Chapter 6

Removal of Antibiotics from Water by
Adsorption/Biosorption on Adsorbents
from Different Raw Materials

José Rivera-Utrilla, Manuel Sanchez-Polo, and Rail Ocampo-Pérez

Abstract The present chapter aimed to analyze and compare the behavior of
carbon materials, both commercial (activated carbons) and prepared in our labora-
tories (sludge-derived materials and activated carbons from petroleum coke) with
different chemical and textural characteristics in the adsorption of tetracyclines and
nitroimidazoles from water. This behavior was analyzed in both static and dynamic
regimes and using ultrapure water, surface water, groundwater, and urban waste-
water. We also assessed the influence of the solution chemical nature (pH and ionic
strength) on the adsorption of these pharmaceutical contaminants analyzing the
adsorbent-adsorbate interaction types and evaluating the effectiveness of the com-
bined use of microorganisms and activated carbon (bioadsorption) in these adsorp-
tion processes. Additionally, the mass transport mechanisms controlling the overall
adsorption rate of these adsorbate-adsorbent systems were investigated in depth,
and relationships between textural and chemical characteristics of these adsorbent
materials with kinetic and diffusion parameters were reported.
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6.1 Introduction

A constant flow of new products is generating novel contaminants with unknown
short-, medium-, or long-term effects on the environment and human health that are
not governed by regulations on the maximum allowable concentrations in the
environment (Halling-Sgrensen et al. 1998; Calamari 2002; Adler et al. 2008;
Cooper et al. 2008; Rivera-Utrilla et al. 2013b). They include chemical compounds
in cosmetics (creams, perfumes, makeup), domestic products (degreasants, glass
cleaners, detergents), and pharmaceuticals, which are causing the greatest concern
due to their very wide variety and elevated consumption (Adler et al. 2008; Cooper
et al. 2008; Rivera-Ultrilla et al. 2013b). For example, over 3000 different pharma-
ceutical substances are used in the UK (Ayscough et al. 2000), and the annual
production for human consumption in the European Union is estimated to exceed
100 tons per member country (Kiimmerer 2008). Antibiotics are the most heavily
used medical drugs in the European Union, with an estimated annual consumption
of around 10,000 tons (Kiimmerer 2008). It should also be noted that these
consumption figures are considerably increased by the use of many of these
products in veterinary medicine. After administration, large amounts of antibiotics
and their byproducts are discharged into municipal wastewater that high concen-
trations of antibiotics are now detected in waters intended for human consumption,
reducing their quality. They generally have a low biodegradability (Al-Ahmad et al.
1999; Kiimmerer et al. 2000) and high toxicity (Kiimmerer 2001), and some are
reported to have mutagenic and carcinogenic characteristics (Bendesky et al. 2002).

Some of the most important antibiotic groups, tetracyclines (TCs) and
nitroimidazoles, have been detected in waters (Halling-Sgrensen et al. 1998; Cal-
amari 2002; Rivera-Utrilla et al. 2013b). The TCs are bacteriostatic agents that act
by inhibiting bacterial protein synthesis. They show activity against a wide variety
of microorganisms and are used as antibiotics in humans and animals (Mathers et al.
2011; Gao et al. 2012b). Due to their low cost, TCs are also used as a food additive
to enhance the growth rate of animals, adding a further pathway for their entry into
the environment alongside emissions from the manufacture and formulation of the
compounds and the disposal of unused or expired products. In surface waters, TCs
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were detected at concentrations ranging from 0.11 to 4.20 pg/L (Lin et al. 2009),
while concentrations in an effluent of a wastewater treatment plant ranged from
46 to 1300 ng/L for tetracycline, 270 to 970 ng/L for chlortetracycline, and 240 ng/
L for oxytetracycline (Ternes et al. 2002; Yang et al. 2005; Batt et al. 2007,
Stackelberg et al. 2007; Lin et al. 2009; Gao et al. 2012b). On the other hand,
nitroimidazole antibiotics are widely used to treat infections caused by anaerobic
and protozoan bacteria (e.g., Trichomonas vaginalis and Giardia lamblia) in
humans and animals and are added to chow for fish and fowl (Tally et al. 1981;
Lau et al. 1992; Lindberg et al. 2004), leading to their accumulation in animals, fish
farm waters, and, especially, meat industry effluents (Kimmerer 2001).
Nitroimidazoles have also been detected in waters at concentrations of
0.1-90.2 pg/L (Lindberg et al. 2004). Importantly, the presence of traces of TCs
and nitroimidazoles in the environment can lead to the appearance of microorgan-
isms that are resistant to these antibiotics and to which humans may be exposed via
drinking water (Stackelberg et al. 2007).

Nowadays, studies have demonstrated that conventional treatment plants,
mainly based on the use of microorganisms, have proven inadequate to effectively
remove antibiotics from water, largely due to their complex molecular structure
(Kiimmerer et al. 2000; Carballa et al. 2004; Rivera-Utrilla et al. 2013b). Thus, the
US Environmental Protection Agency recommended the adsorption on activated
carbon as the best available technology for removing nonbiodegradable toxic
organic compounds from drinking water and industrial wastewater (USEPA 1991).

Both granular (GAC) and powdered (PAC) activated carbons have been widely
used for the adsorption of organic micropollutants in solution due to their chemical
and textural properties (Radovic et al. 2001; Moreno-Castilla 2004; Dias et al.
2007; Rivera-Utrilla et al. 2011; Beita-Sandi et al. 2016). The capacity of activated
carbon to adsorb pharmaceutical-related pollutants has attracted research interest
(Snyder et al. 2007; Choi et al. 2008; Simazaki et al. 2008; Yu et al. 2008; Calisto
et al. 2015; Zhu et al. 2015; Vidal et al. 2015). Besides, an important advantage of
using activated carbon to remove pharmaceuticals is that toxic or pharmacologi-
cally active products are not generated.

Snyder et al. (2007) assessed the mechanisms underlying the adsorption of
various pharmaceuticals and hormones on GAC and PAC and obtained removal
percentages of around 90% for most of the pharmaceuticals studied. Optimal
performances were obtained for acetaminophen (73-84%), carbamazepine
(74-86%), triclosan (90-96%), and fluoxetine (91%), but the removal percentage
did not exceed 50% for naproxen, diclofenac, gemfibrozil, sulfamethoxazole, and
ibuprofen, among other drugs. They observed that the effectiveness of activated
carbon was markedly reduced in the presence of natural organic matter (NOM),
which competes for the active sites on the carbon, blocking its porosity.

Various authors have studied the adsorption of tetracyclines using adsorbents
other than carbon, including apatites (Misra 1991), clays, and soils (Figueroa et al.
2004; Kulshrestha et al. 2004; Jones et al. 2005; Bagakgilardan-Kabakci et al. 2007;
Turku et al. 2007; Gu and Karthikeyan 2008; Parolo et al. 2008; Chang et al. 2012).
Thus, Jones et al. (2005) evidenced that the iron oxide content, cation exchange
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capacity, and soil texture have high influence on the sorption of TCs on soils with
organic carbon content between 0% and 4%. Parolo et al. (2008) investigated the
removal of tetracycline on montmorillonite as a function of pH and ionic strength.
The results revealed that tetracycline can intercalate into the interlayer space of
montmorillonite. Additionally, at pH 4, the highest tetracycline removal is obtained
because, at this pH, tetracycline is in cationic form favoring the cation exchange.
Finally, the presence of sodium ions reduces the adsorption capacity of
montmorillonite.

TCs can be also removed from aqueous solutions by adsorption on different
carbon materials such as MnFe,Oy/activated carbon composites (Shao et al. 2012),
graphene oxide (Gao et al. 2012a), and multiwalled carbon nanotubes (Zhang et al.
2011). However, fewer data are available on activated carbon as TC adsorbent.
Choi et al. (2008) found activated carbon columns to be highly effective for the
adsorption of seven TCs in aqueous medium, obtaining percentage removal values
of around 90% that varied according to the type of TC and characteristics of the
water, especially the concentration of NOM. They reported a higher adsorption
capacity of activated carbon for TCs than for sulfonamide, despite the greater
hydrophobicity of the latter.

In reference to nitroimidazole adsorption, Carrales-Alvarado et al. (2014) inves-
tigated the removal of MNZ on novel carbon materials with different chemical and
textural characteristics. It was found that the chemical and textural characteristics
of carbon adsorbents play a key role in the adsorption of MNZ in aqueous solution.
Carbon materials with a large surface area and low content of carboxylic groups are
preferable for the removal of nitroimidazoles from aqueous solution. Carbon
materials can be effectively applied to remove MNZ from wastewater, because
the adsorption of electrolytes in the water cooperates rather than competes with its
adsorption. Additionally, the adsorption of MNZ on carbon materials is reversible,
allowing the exhausted adsorbents to be regenerated by contacting them with water.
Adsorption kinetic data published by Ahmed and Theydan (2013) showed that the
adsorption rate of metronidazole (MNZ) on activated carbon from an agricultural
waste follows a pseudo-second-order model, and estimation of the heat of adsorp-
tion revealed that the adsorption of MNZ was endothermic.

In order to further deepen in the interactions established in the adsorption of
tetracyclines and nitroimidazole drugs on different adsorbent materials, the present
chapter aimed to outline results obtained during the development of a wider project
to analyze and compare the behavior of carbon materials, both commercial (acti-
vated carbons) and prepared in our laboratories (sludge-derived materials and
activated carbons from petroleum coke) with different chemical and textural
natures in the adsorption of tetracyclines and nitroimidazoles from water. This
behavior was analyzed in both static and dynamic regime and using ultrapure water,
surface water, groundwater, and urban wastewater. We also assessed the influence
of solution chemical nature (pH and ionic strength) on the adsorption of these
compounds analyzing the adsorbent-adsorbate interaction types and evaluated the
combined use of microorganisms and activated carbon (biosorption) in these
adsorption processes. Besides, the design of an adsorption system to treat
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wastewater also requires data on the adsorbate concentration decay curves of the
adsorbate/adsorbent system and on the mechanisms controlling the adsorption
kinetics. Therefore, other objectives of this project were (i) to apply diffusional
and kinetic models to explain the overall adsorption rate of both tetracyclines and
nitroimidazoles on the adsorbents selected, (ii) to investigate the mass transport
mechanism controlling the overall adsorption rate, and (iii) to analyze the relation-
ship of textural and chemical characteristics of these adsorbent materials with
kinetic and diffusion parameters.

The first part of this chapter is concerned with the chemical and textural
characterization of the adsorbents to remove TCs and nitroimidazoles from water.
The preparation methods of both sludge-derived materials and activated carbons
from petroleum coke will be also analyzed. The particular objective of this part was
to optimize adsorbent material preparation by means of a statistical experimental
planning method, obtaining materials derived from sludge and petroleum coke by
chemical activation with NaOH and KOH, respectively, at high temperatures and
establishing the properties required for the removal of contaminants from water.
Special attention was paid to the effect of binders on the surface and adsorbent
characteristics of these new materials. Some of the results obtained in this wider
project have already been published (Sanchez-Polo and Rivera-Utrilla 2006;
Rivera-Utrilla et al. 2009; Méndez-Diaz et al. 2010; Gémez-Pacheco et al. 2012;
Ocampo-Pérez et al. 2012; Ocampo-Pérez et al. 2013; Rivera-Utrilla et al. 2013a;
Ocampo-Pérez et al. 2015). This chapter summarizes these findings.

6.2 Adsorbent Materials

The adsorbents used in this study were commercial activated carbons, sludge-
derived materials, and activated carbons from petroleum coke. All adsorbents
were characterized by determining their surface area, pore volume accessible to
water, pore size distribution, oxygen surface groups, and pH of the point of zero
charge (pHpzc). Sludge-derived materials were also characterized by X-ray fluo-
rescence and chemical and elemental analyses.

6.2.1 Commercial Activated Carbons

Sorbo (S) and Merck (M) commercial activated carbons, with a particle diameter
ranging between 0.6 and 1 mm were used in this study. The experimental methods
followed to characterize the adsorbents were described in detail elsewhere
(Sanchez-Polo and Rivera-Utrilla 2003; Rivera-Utrilla and Sanchez-Polo 2004;
Bautista-Toledo et al. 2008; Goémez-Pacheco et al. 2012). Table 6.1 depicts the
textural characteristics of activated carbons used in this study: both of them have a
large surface area (>1200 m?/g) and a highly developed microporosity. Micropore
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Table 6.1 Textural characteristics of commercial activated carbons

J. Rivera-Utrilla et al.

Activated | Sper” | Wo(N2)® | Wo(CO2)® | LoND)? | Lo(CO2)° | Se’ | V22 | V5"
carbon | (m*/g) |(em¥g) |(em’/g) | (m) | (nm) (m?*/g) | (em*/g) | (em¥/g)
S 1225 0.39 0.29 1.02 0.70 46.90 |0.04 0.48

M 1301 0.42 0.29 1.69 0.70 41.90 |0.10 0.28
“Surface area determined from N, adsorption isotherms at 77 K

>Volumes of micropores determined by N, and CO, adsorption, respectively

4Mean widths of micropores determined with the Dubinin equation

"External surface area determined by mercury porosimetry

£Volume of pores with diameter of 6.6-50 nm determined by mercury porosimetry
"Volume of pores with diameter >50 nm determined by mercury porosimetry
Table 6.2 Chemical characteristics of the commercial activated carbons

Carboxylic Carbonyl Acidic Basic

Activated groups groups groups groups

carbon (megq/g) (meg/g) (megq/g) (megq/g) PHpzc
S 0.00 0.15 0.45 1.08 9.0

M 0.04 0.84 0.40 0.44 7.7

volumes, deduced from N, adsorption, were considerably higher than those from
CO; adsorption (Table 6.1), indicating a very heterogeneous micropore distribution
in the activated carbon. Because CO, is only adsorbed in smaller size micropores
(ultramicropores), whereas N, is adsorbed on the surface of all micropores (Garrido
et al. 1987; Rodriguez-Reinoso and Linares-Solano 1989), N, adsorption data yield
the total micropore volume, Wy(N,). Thus, the mean micropore size (L) was
higher when determined by N, versus CO, adsorption (Table 6.1).

Table 6.2 lists the chemical characteristics of both activated carbons, showing
that they are predominantly basic, with pH of point of zero charge values of 7.7
(carbon M) and 9.0 (carbon S).

6.2.2 Sludge-Derived Materials

Environmental concerns have been raised about the management of the sludge
remaining after the primary and secondary treatment of urban wastewaters
(Werther and Ogada 1999). It is a semisolid slurry with a content of little economic
value and can have a major impact on the environment. Sludge, which is a
subproduct of most wastewater treatment processes, is considered dangerous
toxic waste and is generally used as fertilizer (Campbell 2000; Oleszkiewicz and
Mavinic 2001). Sludge has conventionally been removed to monofills or sanitary
landfills, but alternative options have been proposed. One of these is to incorporate
sludge into the soil after its stabilization, e.g., by composting techniques; taking
advantage of its high content in organic matter, phosphorus, nitrogen, and
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potassium, among others; and enabling its utilization in the recovery of eroded land
(Passuello et al. 2012). In this investigation, treatment plant sludge was used to
prepare materials with the appropriate chemical and textural properties for the
adsorption of organic and inorganic compounds.

6.2.2.1 Preparation of Adsorbent Materials from Sludge

The adsorbent materials were obtained from treatment plant sludge supplied by
Aguas y Servicios de la Costa Tropical de Granada (Spain). Sludge was
transformed into adsorbent materials by thermal pyrolysis and chemical activation.
It was chemically activated with sodium hydroxide by sludge impregnation, mixing
the precursor with a solution of NaOH and binding agent (humic matter, phenolic
resins, or clayey soil). After impregnation, the sample was left to dry under infrared
lamps for approximately 12 h. The proportion of NaOH ranged from 5 to 100 g/
100 g of sample and the proportion of binder from O to 20 g/100 g. After drying, the
sample underwent pyrolysis in a model RO 10/100 Heraeus tubular oven equipped
with Jumo-Digimat temperature programmer under controlled N, atmosphere
(99.998%) with flow of 5 L/min, from 300 °C to 700 °C (ramps of 10 °C/min),
maintaining the maximum temperature for periods ranging from 30 min to 3 h. The
yield obtained in the preparation of these adsorbent materials was around 30%.

The binders or agglutinants selected were humic acid (Sigma Aldrich), clayey
soil, and phenolic resins (both Ismael Quesada Chemical products). Humic acid was
selected for its high carbon content and its utilization in briquetting processes,
clayey soil for its binding capacity and low cost, and phenolic resins due to reports
on their ability to bind different types of particles (Cavdar et al. 2008; Benk 2010;
Correa et al. 2010; Wang et al. 2011). Table 6.3 lists the designations of the
prepared samples.

6.2.2.2 Optimization of Sludge Activation Process
Optimization of Sludge Activation Process Without Binder (Linear Model)

Multivariate analyses were performed to optimize the sludge activation process,
using a mathematical and statistical methodology that permits optimal planning of
the experiment sequence, minimizing the cost of the experiment and the influence
of experimental error (Hunter and Hunter 1978). The MODDE 7.0 statistical
program was used for the experimental design and to optimize the preparation of
adsorbent materials from treatment plant sludge.

The experimental conditions were varied in order to determine the optimal
NaOH dose, pyrolysis temperature, and pyrolysis time for obtaining adsorbent
materials with maximum tetracycline adsorption capacity. This effect was visual-
ized by using a linear scanning model to study the response surface, conducting
11 experiments and varying the following factors: (A) amount of NaOH (from 5 to
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Table 6.3 Designations assigned to the adsorbent samples prepared from biological treatment
plant sludge (Goémez-Pacheco et al. 2012)

Experimental conditions
Response

T Binder |NaOH | Pyrolysistime |(qe
Sample name O Type of binder (2) (2) (h) (mg/L)
CL 700 - - - 3.0 -
cr 300 - — 5.0 0.5 —
(ev 300 - - 100.0 0.5 -
Cc3’ 700 - - 5.0 0.5 100
c4 700 - - 100.0 0.5 300
Cc5' 300 - - 5.0 3.0 -
ce’ 300 - - 100.0 3.0 10
Cc7 700 - - 5.0 3.0 400
Ccg 700 - - 100.0 3.0 560
cy 500 - - 52.5 1.8 200
Cl10 500 - - 52.5 1.8 210
c1v 500 - - 52.5 1.8 205
C2 700 - — 50.0 3.0 -
C3 700 Humic ac. 10.0 25.0 3.0 418.3
C4 700 Humic ac. 10.0 50.0 3.0 466.6
C5 700 Humic ac. 20.0 25.0 3.0 406.8
C6 700 Humic ac. 0.0 25.0 3.0 407.5
C8 550 Humic ac. 10.5 30.0 2.0 3524
C9 700 Humic ac. 20.0 50.0 3.0 415.9
C10 400 Humic ac. 20.0 50.0 3.0 -
Cl1 400 Humic ac. 20.0 50.0 1.0 -
Cl12 700 Humic ac. 20.0 10.0 3.0 242.9
C13 700 Humic ac. 1.0 10.0 1.0 278.4
C15 700 Humic ac. 20.0 10.0 1.0 219.7
Cl6 700 Humic ac. 20.0 50.0 1.0 380.5
C19 700 Humic ac. 1.0 50.0 1.0 460.2
C20 400 Humic ac. 1.0 10.0 1.0 -
C21 400 Humic ac. 20.0 10.0 1.0 -
C22 700 Humic ac. 1.0 10.0 3.0 278.8
C23 550 Humic ac. 10.5 30.0 2.0 349.0
C24 550 Humic ac. 6.5 30.0 2.0 360.0
C25 700 Humic ac. 1.0 50.0 3.0 512.9
CR1 700 Resin 1 20.0 25.0 3.0 -
CR2 700 Resin 2 20.0 25.0 3.0 -
CAR 700 Clay 20.0 25.0 3.0 -
CH 700 Humic ac. 20.0 25.0 3.0 -
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Fig. 6.1 Response surface values obtained using linear planning at pyrolysis temperatures of (a)
300 °C, (b) 500 °C, and (c) 700 °C (G6émez-Pacheco et al. 2012)

100 g), (B) pyrolysis temperature (from 300 °C to 700 °C), and (C) pyrolysis time
(from 30 min to 3 h). The response considered was the capacity of the carbon to
adsorb tetracycline (¢g.). The adsorption capacity was obtained by using a tetracy-
cline initial concentration of 700 mg/L, 0.1 g of adsorbent and 0.1 L of solution
volume.

For the study of factor A (amount of NaOH added), experiments were conducted
with fixed values of B (300 °C) and C (0.5 h) but two different values of A (5 and
100 g), allowing any variations in the response to be attributed to factor A (Samples
C1’ and C2’ in Table 6.3). The same procedure was carried out for the other two
factors. Figure 6.1 depicts the response surface obtained using linear planning to
prepare the adsorbents from sludge. The maximum adsorption capacity of these
adsorbents (in red) was obtained with pyrolysis for 3 h at a constant temperature of
700 °C, reaching a tetracycline adsorption capacity of 560 mg/g. As shown in
Fig. 6.1a, a low adsorption capacity was found in samples pyrolyzed at a temper-
ature of 300 °C, observing a decrease in adsorption capacity with longer pyrolysis
time or higher NaOH concentration; the opposite behaviors to those observed at a
pyrolysis temperature of 500 °C or 700 °C.

Optimization of Sludge Activation Process with Binder (Orthogonal Model)

Preparation of adsorbent materials by sludge chemical activation requires the
addition of a binder to facilitate inter-particle union and obtain materials with
suitable mechanical properties for application in water treatments. We investigated
the effect of the binder on the adsorption capacity of these materials using orthog-
onal planning (MODDE 7.0 program) to study response surface values (Hunter and
Hunter 1978). Figure 6.2 shows the response surface obtained to prepare these
materials, maintaining a constant amount of NaOH (25 g) for different pyrolysis
times (1, 2, and 3 h, respectively).

Figure 6.2 shows that the optimal values (in red) for the adsorption capacity of
the activated carbon were 500 °C and 20 g of binder or 700 °C and 2 g of binder,
achieving a tetracycline adsorption capacity of 470 mg/g. The results depicted in
Fig. 6.2b show that the adsorption capacity of these materials increases with higher
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% mpip

Fig. 6.2 Response surface by orthogonal planning, maintaining a constant amount of NaOH
(25 g): (a) 1 h of pyrolysis, (b) 2 h of pyrolysis, (¢) 3 h of pyrolysis. V=100 mL, C5o = 700 mg/L,
m = 0.1 g (Gémez-Pacheco et al. 2012)

pyrolysis temperatures and lower amounts of binder, reaching values close to
500 mg/g. The absence of binder in the sample may increase the external surface
area available for the adsorbate.

The results in Fig. 6.2c show that the optimal surface increases with higher
pyrolysis temperature, and the model predicts that a good adsorption is even
maintained with larger amounts of binder. These findings indicate that samples
pyrolyzed at high temperatures for 3 h have good adsorbent properties, reaching
values above 400 mg/g, even with a large amount of binder.
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6.2.2.3 Characterization of Sludge-Derived Adsorbent Materials

Table 6.4 lists the results of the chemical analysis of the baseline sludge; it had a
high content of organic matter (64.0%) and total nitrogen (7.8%) and metals,
mainly zinc, copper, lead, and nickel. The textural and chemical properties of the
sludge depend of the urban sludge considered. Sludge characterization is usually
linked to the municipal and industrial activity of the city.

Textural Characterization of Adsorbents with Humic Acid as Binding Agent

Table 6.5 lists the values for surface area (Sggr) and mean micropore width (L)
determined by N, adsorption at 77 K of the sludge-derived adsorbent materials
containing humic acid as binder. The general behaviors shown in Table 6.5 are in
agreement with previous reports (Méndez et al. 2005; Kang et al. 2006; Ros et al.
2006) on the use of chemical activation to prepare adsorbents from different raw
materials:

Table 6.4 Chemical analysis Component % (by weight) Component ne/e
of the dehydrated sludge b " 270 Cadmi 10
(G6mez-Pacheco et al. 2012) Ty matter - admium -
Organic matter 64.0 Chrome 2.7
pH 7.7 Copper 270.0
Total nitrogen 7.8 Lead 75.0
Phosphorus 3.8 Zinc 544.0
Calcium 0.3 Nickel 16.5
Mercury 1.0

Table 6.5 Surface area and mean micropore width of the adsorbent materials prepared with
humic acid as binder (Gémez-Pacheco et al. 2012)

Temperature Activation time Binder NaOH SBET Lo(N»)
Sample O (h) (& (g) (m*/g) (nm)
C25 700 3 1.0 50 105 1.76
C3 700 3 10.0 25 175 2.25
C22 700 3 1.0 10 94 1.74
Cc9 700 3 20.0 50 124 1.90
C5 700 3 20.0 25 164 1.13
Cl12 700 3 20.0 10 104 1.28
C8 550 2 10.5 30 59 2.29
C23 550 2 10.5 30 61 2.20
C24 550 2 6.5 30 97 2.15
C16 700 1 20.0 50 87 1.75
C15 700 1 20.0 10 85 1.83
C19 700 1 1.0 50 87 1.79
C13 700 1 1.0 10 103 1.28
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(i) The surface area of these materials was very low, with values ranging from
164 to 59 m*/g, indicating the low effectiveness of the chemical activation of
sludge in comparison to that of other adsorbent materials from sludge, with
surface areas of 1000 mz/g (Ros et al. 2006) or 380 m2/g (Wang et al. 2008b).

(i) Regardless of the sample in question, the surface area was enlarged with
higher temperature or longer activation time.

(iii) Regardless of the amount of binder added, the surface area value was always
higher for samples prepared with 25 g NaOH (sludge: NaOH ratio of 100:25
by weight).

Results in Table 6.5 show the optimal values for activating and binding agents to
prepare adsorbent materials from sludge, considering the surface area value as
response. As an example, Fig. 6.3 depicts the results obtained by applying the
statistical optimization model at a pyrolysis temperature of 700 °C and a residence
time of 3 h. As can be observed, the surface area of the materials increases with the
amount of NaOH and, especially, with the amount of binder. The optimal experi-
mental conditions are 3 h of pyrolysis at 700 °C with 30 g NaOH and 20 g of binder.
As observed in Fig. 6.3, the surface area of these materials is not strongly influenced
by the amount of NaOH and is most influenced by the amount of binder.

NaOH (g)
10 15 20 2530 354045

Binder (g)

Sn2 (M2/g)
o

Fig. 6.3 Surface obtained with pyrolysis at 700 °C for 3 h, applying the statistical model to
optimize adsorbent material preparation (Gomez-Pacheco et al. 2012)
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Table 6.6 Textural characteristics of sludge-derived adsorbents with humic acid as binder
(Gomez-Pacheco et al. 2012)

Wo(N2) Wo(CO,) Lo(Ny) Ly(CO,)
Sample (cm’/g) (cm’/g) (nm) (nm) Wo(N,)/Wo(CO,)
C2 0.06 0.05 1.97 0.50 1.20
C3 0.06 0.02 2.25 1.25 3.00
C5 0.06 0.05 1.13 0.47 1.20
C8 0.03 0.04 2.29 0.50 0.75
C9 0.05 0.06 1.90 0.48 0.83
C12 0.04 0.06 1.28 0.50 0.67
Cl13 0.04 0.05 1.24 0.49 0.80
Cl15 0.04 0.06 1.83 0.52 0.67
Cl6 0.03 0.04 1.75 0.48 0.75
C19 0.04 0.03 1.79 0.49 1.33
C22 0.04 0.05 1.74 0.49 0.80
C23 0.03 0.04 2.20 0.48 0.75
C24 0.03 0.04 2.15 0.49 0.75
C25 0.05 0.03 1.76 0.52 1.66

Table 6.6 lists the results of the textural analysis from N, and CO, adsorption
isotherms, showing that the mean micropore width determined with CO,
(all ~0.5 nm except for sample C3) is lower than that determined with N, (>
1.13 mm for all samples). This is due to the fact that CO, is only adsorbed in smaller
size micropores (ultramicropores), whereas N, is adsorbed on the surface of greater
size micropores (Garrido et al. 1987; Rodriguez-Reinoso and Linares-Solano
1989). In the majority of samples, the CO,-determined micropore volume was
larger than the N,-determined micropore volume, indicating a very narrow micro-
porosity that is not totally accessible to N, molecules under these experimental
adsorption conditions.

Influence of Binding Agent on Properties of the Adsorbent Materials

After optimizing the preparation of these materials from sludge for their tetracy-
cline adsorption capacity and surface area (response variables), we studied the
influence of binder type on their properties. Samples were prepared using humic
acid (CH), clayey soil (CAR), or phenolic resins (CR1 or CR2) as binder. Table 6.7
shows the textural characteristics of these samples and of a sample prepared without
NaOH or binder (CL) and one prepared without binder (C2).

The results in Table 6.7 show that the surface area was increased by the
activation, as discussed above. They reveal that the textural properties of these
materials were not substantially affected by the addition of phenolic resins as
binding agents, with samples C2 (reference), CH, CR1 and CR2 having similar
textural features. However, we highlight the similar surface areas of sample CAR
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Table 6.7 Textural characteristics of adsorbent materials prepared with different binders
(Gomez-Pacheco et al. 2012)

SpET Wo(N2) | Wo(COz) | Lo(N2) | Lo(COy)

Samples (m’/g) (cm’/g) (cm’/g) (nm) (nm) Wo(N2)/ Wo(COy)

CL 47 0.02 0.03 1.18 0.99 0.67

C2 139 0.06 0.05 1.97 0.50 1.20

CH 163 0.06 0.05 1.13 0.47 1.20

CAR 62 0.03 0.02 1.24 1.35 1.50

CR1 147 0.06 0.03 1.13 0.83 2.00

CR2 152 0.07 0.03 1.16 0.95 2.33

Table 6.8 Adsorbent Sent vV, VP P

characteristics .obtained by Sample (m?/g) (em’/g) (cm’/g) (g/em?)

mercury porosimetr

(GémeZ—lr”acheco et};l. 2012) CL 31.39 0.07 0.19 0.16
C2 134.02 0.29 1.54 0.09
CH 44.65 0.12 0.24 0.18
CAR 106.77 0.20 0.78 0.13
CR1 163.21 0.38 0.45 0.10
CR2 102.98 0.27 0.66 0.10

*V, Volume of pores with diameter of 6.6-50 nm determined by
mercury porosimetry

V5 Volume of pores with diameter >50 nm determined by
mercury porosimetry

°p. Apparent density determined by mercury porosimetry

and the sample CL, which was not NaOH-activated, indicating that the surface area
was reduced by the presence of clayey soil in the sample. In general, samples had a
larger micropore volume by N, than by CO, determination, reflecting a heteroge-
neous distribution of microporosity in these materials.

Table 6.8 exhibits the pore volumes of the adsorbent materials obtained by
mercury porosimetry. Except for the development of mesoporosity in sample
CR1, the mesoporosity (V,) and macroporosity (V3) of all samples decreased
with the presence of the binder, especially with humic acid (sample CH).
Table 6.9 shows the elemental analysis of the samples; all had a low C content
that was higher with the presence of binders; it was only 5.76% in the sample
without binder and around 18% in the samples with binder, with the exception of
CAR. X-ray fluorescence results in Table 6.10 show SiO, and CaO to be the
predominant inorganic compounds in these samples. The following components
were identified in the X-ray diffraction diagrams: calcium pyrophosphate, —
Ca,P,04(peak at 30.8°20); calcium hydroxyapatite, Cas(PO4);OH (peak at 31.6°
20); goethite, a-FeOOH (peak at 21°20); and hematites, a-Fe,O3 (peak at 33° 26).
The remaining oxides in Table 6.10 were not observed in the diagrams, possibly
due to their lack of crystallinity. Table 6.9 compiles some chemical characteristics
of the adsorbent material samples, which were predominantly of basic nature, with
pHpzc values ranging from 8.7 (CAR) to 10.3 (C2).
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Table 6.9 Elemental analysis of the samples (dry basis) (Gémez-Pacheco et al. 2012)

C H N (O + remaining elements)g;¢
Sample (%) (%) (%) (%) PHpzc
CL 23.09 1.05 1.87 73.99 9.6
C2 5.76 0.70 0.41 93.13 10.3
CH 18.25 1.06 1.29 79.40 9.4
CAR 5.13 1.05 0.00 93.82 8.7
CR1 17.75 1.11 0.62 80.52 8.9
CR2 17.80 1.11 1.06 80.03 8.9

6.2.3 Activated Carbons from Petroleum Coke

Petroleum coke is a dark solid composed mainly of carbon, produced by the thermal
decomposition and polymerization of heavy liquid hydrocarbon derived from crude
oil. The coke produced from distillation residues tends to form the sponge coke,
while coke produced from a cracking residue forms the premium coke. The sponge
type, due to its practically amorphous structure, has little commercial value and
may be an economical and environmental problem. Petroleum coke is a residue of
the petrochemical industry, which generates around 4 tons of carbon for every
100 tons of crude oil refined. Because of its high concentration of heavy metals
(Ni, V, Fe), this residue cannot be used in any productive process. However, due to
its high carbon content, it is an excellent raw material for the production of
activated carbon.

6.2.3.1 Preparation of Activated Carbons by Chemical Activation
of Coke

A series of activated carbons were prepared from calcinated petroleum coke
supplied by REPSOL-YPF (Alicante, Spain). This coke will be designated as C,
and its particle size ranged from 0.5 to 0.8 mm.

KOH was used as activating agent for the petroleum coke activation. Different
activated cokes were prepared, with a KOH/coke mass ratio ranging from 1 to
4. The samples will be designated with the letter C followed by the KOH/coke mass
ratio used in the activation process.

The procedure described by Otowa et al. (1993) was used for the coke activation.
Briefly, 25 g of petroleum coke was mixed with 100 mL of a KOH solution at the
appropriate concentration for each sample. This mixture was first heated at 60 °C
for 48 h and was then treated in N, atmosphere (flow 300 mL/min) at 400 °C for 2 h.
Finally, it was carbonized by heating the mixture at 700 °C for 1 h under an N, flow
of 300 mL/min. In all heat treatments, the oven heating rate was 10 °C/min. Finally,
the samples were washed with deionized water to constant conductivity.
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6.2.3.2 Characterization of Activated Carbons from Coke

Elemental analysis of the petroleum coke used was done with a Fisons Instruments
1108 CHNS analyzer and showed a composition of C = 87.7 £ 0.1%,
H=42+0.1%, N=04+0.1%,S = 6.4 + 0.1%, and O = 1.3 £ 0.1%.

Table 6.11 shows the results of the textural characterization of the activated
carbons prepared with different KOH/coke mass ratios and of both original and
demineralized cokes. These results indicate that the activation process considerably
developed the porosity in all of the samples studied, increasing the volume of
micro-, meso- (V;), and macropores (V3). Thus, the surface area of the original
coke markedly increased after the activation, with sample C-1 showing the highest
value. Moreover, it was observed that the micropore volume reduced with an
increase in the amount of KOH added to the coke; the K,O and K generated during
the activation blocked the entrance to the pores, hampering the diffusion of CO,
into a fraction of the micropores, as discussed below.

The value of Sgrt was always higher than the value of micropore surface area
(Smic) regardless of the activated coke sample considered (Table 6.11). According
to these results, a large fraction of the surface of these four samples corresponded to
meso- and macropores, which are determined by N, at 196 °C but not by CO, at
0 °C (Garrido et al. 1987; Rodriguez-Reinoso and Linares-Solano 1989). Thus, the
proportion of this fraction ranged from 41% in sample C-4 to 5% in sample C-1. It
was also observed that the volume of macropores (V3) was slightly larger when the
amount of KOH in the samples was increased, whereas the volume of micro- and
mesopores reduced with increases in the amount of KOH.

Several authors have studied the mechanism by which KOH activates carbona-
ceous materials (Marsh et al. 1984; Otowa et al. 1997). Thus, Marsh et al. (1984)
showed that the oxygen of the alkali can remove cross-linking and stabilizing
carbon atoms in crystallites. K metal obtained at the reaction temperatures may
intercalate and force apart the separate lamellae of the crystallites. The micropo-
rosity of activated carbon in the new structure is created by the removal of
potassium salts by washing and the removal of carbon atoms from the internal
volume of the carbon by activation reaction. The results presented in Table 6.11
indicate that Wy and Sggr values decreased with an increase in the KOH/coke

Table 6.11 Textural characterization of the original and activated cokes (Sanchez-Polo and
Rivera-Utrilla 2006)

KOH/ SpET Smic” Wo(N2) Vs Vs
Sample |coke (mz/g) (mz/g) (cm3/g) (cm3/g) (cmS/g)
C 0 <30 <30 0.02 = 0.01 |Nil 0.011 + 0.003
C-1 1 1619 &30 | 1539 &30 |0.55 = 0.01 |0.063 &+ 0.003 |0.132 £ 0.003
C-2 2 1261 £30 | 1165 +£30 |0.41 £0.01 |0.061 £+ 0.003 |0.154 + 0.003
C-3 3 1021 £30 |716 £30 |0.25 £0.01 |0.058 £+ 0.003 |0.176 + 0.003
C-4 4 970 £ 30 |569 £30 |0.20 £0.01 |0.051 & 0.003 |0.263 + 0.003

“Micropore surface area obtained from CO, adsorption isotherm at 273.15 K
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ratios, which may be due to a blockage of the pores by remains of the K and K,0O
that were generated during the activation process and not completely removed by
the washing treatment. As reported above, the macroporosity of the coke increases
with a higher KOH/coke ratio in the activation process. According to Otowa et al.
(1993), elevated temperatures and high KOH/coke ratios produce large pores in the
carbon structure due to the presence of KOH-derived K,O, which expands the
carbon atomic layers. K,O also acts as catalyst of the carbon gasification process, so
that its generation during petroleum coke activation potentiates the development of
meso- and macroporosity on the carbon surface. Moreover, at temperatures above
700 °C, a considerable amount of K is formed by the reduction of K,O with carbon
(Otowa et al. 1993). As a result of the consumption of the inner carbon atoms, pores
are formed in the structure.

Regarding the surface chemistry of the samples, it was observed that activation
of the coke modified their chemical nature (Table 6.12). Thus, whereas the original
coke was a mildly acid material (pHpzc = 6.5), the pHpyc of the KOH-activated
coke ranged from 8.4 for sample C-1 to 9.7 for sample C-4. This change is largely
due to the generation of surface basic groups during the activation process which
increases with the KOH/coke ratio (Table 6.12). Nevertheless, the pHpc values, as
with the above textural characteristics, might be slightly influenced by the presence
of K and K,O in the activated coke samples. In order to know it, the ash content of
the activated coke samples was determined. The results obtained, 0.40%, 0.42%,
0.46%, and 0.52% for the samples C-1, C-2, C-3, and C-4, respectively, indicated a
slight increase in the ash content as the KOH/coke ratio was increased. Therefore,
as mentioned above, the presence of these species of K can influence, in part, on the
basicity of the activated coke samples.

The functional groups generated on the carbon surface during activation were
studied by means of X-ray photoemission spectroscopy (Table 6.13). The results

Table 6.12 pHpyc of the Sample pHpzc

activated cokes (Sanchez- C 651401

Polo and Rivera-Utrilla 2006) . .
C-1 8.4+ 0.1
C-2 8.8 + 0.1
C-3 9.3+0.1
C-4 9.7+0.1

Table 6.13 Results of the deconvolution of the XPS Ols spectrum of the activated coke samples
(Sanchez-Polo and Rivera-Utrilla 2006)

-C=0) (C-OH,C-0-0 (- COOH) H,0 and/or O,
(%) (%) (%) (%)
Sample 530.7 £ 0.2 eV 532.1 £0.2eV 5333 +0.2eV 5353 +02eV
C-1 76 + 1 14 +1 6+ 1 4+1
C-2 80+ 1 8+1 8+1 4+1
C-3 84 +1 8+1 3+1 5+1
C-4 90 + 1 441 2+1 4+1
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showed a percentage of surface oxygen of around 10% in all the activated coke
samples, much higher value than the percentage detected by elemental analysis in
the original coke (% O = 1.3), which would confirm the creation of oxygen groups
on the coke during its KOH activation.

In order to determine the surface functional groups generated by the activation
process, the spectrum of the Ols region was studied in the activated coke samples
following the method described elsewhere (Moreno-Castilla et al. 2003b). The
results obtained are shown in Table 6.13. In the four samples, the oxygen percent-
age corresponding to the -COOH group, which is the main responsible group of the
surface acidity, is very low. This fact may be due to the low thermal stability of this
group (242-367 °C), which may be desorbed in the form of CO, CO,, and H,O
during the activation process (Zielke et al. 1996); these results justify the pHpzc
values found for the activated coke samples. As the KOH/coke ratio increased, the
concentration of —C = O on the activated coke sample also increased. These results
explain, in part, the enhancement in the surface basicity as the KOH/coke used in
the activation process increased.

6.3 Kinetic Study of the Adsorption of Tetracyclines
and Nitroimidazoles on Sludge-Derived Materials
and Activated Carbons

6.3.1 Tetracyclines and Nitroimidazoles Characterization
6.3.1.1 Tetracyclines

The tetracyclines (TCs) studied in this chapter were tetracycline (TC), oxytetracy-
cline (OTC), and chlortetracycline (CTC). The chemical structures of the TCs are
depicted in Fig. 6.4a, and their physicochemical properties are summarized in
Table 6.14. Additionally, the speciation diagram of TC as a function of solution
pH is shown in Fig. 6.4b, as an example.

6.3.1.2 Nitroimidazoles

Nitroimidazoles used in the present study were dimetridazole (DMZ), metronida-
zole (MNZ), ronidazole (RNZ), and tinidazole (TNZ). Figure 6.5 depicts the
molecular structure and speciation diagrams of these compounds. Dimensions of
the nitroimidazole molecules were determined with the computer software
Advanced Chemistry Development (ACD/Labs) Software v8.14. Octanol-water
partition coefficients (Kow) were obtained from ChemIDplus Advanced database.
Table 6.15 lists the main physicochemical properties of nitroimidazoles.
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Fig. 6.4 Molecular structure (a) and speciation diagram (b) of tetracyclines in aqueous solution

6.3.2 Kinetic and Diffusional Models

In kinetic models, it is usually assumed that the overall adsorption rate is exclu-
sively controlled by the adsorption rate of the solute on the adsorbent surface, and
the intraparticle diffusion and external mass transport can be ignored. It is also
considered that the adsorption rate of a solute on the surface can be represented in
the same manner as the rate of a chemical reaction. As stated in Chap. 3, adsorption
kinetics are commonly interpreted with first- and second-order kinetic models. On
the other hand, diffusional models assume the adsorption process to occur by means
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Table 6.14 Physicochemical properties of TCs
Molecular volume® | Cross-sectional area® | Water solubility®

TCs | (A (A% (mg/L) Log Kow” | PK."

TC 403.72 396.90 22 —1.30 3.32
7.78
9.58

OTC |[413.13 407.49 17 —0.90 322
7.46
8.94

CTC |[416.90 410.50 4.2 —0.62 333
7.55
9.33

“Determined by applying a Monte Carlo algorithm with the Spartan08 program
®Determined by means of the Advanced Chemistry Development (ACD/Labs) Software v8.14
program. pK, corresponding to the successive deprotonation reactions
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Fig. 6.5 Chemical structure and speciation diagram of nitroimidazoles

of three well-differentiated steps: (i) external mass transfer, where the adsorbate is
transferred from the bulk of the solution to the adsorbent external surface;
(ii) intraparticle diffusion, where the adsorbate molecule diffuses through the
pores from the external surface of the adsorbent particle to the adsorption sites;
and iii) adsorption rate of the compound on an active site (Leyva-Ramos and
Geankoplis 1985). In this last step, the adsorption equilibrium between solute in
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solution and solute on adsorbent is considered to be instantaneous (Ocampo-Perez
et al. 2010); therefore the amount of solute adsorbed on the pore surface is at
equilibrium with the solute concentration in the solution. Under these conditions,
external transfer and/or intraparticle diffusion will be largely responsible for the
global adsorption rate. In the following sections, the most important kinetic models
and diffusional models used to predict the concentration decay curves for several
adsorbate-adsorbent systems will be discussed in detail. Note that details of adsorp-
tion kinetic models have been also covered in Chap. 3 of this book.

6.3.2.1 Pseudo First-Order Kinetic Model

Lagergren advanced the first-order kinetic model to predict the adsorption rate of
oxalic and malonic acids onto charcoal (Ho and Mckay 1998). The pseudo first-
order kinetic model has been extensively applied to interpret the adsorption rate of
solutes on different adsorbents (Srivastava et al. 2006). The pseudo first-order
kinetic model can be mathematically represented by the following equation:

dg,

e ki(ge —q1) (6.1)

where k; is the rate constant of the pseudo first-order kinetic model (1/h), ¢ is the
time (min), and ¢, and ¢, are the mass of adsorbate adsorbed at the equilibrium and
at time ¢ (mg/g), respectively.

This equation can be integrated using the initial condition ¢, = 0 when ¢ = 0, and
the resulting equation is:

qr = qe<l - e_k]f) (6'2)

The above equation can also be expressed in terms of C4 and C,4, by using the
mass balance equation at time ¢ and equilibrium as follows:

V(Cpo — C
g = % (6.3)
V(Ca0o — Cae
g, = L~ Cne) (6.4)
m

where V is the volume of the solution (L); Co, C4, and Cj, are the initial, at a time
t and the equilibrium concentration of adsorbate in aqueous solution (mg/L); and
m is the mass of adsorbent (g). These mathematical relationships can be substituted
into Eq. (6.2), and the following equation can be obtained:
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Ca= Cao — (g)qe<1 —e ) (6.5)

6.3.2.2 Pseudo Second-Order Kinetic Model

The pseudo-second-order kinetic model can be represented by the following dif-
ferential equation (Blanchard et al. 1984):

dg,

= kg —a) (6.6)

where k is the rate constant of the pseudo-second-order kinetic model (g/mg/h).
Integrating Eq. (6.6) and using the initial condition ¢, = 0 when ¢ = 0, the
following equation can be obtained:

2
qskot
= 76 6.7
1 1+ qekzt ( )
This equation can be also formulated in terms of C,4 and Cj,o, yielding the
following equation:
m) kot (6.8)

c:c-(—i
AT TV T + g kot

6.3.2.3 Intraparticle Diffusion Model

A functional relationship common to most treatments of intraparticle diffusion is
that uptake varies almost proportionately with the half-power of time (1), rather
than ¢. Good linearization of the data is observed for the initial phase of the reaction
in accordance with expected behavior if intraparticle diffusion is the rate-limiting
step (Ho and Mckay 1998; Ip et al. 2010). The intraparticle diffusion equation is the
following:

g, = ki® (6.9)

where £; is the intraparticle diffusion rate constant (mg/g~'h~%).

The k; values are calculated from the slope of the straight line of the respective
plots. The plot of g, versus 7> may present multi-linearity, which indicates that two
or more rate controlling steps occur in the adsorption process.
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6.3.2.4 Surface and Pore Volume Diffusion Model

The diffusional model is based on the following assumptions: (i) the intraparticle
diffusion occurs by pore volume diffusion (Fick diffusion) and surface diffusion,
(ii) the rate of adsorption on an active site is instantaneous, and (iii) the adsorbent
particles are spherical. The model equations and initial and boundary conditions are
the following (Leyva-Ramos and Geankoplis 1994; Ocampo-Perez et al. 2011):

dCy

V7 = —mSk. (CA - CA7'|,~:RP> (6.10)
1=0 Cy=Ca (6.11)

5CA,. aq 1 8 ) 6CA,. aq
SP?—FPPE_TEE ! Dep?‘f'DsppE (612)
Cy=0  1=0 0<r<R, (6.13)

aCAr
=0 6.14
or |,_ ( )
aCA,. 8(1

Dep? - JFDxPpE =k (CA — Carl,— p) (6.15)

where § is the external surface area determined from § = 3/(R, X p,), R, is the
radius of the particle (cm), &, is the external mass transfer coefficient in liquid phase
(cm/s), R is the distance in radial direction of the particle (cm), Cy, /,—g is the
concentration of adsorbate at the external surface of the particle at » = R (mg/L), €,
is void fraction of particles, C,, is the concentration of adsorbate within the particle
at distance r (mg/L), p, the density of adsorbent particles (g/mL), D,, is the
effective pore volume diffusion coefficient (cm?/s), D, is the surface diffusion
coefficient (cm?/s), and ¢ is the adsorption capacity (mg/g).

The Egs. (6.10), (6.11), (6.12), (6.13), (6.14), and (6.15) represent the pore
volume and surface diffusional model (PVSDM). The parameters k;, Dg, and D,,,
correspond to external mass transport, surface diffusion, and pore volume diffusion
mechanisms, respectively. The PVSDM model can be simplified by considering
that the intraparticle diffusion mechanism may be exclusively due to either pore
volume diffusion (PVDM) (D, # 0, Dg = 0) or surface diffusion (SDM) (D,,, = 0,
Dg # 0).

If the adsorption rate on an active site is considered to be instantaneous, there is
local equilibrium between the adsorbate concentration in the solution within the
pore of the adsorbent and the mass of adsorbate adsorbed on the surface of the pore.
This equilibrium relationship between C,, and g,, is represented by the adsorption
isotherm:

qm =1(Car) (6.16)
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6.3.3 Results and Discussion

6.3.3.1 Kinetic Study of Tetracycline Adsorption on Sludge-Derived
Adsorbents

Adsorption kinetics were obtained by adding 0.1 g adsorbent material in Erlen-
meyer flasks that contained 100 mL of a 700 mg/L TC solution. The flasks were
maintained in thermostatic bath at 298 K and under agitation for 10 days, and
samples were periodically extracted to determine the amount of TC adsorbed as a
function of time. Solution pH ranged between 7 and 8 in all cases. Figure 6.6 depicts
the adsorption kinetics of TC on selected sludge-derived adsorbents.

In order to quantify the rate of TC adsorption on the adsorbents and to identify
the chemical and textural properties involved in this process, adsorption rate
constants (k;, k) were determined by fitting the experimental adsorption kinetics
data to pseudo first-order and second-order kinetic models, respectively. Table 6.16
shows the results obtained and also the values of the amounts of TC adsorbed at
equilibrium and the corresponding determination coefficients. A comparison
between ¢, values (theoretically calculated) and the corresponding ¢, values
(experimental) shows that the pseudo-first-order model fits the experimental data
for all TC-adsorbents systems better than does the pseudo-second-order model.

The adsorption rate constants (k;) (Table 6.16) were related to some of the
characteristics of the corresponding adsorbents (Tables 6.7, 6.8, and 6.9). In
general, no clear relationship was observed between the k; values and most of the
textural parameters of the adsorbents, except for a tendency to higher k; values
with increased pore volume, V,, and macropore volume, V5 (see Fig. 6.7a, b,
respectively).

Fig. 6.6 TC adsorption 1.0f

kinetics on the adsorbents. -
pH~ 7, [TC], = 700 mg/L, (.
T = 298 K. The lines 0.8 %2 1
represent the predictions of A : e
the first-order kinetic model . -7{3.._
(Ocampo-Pérez et al. 2012) 06l A my ]
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TC adsorption rate constants also increased with lower carboxylic group content
of the adsorbents (Fig. 6.7c), but no relationship was observed with the other
chemical parameters of the adsorbents, such as the pHp,c or basic group content.
According to these findings, carboxylic groups in these materials reduce the
adsorption rate because, at the working pH of 7-8, repulsive interactions are
established between the negative charge of these groups and TC molecules,
which are negatively charged as a consequence of deprotonation (see Fig. 6.4b).

The mechanism of adsorption is generally considered to involve (i) mass transfer
of adsorbate from the bulk phase to particle surface, (ii) adsorption on surface site,
and (iii) intraparticle diffusion of the adsorbate molecules to an adsorption site by a
pore diffusion and/or surface diffusion mechanism. Step (ii) is often assumed to be
extremely rapid; therefore the adsorption of large molecules, with long contact
times to equilibrium, is always considered to be via diffusion controlled by external
film resistance and/or internal diffusion mass transport or intraparticle diffusion.
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Fig. 6.7 Variation of k; with textural and chemical parameters of adsorbents (Ocampo-Pérez et al.
2012)
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A classical approach to analyze whether an adsorption process is controlled by
intraparticle diffusion is to plot the amount adsorbed versus the square root of time,
1° for a short contact time, i.e., g/g, < 0.3. If the plot is linear and passes through
the origin, it indicates that intraparticle diffusion is controlling the rate of adsorp-
tion. Thus, Fig. 6.8 shows the amount of tetracycline adsorbed as a function of /-3
for the sludge-derived adsorbents. It can be seen that intraparticle diffusion model
satisfactorily fitted the experimental data, obtaining a linear section that passes
through the origin in a short time, indicating that tetracycline adsorption on these
adsorbents is governed by intraparticle diffusion. The values of the intraparticle
diffusion rate constant (k;) are given in Table 6.16 together with determination
coefficient values (R?). The k; values ranged from 10.82 mg/(g h®) for sample CL
to 45.33 mg/(g h®?) for sample C2.

Surface diffusion, i.e., the movement of the adsorbate through the solid surface,
is influenced by the distribution of the solid and fluid phases, and the surface
concentration gradients are the main driving force. The surface diffusion model
(SDM) is the most widely used to interpret concentration decay curves of aromatic
compounds on adsorbents (Traegner and Suidan 1989; Ganguly and Goswami
1996); it assumes that the intraparticle diffusion is exclusively due to surface
diffusion and that there is no pore volume diffusion. For its part, pore volume
diffusion refers to the movement of the adsorbate due to concentration gradients in
the fluid phase (i.e., molecular mechanisms) and is affected by the geometry of
pore. Hence, the pore volume diffusion model (PVDM) ignores surface diffusion
and assumes that pore volume diffusion is the sole mechanism of intraparticle
diffusion (Traegner and Suidan 1989).

The TC concentration decay curves were predicted with SDM and PVDM
models. Values of the external mass transfer coefficient (k;) and the effective
diffusion coefficients (D and D,,) were required to resolve both models. Experi-
mental k; values were estimated from Eq. (6.17), while D, and D, were obtained
by matching the numerical solution of the models to the experimental data. The
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optimal values of D and D,,, were the values that best fitted the experimental data
by minimizing the objective function given by Eq. (6.18).

d(cs —mSk
(d:O) =— L (6.17)
=0
N 2
3 (q)exp - q)pred) — Minimum (6.18)
1

where Qexp and Ppreq are the experimental dimensionless concentration of adsorbate
in the solution and predicted with the diffusion models, respectively, and N is
number of experimental data.

Figure 6.9 depicts the TC concentration decay curves on all adsorbents and the
predictions of SDM (Fig. 6.9a) and PVDM (Fig. 6.9b) models. It can be observed
that both models satisfactorily fitted the experimental data, which were better
interpreted by the PVDM model than by the SDM model. It should be noted that
the D values ranged from 2.43 x 1071% t0 9.7 x 107'° cm?/s, whereas the D,
values ranged from 0.85 x 107" t02.91 x 10~ cm?/s. On average, D,, values were
around 300-fold higher than Dy values, which suggests that TC diffuses within the
pores by pore volume diffusion rather than by surface diffusion.

In order to elucidate the mechanism of intraparticle diffusion that governs the
diffusion of tetracycline on these adsorbent materials, the experimental data were
interpreted with the PVSDM model. This model considers that surface diffusion
and pore volume diffusion are both important in the overall adsorption rate.
Fig. 6.10a depicts, as an example, the experimental data of TC adsorption rate on
sample CR2 and the prediction of the PVSDM model, showing a satisfactory fit of
the experimental data. The optimal values of D,, and D, were 1.73 X 1077 and
9.7 x 10~ ' cm?/s, respectively. The D,,, value obtained with the PVDSM model is
very similar to that obtained with the PVDM model (D., = 1.94 x 1077 em?/s),
whereas the D, value is lower than that obtained with the SDM model.

The relative contribution of pore volume diffusion to the overall intraparticle
diffusion was estimated from these results by using the following equation:

0Cy,
Nap Dep 75

Nas+Nap Dsp, % +D,, aac;‘"

(6.19)

where N,p and N,g are the mass transport due to the pore volume diffusion and
surface diffusion, respectively.

Figure 6.10b shows the relative contribution of pore volume diffusion as a
function of time at different dimensionless radial positions E(7/R) in sample CR2,
as an example; the pore volume contribution always represented more than 84% of
the total intraparticle diffusion regardless of the radial position and time. Similar
results were obtained for the other adsorbents. These results confirm that
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Fig. 6.9 TC adsorption kinetics on the adsorbents. The /ines represent the prediction of (a) SDM
model and (b) PVDM model. pH = 7, [TC], = 700 mg/L, T = 298 K (Ocampo-Pérez et al. 2012)

tetracycline diffusion on adsorbents derived from sewage sludge is governed by
pore volume diffusion.

TC molecular diffusion within the adsorbent pores can be drastically affected by
the physical properties of the adsorbent, such as the porosity and tortuosity. The
porosity of a material is directly related to the total pore volume, while the tortuosity
is a function of the pore shape and size distribution. In Fig. 6.11, the D,, values are
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Fig. 6.10 (a) TC adsorption kinetics on sample CR2. (b) Contribution of pore volume diffusion to
the total intraparticle diffusion at different radial positions during TC adsorption on sample CR2
(Ocampo-Pérez et al. 2012)

plotted against the main textural characteristics of the adsorbents (V,, V3, Wo(N»),
and Scy,). This figure shows a tendency for D,,, values to increase with higher V,, V3,
Wo(N»), and S, values. These results indicate that the TC diffusion is directly
related to its accessibility to the interior pores. Thus, higher effective pore volume
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Fig. 6.11 Variation in effective pore volume diffusion coefficients for TC adsorption as a function
of textural characteristics of the adsorbents (Ocampo-Pérez et al. 2012)

diffusion coefficients were obtained in the materials with greater macropore and
mesopore volumes and, therefore, larger external surface areas.

6.3.3.2 Diffusion of Tetracyclines on Activated Carbon

Activated carbons have unique chemical and textural characteristics which are
greatly different to those of adsorbents derived from sewage sludges. For example,
CH sample, with the highest Sget value of these adsorbents, has a surface area of
163 m?/g, which is nearly eight times smaller than that of activated carbon
M. Therefore, the diffusion mechanism of tetracyclines on activated carbons
could be governed by another kind of driving force different to that corresponding
to adsorbents derived from sewage sludges. To analyze this aspect, the TC concen-
tration decay curves for adsorption on S and M activated carbons were predicted
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Table 6.17 Mass transfer~ Dag x 10° kg x 107 D, x 10°
parameters for the adsorption TCs (cm?/s) ACs (cm/s) (cm?/s)
of TCs on ACs at T = 25 °C,
V—=01Landm=0.1g TC 4.87 S 3.0 1.16
(Ocampo-Pérez et al. 2015) M 2.7 26.0
OTC 4.85 S 3.2 2.60
M 2.0 2.16
CTC 4.83 S 1.9 0.13
M 24 1.82

with the numerical solution of the PVDM model. The values of D, were estimated
by the tortuosity factor equation as follows:

_ Dagey

D, = (6.20)

T

where D 4 is the molecular diffusion coefficient at infinite dilution (cm?/s) and 7,18
the tortuosity factor.

As suggested by Leyva-Ramos and Geankoplis (1994), the tortuosity factors for
carbons M and S were assumed to be 3.5. The molecular diffusivities of the TCs
were calculated using the correlation proposed by Wilke and Chang (1955), and the
values are recorded in Table 6.17. From Eq. (6.20), the values of D,,, estimated for
TC, OTC, and CTC were 6.92 x 1077, 6.85 x 1077, and 6.72 x 10”7 cm?/s,
respectively. The values of k; estimated by applying Eq. (6.17) were also included
in Table 6.17.

As an example, the rate of adsorption of TC on carbon M was predicted with the
PVDM model and using the D,, value estimated by Eq. (6.20). The experimental
and the predicted concentration decay curves are depicted in Fig. 6.12. The PVDM
considerably overpredicted the concentration decay of TC. This result implies that
the rate of adsorption of TC is faster than that predicted with the PVDM. Similar
results were observed for the adsorption rates of OTC and CTC on both ACs. These
findings suggest that pore volume diffusion is not the only intraparticle diffusion
mechanism occurring in the adsorption rate of TCs on activated carbons.

In the PVSDM model, the intraparticle diffusion is assumed to be due to both the
pore volume diffusion and surface diffusion. The values of D,, and k; were
estimated as argued earlier. Hence, the surface diffusion coefficient (Dg) was the
sole unknown mass transfer parameter and can be calculated by fitting the numer-
ical solution of the PVSDM model to the experimental concentration decay curve
data. In this case, the optimal value of D; was obtained by minimizing the
Eq. (6.18).

The concentration decay curve predicted with the PVSDM is plotted in Fig. 6.12
for the adsorption of TC on carbon M. As it can be noted, the PVSDM model
satisfactorily fitted the experimental concentration decay data. Similar results were
observed for the adsorption rate of the OTC and CTC on both activated carbons. The
optimal values of D; are given in Table 6.17 and increased in the following order:
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Fig. 6.12 Concentration decay curves of TC for adsorption on carbon M. The lines represent the
prediction of PVDM and PVSDM models. Initial concentration of TC = 700 mg/L, pH = 4, and
T = 298 K (Ocampo-Pérez et al. 2015)

D orc > Dsrc > Dy cre for catbon S and D1 > D orc > D;crc for carbon
M. The D; values for carbon M were almost one order of magnitude higher than those
for carbon S, except in the case of OTC.

The contribution of each diffusion mechanism to the intraparticle mass transfer
of the TCs was estimated by computing the mass flux due to the pore volume
diffusion (N,p) and surface diffusion (N,s) using the Eq. (6.19).

Percentage contribution of surface diffusion to the total intraparticle diffusion at
various adsorption times and particle radius during TC adsorption on carbon S is
depicted in Fig. 6.13. As shown in this figure, the contribution of surface diffusion
was markedly dependent on the time and the radial position in the particle. For
example, at a time of 33 h, the pore volume diffusion of TC is the main intraparticle
diffusion mechanism at the entrance of the pore (750 < particle radius < 800 pm);
however, the surface diffusion of TC was almost the only mechanism for particle
radius less than 600 pm.

The contribution of pore volume diffusion for carbon S was greater than for
carbon M. This result can be explained considering that carbon M has a larger mean
micropore size and mesopore, avoiding the influence of restrictive effects at the
entrance of pores on the diffusion of TCs.

6.3.3.3 Adsorption Kinetics of Nitroimidazoles on Activated Carbons

The concentration decay curves during the adsorption of DMZ, MNZ, RNZ, and
TNZ on commercial activated carbons M, S, and on the sample C-2 from chemical
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activation of petroleum coke are depicted in Fig. 6.14a—d, respectively. Indepen-
dently of the nitroimidazole type, the adsorption equilibrium in carbon C-2 was not
approached in less than 150 h, and the adsorption equilibrium in carbon M was
attained in lesser times than in the other carbons. Hence, the adsorption rate in
carbon M was faster than in the other carbons, whereas carbon C-2 presented the
slowest adsorption rate.

Independently of the carbon, the MNZ molecule presented the shorter times to
reach equilibrium. For example, the approximate times to approach equilibrium in
carbon S were 55, 74, 76, and 195 h for MNZ, DMZ, RNZ, and TNZ, respectively.
This result indicated that the adsorption rate of MNZ was faster than those of other
molecules; however, accordingly to the molecular diffusivities of the
nitroimidazoles, the expected decreasing order of the adsorption rate was
DMZ > MNZ > RNZ > TNZ.

The values of the rate constants (k; and k,) and the calculated uptake of the
nitroimidazoles at equilibrium, g.(calc), for the four nitroimidazoles, were evalu-
ated by fitting the pseudo-first-order and pseudo-second-order kinetic models to the
adsorption kinetic data, g vs. t. The value for the experimental uptake, g.(exp),
corresponds to the amount of nitroimidazole adsorbed at equilibrium has been
obtained from Fig. 6.14a—d.

In general, regardless of the model used and the activated carbon, the rate of
adsorption on the activated carbons decreases in the order:
MNZ > DMZ > RNZ > TNZ. As an example, this behavior is shown in
Fig. 6.15. These results may indicate that textural properties of activated carbons
are not solely responsible for the adsorption rate of these compounds, since
compounds like MNZ are adsorbed faster than smaller compounds, such as DMZ.

The dependence of the rate constants k; and k, with respect to the chemical and
textural properties of the activated carbons was analyzed. In general, no clear
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Fig. 6.14 Adsorption kinetics of nitroimidazoles on activated carbons. pH = 7, T = 298 K,
[activated carbon] = 0.2 g/L. (¢) S, (A) M, (O) C-2. (a) [DMZ], = 150 mg/L, (b)
[MNZ], = 150 mg/L, (¢) [RNZ], = 150 mg/L, (d) [TNZ], = 150 mg/L. The lines represent the
predictions of the pseudo-first-order kinetic model (Méndez-Diaz et al. 2010)

relationship was observed between the pseudo-first- or pseudo-second-order rate
constants and the textural properties of the carbons, except that the rate constants
k; or k, are augmented, increasing the micropore volume (Wo(N,)) and mean
micropore size (Ly(N,)) of the activated carbon. The relationships between k; and
Wo(N,) or Ly(N,) are depicted in Fig. 6.16a, b for the four nitroimidazoles.

The results plotted in these figures appear to indicate that the adsorption rate k; is
largely dependent upon the volume and mean micropore size. Nevertheless, meso-
and macroporosity do not appear to have a major effect on the adsorption rate in
these systems. It is expected that the porous structure does not affect the rate
constants of the kinetic models since in these models the diffusion through the
pores (intraparticle diffusion) has been neglected, and the surface adsorption in the
micropores is the controlling step (Poling et al. 2001; Leyva-Ramos et al. 2009).

The nitroimidazole adsorption rate constant k; was also related to surface
chemical characteristics of the activated carbons. The kinetic constants (k;)
increased, reducing the oxygen percentage of the activated carbon (Fig. 6.17) and
diminishing the content of carbonylic (Fig. 6.18) and phenolic groups (Fig. 6.19).
However, the rate constants appeared to be independent upon the other chemical
properties of carbon such as the pHpzc or concentration of basic sites. Thus, the
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Fig. 6.15 Adsorption kinetics of DMZ, MNZ, RNZ, and TNZ on activated carbon S. pH = 7,
[nitroimidazole]p = 150 mg/L, T = 298 K, [activated carbon] = 0.2 g/L. (O0), DMZ; (A), MNZ;
(©), RNZ; (0), TNZ. (- - -) The lines represent the predictions with the pseudo-first-order- (DMZ,
MNZ, and RNZ) and pseudo-second-order (TNZ) kinetic models (Méndez-Diaz et al. 2010)
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Fig. 6.16 Adsorption rate constants of (¢), MNZ; (O), DMZ; (O), RNZ; (A), TNZ as a function
of (a) Wo(N,) and (b) Lo(N,). pH = 7, [NMZ], = 150 mg/L, T = 298 K, [activated car-
bon] = 0.2 g/L (Méndez-Diaz et al. 2010)

adsorption rate constants increased by lessening the oxygen content and carbonylic
and phenolic sites in the carbons. This behavior was common to all nitroimidazoles.

The relationships presented in Figs. 6.17, 6.18, and 6.19 indicate that the
adsorption rate k; is directly related to the carbon hydrophobicity. The carbon
hydrophobicity increased, diminishing the oxygen content, and there is a decrease
in the competition between water and nitroimidazole molecules for the active
adsorption sites of the carbon surface, increasing the adsorption rate of
nitroimidazole. Thus, the nitroimidazole adsorption rate constant k; can be related
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to the relative carbon hydrophobicity as illustrated in Fig. 6.20, and the rate
constant k; increases with the carbon hydrophobicity.

The adsorption kinetics of nitroimidazoles on activated carbons was also studied
by interpreting the experimental kinetic data with the PVDM model. An initial
guess of the D, was calculated using Eq. (6.20) and, assuming a tortuosity factor of
7, = 3.50, recommended for activated carbons (Leyva-Ramos and Geankoplis
1994; Ocampo-Perez et al. 2011).

The concentration decay data predicted with the diffusional model, as well as the
experimental data for the adsorption of DMZ on activated carbon S, are depicted in
Fig. 6.21. It can be seen that the diffusional model interpreted satisfactorily well the
experimental concentration decay, and the value of 7, was 3.74 which was very
close to 7, = 3.50, recommended by Leyva-Ramos and Geankoplis (1994).
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The values of 7, for RNZ and TNZ varied from 3.84 to 4.91, and these values are
within the range of values reported for activated carbons (Leyva-Ramos and
Geankoplis 1994; Ocampo-Perez et al. 2011). In general, the diffusional model
interpreted well the experimental concentration decay data for the adsorption of
RNZ and TNZ on the three carbons. To illustrate the satisfactory fitting obtained
with the diffusional model, the predicted and experimental concentration decay
data for the adsorption of RNZ on carbon S are plotted in Fig. 6.22. As illustrated in
this figure, the diffusional model with 7, = 4.33 predicted reasonably well the
experimental concentration decay curve. In this case the diffusional model with
7, = 3.50 overpredicted the experimental concentration decay data.
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The diffusional model predicted reasonably well the experimental concentration
decay data of MNZ during adsorption on the three carbons. As an example, the
concentration decay predicted with the diffusional model and the experimental
concentration decay for the adsorption of MNZ on carbon S are displayed in
Fig. 6.23.

However, the values of 7, for MNZ range from 1.47 to 2.17. These values are
rather smaller than those for the other nitroimidazoles. The concentration decay
curve predicted with the diffusional model and 7, = 3.50 is also graphed in
Fig. 6.23, and it can be noticed that the diffusional model with 7, = 3.50
underpredicted the experimental concentration decay data. This behavior clearly
indicates that the tortuosity factor for the adsorption rate of MNZ on carbon S is
smaller than 7, = 3.50.

The low values of 7, for MNZ can be explained considering that surface
diffusion is possibly taking place in the case of the intraparticle diffusion of
MNZ. In other words, intraparticle diffusion of MNZ is due to pore volume
diffusion as well as surface diffusion. The intraparticle diffusion would be faster
when surface diffusion was occurring simultaneously with pore volume diffusion.
If surface diffusion was not included in the model such as in this case, this would
result in greater values of D, and smaller values of z),.
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6.4 Adsorption/Biosorption Equilibrium Isotherms
of Tetracyclines and Nitroimidazoles on Sludge-
Derived Materials and Activated Carbons

6.4.1 Nitroimidazole Adsorption Processes

Both the mechanisms involved in the process of nitroimidazole adsorption and the
adsorption capacity of activated carbons were determined by obtaining the
corresponding adsorption isotherms. Figure 6.24 depicts, as an example, the nor-
malized adsorption isotherms of the four nitroimidazoles for activated carbon S. It
shows the millimoles of nitroimidazole adsorbed per gram of carbon (g,) versus the
equilibrium concentrations normalized for the solubility of each nitroimidazole in
water at 298 K (C,,/Sger). Isotherms show the L form of the Giles classification
(Giles et al. 1974a, b; Moreno-Castilla 2004), suggesting that the aromatic rings of
nitroimidazole molecules are adsorbed in parallel to the carbon surface and that
there is no major competition between nitroimidazoles and water molecules for the
active adsorption centers on the carbon.

Langmuir (Eq. (6.21)) and Freundlich (Eq. (6.22)) models were applied to the
experimental adsorption isotherm data. As stated in Chap. 2, they are the most
widely used models for describing this type of process and are represented math-
ematically as:

K@Ceq
o Dlmeq 6.21
T =1+ kc, (6:21)
q. = K Cll" (6.22)

where ¢, is the adsorption capacity (mg/g), C., is the concentration of adsorbate at
equilibrium (mg/L), K is the Langmuir constant, K, is the Freundlich’s affinity
parameter, and » is the exponential Freundlich’s coefficient.
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The determination coefficients obtained were >0.99 for all systems with the
Langmuir equation (Table 6.18) but ranged from 0.842 for the TNZ-carbon S
system to 0.987 for DMZ-carbon M when the Freundlich equation was applied
(Table 6.19). Although both models served to explain our results, the Langmuir
model fitted better the experimental data.

The adsorption capacity was very elevated for all carbons and nitroimidazoles
(Table 6.18), with g, values ranging from 1.04 mmol/g for TNZ-carbon C-2 to
2.04 mmol/g for DMZ-carbon C-2. In general, relative affinity values, Kgq,,, were
also higher than those usually reported in aromatic compound adsorption (Radovic
et al. 2001), indicating the high chemical affinity of nitroimidazoles for carbon.
Interestingly, the constant K value in Langmuir’s equation (related to adsorption
energy) increased in the order DMZ < MNZ < RNZ < TNZ, which may be related
to the solubility of these nitroimidazoles in water, with an increase in their adsorp-
tion energy as solubility decreases (Table 6.15). The corresponding values of the
Freundlich exponential coefficient, 1/n, were low, ranging from 0.214 to 0.295
(Table 6.19), which also indicates strong adsorbent-adsorbate interactions
(Freundlich 1926).

The adsorption capacity of carbon for the different nitroimidazoles was
expressed per unit of carbon surface area (q'y,) to enable comparisons among
them (Table 6.18). Except in the case of TNZ, the adsorption capacity of carbon
increased in the order M < S < C-2, which may be related to the oxygen content of
carbon, which increased in the same direction. Thus, in the case of carbon C-2
and S, this oxygen is mainly forming phenolic groups, which are electronic
activators of the aromatic rings of carbon graphene planes; this favors the adsorp-
tion of aromatic compounds like nitroimidazoles, which can be adsorbed by
dispersion interactions of © electrons of their aromatic rings with = electrons of
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Table 6.19 Parameters obtained by applying Freundlich’s equation to the adsorption isotherms of
nitroimidazoles on activated carbons S, M, and C-2 (Rivera-Utrilla et al. 2009)

S M C-2

K¢ K¢ K¢
Nitroimidazole | I/n | (L/g) |R? Im  |[(Llg |R? Im | (@L/g) |R?
MNZ 0.247 [403.27 |0.925 |0.268 |171.67 |0.968 |0.282 [248.42 |0.932
DMZ 0.235 [408.97 |0.901 |0.261 |191.20 [0.987 [0.260 |345.46 |0.893
TNZ 0.295 [268.47 |0.842 |0.214 |439.44 [0.915 [0.280 |200.26 |0.885
RNZ 0.223 [479.40 [0.935 | 0.262 |317.03 |0.967 |0.240 |361.80 |0.928

the carbon graphene planes (Radovic et al. 2001; Moreno-Castilla 2004). Further-
more, the presence of oxygen in the carbon favors the establishment of hydrogen
bonds between nitroimidazoles and the carbon surface. These bonds may be
responsible for the strong adsorbent-adsorbate interactions detected in these sys-
tems and commented above.

Comparison of the adsorption capacity of carbon for each nitroimidazole (q',)
shows that, with the exception of carbon M, ¢',, decreased in the order
DMZ > RNZ > MNZ > TNZ. These results show some relationship with the
size of the nitroimidazole molecules and hence with their accessibility to the carbon
porosity. Thus, TNZ has the largest molecule size and was the least adsorbed,
whereas DMZ has the smallest molecule size and therefore highest accessibility to
the carbon surface and showed the highest adsorption. Besides the accessibility of
nitroimidazoles to the carbon surface, the electronic density of their aromatic ring
also increases their adsorption, since it enhances the abovementioned =n-m
adsorbate-adsorbent dispersion interactions. Based on the chemical composition
of these nitroimidazoles and the electronic activating/deactivating power of the
groups they contain, the electronic density of aromatic rings decreases in the order
DMZ > RNZ ~ MNZ > TNZ, the same order found for the increase in adsorption
capacity of these nitroimidazoles. These results demonstrate that the adsorption
process is mainly determined by the adsorbent-adsorbate dispersion interactions
described above.

6.4.2 Tetracyclines Adsorption Isotherms

Table 6.20 exhibits the data obtained by applying Langmuir and Freundlich equa-
tions to the adsorption isotherms of TCs on activated carbons M and S. In all
systems, they yielded determination coefficients close to unity. Although both
models could be used to explain the results, in general, the Langmuir model best
fits the experimental data.

The results in Table 6.20 indicate that, regardless of the carbon and TC consid-
ered, the adsorption capacity of the activated carbons was very high, with g,, values
ranging from 471.1 mg/g for the TC-carbon M system to 65.1 mg/g for the CTC-S
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system. In general, the values of relative affinity (Kg,,) were relatively high,
indicating the high chemical affinity of the TCs for the carbons. The corresponding
values of Freundlich’s exponential coefficient (1/n) were low, ranging from 0.10 to
0.52, indicating strong adsorbent-adsorbate interactions. All of these results dem-
onstrate the high effectiveness of these commercial activated carbons for TC
removal from water.

As shown in Table 6.20, the capacity of carbon M to adsorb the three TCs was
higher than that of carbon S, and its relative affinity with these adsorbates was also
considerably superior. For both carbons, the capacity to adsorb these TCs increased
in the order CTC < OTC < TC.

Radovic et al. (2001) in their extensive review of the literature on organic
compound adsorption on carbons concluded that the adsorption mechanism of
these processes remains controversial. They reported that both electrostatic and
dispersive adsorbent-adsorbate interactions are involved in the adsorption of aro-
matic compounds. Coughlin and Ezra (1968) suggested that the adsorption of
aromatic compounds on activated carbon is based on the establishment of disper-
sion interactions between & electrons of the organic compound aromatic ring and &
electrons of the activated carbon graphene planes (-7 interactions). Furthermore,
Leon and Leon et al. (1992) found that basic carbons (pHpzc > 7) with a low
oxygen percentage are characterized by a high content of electron-rich sites in their
graphene planes and a low concentration of surface electron-attracting oxygen
groups, which could enhance the adsorption of aromatic compounds according to
the mechanism proposed by Coughlin and Ezra (1968).

Given that TC molecules have neutral charge at the study pH (4-5), Figure 6.4b,
electrostatic interactions between positively charged activated carbon surface and
TC molecules are weak, and the adsorption mechanism must be largely governed
by dispersive adsorbent-adsorbate interactions (Rivera-Utrilla and Sanchez-Polo
2002). Consequently, the greater adsorption capacity of carbon M is partly due to its
lower oxygen content and hence higher hydrophobicity. The chemical composition
of the TCs and the electron activating/deactivating power of their functional groups
means that the electron density of the aromatic ring decreases in the order
TC > OTC > CTC, the same order as found for their capacity for adsorption.
These results demonstrate that the adsorption process is mainly governed by

Table 6.20 Results obtained from applying Langmuir and Freundlich equations to the TC
adsorption isotherms (Rivera-Utrilla et al. 2013a)

Langmuir Freundlich

TCs | Carbon |R® qm (mg/g) | K, (Llg) |R? I/m K (mg/g) (L/mg)
TC S 0.9998 |3754 52.0 0.9939 |0.17 |178

M 0.9999 |471.1 142.0 0.9851 |0.10 |263
OoTC |S 0.9911 |252.6 6.1 0.9912 045 19

M 0.9991 |413.2 15.0 0.9782 [0.23 | 100
CTC |S 0.9535 65.1 4.2 0.9939 |0.52 3

M 0.9984 |309.9 10.0 0.9893 |0.21 86




6 Removal of Antibiotics from Water by Adsorption/Biosorption on Adsorbents. . . 185

dispersive interactions. In addition, the establishment of hydrogen bonds between
the phenolic groups of TCs and the oxygenated groups of carbon would also
contribute to the high adsorption of these pollutants.

A further aspect to be considered in adsorption is the accessibility of the
adsorbate to the activated carbon surface, which is determined by the adsorbate
molecule size and carbon pore dimensions. Thus, the higher adsorption capacity of
carbon M is partly due to its larger mean micropore size and mesopore volume
(Table 6.1), giving TCs greater access to its pores and presenting a larger surface
fraction that is effective in adsorption in comparison to carbon S. As stated above,
the adsorption capacity of carbons for these TCs shows that it decreases in the order
TC > OTC > CTC. These results are in part related to the size of TC molecules
(Table 6.14) and their consequent accessibility to the carbon porosity. Thus, the
tetracycline with largest molecule size (CTC) shows the lowest adsorption and the
one with the smallest size (TC) the highest.

Table 6.21 shows that sludge-derived adsorbents had a higher capacity to adsorb
TC in comparison to the commercial activated carbons used in the present study
(Table 6.20) and other adsorbent reported in the literature (Pils and Laird
2007; Wang et al. 2010; Zou et al. 2012; Chang et al. 2012; Zhou et al. 2012; Liu
etal. 2012, 2013; Huang et al. 2013; Li et al. 2013; Liao et al. 2013; Lin et al. 2013),
reaching a value of 672.0 mg/g for the C2 sample. Taking into account the small
surface area and low C content of these materials, their high TC adsorption capacity
can only be explained by the formation of complexes between TC and the metal
elements present in these samples. The formation of chelate-type coordination
compounds between TC and metal elements has been extensively studied in the
literature (Figueroa et al. 2004; Jones et al. 2005; Basak¢ilardan-Kabakci et al.
2007). Thus, a characteristic chemical property of TCs is their capacity to form
insoluble chelates at neutral pH with certain metal ions, such as Fe**, AI’*, Ca**,
and Mg®* (Van der Bijl and Pitigoi-Aron 1995; Carson and Breslyn 1996;
Chakrawarti 2001; Wang et al. 2008a). Therefore, the presence of these metal
cations in our adsorbents (Table 6.10) would explain their high adsorption capacity.

6.4.3 Influence of Operational Variables
6.4.3.1 Influence of Solution pH

Figure 6.25 depicts, as an example, the influence of solution pH on TC adsorption
on activated carbon M, showing a pH range from 2 to 7 at which the amount
adsorbed remains constant, with a reduction in adsorption at higher pH values. This
behavior was observed for all three TCs studied, maintaining the adsorption
order TC > OTC > CTC observed for the adsorption isotherms. A similar behavior
was detected for carbon S, except that adsorption was reduced from pH values of
around 9.
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Table 6.21 Results of applying Langmuir equation to tetracycline adsorption isotherms of
adsorbents obtained from sludge and others from literature (Rivera-Utrilla et al. 2013a)

Langmuir
Gm Kqm

Adsorbent R? (mg/g) | (L/g) References
C2 0.9988 | 672.0 10.96 In this work
CR2 0.9898 | 593.4 7.64 In this work
CH 0.9966 |553.3 6.23 In this work
CAR 0.9979 |512.1 4.70 In this work
HCl-modified 0.9998 | 204 7.29 Zou et al. (2012)
Zeolite
Magnetic 0.9292 | 429.7 13.42 Zhou et al.
resin (Q100)* (2012)
Alkali biochar 0.9570 | 58.82 |0.882 Liu et al. (2012)
MCM-41 impregnated with zeolite” 0.9811 |419.3 3.04 Liu et al. (2013)
Graphene oxide functionalized magnetic 0.9920 | 39.1 17.6 Lin et al. (2013)
particles
Anaerobic granular sludge® 0.9910 461 |- Liet al. (2013)
Bamboo charcoal 0.9211 22.7 0.454 Liao et al. (2013)
Activated carbon fiber modified by 0.9818 | 312 13.54 Huang et al.
microwave (2013)
Illite 0.988 32 - Chang et al.

(2012)
Clays, humic substances, and clay-humic - 12 - Pils and Laird
complexes® (2007)
The red soil (RS, UdicFerrosols) - 12 - Wang et al.

(2010)
T=45°C
T =50°C

The behavior depicted in Fig. 6.25 is due to the progressive ionization of the
surface oxygenated groups of the activated carbon with higher solution pH, which
produces an increase in its negative surface charge density and a consequent
reduction in adsorption. This is because repulsive electrostatic interactions are
established between the carbon surface, negatively charged at pH values above its
pHpzc, and the TC molecules, negatively charged at pH values above their pK,»
values. These results indicate that, depending on the solution pH, electrostatic
adsorbent-adsorbate interactions also play an important role in these adsorption
processes.

Regarding nitroimidazoles, Fig. 6.26 shows, as an example, the influence of
solution pH on nitroimidazole adsorption of activated carbon M. The solution pH
did not significantly affect the process of adsorption of nitroimidazoles on carbon M
between pH 4 and 11, but all four nitroimidazoles showed a slight decrease at pH 2.
According to their pK,; values (Table 6.15 and Fig. 6.5), this is because of the
protonation of nitroimidazoles at pH values close to 2. As a result, repulsive
electrostatic interactions are established between the carbon surface, positively
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Fig. 6.25 Amount of TCs
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charged at pH 2 (pHsojuion < PHpzc) and the nitroimidazoles, positively charged at
pH values close to 2. Similar results were observed for the other carbon samples.
Results depicted in Fig. 6.26 verify that electrostatic interactions do not play a
major role in the adsorption of nitroimidazoles on activated carbon surface between
pH 4 and 11, since nitroimidazole molecules are neutral under these conditions, and
surface oxygenated groups of the activated carbon progressively ionize with higher
solution pH. Therefore, the increase in negative surface charge does not produce a
reduction in the adsorption of the contaminants. These data confirm that
non-electrostatic interactions are largely responsible for the adsorption of these
compounds on activated carbon, as reported in the above section.
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6.4.3.2 Influence of Solution Ionic Strength

Figure 6.27 depicts, as an example, the results for TC adsorption on carbon M in the
presence of increasing NaCl concentrations. Ionic strength can affect the adsorption
process on activated carbons. According to the results obtained by Lopez-Ramén
et al. (2003), the presence of electrolytes in solution can modify the strength of
adsorbate-adsorbent electrostatic interactions. These interactions, either attractive
or repulsive, can be increased or reduced by varying the solution ion strength.

Figure 6.27 shows that, with an increase in NaCl concentration, in the medium
from 0.0 to 0.1 molar, the adsorption percentage is reduced by around 20%, which
remains constant at higher NaCl concentrations. These results can be explained by
considering that electrostatic interactions between the carbon surface and adsorbate
are attractive at the study pH (7), because the carbon surface is positively charged
but the TC molecules are partially ionized (Figure 6.4b). Therefore, adsorption
capacity is decreased with greater ion strength due to a possible screening effect of
the carbon surface charge produced by the added NaCl, i.e., by placing C1~ and Na*
ions between carbon surface and TC molecules, reducing attractive electrostatic
interactions between carbon surface and the fraction of ionized TC. A similar
behavior was found for the rest of tetracyclines (Rivera-Utrilla et al. 2013a). In
the case of nitroimidazole adsorption, the effect of solution ionic strength was less
marked (Rivera-Utrilla et al. 2009).

6.4.3.3 Influence of the Presence of Microorganisms

The presence of microorganisms in natural water and wastewater may exert a
considerable influence on the effectiveness of activated carbon because microor-
ganisms can be adsorbed on the carbon during water treatment, giving rise to the

Fig. 6.27 Adsorption of 100
TC on carbon M as a
function of solution ionic
strength. pH =7, 80
T =298 K. [M] =1 g/L. .
[TC]o = 700 mg/L (Rivera- =
Utrilla et al. 2013a) g 60 %‘
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formation of bacteria colonies and the consequent modification of the chemical and
textural characteristics of the carbon surface (Rivera-Utrilla et al. 2001,
2003; Moreno-Castilla et al. 2003a; Bautista-Toledo et al. 2008).

This aspect was analyzed by obtaining TC and CTC adsorption isotherms on
carbon M in the presence of bacteria from secondary effluents of a wastewater
treatment plant. Figure 6.28 depicts the adsorption/biosorption isotherms of TC and
CTC on carbon M in the presence and the absence of these bacteria. Table 6.22
shows the results of applying Langmuir’s equation to these isotherms.

The effect of the adsorption of bacteria on the chemical and textural properties of
activated carbon was previously reported by our research group (Rivera-Utrilla
et al. 2001, 2003), finding (i) a decrease in the surface area due to pore blocking and
(i1) a reduction in the pHp,c, which increases the negative surface charge density of
the activated carbon. Moreover, given that the external walls of bacteria are formed
by phospholipids (Nikaido and Vaara 1985), their adsorption on activated carbon
(Fig. 6.29) increases the hydrophobicity of the carbon surface.

The results obtained (Table 6.22) show that the presence of microorganisms
during the adsorption of both TCs decreases the adsorption capacity of the activated
carbon and reduces the adsorbate-adsorbent relative affinity values (Kg,,) by around
80% and 30% for TC and CTC, respectively. This behavior may be due to two
factors: (i) an increase in electrostatic repulsions between the ionized TC fraction
and the activated carbon surface, which are both negatively charged at the study pH,
and (ii) the appearance of exopolymers released by bacteria outside the cell in the
presence of the TC (Fig. 6.29¢). These exopolymers are mainly formed by lipids
and carbohydrates (Beech et al. 1999; Sheng et al. 2005) which form a biofilm (see
Fig. 6.29) that reduces the activated carbon surface area accessible to the TC
molecules and hence the amount adsorbed.

In the case of nitroimidazoles, Fig. 6.30 depicts the adsorption/biosorption iso-
therms of DMZ and RNZ on carbon S in the presence and absence of microorgan-
isms. Application of Langmuir’s equation to these isotherms (Table 6.23) showed,
unlike what was found in the case of TCs, that the presence of microorganisms
during the adsorption of these nitroimidazoles increases the adsorption capacity of
carbon S by 22% and decreased the adsorbate-adsorbent relative affinity values
(Kq,,) by around 60%. These results suggest that the presence of bacteria produces a
change in the main interactions responsible for the adsorption and may therefore
affect the adsorption mechanism. Nitroimidazole biodegradation kinetics by the
bacteria under study were investigated before obtaining the biosorption isotherms,
observing no biodegradation of these compounds under the experimental conditions
used. Thus, results shown in Fig. 6.30 and Table 6.23 may be explained by the
increase in the hydrophobicity of the activated carbon surface, which is known to
considerably favor the adsorption process. All these results indicate that the effect
of the presence of microorganisms on the adsorption process depends on the
adsorbate-adsorbent system.
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Fig. 6.28 Adsorption
isotherms of TC (a) and
CTC (b) on carbon M in the
presence (¢, A) and absence
(<, A) of bacteria. pH = 7,
T=298K.[M]=1gL
(Rivera-Utrilla et al. 2013a)
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Table 6.22 Results of applying Langmuir’s equation on TC and CTC adsorption isotherms of M
carbon in the presence and absence of microorganisms (Rivera-Utrilla et al. 2013a)

With bacteria Without bacteria

dm Kq,, Gm Kqpm
Tetracycline (mg/g) (L/g) (mg/g) L/g)
TC 353.33 24.36 471.18 142.17
OTC 261.42 6.15 309.99 10.22
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Fig. 6.29 SEM images of a
carbon M before and after

TC biosorption.

(a) Carbon M, (b) carbon

M + bacteria, (¢) carbon

M + bacteria + TC (Rivera-

Utrilla et al. 2013a)
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Fig. 6.30 Adsorption a)
isotherms of DMZ (a) and 254
RNZ (b) in the presence (O) .0
and absence (A) of oo
microorganisms on carbon 2.0 1 ISP e, A
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Table 6.23 Results obtained by applying Langmuir’s equation to the adsorption isotherms of
DMZ and RNZ on carbon S in the presence and absence of microorganisms (Rivera-Utrilla et al.

2009)

DMZ RNZ

With bacteria Without bacteria With bacteria Without bacteria

Gm Kqn Gm Kgp | qm Kgm | qm Kq,
(mmol/g) (L/g) (mmol/g) (L/g) | (mmol/g) (L/g) | (mmol/g) (L/g)
2.44 31.06 1.99 87.24 |2.42 4425 | 1.97 104.11
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6.5 Adsorption of Tetracyclines and Nitroimidazoles
on Sludge-Derived Materials and Activated Carbons
in Dynamic Regime. Determination
of the Breakthrough Curves and Characteristics
of the Adsorbent Columns

TC and TNZ adsorption was also studied in dynamic regime, constantly passing a
TC (20 mg/L) or TNZ (100 mg/L) solution through adsorbent columns (2 g, height
7 cm, diameter 1 cm, packing density 0.36 g/cm’) at a flow of 1.5 mL/min and
obtaining both the bed breakthrough curves up to 0.9 breakthrough and the bed
characteristics. Fig. 6.31 shows the column breakthrough curves for TC adsorption
on CR2, CH, CAR, and M samples. The adsorbent sample obtained from sludge in
the presence of a phenolic resin (CR2) allows a larger volume of TC-contaminated
water to be treated in comparison to the samples obtained in the presence of humic
acid (CH) or clayey soil (CAR). Nevertheless, the water volume treated by the
commercial activated carbon M sample is around threefold higher than the volume
treated by sample CR2.

Based on the column breakthrough curves, a previously reported method
(Zogorski and Faust 1977; Ferro-Garcia et al. 1990) was used to determine the
column characteristics listed in Table 6.24, showing that the TC amount adsorbed at
the breakthrough point (qg o) was very low, especially in sludge-derived samples.
Regardless of the adsorbent sample considered, the amount adsorbed at column
breakthrough point (qg o2) was lower than the adsorption capacity observed in static
regime (Tables 6.20 and 6.21). These results indicate that adsorption is much less
effective in dynamic than static regime due to problems of TC diffusion into the
adsorbent pores and the shorter contact time between adsorbate and adsorbent.

Fig. 6.31 Breakthrough 1.0
curves for TC adsorption on -
sludge-derived adsorbents <5 ’4
and activated carbon M. (#), 0.8 AEAI% R
M; (0), CR2; (A), CAR; £ § 14
(0), CH. T = 25 °C, @ hd
= &£ A ¥ 4
pH=7,[TClo=20mgl. & 0.6 g
(Rivera-Utrilla et al. 20132) £ n‘“ &
&) }
E 04 ':lf 4
< g
ot & y
% < »°
0.0
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Table 6.24 Characteristics Qo.02 Qo.50 Vo2 Humrz | Gu

of .the TC ac}sorption columns A dsorbent (mg/g) | (mg/g) | (L) ) (cm) | (%)

(Rivera-Utrilla et al. 20132) — ~~py 07 |21 007 1032 |1859 |19.93
CR2 7.5 28 0.75 |0.54 | 8.01 [39.24
CAR 2.0 29 021 |0.43 |12.80 |20.55
M 21.0 60 2.10 |0.65 6.53 |44.97

Xo.02 is the amount of TC adsorbed at column breakthrough point.
Xo.g0 18 the amount adsorbed on the column when TC concentra-
tion in the effluent is 80% of the initial concentration. Vo, is the
volume treated at column breakthrough point. ® is the fractional
capacity of the mass transference zone. Hy;17 is the height of the
mass transference zone. Gu is the grade of utility of the column

Table 6.25 Characteristics of carbon M columns in TC adsorption as a function of the type of
water used (Rivera-Utrilla et al. 2013a)

qo.02 qo.80 Vo.o2 Hyrz Gu
Water (mg/g) (mg/g) (L) o (cm) (%)
Ultrapure 21 60 2.10 0.65 6.53 4497
Surface 5 49 0.50 0.45 10.87 22.03
Groundwater 15 51 1.50 0.50 8.26 37.46
Wastewater 2 26 0.20 0.41 11.91 19.43

The amount of TC adsorbed at the column breakthrough point was higher for the
adsorbent bound with phenolic resin than for the other samples obtained with
different binding agents. Moreover, the height of the mass transference zone of
this CR2 column was smaller and its utility grade (Gu) higher, indicating that it is
the most effective sludge sample column to remove TC from water. Nevertheless,
these sludge-derived materials are not appropriate for column adsorption processes,
mainly because of their low compaction capacity. Hence, according to these results,
these materials can mainly be used for adsorption in static regime (conventional
batch technique).

TC adsorption in dynamic regime was also studied using columns of activated
carbon M and water with different chemical compositions, in an attempt to repro-
duce as far as possible the real hypothetic situation by using surface water,
groundwater, and wastewater. Table 6.25 shows the column characteristics
obtained from the corresponding breakthrough curves. We highlight the differences
in column characteristics as a function of the type of water used. As shown in
Table 6.25, V02, oo, and the Gu values were lower in surface water and,
especially, wastewater than in ultrapure water, and the height of the mass transfer-
ence zone was greater. This is because the adsorbent porosity is partially blocked by
adsorption of the organic matter present in natural waters, reducing the surface area
available for TC molecule adsorption and markedly decreasing the treatment
effectiveness. This reduction in effectiveness is accentuated by competition
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between the organic matter and the TC molecules for adsorbent surface adsorption
sites, in agreement with previous reports (Carter et al. 1992; Kilduff and Wigton
1999).

Figure 6.32 depicts the breakthrough curves for TNZ adsorption on columns of
activated carbon M in different types of water. In all types of water, the amount
adsorbed at the breakthrough point of the column (qg o,) was lower than the amount
adsorbed in static regime. As mentioned above, this less effective adsorption in
dynamic versus static regime can be attributed to problems of TNZ diffusion to the
interior of carbon pores. The differences in the values of the column characteristics
as a function of the chemical composition of the different waters were analyzed.
Unlike the results obtained for tetracycline, Vo, and qq o, values and the degree of
utility of the column (Gu) were higher in surface water and especially in ground-
water than in ultrapure water (Table 6.26), and the height of the mass transference
zone was lower in the former waters, indicating an increase in the effectiveness of
the treatment. Two effects may explain these findings: (i) lower solubility of
nitroimidazoles in surface and groundwater as a consequence of their higher
alkalinity and salinity, since nonpolar organic compounds are known to markedly
decrease their solubility in the presence of salts (West and Harwell 1992; Flaming
et al. 2003), explaining the increase in V g,, qo.02, and Gu, and (ii) the presence of
Ca”* ions may modify the adsorption of organic molecules on activated carbon,

1.0 1
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[TNZJ[TNZ],

0.2 A

500 1000 1500 2000

0 2000 4000 6000 8000 10000
Effluent volume (mL)
Fig. 6.32 Breakthrough curves of TNZ on carbon M as a function of the type of water used. (<),

ultrapure water; (O), surface; (A), groundwater; (O), wastewater. T = 298 K. [nitroimidazole], =
100 mg/L (Rivera-Utrilla et al. 2009)



196 J. Rivera-Utrilla et al.

Table 6.26 Characteristics Y H G

. qo.02 0.02 MTZ u
°(fl carbon Mfc%lgms inthe  wager (mmol/g) | (mL) |® m) | (%)
adsorption o asa Ultrapure 035 1377 0636 | 6.044 |41.14
function of the type of water
used (Rivera—Utrilla et al. Surface 0.64 2693 0.660 4.341 56.13
2009) Groundwater | 0.73 2870 | 0.591 |4.697 |57.50

Waste 0.17 700 |0.694 |7.670 |15.77

since this ion can react as a co-adsorbate by creating a bridge between the structure
of activated carbon and adsorbed molecules (Lafrance and Mazet 1989; Cannon
et al. 1994).

Markedly lower Vg2, qo.o2, and Gu values and a higher Hyrz value were
obtained for TNZ adsorption in wastewaters, because adsorption of dissolved
organic matter on carbon surface would reduce the surface area available for the
adsorption of TNZ molecules. The effectiveness of treatment would be reduced by
the competition between dissolved organic matter and TNZ molecules for active
sites on the activated carbon, as previously reported (Carter et al. 1992; Kilduff and
Wigton 1999). Similar values for the fractional capacity of the mass transference
zone (®) were observed in all water samples studied (Table 6.26).

The results presented in Table 6.26 and Fig. 6.32 are very interesting from an
application point of view. Thus, according to the results obtained, nitroimidazoles
could be efficiently removed from surface and groundwater by adsorption on
activated carbon; however, due to the high concentration of organic carbon
dissolved in wastewater, activated carbon adsorption would not be the best tech-
nological alternative to remove nitroimidazoles from wastewater.

6.6 Conclusions

Sludge chemical activation considerably increases the adsorption capacity of
sludge for tetracyclines. The addition of a binding agent (humic acid, phenolic
resin, or clayey soil) before chemical activation of the material slightly reduces this
adsorption capacity but improves its granulometry and allows the production of
large granules, enhancing their technological applicability and, therefore, their
commercialization. The capacity of all sludge adsorbents to adsorb tetracyclines
is much higher than that of a commercial activated carbon (Merck) widely used in
water treatment.

Petroleum coke was chemically activated with KOH. The activation process
considerably develops the micro-, meso-, and macroporosity of the raw material.
The surface chemical nature of the original coke was also modified by the activation
process, increasing its surface basicity.

Experimental data for TC concentration decay curves on the treatment sludge-
derived adsorbents are adequately interpreted by the kinetic and diffusion models
applied. The pseudo first-order kinetic model provides the best interpretation of TC
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adsorption kinetics on all adsorbents under study, and their rate constants vary in a
linear manner with their macro- and mesopore volumes and decrease with the
carboxylic group content. The intraparticle diffusion model demonstrated that the
TC adsorption rate on all adsorbents is controlled by intraparticle diffusion. Pore
volume diffusion represents more than 80% of the total intraparticle diffusion,
indicating that surface diffusion does not play a major role in TC diffusion on
these adsorbents.

The concentration decay data of the TCs during the adsorption was interpreted
quite well using the PVSDM model, and it was demonstrated that the pore volume
diffusion and surface diffusion are important in the adsorption rate of the TCg. The
contribution of surface diffusion is directly related to the adsorption capacity of the
activated carbons. In general, the higher the adsorption capacity, the greater is the
contribution of surface diffusion.

The adsorption rates of the nitroimidazoles DMZ, MNZ, RNZ, or TNZ on
activated carbons were better interpreted by a pseudo-first-order model or a pseudo-
second-order model depending on the adsorbate-adsorbent system studied. The
adsorption rate of the nitroimidazoles decreases in the order
MNZ > DMZ > RNZ > TNZ. Therefore, in the case of MNZ, molecular size
does not appear to be a determining factor in the adsorption rate. The adsorption
rate of nitroimidazoles is related to the decrease in oxygen percentage of activated
carbons and, therefore, their increase in hydrophobicity. Thus, hydrophobic inter-
actions appear to favor the kinetics of the adsorption process. A diffusional model
was applied that combines external mass transfer and intraparticle diffusion,
achieving an adequate fit to the experimental data in the majority of the systems
studied.

The TC adsorption capacity of the sludge-derived materials is very high
(512-672 mg/g) and greater than that of the commercial activated carbons studied,
attributable to the strong tendency of TCs to form complex ions with some of the
metal ions in these materials.

The commercial activated carbons studied have a high TC adsorption capacity
(65-471 mg/g). At the study pH (pH 4-5), the capacity of carbons to adsorb TCs is
directly related to the density of delocalized & electrons in both the graphene layers
of the carbon and the TC aromatic ring.

The solution pH and the presence of electrolytes had a major influence on TC
adsorption on the commercial activated carbons, indicating that electrostatic
adsorbent-adsorbate interactions also play an important role in TC adsorption at
pH values that produce TC deprotonation. However, in the case of nitroimidazoles,
the pH of the medium and the concentration of the electrolyte present do not have a
major effect on the adsorption of these compounds on activated carbon, indicating
that adsorbent-adsorbate electrostatic interactions do not play an important role in
these adsorption processes.

The presence of bacteria in solution reduced TC adsorption/biosorption on the
commercial activated carbons, weakening interactions between the adsorbate and
the biofilm formed on the carbon surface. These results are explained by the
formation of exopolymers released by bacteria in the presence of
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TC. Nitroimidazoles are not degraded by the microorganisms used in the biological
treatment stage of a wastewater treatment plant. However, the presence of these
microorganisms during the adsorption of these compounds increases their adsorp-
tion/biosorption on the activated carbon, although interactions between adsorbate
and carbon surface are weakened.

TC adsorption on both sludge-derived materials and activated carbons was
markedly lower in dynamic versus static regime, attributable to problems of TC
diffusion into the adsorbent pores and the shorter contact time between adsorbent
and adsorbate in the case of dynamic regime. The extend of TC adsorption was
markedly lower in natural waters (surface water, groundwater, and wastewater)
than in ultrapure water, which may be explained by the reduced adsorbent surface
area available for TC adsorption due to the adsorption of dissolved organic matter
in these type of water. Nevertheless, in the case of nitroimidazoles, results obtained
in dynamic regime show that the adsorption capacity of the activated carbon was
markedly higher in surface and groundwater than in ultrapure water and urban
wastewaters.
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