mol™, for both pharmaceuticals,
means that the interaction between pharmaceuticals and RH-NaOH-800°C post-washed is

mainly governed by physisorption [167], [178].

3.2.9 Adsorption mechanism
RH-NaOH-800°C post-washed proved to be a material with a high adsorption capacity for CIP
and interesting removals for ACE, even in urine. However, the functional groups of activated

carbon and of the contaminants involved in the adsorption process are unknown. Thus, to
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identify the reaction mechanism of the study, a FT-IR analysis was performed, in distilled water
and urine, before and after the adsorption of ACE and CIP (Fig. 29 (a) and (b), respectively),

and an adsorption mechanism was proposed (Fig. 30 (a)-(e)).
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Figure 29. FT-IR of RH-NaOH-800°C post-washed before and after the adsorption of
pharmaceuticals. (a) ACE; (b) CIP. Conditions: Pharmaceuticals concentration 15 pM ,
adsorbent dose 0,2 g L™, pH 6.5, particle size 75 — 150 um, temperature 25°C, stirring rate

200 rpm.



89

Figure 30. ACE and CIP adsorption mechanism using RH-NaOH-800°C post-washed.
Mechanism of adsorption ACE with (a) aromatic ring, (b) SiO.. Mechanism of adsorption CIP
with (c) aromatic ring, (d) carboxylic acid, (e) aldehydes, (f) ketones, (g) esters (h) SiO..
Conditions: Pharmaceuticals concentration 15 uM , adsorbent dose 0,2 g L™, pH 6.5, particle

size 75 — 150 um, temperature 25°C, stirring rate 200 rpm.
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In Fig. 29 (a) the FT-IR of the adsorption of ACE in distilled water and in urine using RH-
NaOH-800°C post-washed is observed, both spectra show a widening of the band around 1480
cm™? - 1610 cm™ of the C=C stretch, possibly due to the z-n interaction between the aromatic
rings of activated carbon and the aromatic ring of ACE (Fig. 30 (a)). In addition, at 1050 cm™
the increase of the SiO» band of the activated carbon is observed, possibly due to additive effect
of the band at 1000 cm™ of the C-N stretch of the amide present in the ACE (Fig. 29 (a)),
indicating the adsorption of the contaminant on the surface of the material. Here it is possible
to assume that the pollutant is being adsorbed on the activated carbon by hydrogen bonds
between the pairs of free electrons of the oxygen present in the Si-O-Si bonds with the hydrogen

of the amide of pollutant (Fig. 30 (b)).

For the adsorption of CIP in distilled water and in urine, the widening of the band between 1480
cm? and 1610 cm™ of the C=C stretch (Fig. 29 (b)) is observed, due to the interactions n-n
between the aromatic rings of the activated carbon and the aromatic ring of the pollutant (Fig.
30 (c)). Also, in the Fig. 29 (b) a new band appeared around 1700 cm™ of the C=0 stretch of
the carboxylic acid, aldehydes, ketones, and esters [179]. This change is associated with the
electrostatic interactions between the different functional groups of the activated carbon with
the positive and negative charges of the pollutant. For example, the carboxylic acids present in
the activated carbon are deprotonated [180], showing attraction for the positive nitrogen of the
amine of the CIP (Fig. 30 (d)). Meanwhile, functional groups such as aldehydes, ketones, and
esters of RH-NaOH-800°C post-washed at solution pH are positively charged [180]-[182],
showing attraction for the negative charge of CIP (Fig. 30 (e), (f) and (g), respectively). Another
observation was the increase of the band at 1050 cm™ of the SiO2 bonds possibly to a summation
with the band at 980 cm™ of C-F stretch present in the CIP (Fig. 29 (b)). This series of changes
in the FT-IR spectra suggests that the CIP is being adsorbed onto the material possibly by

hydrogen bonds between the free electrons of the SiO2 oxygen of the activated carbon, with the
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hydrogen of the amine (Fig. 30 (h)). Furthermore, n-x interactions between the aromatic ring
substituted with F, with the aromatic rings of activated carbon are possible (Fig. 30 (c)). In this
way, the - and electrostatic interactions and hydrogen bonds that occur between activated
carbon and pollutants (ACE and CIP) indicate that the adsorption process is physical as

suggested by thermodynamics in section 3.2.8.
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CHAPTER 4

Concluding remarks and perspectives
The overall results indicated that RH and its activated carbons proved to be adsorbents with
high efficiency for the adsorption of pharmaceuticals such as ACE, CIP, SUL and DIC, which
contributes to the solution of two enviromental problems at the same time, water contamination
and the abundance of these residues in the environment. On the other hand, it was evidenced
that the molecules that have, at the pH of the experiment, a Zwitterionic chemical structure,
such as CIP, are easily adsorbed on the surface of the adsorbent materials. Molecules with larger
molecular size ( such as DIC) require materials with high Sext (RH-NaOH-800°C and RH-
ZnCl>-800°C)for their adsorption; while molecules with low molecular size, such as ACE,
require materials with high microporosity (i.e RH-ZnCl>-800°C). Therefore, the chemical

structure of pharmaceuticals has a great influence on the adsorption process.

The results also demonstrated that the materials obtained from RH can be improved with an
additional treatment (post-washed and pretreatment with NaOH), which reduces the silica
content and increases the development of porosity and surface area. Therefore, the best
activated carbon, RH-NaOH-800°C post-washed, proved to be highly effective for adsorption,
even in complex mixtures, of all the tested pharmaceutical compounds, which exhibited a
variety of chemical structures. Interestingly, except for ACE, the elimination of CIP, SUL and
DIC in urine occurred efficiently without competition from pharmaceutical compounds and
inorganic salts of urine. The study of kinetics and adsorption isotherms showed that the ACE
and CIP adsorption data in RH-NaOH-800°C post-washed had a better fit to the pseudo-second
order kinetic model and to the Langmuir isothermal model. Thus, the adsorbed pharmaceutical
compounds form a monolayer on the surface of the adsorbent. Thermodynamic analysis showed
that adsorption processes are exothermic and endothermic in nature for ACE and CIP,

respectively, and both spontaneous. The FTIR analysis showed that the adsorption process is
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carried out mainly through z- 7 interactions and hydrogen bonds between activated carbon and

contaminants.

Despite the good performances of the prepared materials, towards a real application of the
technology it is necessary to consider the evaluation of the life cycle, reuse, regeneration and
economic viability of the materials in future research. In addition, its is also necessary to test
RH activated carbons in conventional treatment plants or as a tertiary treatment to complement
conventional plants. Finally, it is pertinent to look for alternatives that allow a degradation of
pharmaceutical contaminants within the material, in this way the development and preparation
of catalytic materials combining the adsorptive properties of these materials with catalytic

substrates with high oxidative power could be of great interest.
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