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Chapter 1

Introduction

Globally, more than 100,000 tons of pharmaceuticals are consumed every year [1]. In the European
Union, consumption of pharmaceuticals per capita has tripled between 2000 and 2014, their
production reached 258,000 tons in 2017 [2-3]. The main part of the consumed pharmaceuticals is
discharged into wastewater (WW). Effluents from wastewater treatment plants (WWTPSs) have
been identified as the major sources of these pharmaceuticals in the environment due to their
limited removal efficiencies, depending on the physico-chemical characteristics of the drugs and
type of WW treatment technologies [4-7]. Consequently, their residues can be transported into the
environment. Because of their low biodegradability, continuous release, stability, high persistence
in nature, facile bioaccumulation and ecotoxicological effects on terrestrial and aquatic organisms
[6, 8] pharmaceuticals have been categorized as hazardous pollutants [4, 9-11]. The presence of
these emerging contaminants in the aquatic environment has become a serious concern in recent

years [5, 12-13]. Accordingly, in the European Union, four active pharmaceutical ingredients had

been included into the Watch List of substances for Union wide monitoring in the field of water
policy established by 2015/495 Commission implementing decision (EU) [14-15].

Many studies reported the presence of pharmaceutical compounds in different aquatic
systems [4, 16-18]. The environmental levels of pharmaceuticals varied from the ng L™ to ug L™
concentration level according to their media and discharge patterns and their usage pattern [19-
20]. Lately, antibiotics, antidepressants, beta blockers, hormones, lipid regulators, diagnostic
contrast media, antineoplastic, non-steroidal anti-inflammatory drugs (NSAIDs) such as naproxen
(NPR) and diclofenac (DCL), as well as the anticonvulsant carbamazepine (CRB) - among other
compounds, have been detected in surface water, groundwater, WW, and even in drinking water at
concentrations ranging from ng L to ug L™ [4, 6]. Among the 71 PPCPs in African and European
freshwater samples determined by Fekadu et al., the top ten most frequently quantified compounds
were sulfamethoxazole (SMX), CRB, DCL, trimethoprim, ibuprofen, NPR, paracetamol,
ketoprofen, venlafaxine and clarithromycin [4]. Among these drugs, CRB deserves special
attention because of its very poor removal efficiency and high concentrations in WWTP effluents
[6, 21]. That is why CRB can be determined even in tap water in Budapest [22]. The NSAID DCL
included in the Watch List of substances for which Union-wide monitoring data are to be gathered
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[15] is also of great importance together with NPR, this latter being one of the pharmaceuticals
having the highest reported concentrations in aquatic environment and WW [4]. In Hungary, the
most frequently prescribed NSAIDs were DCL and NPR in 2018 [23]. The three aforementioned
drugs are very widely used in EU, and often occurred in higher concentrations than their
ecotoxicological levels all over the world [4].

A great variety of technologies has been developed for the removal of these contaminants
in water such as biological degradation, advanced oxidation and physical adsorption processes.
One of the most effective methods to eliminate contaminants from the aqueous phase is adsorption
onto different sorbent materials. Several novel adsorbents such as graphene, graphene oxide (GO),
carbon nanotubes [24-28] have been developed for removal of different hazardous materials.
Nevertheless, adsorption onto granulated activated carbon (GAC) has been preferred for removal

of pharmaceutical from aqueous matrices [24, 29-31].



Chapter 2

Objectives

The primary aim of this dissertation was to study the relationship between adsorption properties of

GAC and physicochemical characteristics of pharmaceuticals under batch conditions. Another

objective was to study the breakthrough curves for the target pharmaceuticals to approach operating

conditions closer to the industrial application. Thus, study of adsorption of diclofenac (DCL),
naproxen (NPR) and carbamazepine (CRB) from aqueous matrices onto a commercially available
granulated activated carbon under both batch and continuous conditions was aimed as follows:

For batch conditions:

1. Study of the relationship between the adsorption properties (i.e. pore size and availability) of
GAC and chemical characteristics of pharmaceuticals having different physico-chemical
characteristics.

2. Study of the adsorption isotherms experimentally and by modeling.

3. Study of the kinetic behaviour of adsorption experimentally and by modeling.

4. Study of the temperature dependence of the adsorption process experimentally and by

modelling.

5. Method proposal (i.e. semi-open system) to investigate adsorption of low-water soluble
compounds (i.e. CRB) and potential interferences among the target compounds in model
aqueous solutions.

For flow conditions:

1. Investigation of the effect of the initial pharmaceutical concentration, adsorbent dosage and
volumetric flow rate.

2. Study of the breakthrough curves for the three pharmaceuticals using GAC in a fixed-bed
column system at conditions similar to industrial application.

3. Study of the effect of flow rate and GAC mass, as well as GAC particle size on the breakthrough
curve.

4. Comparison of adsorption from model solutions with secondary sewage water (SSW) using the
designed fixed-bed technique.

5. Optimization of the adsorption parameters by application of a mathematical model for
both model solutions and SSW.

10



Chapter 3

Literature overview

3.1 Chemical structure and properties of the investigated three pharmaceutical compounds
Two of the target compounds to be tested in sewage samples, i.e. DCL and NPR, are the two most
frequently prescribed NSAIDs in Hungary, while CRB is used mostly in psychiatry. The NSAIDs
are anti-inflammatory agents, which do not act on receptors for steroid hormones. The structure
and physical parameters of the investigated compounds are summarized in Table 3.1.

3.1.1 Carbamazepine

Carbamazepine is widely used for the treatment of various types of seizures and pain resulting from
trigeminal neuralgia. It is used to treat patients with acute mania, partial onset seizure epilepsy,
partial seizures with secondary generalization, mixed manic depressive episodes, generalized tonic
alcohol withdrawal syndrome and restless legs syndrome [32].

The structural formula of CRB is shown in Table 3.1 [33]. It belongs to the class of
dibenzazepines and in its molecule two benzene rings are connected by an azepine ring. Its IUPAC
name is benzo[b][1]benzazepine-11-carboxamide. The molecular weight of CRB is
236.269 g mol™. Its formulations are called Epitol, Finlepsin, Neurotol, Tegretol and Amizepine
[32].

Carbamazepine is a white to off-white powder. It is very poorly soluble in water, the water
solubility data available in the literature are between 0.112 mg L™ — 35 mg L. This is an apolar
compound, its acid dissociation constant is pKa= 7.0. It does not hydrolyze under environmental
conditions. This compound is only slightly soluble in ethanol or glacial acetic acid but soluble in
methanol, chloroform, dimethylformamide and ethylene glycol monomethyl ether.

Presumably, CRB inhibits the voltage-dependent Na* channels in the membrane of nerve
cells [34]. In the case of overdosage, neuromuscular disturbances, mild cardiovascular disorders,

respiratory depression and vomiting are observable [32].
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3.1.2 Diclofenac

Diclofenac is a NSAID. It is used for treatment of acute and chronic pain and inflammation. It has
also analgesic, antipyretic, and platelet-inhibitory actions. It is used also to treat patients with
inflammatory reaction, operation site inflammation, inflammatory disease of the oral cavity or
throat, ocular inflammatory conditions, conjunctivitis, acute musculoskeletal injury, localized soft
tissue rheumatism, rheumatoid arthritis, acute gouty arthritis, acute migraine [32].

The chemical structure of DCL is shown in Table 3.1 [33]. Diclofenac is a phenyl acetic
acid derivative. It belongs to the class of dichlorobenzenes, its UPAC name is 2-[2-(2,6-
dichloroanilino) phenyl] acetic acid. The molecular weight of diclofenac is 296.148 g mol™. It is
sold under several trade names such as Diclofenaco, Diclofenacum, Feloran, Novapirina, Orthofen,
Orthophen, Ortofen, Voltaren and Voltarol [32]. Diclofenac is used in medicines in the form of
sodium (Pennsaid, Solaraze), or potassium (Cataflam) salts or as DCL diethylamine or diclofenac
epolamine.

The NSAIDs act in a similar way by binding and chelating both isomorphs (COX-1 and
COX-2) of the enzyme cyclooxygenase (COX). Diclofenac is a COX inhibitor; it combines with
COX preventing its substrate-enzyme combination with arachidonic acid and formation of pro-
inflammatory-proprostaglandins. This may be the explanation of its analgesic, antipyretic, and
platelet-inhibitory actions. Symptoms of overdose are respiratory depression, vomiting, chest pain,

gastrointestinal bleeding, rarely hypertension and acute renal failure [32].

3.1.3 Naproxen

Naproxen is a non-selective NSAID. It can effectively treat acute pain for example related to
rheumatic diseases. This medicine is used in the case of headaches, migraine, toothache, backache,
fevers, arthritis, ankylosing spondylitis, dysmenorrhea, bursitis, tendinitis, etc. [32]. The molecular
weight of NPR is 230.259 g mol™. Its UPAC name is (2S)-2-(6-methoxynaphthalen-2-yl)propionic
acid. The chemical structure of NPR can be seen in the Table 3.1 [33].
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Table 3.1 Structural formula and chemical/physical characteristics of DCL, NPR and CRB

Water o Vapor Henry’s law )
] . Molecular Acidity Polarity
Compound Chemical structure solubility pressure constant
mass [Ref] [Ref]
[Ref] [Ref] [Ref]
mg L g mol? pKa mm Hg at 25 °C atm-m3 mol! IgP
Cl
_ ; NH 2.37 3.99 6.14-10® 4.73-1012 451
Diclofenac Cl OH 296.148
[37] [42] [38] [38] [33]
0
CHy
~OF 15.9 4.19 1.89-10°¢ 3.39-10%0 3.18
Naproxen e 5 230.259
o [39] [44] [40] [40] [44]
) O N O 18.0 7.00 1.84-107 1.08-10°7 2.20
Carbamazepine 236.269
oA, [41] [33] [43] [43] [33]
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It belongs to the class of naphthalenes. Its main trade marks are Aprolag, Naproxéne,
Naproxeno, Naproxenum, Aleve, Anaprox, Methoxypropiocin, Naprosin, Naprosyn, Naproxen
Sodium, Proxen, Sodium Naproxenate and Synflex [32].

Naproxen is a white to off-white crystalline powder. Its melting point is 153 °C. Its
solubility in water is low, 15.9 mg mL™ at 25 °C. It is slightly soluble in ether, soluble in methanol
and chloroform. It has acidic character, its dissociation constant is pKa = 4.19. It is optically active
[35], its specific optical rotation: +66 deg at 25 °C/D (in chloroform). In the vapor phase, this
compound is degraded by reaction with photochemically produced hydroxyl radicals with 0.8 - 4
hours half-life [36].

The explanation of its therapeutic effect is that NPR also inhibits COX-1 and COX-2

enzymes, resulting in decreased formation of precursors of prostaglandins and thromboxanes.

3.2 Emerging contaminants, pharmaceuticals and personal care products in the aquatic
environment

Emerging contaminants (ECs) are synthetic or naturally occurring chemicals or any
microorganisms that are not commonly monitored in the environment [45].
Emerging contaminants include pharmaceuticals, personal care products (PPCPs), pesticides,
herbicides, endocrine disrupting compounds, surfactants, flame-retardants and industrial additives.
Pharmaceuticals are used primarily to prevent or treat human and animal disease, whereas personal
care products are used to improve quality of daily life and include products such as moisturizers,
lipsticks, shampoos, hair colors, deodorants and toothpastes [46]. Pharmaceutical industry
produces annually large amounts of these active pharmaceutical ingredients (APISs).

These APIs are absorbed by human body through drug consumption or through skin by
externally applied products. A significant part of the active ingredient of drugs consumed is
excreted into faeces and urine together with their by-products [47] and finally into WW. There are
three main pathways by which APIs can be released into environment. The main pathways are
manufacturing (pharmaceutical and cosmetic industries), consumption and, finally waste
management (e.g. expired medicine, hospitals, animal waste, research activities). The major
pathway for APIs and their metabolites to enter the WW is through municipal sewage.

Effluents from WWTPs, hospital WW discharges have been identified as major sources for
these pharmaceuticals in the environment [48-61]. For example, 559 APIs or their metabolites have
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been identified in WW influent, effluent and sludge [49] because PPCPs are not completely
removed during conventional WW treatment processes, and consequently, they are ubiquitously
present in water at trace concentration levels ranging from a few ng L to several ug L™ [6, 62-
65]. Composition of WWTP influent and effluent depends on consumption of medicines, their
prices, seasonal variations [66], choice of the individual medicine, prescription rates in the given
country [4]. Concentration of drugs measured downstream of a WWTP also depends on the
different consumption rates of these medicines in the given settlement [67]. Direct discharge of
animal farm WW is also an important contamination source [4]. Discharge of drug manufacturers
also causes environmental contamination [68]. Occupational exposure is also possible through
inhalation and dermal contact at the sites where these compounds are produced or used.

Removal efficiencies of PPCPs are highly variable, ranging from 12.5 to 100% depending
on properties of the drug in question and operating conditions of WWTP [7, 69]. Conventional
treatments have been reported to be ineffective in removal of several pharmaceuticals [70-71] with
an efficiency of <40%, or negative efficiency values can also be found in the literature [6, 69, 72-
73]. For example, in the case of CRB and NPR, negative removal efficiency values are due to
metabolite reversal to parent compound or desorption from organic matter [18, 74-75].

In recent years, many papers reported on occurrence of PPCPs in the aquatic environment
such as groundwater [76], rivers [77-79] lakes [80] and sea [81-82]. Deo et al. found 93 different
PPCPs that have been reported to contaminate surface waters in the USA according to a metadata
analysis. The most frequently detected drugs were antibiotics and antidepressants [83]. According
to their results, maximal detected concentrations in surface water in USA for DCL, NPR and CRB
were 42 ng L't and 107 ng L™t and 1238 ng L™, respectively. Wang et al. evaluated occurrence of
36 PPCPs in urban river water samples in China, the median concentration of the 28 detected
PPCPs were in the range of 0.16 - 164 ng L™ [84]. Antibiotic was the predominant class detected.
Naproxen and CRB median concentrations were 1.04 and 5.11 ng L in river water samples, while
maximal measured values were 3.5 ng LY and 21.3 ng L*, respectively. In another study,
occurrence of 34 PPCPs in the aquatic environment of Pearl River Delta in China was studied.
Thus, 9, 21, 14, and 28 PPCPs were detected in water, sediments, aquatic organisms and fish feeds,
respectively [17]. In water samples, six antibiotics, two anti-inflammatory drugs (paracetamol and
ketoprofen) and one antihistaminic were detected. Diclofenac, NPR and CRB were not detected in
those samples. Also in China, a separate study was conducted in a drinking water treatment plant
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to detect occurrence of 39 PPCPs in source water and drinking water. Twenty-four out of 39 PPCPs
were detected in raw water, and 12 PPCPs were detected in the treated water [18]. Concentration
range of DCL, NPR and CRB in the raw water samples were 1.929-3.707 ng L and 0.366-0.458
ng L and 0.827-0.994 ng L, respectively. In treated water, DCL was not detected, NPR and CRB
concentration ranged between 0.471 and 0.522 ng L™ as well as between 0.833 and 0.968 ng L,
respectively. DCL removal was practically complete, while CRB was removed in 4.1%. For NPR
removal efficiency, a negative number was obtained. In Tables 3.2-3.4 DCL, NPR and CRB
concentration data are given in different water samples according to publications from 2017 to
2019. Pharmaceuticals could be detected also in soils irrigated with reclaimed water [295].
Recently, there are many concerns on the presence of APIs in the aquatic environment due
to their potential toxicity and persistency [87-90]. Studies have shown direct effects on wildlife
from some APIs [90-91]. In a separate study, 2986 different pharmaceuticals have been listed as
toxic substances for aquatic organisms [92]. In addition, the permanent presence of antibiotics in
aquatic systems produces antibiotic resistant and harmful bacteria [57, 93] and it can affect
bacterial communities responsible for biological degradation [94]. Da Silva Santos et al. reported
that chronic exposure of zebrafish to CRB led to altered feeding behaviour and reduced egg
viability [95]. Different organisms absorb hazardous pollutants to varying extent and the
biomagnification of different active substances varies, as well [80, 91, 96]. Level of toxicity can
be characterized with ecotoxicity endpoint [74] and risk quotient values (determined environmental
concentration divided by ecotoxicity endpoints) [97]. In the case of CRB, no observed effect
concentration (NOEC) value was determined as 230 ngL™ according to the experiment dealing
with Dreissena polymorpha as test organism [4]. The NOEC in the case of DCL for brown trout
was found to be 500 ng L™ [98], and its lowest observed effect concentration (LOEC) for thyroid
hormone level decrease of Indian major carp (Cirrhinus mriagala) was 1000 ng L [99]. The
LOEC of NPR was found to be 10000 ng L, according to hatching, developmental rate,
morphology and histopathology [13]. In Table 3.5, the ecotoxicity endpoints and corresponding
risk quotients (RQs) are given for DCL, NPR and CRB according to the river water concentration
data listed in Tables 3.2-3.4. It can be stated that in some cases DCL and CRB maximal
concentrations (Cmax) Were higher than ecotoxicity endpoints. Moreover, the corresponding risk

quotients (RQs) were higher than the unit. In seawater samples, the maximal concentrations of
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DCL, NPR and CRB were in the 0.021 - 3.99 ng L'*and n.d. - 177.7 ng L'*and n.d. - 28.3 ng L*
concentrations ranges, the calculated RQs were 0.004, 0.018 and 0.123.

In Table 3.6, the ecotoxicity endpoints and corresponding risk quotients (RQs) are given
for DCL, NPR and CRB according to the WWTP effluent concentration data listed in Tables 3.2-
3.4. It can be stated that DCL and CRB risk quotients (RQs) in most cases exceeded the acceptable
value (i.e. 1). This means that the emitted effluent in most cases posed an environmental threat.
That is increasingly complex because of micropollutants interaction [100-101]. These drugs also
pose a risk to population because they eventually enter human body via contaminated drinking
water [102-103], consumption of fish [104-107] and mussels [108]. Due to the harmful effects of
these substances, the 2015/495 Commission implementing decision (EU) included some
pharmaceuticals into the Watch List for Union wide monitoring in the field of water policy [89,
15].
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Table 3.2 Diclofenac concentration data (ng L) in different water samples according to scientific papers published between
2017 and 2019

DCL,ng L*
River water Lake Reservoir .WWT WWT Coastal Estuary | Sea water | Reference Country
influent effluent water
258-1398 560-2470 466-2180 [75] Mexico
19000-193000 [78] Brazil
n.d. - 50 [109] Brazil
« « x Portugal,
n.d. n.d. n.d. nd-3.99 | [110] Atlantic Ocean
98- 3224 [15] Portugal
canal with WW
1900-2100 n.d. 540-6300 910- 4000 [111] Germany
186-195 172-277 n.d.-31.9 nd-25  [85] ;z‘;'”’ Cadiz
Italy, Western
n.d.- 0.021 | [81] Mediterranean
Sea
0.0649-4.62 113-812 [112] Slovenia,
Croatia
13.3-20.3 [113] Hungary
400-880 2500-3350 [114] Germany
United
n.d.-250.8 [79] Kingdom

18




continued

1.60-51.8 [115] Portugal
Basque
8-1932 1-650 [116] Country
United
5.9-380 [117] Kingdom
1038-3429 811-3697 [118] Italy
4-3560 [67] Ukraine
33 -46 3291-3842 [22] Hungary
. Czech
514-1080 [119] Republic
n.d.-111 [103] India
Saudi Arabia,
n.d.-26.9 [120] Read sea
142-245 152-561 [121] New Zealand
n.d.-26 [80] China
n.d. - 836000 [122] Pakistan
n.d.-1010 n.d.-10200 n.d. [66] South Africa
467.4- 1461.5 [70] South Africa
n.d. 77-15087"" [123] Antarctica

n.d.=not detected; “veterinarian usage prohibited; ““after WWTP treatment; ~“wastewater discharge into the sea
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Table 3.3 Naproxen concentration data (ng L™) in different water samples according to scientific papers published between 2017 and

2019
: . WWT WWT Coastal
River Ponds | Groundwater | Reservoir influent effluent water Sea water | Reference | Country
50 -2063840 50 — 34718990
3220 - 98390 median: 28700 | median:33680" [124] USA
5760-253000 [68] Canada
732-4880 825-4210 49-392 [75] Mexico
n.d.- 100 [109] Brazil
Portugal,
n.d. 533.3-2078.7 | n.d.-110.7 n.d.-177.7 | [110] Atlantic
Ocean
Spain,
12883-16774 | 75-124 n.d.-95.8 | n.d. [85] Cadiz Bay
n.d.-333 n.d. 96-333™ [123] Antarctica
Slovenia,
2.67-20.4 81.6-2190 [112] Croatia
270 [54] Italy
n.d.-1375 [22] Hungary
- Czech
LOQ-929.8 [119] Republic
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continued

414-7976 <LOQ [121] gj;’lvan |
n.d.-22 [80] China
LOQ-43.2 [125] China
12.6-527 [53] 5:%?2;
n.d.- 464000 [122] Pakistan
nd-1.70 | [81] r'\]’é‘;ﬂ'g;a
224.3-1112.8 [70] ic;lrjitc?a
133-355 126-147 | [126] i?‘lrjitcha
nd. nd-59300 | nd. [66] Soun
22000 -67000 [127] Colombia

LOQ = limit of quantification; n.d.=not detected; “Naproxen was removed to a lesser extent because of negative removal potentially due to

metabolite reversal to parent compound or desorption from organic matter; ““wastewater discharge into the sea , ***after WWTP
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Table 3.4 Carbamazepine concentration data (ng L) in different water samples according to scientific papers published between 2017

and 2019
Bottled Tap River water | Lake Ground .WWT WWT Coastal Estuary Sea Reference Country
water water water influent effluent water
52-276 85-380 165-476 [75] Mexico
Spain,
323-338 214-329 n.d.-31.1 n.d.-0.1 [85] Cadiz Bay
. Sweden,
Baltic 1.9 [82] Baltic sea
Portugal,
n.d.-22.1 | 20.0-22.3 | 32.9-34.4 66.2-110.9 | 98.5-244.9 n.d.-28.3 [110] Atlantic
Ocean
2.69-18.4 86.2-5320 [112] Slovenia,
Croatia
Basque
2-390 1-93 [116] Country
87-375 129-847 [118] Italy
22-27 23-37 2917-3726 [22] Hungary
280-730 640-1000 [114] Germany
n.d.-779 [103] India
211500 | 3-6880 [128] Eep“b“c of
orea
53.8 61.9 [129] Japan
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continued

435725 | 595703 [121] D
1-6.6 [80] China
12.6-527.9 [53] Egeg:ﬁc of
0.0038-0.0133 | [81] r'\]’ézﬂ'tseé;a
157.1-279.5 701 South

n.d.=not detected
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Table 3.5 Ecotoxicity endpoints and corresponding risk quotients (RQs) for pharmaceutical compounds in river water

River water DCL NPR CRB
Cmax,ng L! RQ Ref. Cmax,ng L RQ Ref. Cmax,Ng Lt RQ Ref.

Portugal n.d. - [110] n.d. - [110] 34.4 0.150 [110]
Portugal 3224 3.224 [15]

Italy 270 0.027 [54]

Ukraina 3560 3.560 [67]
Croatia 4.62 0.005 [112] 20.4 0.002 [112] 18.4 0.080 [112]
Hungary 20.3 0.020 [113]

Hungary 46 0.046 [22] 37 0.161 [22]
Germany 880 0.880 [114] 730 3.174 [114]
Ei”r:;eddom 380 0380 | [117]
Czech 1080 1.080" [119] 929.8 0.093 [119]
Antarctica 333 0.033 [123]

India 111 0.111 [103] 779 3.386 [103]
Korea 527 0.053 [53] 527.9 2.295 [53]
China 43.2 0.004 [125]

Mexico 1398 1.398 [75] 4880 0.488 [75] 276 1.200 [75]
Brazil 193000 193 [78]
South Africa | 1010 1.010 [66] 355 0.036 [126]
South Africa | 1461 1.461 [70] 1112.8 0.111 [70] 279.5 1.215 [70]

Endpoint (LOEC) conc. ng/L DCL 1000; NPR: 10000; CRB: 230; n.d.=not detected; *after WWTP; **sewage from city
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Table 3.6 Ecotoxicity endpoints and corresponding risk quotients (RQs) for pharmaceutical compounds in WWTP effluents

Effluent DCL NPR CRB

Cmax,ng L RQ Ref. Cmax,ng L RQ Ref. cmax,Ng Lt RQ Ref.
USA 33680 3.368 [124]
Canada 253000* 25.30* [68] 575000* 2500* [68]
Mexico 2180 2.180 | [75] 392 0.039 [75] 476 2.069 [75]
Portugal n.d - [110] 110.7 0.011 [110] 244.9 1.065 [110]
Spain 277 0.277 | [85] 124 0.012 [85] 329 1.430 [85]
Italy 3697 3.697 | [118] 847 3.683 [118]
Slovenia 812 0812 | [112] 2190 0.219 [112] 5320 23.13 [112]
Hungary | 3842 3.842 | [22] 1375 0.138 [22] 3726 16.20 [22]
Germany 4000 4.000 [111]
Germany 3350 3.350 [114] 1000 4.348 [114]
Antarctica | 15087** 15.09** | [123] 333 0.033 [123]
Basque 1932 1.932 | [116] 390 1.695 [116]
Pakistan 464000 46.40 [122]
Korea 6880 29.91 [128]
Japan 61.9 0.269 [129]
New 561 0.561 | [121] n.d - [121] 793 3.448 [121]
Zealand

Endpoint (LOEC) conc. ng/L DCL: 1000; NPR: 10000; CRB: 230; n.d.=not detected; “direct effluent at pharmaceutical facilities..” wastewater
discharge into the sea .
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3.3 Occurrence of the three target compounds in living organisms

Vapor pressures of the target compounds (DCL, NPR, CRB) are between 6.1 x 108 and 1.9 x 10
mm Hg at 25 °C. These values indicate that they are present in the atmosphere in both solid and
vapor phases and do not volatilize from dry soil surfaces. Their octanol-water partition coefficient
(Koc) values ranging between 245 and 510 indicate that they are likely to have only moderate
mobility [130] in soil water. Moreover, they are adsorbed onto sediment in the aquatic
environment. Based on the corresponding Henry's Law constants, their volatilization from wet soil
and water is not expected. In the case of DCL and NPR, it is also important to mention that they
have acidic character and are in anionic form at the pH values between 5and 9 (pKa = 4.0 and 4.2).
In the vapor phase, these compounds are degraded with 0.8 - 4 hours half-life by photochemically
produced hydroxyl radicals [36]. The active compounds in solid phase are released from the
atmosphere by wet and dry deposition. Thus, CRB [131], NPR and DCL [132] may be susceptible
to direct photolysis in water by sunlight.

Several authors investigated the bioconcentration, accumulation of these harmful
compounds in living organisms. Carbamazepine is a noteworthy anthropogenic pollutant, as its
removal during wastewater treatment is relatively inefficient and is very common in aquatic
environments [133]. Vernouillet et al. investigated bioaccumulation of CRB preparing an
experimental trophic chain consisting of a green algae (Pseudokirchneriella subcapitata), a
crustacean (Thamnocephalus platyurus) and a cnidarian (Hydra attenuata). As a first step of the
experiment, the first trophic level was contaminated, green algae were exposed to 150 mg L™* CRB
for 24 h in triplicate. After this step, the CRB-contaminated (or control) algae were added as food
to 250 specimen of adult T. platyurus and incubated in triplicate for 24 h. Then, H. attenuata were
fed during 6 h with T. platyurus. According to their results, the bioaccumulation factor was found
2.2 and 12.6 in algae and crustaceans, respectively. In the case of Hydra attenuate significant
bioaccumulation was not observable, but the enzymatic activity was altered. This work indicates
the ability of CRB to bioaccumulate in aquatic organisms through food contamination [134].

Oliveira et al. investigated the effects of the active ingredient on mussel (Mytilus
galloprovincialis), both short and long terms. Similar size M. galloprovincialis specimens were
taken from the Ilhavo channel (from Northwest Atlantic coast of Portugal). After depuration and
acclimation, they were exposed to 0.0; 0.3; 3.0; 6.0; and 9.0 ug L™t CRB concentrations for 96 h or

28 days. Six organisms were placed in 3 L of medium, which was supplied by continuous aeration
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and photoperiod of 12 : 12 h. During the experiment, water was renewed once a week, after which
CRB concentrations were reestablished. Carbamazepine was taken up by the mussel M.
galloprovincialis despite the low bioaccumulation factor (maximum average of 2.2). It was stated
that the uptake was very rapid, so it is possible to use these organisms as indicators of CRB
contamination. Research has shown that CRB did not induce oxidative stress but the physiological
parameters were negatively affected, thus causing problems for population sustainability [135]. A
similar result was obtained in the experiments conducted by Boillot et al. on the same mussel
species at a concentration of 10 pg L™t CRB and 10-hydroxy-10,11-dihydro-carbamazepine (100H)
for one week. They reached 3.9 and 4.5 L kg™ dry weight bioconcentration factors and 29.3 + 4.8
ng g dry weight (d.w.) CRB and 40.9 + 4.6 ng g *dw 100H mean concentrations were determined
in the tissues within one week. Their results showed that the compounds were uptaken by the
mussel [136].

Gomes et al. investigated the effect of CRB and clonazepam on oxidative stress biomarkers
and essential metal homeostasis in Danio rerio fish specimens. Reduced glutathione,
metallothionein, catalase and glutathione S-transferase as well as essential metal concentrations in
fish liver, kidney and brains were determined. Dishomeostasis of several essential elements in all
analyzed organs and significant oxidative stress effects were observed, with brain GST activity
being the most altered [137].

The adverse effects of DCL on the environment have been previously observed. Ericson et
al. for exposed Baltic Sea blue mussels, Mytilusedulis trossulus to 1 to 10,000 ug L DCL,
ibuprofen and propranolol concentrations. The active ingredients were tested both individually and
simultaneously. Mussels exposed to high-concentrations had smaller growth rates; mussel silk
produced by them was weaker thus limiting the ability of the mussel to attach to various surfaces.
Shells exposed to lower concentrations also showed these tendencies. According to this
experiment, it can be stated that the drugs were taken up by the investigated species. The
concentration of DCL and propranolol determined reached concentrations of two orders of
magnitudes larger than found in sewage treatment plant effluents [138]. Oviedo-Gomez et al.
(2010) studied the effects of DCL on a North American Bolar crab (Hyalella azteca). The
experiments were carried out on artificial sediments with high DCL content. The artificial sediment
consisted of 70% sand, 20% kaolin and 10% organic matter. The source of the organic material

was compost, which was inactivated by heating at 55-60 °C for 3 days. The aim of this work was
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to evaluate toxicity of DCL on Hyalella Azteca, using oxidative stress biomarkers. According to
their results, the LCso in the acute toxicity assay was 0.467 mg kg for DCL at 72 h. This acute
toxicity value is much higher than the usual DCL concentrations in the aquatic environment, but
lower concentration may lead to chronic exposure due to its constant release into the environment.
It has been observed that DCL induces oxidative stress on H. azteca, which can lead to cell damage.
Set of the tests used represents a suitable early damage biomarker to estimate toxicity of DCL in
aquatic species [139].

According to experiments of Cunha at al., mussels can be used as bioindicators in coastal
environment. Mussels from eight sites in Portugal coast were taken. They found that DCL
concentration in mussels were closely related to the environmental contamination. Diclofenac was
detected in 7 out of 8 sites and the determined concentrations were in the range of 0.5 to 4.5 mg/kg
(d.w.). The highest levels of DCL in mussels were found in areas characterized by higher
population density [140]. Lee et al. observed the long-term effects of DCL on two species of crabs
(Daphnia magna; Moina macrocopa) and one species of fish (Oryzias latipes). In the study
involving crabs, DCL concentrations of 25 and 50 mg L, resulted in a reduction in the number of
crabs Daphnia magna and Moina macrocopa, respectively, within 3 months. In fish, DCL
concentrations of 0.001 to 10 mg L™ increased the time required for hatching and reduced the rate
of successful hatching from eggs. No effect concentration of DCL was estimated at 0.1 mg L
[141].

Naproxen has been detected at varying concentrations in various freshwater lakes and
rivers of the Earth and deserves special attention due to its side effects and frequency. Thibaut et
al. investigated, among other drugs, the effect of NPR on the liver processes of carp and found that
they could increase the catalytic activity of various enzymes, thereby affecting liver function [142].
Isidori et al. investigated acute and chronic effects of NPR in a species of algae (Selenastrum
capricornutum), wheelworms (B. Calyciflorus) and micro-sized shellfish (C. dubia; T. platyurus).
In addition, effects of degradation products resulting from photolytic decomposition have also been
investigated. The results indicated that these products were more toxic than NPR itself. Their

chronic effect was observed in decrease of growth and reproduction [143].

28



3.4 Methods for the determination of pharmaceutical compounds

Even though the concentration of pharmaceuticals found in the environment is at a trace level (from
ng L? to several pg L), identification and quantification of PPCs is possible by using different
advanced instrumental analytical techniques such as liquid chromatography mass spectrometry
(LC-MS), gas chromatography mass spectrometry (GC-MS), liquid chromatography tandem mass
spectrometry (LC-MS/MS) and gas chromatography tandem mass spectrometry (GC-MS/MS).
Applying these methods, ng/L level of method detection limits (MDL) can be achieved.

Sample pretreatment and preparation are very important steps prior to GC and HPLC
determination of PPCs. The type of sample preparation used depends on the complexity of the
sample matrix, analyte concentration, MDL and limit of quantification (LOQ). The most common
sample preparation techniques are filtration, extraction, clean up and concentration of aqueous
media in the case of HPLC and GC. In addition, derivatization may also be required in the case of
GC [144].

The main goal for the extraction processes is to transfer the analytes from an aqueous phase
to an organic one. Recently, liquid liquid extraction (LLE), solid phase extraction (SPE) and solid
phase microextraction (SPME) could be successfully coupled online to LC for automated analysis.
Moreover, these are the most common techniques for extraction of the aqueous samples [145-148].
Identification and quantitation of PPCs are most often accomplished by LC and GC. In recent years,
LC has been used predominantly (in 70% of the cases) for determination of the three target
compounds. The LC is more favorable than GC [149] for these analytical tasks due to the polar
nature of these PPCs. Moreover, derivatization is not necessary when LC is applied. Among the
scientific papers published in the last three years dealing with the determination of DCL, NPR
and/or CRB in different water matrices, the number of publications applying ultra-high
performance liquid chromatography tandem mass spectrometry (UHPLC-MS/MS), or LC-MS/MS,
or GC-MS methods is approximately the same. However, high selectivity and sensitivity detectors
are required for determination of PPCs by applying LC and GC. Mass spectrometers coupled to
GC or LC are highly sensitive and selective even for very complex matrices. Therefore, LC-MS
technique is frequently applied to PPCs quantification. The analytical performance parameters of
LC-MS methods are far better than those involving conventional HPLC equipment with diode-
array detector (DAD). However, the much lower operation cost of the HPLC-DAD equipment
renders it suitable to get preliminary information prior to LC-MS determination [150].
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According to literature data for determination of the three target APIs, reverse-phase high
performance liquid chromatography (RP-HPLC) methods are mainly used. Some of the
publications deal with the determination of only one active ingredient [151]. Depending on the
analytical task, simultaneous determination of several drugs has also been reported [152]. Gul et
al. developed a RP-HPLC analytical method using methanol / water mixture (90 : 10 V/V) as eluent
to determine the concentration of six NSAIDs, including DCL and NPR in drug formulations and
human plasma [152]. Roscher et al. investigated the degradation products of DCL from aqueous
samples. In this study, aqueous solutions were irradiated by light in the wavelength range of 220
to 500 nm, which resulted in the degradation of DCL in less than 4 minutes. Eleven degradation
products were detected by LC-MS, from which seven have not been reported in the literature yet
[153].

Nowadays, using hyphenated techniques like high-resolution mass spectrometry (HRMS)
coupled to ultra-high performance liquid chromatography (UHPLC) or GC is becoming
increasingly popular for detection and determination of PPCs at trace levels (e.g. ng L) [154-156].
Krakko D. et al. developed a method for ultra trace analysis of ten APIs including CRB, DCL and
NPR in Hungarian drinking, river and waste water samples using UHPLC-HRMS. The lower LOQ
was achieved by pre-ceoncentration by SPE. The recovery rates for the investigated APIs ranged
between 20% and 80% [22]. There are several advantages when SPE is coupled to the LC-MS
equipment. Tran et al. coupled SPE with UHPLC-MS/MS to detect and quantify 20 antibiotics in
different environmental water matrices [65]. In this study, the MDL values ranged between 0.02
and 15 ng L™ as well as 0.05 and 25 ng L and, finally, 0.1 and 40 ng L! in surface waters, treated
effluents and raw influent, respectively. Kim et al. developed a novel and reliable method for
determination of 18 antibiotics in different environmental water matrices using on-line SPE HPLC-
HRMS [147]. Also in another study, Lee et al. developed a highly sensitive analysis method for
the determination of nine nitrosamines at ng L™ concentration level in the influent and effluent of
WWTPs and in rivers using an automated SPE-LC-MS/MS equipment [157]. Aparicio et al. used
stir bar sportive extraction (SBSE) combined with LC-MS for determination of different polar and
nonpolar emerging micropollutants, 14 pharmaceutical compounds including DCL and NPR in
surface water and tap water samples [158].

In the study by Togola and Budzinski, a GC-MS method was reported for the determination

of different PPCs including CRB, DCL, ketoprofen, NPR in wastewater and surface water matrices.
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The authors indicated that the MDL varied from 0.4 to 2.5 ng L™ [159]. In a separate study, linear
sweep voltammetry (LSV) and GC-MS were used for determination of DCL with LOQs of 4.8 and
0.15 ug mL* for LSV and GC-MS, respectively [160].

In Table 3.7, analytical methods and performance parameters are summarized reporting on DCL,

NPR or CRB determinations according to the literature search based on recent years.

3.5 Removal of pharmaceutical compounds from aqueous environment by adsorption

Due to the increasing concern on human health risks posed by pharmaceutical compounds in
aquatic environment, control and removal of these emerging contaminants are
required. Furthermore, it is necessary to search for alternative WW treatment methods to possibly
reuse treated WW for agricultural purposes. In recent decades, a wide spectrum of technologies
have been developed for the treatment of these contaminants of water sources through
transformation or sorption involving physical adsorption processes (activated carbon, graphene and
graphene oxide, carbon nanotubes), biological degradation processes (pure cultures, mixed
cultures, activated sludge process), chemical advanced oxidation processes (ozonation, fenton
oxidation, UV treatment, ionizing irradiation), combined chemical and biological methods [176-
179]. Among the aforementioned treatment methods, adsorption has shown to be a promising
technology as tertiary process with high removal efficiency for micropollutants [180].

Adsorption is a phase transfer process that occurs when a gas or liquid solute accumulates
on the surface of a solid sorbent. Adsorption technologies are widely used to remove several
organic micro-contaminants from fluid phases at low cost and with high efficiency [181]. In water
treatment, adsorption can be used as a reliable, cost effective, flexible, simple designed method

based on the application of various adsorbents [182-214].
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Table 3.7 Summary of methods for determination of diclofenac, naproxen and carbamazepine by LC and GC

Sample Dru
Sample matrix enrichment Quantification LOD LOQ g Reference
method (acronym)
River-, seawater and 1.2-28 ng L and DCL, CRB,
treated wastewater | > C LC-MS/MS i 5.0-160 ng L™ NPR [161]
Water, soil, sediment 1 DCL, CRB,
and fish SPE UHPLC-MS/MS 0.3-26 ng L NPR [162]
Wastewater SPE HPLC-HRMS | - 0.01-0.1 ng L* oee CRB 6]
Tap-, bottled-, sea-
and river water, DCL, CRB,
WWTP effluentand | > UHPLC-MS/IMS | - ) NPR [110]
influent
Sludge of STPs and i i 1 | DCL,CRB,
livestock WWTPs. SPE LC-MS/MS 0.001t00.122mg g NPR [128]
Surface water,
groundwater and SPE LC-MS/MS 0.5-25ng L 1.7-85ng L DCL, CRB [164]
WWTP effluent
Surface waterand | gpp LC-MS/MS ; 70ngL™-177ngL? | DCL, NPR [158]
tap water
Drinking-, river- and i i i 1 DCL, CRB,
wastewater SPE UHPLC-HRMS 0.05-0.01 ug L NPR [22]
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continued

- - 1 1 NPR, DCL
Wastewater SPE HPLC-DAD 0.lugLl*-04pugl and ibuprofen [165]
Seawater and river 0.025, 0.036 and NPR, DCL
water SPE HPLC-DAD i 0.035 pg LY, and ibuprofen [126]
Bile of two wild fish | gpp LC-MS/MS : 1.1-76.6 ng mL* DEL, NPR ' 1166]
species and ibuprofen
Model solution - HPLC-DAD 0.361 pgmil? 0.975 pg mil? DCL [167]
ultrasonic
Soil samples solvent LC-MS/MS 0.03to 1 ngg* 0.09t03.3ng g* DCL, CRB [168]
extraction- SPE
. . . LC-MS/MS 4 | DCL, CRB,
Sediment samples dispersive SPE UHPLC-MS/MS |~ 0.002 and 1.93 pg kg NPR [169]
Wastewater influent 1 CRB and its
and effluent SPE LC-MS/MS i 0.05-0.01 pg L metabolites [129]
Wastewater SPE LC-MS/MS 0.011 to 188 ng L | 0.033 to 628 ng L. 23 PCP, DCL, | gy
CRB, NPR
Estuarine waters-,
influent and effluent | SPE LC-MS/MS 0.001 and 25 pg 0.01t0 30.3ng L* DCL, CRB [170]
WWTP
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continued

Wastewater SPE UHPLC-MS/MS | 2ngL 10ngL* CRB, NPR [171]
LLE, ] ] 1
Human plasma derivatization. GC-MS 0.03 and 0.10 ug mL NPR [172]
ultrasound- 0.002—0.121 pug L | 0.005-0.403 pg L*
Wastewater influent | assisted influent /0.002— influent /
and effluent emulsification— | CCMS 0.828 pg L* 0.006-2.758 pg L* DCL, NPR [173]
microextraction effluent effluent
Clams (Ruditapes i i 1 i 1 DCL, CRB,
decussatus) QUEChERS LC-MS/MS 0.73-5.65ugg 24-182 ugg NPR [174]
Groundwaterand | opp LC-HRMS 0.2-11.9 ng L. 18 popular [147]
river water antibiotics
Surface water SD-DLLME | LC-MS/MS 00125-1.25mg Lt | 2SPPCPsand gy
samples pesticides
molecularl HPLC with estrogens and
Wastewater effluents | . ~ " y fluorescence 0.18-0.45ng-mL? | - their [155]
imprinted-SPE .
detector metabolites
Environmental water EPSE LC-MS/MS 1-50 ng L CRB, DCL [156]
samples
River sediment UAE-SPME GC-MS <0.25ng g* <0.8ngg? NPR, DCL [175]

34




Adsorption onto different sorbent materials is one of the most effective methods to
eliminate hazardous micropollutants such as PPCPs from aqueous phase [24, 44]. According to
adsorbents origin, there are two different types of adsorbents used in water treatment, namely
natural and manufactured adsorbents. Usage of adsorbents of natural origin such as clay [182-183],
natural zeolites [185], oxides and biopolymers has become less widespread lately. Manufactured
adsorbents as carbon based ones (e.g. activated carbon, AC) [184], polymeric adsorbents [186],
oxidic adsorbents, and zeolite molecular sieves [187] have a larger pore volume and finer pores,
which make its internal surface area much larger than their external one [187].

Several novel carbonaceous adsorbents, graphene, graphene oxide [25-26, 188-192],
carbon nanotubes [27-28, 193] have been developed for removal of different hazardous materials.
Nam et al. investigated the adsorption behaviors of DCL and sulfamethoxazole on graphene oxide
at an initial concentration of 10 umol L%, Both DCL and sulfamethoxazole were removed from
solution up to 35% and 12%, respectively, within 6 h and maximum adsorbed amount of DCL
1.69 mmol g* was achieved [188]. Also in the study by Hiew et al., adsorption of DCL was
investigated using graphene oxide at initial concentration of 400 mg L. Results showed that
graphene oxide exhibited a maximum adsorption capacity of 2.20 mmol g* for DCL [199]. In
another study by Nodeh et al., adsorption of NPR on silica and magnetic nanoparticle-decorated
graphene oxide were studied. Initial concentration was varied in the range of 10-200 mg L. The
gm of maximum adsorption capacity for NPR was 0.135 mmol g [190]. Ncibi et al. investigated
the efficiency of mesoporous activated carbons and assynthetized multi-walled carbon nanotubes
to remove CRB and Dorzolamide from artificially contaminated waters. The highest removal
capacities were registered at initial concentration in the range of 5to 75 mg L using assynthetized
multi-walled carbon nanotubes (0.95 mmol g* for CRB) [193].

However, separation from aqueous phase, reduced dispersibility, and small particle size are
still existing problems for usage of carbon nanotubes for wastewater treatment [24]. Nevertheless,
adsorption onto granulated activated carbon (GAC) [24, 29, 194-198, 201-207] and biochar [30-
31, 208-209] has been preferred for removal of pharmaceuticals from aqueous matrices due to their
outstanding advantages (simple and cheap application, avoidance of undesirable by-products, high

effectiveness, etc.) [210]. On the other hand, it is necessary to mention that the cost of using AC is
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increased by its difficult regeneration [206]. Adsorption of pharmaceutical compounds onto GAC
has been extensively studied both under batch and flow conditions [211].

Adsorption mechanism of micropollutants depends on the physicochemical properties of
both adsorbent and adsorbate (molecular size, solubility in water, acid dissociation constant (Kz),
Kow and nature of the substituent in the benzene ring [197]. Adsorption can be achieved by different
mechanisms such as hydrogen bonding, surface complexation, cation exchange and cation bridging
[151].

There are various types of operating modes in adsorption studies, for example batch,
continuous moving bed, continuous fixed bed (upflow or downflow), continuous fluidized bed and
pulsed bed [212]. Generally, the batch and fixed bed modes are the most commonly used to
understand adsorption processes. Batch conditions are used to clarify theoretical background
(adsorption capacity, adsorption kinetic, mathematical model, etc.) of adsorption processes. At the
same time, parameters applicable for industrial operation (flow rate, parameters of fixed-bed, etc.)
are usually investigated in flow systems. Nevertheless, adsorption can be used during water
cleaning technologies applied at STPs in both aforementioned operation modes. However,
depending on certain parameter sets, batch operation mode can be preferred to the flow one [213].
Study of kinetics, adsorption equilibrium, and isotherm modeling is essential in supplying basic
information required for the design and operation of adsorption processes for wastewater treatment
plant [214].

3.5.1. Conventional adsorption materials

3.5.1.1 Activated carbon

Activated carbon is a microcrystalline form of carbon, which can be made from carbonaceous
source materials such as petroleum residue, natural coal, wood and peat by chemical activation or
gas activation [215]. Recently, ACs are derived from agro-industrial wastes such as nutshells, date
stones, piassava fibers, leather shaving waste, coffee husks, tobacco residues for a lower adsorption
system cost [216]. The carbonaceous source materials are pyrolyzed at temperatures ranging from
600 to 900°C in the absence of oxygen. The ACs have been widely used for organic micropollutants
removal from water because of its high porosity, high surface area, inert nature and stability over

a wide pH range, suitable pore size and functional groups [151]. Using GAC, more than 90%
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removal efficiency of PPCP compounds can be achieved [217]. For the removal of NSAIDs,
commercially available powdered activated carbon (PAC) and GAC are widely used. The main
difference between the two adsorbents is that GAC has larger particles and smaller external surface
area [44].

Surface area plays a very important role in the adsorption process. The external surface area
has a strong influence on the rate of mass transfer during adsorption, while the internal surface area
controls adsorption capacity. In addition, the internal surface area affects the adsorption of organic
molecules onto the inner surface. Therefore, the pores should not be too small to make the
adsorption of large molecules possible [151]. In general, the major characteristics of AC used in
water treatment are the following: pore diameter <1 nm, specific surface area up to 3000 m? gt and
internal surface area in range of 800—1,000 m? g* [151, 218]. Several studies investigated the
removal efficiencies of the three target compounds, DCL, NPR and CRB onto activated carbon
under batch conditions [188, 194, 211, 217, 219-220, 221-225].

Adsorption of 22 organic micropollutants (including DCL and CRB) typical to the given
region and WWTPs, was studied using different types of GAC and PAC at three Swedish municipal
wastewater treatment plants that differed in plant configuration and in wastewater characteristics
[224]. A mobile pilot plant was applied at the three WWTPs consisting of three treatment lines for
GAC application, three for PAC, and other lines either for ozonation or using biofilm and finally
one line with sand filtration after ozonation. The GAC was placed in two connected columns; the
operation was performed in down-flow configuration. In this way, it was possible its regeneration
and reactivation. The larger specific surface of PAC resulted in faster adsorption kinetics, but
specific measures were required for its application. Lines used for PAC treatment consisted of an
initial tank for mixing of wastewater and dosed PAC, followed by three sequential aerated contact
tanks, a sedimentation tank and a final sand filter. The aim of the study was to achieve 95% removal
of the emerging micropollutants in relation to the effluent of the WWTP plants. The GAC and PAC
were shown to be efficient for removal of pharmaceutically active compounds in the effluents and
the goal of the 95% removal was reached for almost all tested substances by the applied purification
system. The PAC system achieved the planned 95% removal efficiency applying a fresh dose of
15-20 mg Lt PAC, while carbon usage rates for the GAC application were much broader and
ranged from 28 to 203 mg L™ depending on the carbon product [224]. No considerable differences

were observable regarding pharmaceutical removal in the three chosen WWTPs.
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Efficiency of the adsorption of the drug depends on contact time, dose, the physico-
chemical parameters of the substance, as well as pH [44]. Increasing the contact time results in
increased removal efficiency. The increased dose of sorbent results in increase of activation sites,
so increase of the removal efficiency. Pharmaceuticals with higher logKow values showed a
stronger trend to be adsorbed onto ACs [220]. The pKa of the drug to be removed and pH of water
determine the electric charge of the molecules. Diclofenac and NPR are in anionic form below the
normal environmental pH conditions, thus being protonated at low pHs. As surface of AC is
negatively charged, the low pH values are optimal for the removal of these NSAIDs [226]. In the
case of CRB, pH has no effect on the electric charge of the molecules. Adsorption is influenced by
van der Waals interactions, hydrogen bond and = - = interactions. Increase of ionic strength
decreases electrostatic interactions between activated carbon and pharmaceuticals [227]. As an
example, Larous and Meniai investigated adsorption of DCL onto AC prepared from olive stones.
Different parameters were studied such as contact time, pH, initial concentration of DCL and
adsorbent dose (from 2 to 7 g L. The adsorbed amount of DCL onto AC increased with the
increase of contact time. Maximum adsorption was reached at pH=2, where DCL molecules are in
protonated form. Results showed that adsorption was fast during the first 20 min and then slowed
down to reach equilibrium after 30 min. Contact time needed to reach equilibrium was 3 h in the
case of higher DCL initial concentrations. An increase of initial DCL concentration resulted in
increased DCL uptake. By increasing adsorbent dose, adsorption efficiency increased because the
number of available adsorption sites increased. The adsorption kinetics fitted resulted to be pseudo
second order controlled by the intraparticular diffusion [228]. Investigating the removal of NPR by
adsorption onto two different ACs from aqueous solutions, Lach and Szymonik found lower
adsorption efficiency at higher pH. Moreover, increase of temperature enhanced removal of NPR
[226]. Furthermore, they found that the adsorption process followed a pseudo second order reaction
and the Elovich model. On the contrary, Baccar et al. found that the increase of temperature in the
range 4-40 °C had no perceptible effect on the adsorption process of NPR and DCL [194].
Adsorption of DCL, NPR and CRB from ultrapure water, unfiltered and filtered effluents was
investigated applying GAC made of coconut shell by Gao et.al. The maximal adsorbed amounts of
CRB, NPR and DCL were 0.013, 0.012 and 0.009 mmol g respectively, at a carbon dosage of 133
mg L. Adsorption kinetics were best described by a pseudo second order kinetic model and the

Freundlich isotherm model. Removal of the target compounds was affected by the ionic strength
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of wastewater because the increase of ionic strength decreases the electrostatic interactions between
the AC and pharmaceuticals [227].

Competitive adsorption of acetaminophen, DCL, and SMX onto GAC was investigated by
Chang et al. [229]. In binary systems, adsorbate with the smaller Kow was replaced by the one with
larger Kow, DCL. Only the small target molecules, acetaminophen and SMX could occupy the
portion of the micropores. Therefore, in multiple-component systems, the competitive adsorption
might significantly be affected by macropores. They reported the increase of diffusion with
decrease in particle size of GAC, but this was not related to the molecular weight of the adsorbate.
In another work, Bo et al. also studied the competitive adsorption of four pharmaceutical
compounds including DCL, NPR and CRB onto GAC from ultrapure water and secondary effluent.
The target drugs were removed completely at initial concentration of 500 pug L™ from the ultrapure
water when 250 mg L carbon dosage was used. In the effluent from a WWTP, the removal
efficiencies of DCL, NPR and CRB were 57.9, 44.7, and 31.0%, respectively, with carbon dosage
of 250 mg L. It was found that filtration of the secondary effluent by 0.22 pm hydrophilic
membrane increased the removal efficiencies of DCL, NPR and CRB, which could be recovered
up to 67.1, 53.4, and 48.1% by using the same carbon mass [230]. Sotelo et al. studied adsorption
of caffeine and DCL onto GAC. It was concluded that single adsorbate interactions were altered
by the presence of other adsorbates due to competition for the binding sites. In competitive
adsorption, lower adsorption amounts for caffeine and DCL were found (0.98 and 0.79 mmol g7,
respectively). Compared to the single adsorption system, a decrease of about 30% was registered
The equilibrium adsorption data were best adjusted to the extended Freundlich model [231].

Modification of commercial AC can improve efficiency of adsorption. Comparing the
removal efficiency of DCL onto the surface of a modified/oxidized AC to that of the commercial
unmodified one, Bradha at al. found a six times increase [232]. Application of two types of AC (N-
biochar or O-biochar) was studied in single- and multi-solute adsorption experiments for removal
of DCL, NPR by Jung et al. Biochars were produced by pyrolyzing pine chip at 300 °C for 15 min
with pure nitrogen (N-biochar) or 7% oxygen with 93% nitrogen gas (O-biochar). Both biochars
were activated by NaOH to increase the surface area and pore volume of the products. The
maximum adsorbed amounts for DCL and NPR were 1.26 and 1.26 mmol g* respectively, for N-

biochar and 0.723 and 0.991 mmol g respectively for O-biochar [202]. The strongest interaction
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was found between DCL and the adsorbent. This is the explanation of the occupation of effective
adsorption sites as compared to other solutes [202].

According to literature data, the maximal adsorption capacities depend on characteristics
of the investigated adsorbates and the adsorbent. Hiew et al. compared the maximal adsorption
capacity (gm) of DCL onto various other adsorbents reported in the literature with own graphene
oxide results (reduced graphene oxide aerogel: 2.01 mmol g and GO suspension: 2.21 mmol g%).
The gm varied in the range of 0.091 and 3.12 mmol g* [199]. In decreasing order of their gm values,
the reported non-graphene oxide sorbents were the following: amine groups functionalized
mesoporous silica (3.12 mmol g?), oxidized activated carbon (1.64 mmol g*) and granular
CNT/alumina hybrid adsorbent (0.091 mmol g1). Husein et al. also summarized the gm of NPR
and DCL for different adsorbents. Results showed that gm of DCL and NPR were in the range of
0.065 and 1.68 mmol g as well as 0.077 and 1.28 mmol g, respectively [200]. The highest gm
values for NPR were found when AC fibers (made of textile waste) were used (1.28 mmol g?);
then, for N-biochar (1.26 mmol gt), O-biochar (0.991 mmol g*), AC from apricot waste (0.463
mmol g1), micelle-clay complex (0.311 mmol g*) and copper nanoparticles (0.147 mmol g1) . The
highest gm values for DCL were obtained when montmorillonite clay (1.68 mmol g) was applied;
then, for N-biochar (1.26 mmol g?), O-biochar (0.723 mmol g*1), sawdust— polyaniline (0.302
mmol g*) and copper nanoparticles (0.122 mmol g). According to the review by Ahmed, gm of
NPR and DCL for different ACs from various aqueous solutions were in the range of 0.172 and
1.26 mmol g* as well as 0.037 and 1.26 mmol g%, respectively [233]. The gm according to Jung et
al. for NPR and DCL were the same (i.e. 1.26 mmol g*) using AC made of pine chips by chemical
activation with NaOH [202]. Baccar et al. investigated adsorption of NPR and DCL onto a low-
cost AC derived from olive waste-cake. According to Langmuir isotherm curves, the qm values for
NPR and DCL were 0.172 and 0.190 mmol g, respectively [194]. The maximal adsorption
capacities for four PACs including DCL-Na onto three different commercial ACs (one GAC and
two PACs possessing ~650 and 900 or 1500 m?g ‘surface areas) were studied by Raki¢ et al. Under
batch adsorption conditions, the gm values were about 0.010 mmol g [184]. Surface concentrations
of the investigated drugs on ACs were found to be between 0.1 and 0.4 mmol g~*. Authors
underlined the importance of the surface chemistry of ACs, tunable by surface modification in

order to improve their adsorptive characteristics.
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Stoykova et al. found that gm of CRB was larger by increasing the activation temperature
of AC. The applied charcoals had been activated with water steam at different temperatures (480 —
740 °C; 360 — 630 °C and 650 — 700 °C); gm values of CRB (0.061 mmol g*; 0.059 mmol g and
0.050 mmol g%, respectively) were reported [203]. In another study, Delgado et al. investigated the
adsorption of three emergent contaminants, methylparaben, CRB and sildenafil citrate onto GAC
in agueous solutions. Adsorption capacity for methyl paraben and CRB were 1.97, 1.27 mmol g™
respectively, while this value was much lower, about 0.225 mmol g* for sildenafil citrate. The slow
adsorption kinetics required at least 168 h average adsorption time [223]. Similar results were
reported for adsorption of CRB with gm of 1.42 mmol g* onto GAC obtained from peach seeds
[205]. Peach stones were chemically activated with HsPOj4, then oxidation and gas phase treatments
were applied in order to obtain mesoporous and high surface area of AC. Adsorption of caffeine,
DCL and CRB was studied in batch and flow systems. Results indicated aqueous solution
components competed with adsorbates. Carbamazepine adsorption capacity was higher than that
for caffeine and DCL [205]. Chen et al. investigated adsorption of CRB onto activated biochars. A
m Up to 1.21 mmol g [236] was reported in the aforementioned work. In the study by Cai and
Larese-Casanova, the qm of CRB onto GAC at an initial concentration of 0.5 mg L was
investigated. Results showed a gm of 0.847 mmol g* [189]. Lower adsorption affinity of 1 mg g™
CRB was achieved by using low initial concentration of 500 ng L™ [237]. Similar results were
observed by Fallou H et al. According to their investigations, adsorption capacities of DCL and
CRB onto AC fiber cloths were significantly influenced by the nature of the adsorbed molecule

when the concentration was decreased [235].

3.5.1.2 Polymeric adsorbents

Polymeric adsorbents also referred to as synthetic resins are porous solids with considerable surface

areas, high adsorption capacities, high mechanical strength and uniform pore size distribution [187,

238]. Polymeric adsorbents have the ability to be regenerated easily because the binding forces are

relatively weak in comparison to the binding forces in case of the adsorption on AC [239].
Polymeric sorbents are classified based on the charge properties as neutral, ionic or

hydrophobic. Recently, several studies have been proposed on the surface modification of the

polymer sorbents for the removal of polar and nonpolar pharmaceuticals from water [240-241]. A
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number of studies have been undertaken to investigate the adsorption of PPCPs onto polymeric
adsorbents [186, 242].

3.5.1.3 Zeolites

Zeolites are a group of porous minerals (crystalline) of aluminosilicates with the general formula
of (Mell,Mel>)O x-Al>03-x nSiO2 x-pH20 (where n and p are stoichiometric coefficients), also
known as molecular sieves. For adsorption, microporous solids of this family are used. Zeolites
have internal and external surface areas of up to several hundred square meters per gram and cation
exchange capacities of up to several milliequivalents per kg [243]. Zeolites have a porous structure
(cage-like structures) characterized by defined pore sizes, which can be selected in the range of the
desired molecular diameters. Thus, zeolites can adsorb molecules of a certain size very well
because of the very regular pore structure [185, 244].

Zeolites have high adsorption capacity, catalyzing action, they are stable in wide ranges of
temperature (thermal treatments) and acidic conditions [245]. Their high stability under radiative
and thermal treatments, which induces complete degradation of adsorbates, enhances the
regeneration of the exhausted zeolites [246]. Both natural and synthetic zeolites are used in the
industry as adsorbents, ion exchangers and molecular sieves [243, 247]. It has been proven that
zeolites are efficient in removing of different pharmaceuticals from WW [185, 248-258].

Faud et al. studied removal of selected pharmaceuticals including ibuprofen, DCL sodium,
indomethacin, chlorpheniramine maleate, and paracetamol from water using natural Jordanian
zeolite at initial concentration varied in the range of 10.0 and 50.0 mg L%. Results showed that the
highest removal was found to be 30.1% for DCL-Na with adsorption capacity of 0.016 mmol g™
[296].

3.5.2 Adsorption modeling in batch condition

Adsorption is generally described by isotherms that provide all the information needed to study the
equilibrium. In addition, each adsorption equilibrium state is uniquely defined by the change in
amount of adsorbate (adsorbate concentration) on the adsorbent as a function of pressure (for gases)
or concentration (for liquids) at a constant temperature. The concentration of the adsorbate changes

until the equilibrium is reached [259]. At equilibrium, when the adsorption rate equals to the
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desorption rate, the remaining amount of adsorbate is measured in the solution. The mass of the
adsorbate that has been adsorbed can then be calculated.

The adsorption capacity of adsorbent is determined by using the adsorption isotherm
models. So far, no universal isotherm equation was found that would describe all of the
experimental isotherm curves with the same accuracy [162]. Several isotherm equations are
available for application in adsorption studies, which enhance understanding the theory of
adsorption equilibrium. The most important models are attributed to Langmuir, Freundlich,

Temkin, Redlich-Peterson, and Dubinin-Radushkevich.

3.5.2.1 Linear isotherm
The linear isotherm is the simplest adsorption isotherm. It is used when a linear relationship is

assumed between a given component concentration in solid phase (cs) and concentration in the
solution (c), according to the Eq. (3.1).

cs=Kgxc Eg. (3.1)
The adsorption coefficient, Kq (L m™) can be determined from the experimental data as the slope

of the linear fiting. Kqg can also be expressed in L kg™ using the specific surface area (m? kg*) of
the solid.

3.5.2.2 Freundlich isotherm model

The Freundlich isotherm (1906) is an empirical model based on adsorption on a heterogeneous
surface (surface with varying properties). This model describes the relationship between the
concentration of adsorbates in a solution and the amount that has been adsorbed. It is also applicable
to non-ideal sorptions as well as multilayer sorption processes. The Freundlich isotherm model has
been widely used to fit experimental data for liquid-phase adsorption. The Freundlich equation is
given as Eq. (3.2)

Ing. = InKg + n1InC, Eq. (3.2)

Where Ce is the equilibrium concentration of adsorbate (mg L 1), ge is the amount of the compound
adsorbed by the adsorbent at equilibrium (mg g*), Ke (mg g*) (dm* mg™), 1/n and n are indicators
of adsorption capacity and adsorption intensity, respectively. The Kr and n can be determined from

the linear plot of In ge versus In Ce.
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3.5.2.3 Langmuir isotherm model

The Langmuir isotherm model (1918) is widely used to describe adsorption of molecules or a solute
(amount of adsorbate adsorbed) from a liquid solution of different concentration values on the solid
surface (adsorbent) and its equilibrium concentration in aqueous solution at a fixed temperature.
The Langmuir isotherms are based on three assumptions: (1) adsorption is limited to monolayer
coverage, (2) adsorbent surface is in contact with a solution containing an adsorbate, which is
strongly attracted to the surface; (3) all surface sites are alike and they can only accommodate one
adsorbed atom as well as the ability of a molecule to be adsorbed on a given site is independent of

its neighboring site occupancy [259]. The Langmuir equation can be written in the following form:
Ce _ Ce L
e dm KrLdm

Eq. (3.3)

Where ge (mmol g?) is equilibrium adsorption capacity, Ce is equilibrium concentration (mg L™),

(m is maximum adsorption capacity (mg g%), and K. (L mg™?) is the Langmuir’s constant.

3.5.2.4 Temkin isotherm model
The Temkin model is based on the assumption that heat of adsorption (as a function of temperature)
of all the molecules in the layer would decrease linearly as a result of increased surface coverage
[257]. The Temkin isotherm is valid only for an intermediate range of ion concentrations [259].
The linear Temkin equation can be written in the following form

e = BrlnKt + BtInC, Eqg. (3.4)
Where B is Temkin constant which is related to heat of sorption (J mol™) and Kt (L g?) is Temkin

isotherm constant.

3.5.2.5 Dubinin-Radushkevich isotherm model

The Dubinin-Radushkevich (DR) model (1960) is an empirical equation generally applied to
express adsorption of sub-critical vapours in microporous solids such as ACs and zeolites. The DR
model, based on the theory of volume filling of micropores, was developed for vapor adsorption
onto microporous adsorbents [260]. The DR model is widely used to describe the adsorption
mechanism with Gaussian energy distribution onto heterogeneous surfaces [263] based on the
assumptions of a change in the potential energy between the gas and adsorbed phases and a

characteristic energy of a given solid.
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In the modified form for solutes, equilibrium and saturation pressure of the vapor in the original
isotherm equation are substituted by the concentration and saturated concentration of the solute

[162]. The linear DR equation can be expressed in the following form

Inqe = Inqy,pr — R;FZ [ln (1 + Cie)]z Eqg. (3.5)
The Dubinin-Radushkevich equation (Eq. (3.5)) gives information on the thermodynamic
parameters of the adsorption process. From the linearized form, gm (mol g) and activation energy
[E, (kJ mol™)] can be obtained, R (J Kt mol?) is the universal gas constant and T (K) is the absolute

temperature.

3.5.2.6 Redlich-Peterson model

Three-parameter isotherms can be derived from the Redlich-Paterson (R-P) model, capable to
represent adsorption equilibria over a wide concentration range. This model is widely used as
compromise between the Langmuir and Freundlich isotherm systems. It incorporates the

advantageous significance of both models [214]. The (R-P) model can be represented as follows
KrpCe
N 1+aRpC§

Eq. (3.6)

e

Where Krp (L g}) and are (L mg™) are Redlich-Peterson isotherm constants and B is the exponent
that can be between 0 and 1. The R-P model unifies the features of the Langmuir and Freundlich
1sotherms. In the case of B=1, the R-P equation results in the Langmuir equation, whereas when 3

= 0, the Redlich-Peterson isotherm equation transforms to Henry’s law equation.

3.5.3 Adsorption kinetics

The adsorption kinetics describe the time dependence of adsorption processes, change of adsorbed
amounts in time [187]. Knowledge of adsorption Kinetics is very important to clarify the rate-
limiting mass transfer mechanisms and to evaluate the characteristic mass transfer parameters.
Different kinetic models have been employed to study adsorption of micropollutants from aqueous
phases. For the design and optimization of effluent treatment models, information is needed on the
kinetic performance of the adsorbent, indicating the solute uptake rate, which, in return, determines
the residence time required for completion of adsorption. This latter is needed to determine the

performance of fixed-bed or any other flow-through systems [264].
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So far, several kinetic models have been widely proposed or employed under batch
conditions to describe the kinetic process of pollutants adsorption from aqueous solutions. These
models can be generally classified as adsorption reaction models (pseudo first order, pseudo second

order) and adsorption diffusion models (i.e. Elovich and intra-particle diffusion models).

3.5.3.1 Pseudo first order kinetics

Pseudo first order kinetics is a reaction based model which was first proposed by Lagergren (1898).
It is generally used in the linear form proposed by Ho and McKay [265].
In(qe — q¢) =1Inqe — kqq; Eq. 3.7)

Where g is the amount of adsorbed solute in time (mg g™?), ge is its value at equilibrium, K1 is the
pseudo first order rate constant and t is the time.

Pseudo first order reaction is a reaction that should actually happen by order higher than the unit.
Its explanation is that the concentration difference between the two reactants is very high. Pseudo
first order does not fit well for the whole range of contact time and it is applicable over the initial

20 to 30 min of the adsorption process [266].

3.5.3.2 Pseudo second order kinetics
Pseudo second order model is based on the adsorption equilibrium capacity of the solid phase.
This model is usually represented by its linear form as shown

t ot 1
dc  gde kq3

Eq. (3.8)

where ge, (mmol g?) represents equilibrium adsorption capacity, g: (mmol g?) is adsorption
capacity at time t, and k is the second order rate constant (g mg™ mint). The pseudo second order
rate constants can be determined experimentally by plotting t/q versus t.

Recently, for adsorption of DCL, NPR and CRB from aqueous matrices applying pseudo
second order adsorption kinetic has been widely reported [264, 267-272].

3.5.3.3 Elovich model
The Elovich equation, first proposed in 1939, describes chemical adsorption processes. It is suitable
for systems with heterogeneous adsorbing surfaces [273]. The Elovich equation assumes that the

actual solid surfaces are energetically heterogeneous and the adsorption sites increase
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exponentially with progressing adsorption process. This implies a multilayer adsorption [274],
represented by its linear form as shown in Eq. (3.9)
gt =BIn(aB)+BInt Eqg. (3.9)

where g: (mmol/g) is the amount of gas adsorbed at time t, 3 is the desorption constant, and a is the
initial adsorption rate [265]; p can be directly obtained from the slope of the plot of q: versus In(t)
and o can be calculated from the intercept of the same plot once B is known.

The Elovich equation has been widely used to study the kinetics of chemisorption of gases
onto heterogeneous solids [275]. Recently, this model has been also successfully applied to the
adsorption of DCL, NPR and CRB from aqueous solution [194, 275-278].

3.5.3.4 Intra-particle diffusion model

Intra-particle diffusion is a model, appropriate to describe the diffusion mechanism inside the
porous adsorbents [276]. The adsorption rate depends on the diffusion towards the porous
adsorbents [277]. The IPD model does not depend on the hydrodynamic conditions and, therefore
are transferable to other process conditions. The IPD model is also known as Weber and Morris
sorption kinetic model. The model is usually represented by its linear form (Eqg. (3.10)):

qe = Kipt®® + Cjp Eq. (3.10)
where g is the amount adsorbed at time t, Kip is the intraparticle diffusion rate constant and Cip is

the liquid phase concentration of sorbate in the inner pore of sorbent at time t.

3.5.4 Adsorption thermodynamics
Adsorption is a surface process and adsorbate-adsorbent system is always evaluated by
thermodynamic parameters such as Gibbs free energy (AG), change in enthalpy (AH), and change
in entropy (AS) [214, 278]. The Van't Hoof equation is widely used to explore changes in
a thermodynamic system, which relates to the change in the equilibrium constant, Keq to the
variations of the temperature.
AG = — RT In Keq Eq. (3.11)

where R is the universal gas constant (8.314 J K " mol), T is the absolute temperature (K), and
Keq Is the thermodynamic equilibrium constant.

Enthalpy and entropy changes are also related to the Langmuir equilibrium constant by the

following expression:
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AG AH
aneq =R _RT Eq. (312)

Thus, by plotting In Keq as a function of 1/T, it is possible to calculate the change in enthalpy (AH")
from the slope. The standard free energy can be derived from the intercept. The entropy change
(AS") can be caluclated by using the following equation [234]:

AG= AH -TAS Eq. (3.13)

3.5.5 Removal of PPCPs from aqueous environment in flow condition

Adsorption onto fixed-bed (percolation) has become a frequently used industrial application in
wastewater treatment. In this operating mode, the equilibration process proceeds successively,
layer by layer, from the column inlet to the column outlet.

The adsorbent particles are arranged in a bed. Consequently, adsorption takes place in
a particular region of the adsorbent bed, known as the mass transfer zone, or adsorption zone
which moves through the bed [187].

By applying flow systems, fixed-bed columns usually packed with GAC are usually used.
The most important parameters necessary to be optimized for such packed-bed systems are as
follows: i) flow rate; ii) inlet concentration; and iii) bed height (or mass of GAC). The flow rate
influences the contact time between the adsorbate and the adsorbent, while the removal capacity
of the system depends on the contact time. The inlet concentration is an important factor because
it can influence the adsorbed amounts on the column. Furthermore, the bed height has a primary
effect on the adsorption efficiency. The data obtained during the optimization process are
demonstrated with the so-called breakthrough curve, which is the outlet-to-inlet concentration ratio
(C Co?) as a function of time (or throughput volume). Breakthrough is defined as the contact time
(to) at 2 or 5 C Co* %, while the exhaustion time (tex) is the time at 90 or 95% C Co* %. A further
parameter that characterizes the adsorption properties on fixed-bed columns is the saturation
adsorption capacity (SAC) determined at tex [180].

Further interpretation of the experimentally determined data can be obtained by modeling
adsorption. To achieve this, several mathematical models have been proposed [212, 279-281] —
based on different assumptions — capable of describing the distinct parts of the breakthrough curve.
The most commonly applied approaches in environmental research are the Adams-Bohart and
Thomas kinetic sorption models. The former describes mostly the initial part of the breakthrough

curve. Moreover, it can be used in the case of negligible mass transfer or axial dispersion, as well.
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Applicability of Thomas model is more restricted because some prerequisites have to be
fulfilled such as: i) it assumes a Langmuir isotherm; ii) the adsorption process should follow pseudo
second order Kkinetics and iii) axial dispersion cannot occur [180]. Both models can be properly
applied for optimization of fixed-bed column systems because the parameter values for fulfillment
of these prerequisites can be calculated or experimentally measured. There are several publications
on fixed-bed column applications using GAC for removal of inorganic contaminants and dyes but
there are only few ones for pharmaceuticals by applying this approach [212].

Concerning adsorption of pharmaceuticals, determination of the breakthrough curves has
been reported under circumstances that are far different than the industrially applicable ones, i.e.
flow rate (1-10 mL min't), inlet concentration (10-500 mg L) and bed height (1-15 c¢m) [180].
Sotelo et al. [282] studied adsorption of caffeine and DCL on AC in fixed bed column at 10-15 mg
L initial concentration using 0.4-1 g commercial GAC and 2-3 mL min flow rate. The column
design parameters were estimated by the linearized form of the Adams-Bohart model. It was found
that GAC was not an efficient adsorbent for DCL. The same research group reported on adsorption
of CRB at 1.2-2.5 mg Lt initial concentration, 0.4-0.8 cm column length and 1-3 mL min™* flow
rate [283]. By using the Thomas model, the experimental and predicted data were in good
agreement. De Franco et al. [211] studied adsorption of DCL on GAC through a full factorial two-
level experimental design involving three variables: initial pollutant concentration (20 — 100 mg L~
1), adsorbent weight (0.5 — 1.0 g) and volumetric feed flow rate (3 — 5 mL min ). The breakthrough
curve experimental data were fitted by three different models among them the Thomas and Adams-
Bohart ones. The experimentally determined S-shaped curve was modeled properly with the
applied mathematical models. Marzbali and Esmaieli [284] investigated adsorption of tetracycline
on mesoporous AC under the following conditions: 50 mg L™ initial influent concentration, 4 cm
bed height and 4 mL min‘* flow rate. For modeling, the Adams-Bohart and Yoon-Nelson models
were used. Due to the poor data fitting, a specially adapted mathematical model for prediction of
the proper parameters to the design of fixed bed was developed and applied.

Meta-analysis calculation based on 44 studies has been provided on the performance of
fixed-bed column packed with GAC for the removal of organic micropollutants from municipal
wastewater applying realistic parameterization [285]. Nevertheless, it is problematic to prove
experimentally the calculated optimal conditions. The main difficulties of the experimentally

determined breakthrough curves at realistic pollutant concentrations (ug L™ or ng L) are that the
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quantitative determination requires very sensitive analytical techniques (e.g. UHPLC-MS) that
cannot be applied without sample purification and analyte pre-concentration (e.g. SPE). First of
all, these increase dramatically the cost of the research due to the large sample throughput.
Furthermore, the sample volume should be increased so that a 100-2000-fold analyte pre-
concentration rate is obtained. The samples taken provide only a mean concentration assignable to
certain time (effluent volume) intervals. Therefore, the determination of the complete breakthrough
curve is not only expensive but also not accurate enough. Due to the aforementioned reasons,
adaptation of the laboratory-scale results to the treatment of real SW using fixed-bed column has

not been properly demonstrated yet.

3.5.6 Modeling of fixed-bed adsorption

3.5.6.1 Thomas model

The Thomas model (TM) is one of the most general and widely used model in fixed bed columns
studies. The TM assume that the adsorption process follows a Langmuir isotherm and a pseudo
second order with no axial dispersion in the adsorption column [286]. Using this model, the
maximum solid-phase concentration of adsorbate on adsorbent and rate constant is determined
[82]. This model can be described with the following expression (Eq. (3.14)):

C/Co = L/[1+exp(kT go M/Q — k1 Co 1)] Eqg. (3.14)
where C and Co are the outlet and inlet concentration (mg L), respectively; kr (L mg™? min™?) is
the rate parameter; go (mg g*) - adsorbate uptake of the adsorbent; M (g) - quantity of adsorbent
bed; Q (L min™) - flow rate; t (min) - time [180]. The Eq. (3.14) is used in the linearized form as
well (Eg. (3.15)):

In [(Co-C)/C)]= -kt Co t + kt go M/Q Eqg. (3.15)

where kt Co is the slope and kr qo M/Q is the intercept of the linear equation.

3.5.6.2 Yoon-Nelson model

The relatively simple Yoon—Nelson model (YNM) (1984) is based on the assumption that the
decreasing rate of adsorption for each molecule is favorably proportional to the adsorbate
adsorption and breakthrough within the bed [287]. This model does not focus on the adsorbent

type, adsorbate characteristics, and the physical properties of adsorption bed [82].
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This model can be described using the linear form of the following equation:

In Ct /(Co—Ct) = kynt —kyn T Eqg. (3.16)
where t is the breakthrough time, Co and C; are the breakthrough (effluent) concentration and inlet
concentration, respectively, t is the time required for 50% adsorbate breakthrough, kyn - rate
constant, and k - a proportionality constant. These parameters can be easily determined from the
slope and intercept of linear plots of In Ct/(Co—C:) versus t [288].

3.5.6.3 Adams-Bohart model

The Adams-Bohart model (1920) is based on the assumption that the adsorption rate is favorable
depending on both the residual capacity of the adsorbent and the concentration of the adsorbing
species [78]. The Adams-Bohart model established the fundamental equation describing the
relationship between C/Co and time. This model mainly clarifies the first region of the breakthrough
curve (C/Co < 0.5) and focused on the estimation of characteristic parameters such as gm.

The Adams-Bohart model can be described in the following way (Eq. (3.17)):

C/Co =exp (ka Co t - ka No H/u) Eqg. (3.17)
where C and Co are the outlet and inlet concentration (mg L), respectively; ka (L mg? min?) is
the kinetic parameter; No (mg L) - saturation concentration, H (cm) - bed length, u (cmmin™) -
superficial velocity, t (min) - time. At the same time,
the Thomas model can be described as follows (Eg. (3.18)):

C/Co = 1/[1+exp(kT go M/Q — k1 Co t)] Eqg. (3.18)
where C and Co are the outlet and inlet concentration (mg L), respectively; kr (L mg™* min?) -
rate parameter; go (Mg g!) - adsorbate uptake of the adsorbent; M (g) - quantity of adsorbent bed:;
Q (L mint) - flow rate; t (min) - time [180]. The Eq. (3.18) is used in the linearized form as well
(Eq. (3.19)):

In [(Co-C)/C)]= -kt Co t + kr qo M/Q Eqg. (3.19)

where kT Co is the slope and kr qo M/Q - intercept of the linear equation.
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Chapter 4

Removal of selected pharmaceuticals from aqueous matrices with activated carbon under

batch conditions
4.1 Experimental part

4.1.1. Chemicals

All chemicals used throughout this study were of analytical grade. Diclofenac sodium
(C14H10CI2NNaO2), naproxen sodium (C14H13NaOz3) and CRB (C1sH12N20) were purchased from
Molar Chemicals Ltd. (Hungary) and they were applied without any further purification. From
DCL and NPR, a 1000 mg L stock solution, while from CRB a 5 mg L™ one was prepared with
deionized water. DCL and NPR stock solutions were further properly diluted to prepare working
solutions. The pH of all solutions was set to 6=0.1 before addition of GAC using 0.1 mol L* NaOH
or 0.1 mol L HCI solutions. Granulated carbon (i.e. Organosorbl0, Organosorbll and
Organosorb10 AA) were obtained from Desotec HQ (Belgium). Organosorb10 and Organosorb11
are GACs produced by steam activation of selected grades of coal. Moreover, Organosorb11 is an
acid washed version of Organosorb10. The Organosorb10 AA is an agglomerated GAC made of a
pulverized blend of selected grades of coal. All of them are recommended for removal of impurities
from water and different industrial processes. Acetonitrile and methanol (each purchased from
Scharlau S.L., Spain) were of HPLC gradient grade. Glacial acetic acid of HPLC grade was
purchased from Sigma—Aldrich Co. (USA).

4.1.2 Characterization of GAC

Granulated activated carbon was characterized by using the procedures listed below. Nitrogen
physisorption measurements were carried out at -196 °C using Thermo Scientific Surfer (Germany)
automatic volumetric adsorption analyzer. Before use, AC samples were outgassed under high
vacuum (< 1078 mbar) at 200 °C for 2 h. Specific surface area was calculated by the BET equation
at 0.01-0.2 relative pressure. Pore size distribution was evaluated from the adsorption branch
according to the BJH method. Micropore volume was calculated by the as plot method. Mesopore
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volume was calculated as difference between the total pore volume and micropore one. This
measurement was performed before and after GAC use.

Attenuated total reflection Fourier transform infrared (ATR-FT-IR) spectra were recorded
on a Varian Scimitar (USA) 2000 FT-IR spectrometer equipped with a MCT (mercury-cadmium-
tellurium) detector and a Golden Gate™ single reflection diamond ATR system (Specac, UK). In
general, 128 scans and 4 cm™! resolutions were applied. For all spectra, ATR correction was
performed (Varian ResPro 4.0 software).

Scanning electron microscopy (SEM) measurements were performedon a Quanta 3D
scanning electron microscope (FEI, USA) equipped with secondary (Everhart-Thornley detector)
and back scattered electron detectors together with silicon drift energy dispersive spectrometer.
The local elemental composition of GAC was determined by SEM-EPMA technigque (scanning
electron microscope-electron probe microanalysis) at two points selected on the specimen. For the
measurements, 20 kV high voltage, 4 nA probe current and 50 s as lifetime were used.

The point of zero charge (pzc) of GAC was determined in 0.05 mol L NaCl as electrolyte
in a total volume of 25 mL by using the pH drift method. Thus, pH of the samples was adjusted
between 1 and 12 (n=10) using proper amounts of NaOH or HCI solutions. Two series of
measurements applying different amounts of GAC were performed. Thus, 0.2 g and 0.05 g GAC
were added to the solutions for the first and second series of measurements, respectively. Then,
each suspension was stoppered and shaken on an orbital shaker OS-20 (Biotech, Czech Republic).
After 24 h of shaking, filtration was applied and pH of the filtrates was also recorded. The pzc
value was determined by plotting the A pH (final pH—initial pH) vs. initial pH [289].

According to the specifications provided by Desotec HQ, the particle size (d) of GAC was
d < 1.7 mmand d > 0.42 mm for the 90% and 93% of the particles, respectively.
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4.1.3 Adsorption equilibrium experiments and HPLC analysis

The gm were determined for DCL and NPR in a batch system. The mass of carbon, the initial
concentration of pharmaceuticals and the volume of aqueous phase were varied between 0.05 and
0.25 g, 5 and 300 mg L™* as well as 50 and 500 mL, respectively. Equilibrium measurements with
DCL and NPR were performed using GAC in the original presentation form, while for another set
of experiments, GAC was pulverized and sieved through a 0.1 mm mesh size. The resulted
pulverized activated carbon will be referred to as PAC (d < 0.1 mm) hereafter. The reactor was
continuously stirred at 800 rpm, temperature was kept constant at 25 °C. After 1 h, when
equilibrium was achieved, suspensions were filtered through glass microfiber filter papers of 0.8
um pore size and the active ingredient concentration in the filtrates was determined by HPLC. The
HPLC instrument consisted of an LC 1150 (GBC Scientific Equipment Pty Ltd., Australia)
quaternary gradient pump, LC1460 online degasser, LC1120/1150 column oven, LC 1445 system
organizer, DI 510 D interface and SPD-M20A (Shimadzu, Japan) photodiode array detector. For
evaluation of the acquired data, EZ Chrom Elite Client/ Server software (Version 3.1.7) was used.
The chromatographic separation was achieved on a ZORBAX Extend C18 analytical column
(150%4.6 mm, 5 um) equipped with a same type of guard column (12.5x4.6 mm, 5 um) purchased
from Agilent Technologies (USA). Twenty microliter of the samples was injected onto the column
using a Rheodyne injector. For separation, isocratic elution was applied. The flow rate was 0.8 mL
min~1. The mobile phase consisting of 50% (v/v) acetonitrile and 0.1% acetic acid (v/v) was filtered
through 0.22 pm pore size membrane filters and sonicated for 10 min before use in a Bransonic B-
3200 ultrasonic bath (Branson Ultrasonics, USA). The UV spectra of the analytes were registered
by a HALO RB-10 UV-VIS spectrometer (Dynamica Scientific Ltd, UK).

4.1.4 Thermodynamic experiments and modeling

Thermodynamic studies were performed at three different temperatures (25; 35; 45 + 0.1 °C) in
100 mL of total volume using 0.1 g GAC (d=0.8-1.0 mm) for the three-component solutions (i.e.,
DCL, NPR and CRB). The initial concentrations were varied between 50 and 300 mg L for each
pharmaceutical. For these experiments, CRB was dissolved in methanol in a concentration of 1000
mg L1, Then, suitable aliquots of this methanolic stock solution were added to prepare the three
component solutions. Thus, the methanol content of the three-component solutions varied between

5 and 30% (v/v). Further sample manipulation was performed in the same way as described at
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Section 4.1.3. Except for this type of measurements, all other experiments were performed in the
aqueous phase.

The experimental data were evaluated by different isotherm models [289-291] after
linearization (Table 4.1). In the case of the Langmuir model [Table 4.1, Eq. (4.1)] gm is the
maximum adsorption capacity of the adsorbed pharmaceuticals per unit weight of carbon (mg g?)
forming a complete monolayer on the surface; b - Langmuir constant (L mg™) corresponding to ka
kst (where ka and Kq are rate constants for adsorption and desorption processes, respectively), and
Ce (mg L ™) and ge (mg g?) are equilibrium concentrations in liquid and solid phases, respectively.
From the Langmuir model, a dimensionless equilibrium parameter (RL) considered as a separation

factor can be derived cf. Eq. (4.2):

1
R, =
L™ 1+pc,

Eq. (4.2)

The Freundlich constant (KF, mg g—1 (L mg)—n) and the dimensionless exponent (n) can be
calculated from the Freundlich equation [Table 4.1, Eq. (4.3)] while KT, the dimensionless Temkin
constant and BT (mg g—1) can be derived from the Temkin equation [Table 4.1, Eq. (4.4)]. The
latter can be considered as gm. The Dubinin-Radushkevich equation with its corresponding
isotherm constant, & [Table 4.1, Eq. (4.5)] was also applied. Data evaluation was also performed
by the Redlich—Peterson (R—P) model, as well [Table 4.1, Eq. (4.6)]. The constants of R—P isotherm

can be calculated by a parameter estimation program.
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Table 4.1 Isotherm and kinetic models used for evaluation of adsorption process

Models Equation Linear equation Plot

Isotherm models

i K.C C C 1 , C
Langmuir 1 = Am.LKLCe Ce_Ce (4.1) Ze oy C,
1+ KLCe de dm KLqm de
Freundlich Qe = KpCM/m Ing, =InKg +n71InC, 4.3) Inge vs. InC,
Temkin de = BrIn (Kt Cp) e = BrIn Kt + Bt Ln C, (4.4) de Vs. InC,
Dubinin- = ~(Be?) R?T? 1\ (45 11
Qe dm,DRE
' Inge =In -—— [ln (1 + —>] Inqg, wvs. [ln <1 + —)]
Radushkevich de AmDR ™ 72 Ce ¢ Ce
Redlich-Peterson 0 = KrpCe (4.6)
¢ 1+ (XRPCS
Kinetic models
Pseudo first order dg. _ K, (qu — q0) In (ge — q¢) = Inge — Ky Q¢ 4.7 In(ge —q¢) Vvs. t
dt - 1 qe qt
Pseudo second order d t t 1 4.8 t
u ﬂ=k2(qe_qt)2 —_—=— > (4.8) — vs. t
dt de  9e K203 A
Elovich gt =BLn(xft) gt =PBIn(aB)+PInt (4.9) g Vvs. Lnt
Intra-particle diffusion g, = k;pt®® + Cjp, qe = Kipt®® + Cjp (4.10) qe vs. t°°
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4.1.5 Experimental conditions of kinetic analyses

For the kinetic experiments, the amounts of carbon, the total volume of the suspensions and
concentration of each compound were 0.5 g, 200 mL and 5 mg L—1, respectively. Larger GAC
granules (0.8 < d < 1.0 mm) were applied by studying the individual solutions.

Smaller granule size fractions (0.42 < d < 0.8 mm) were also used to study adsorption from the
three-component systems. The Kkinetic experiments were performed using PAC, as well.
Temperature was kept at 25 °C + 0.1. Sampling was performed for 1 h at varying intervals and the
sampled volume was 1 mL. Samples were filtered immediately and analyzed by HPLC in the same
way as described at Section 4.1.3. Data were evaluated using pseudo-first order (PFO), pseudo-
second order (PSO), Elovich and intra-particle diffusion (IPD) models [289-291]. The kinetic

equations and their linearized forms are summarized in Table 4.1.

4.1.6 Study of model solutions and secondary sewage water in semi open system

The SSW bulk sample originated from the effluent stream of a wastewater treatment plant (with
GPS coordinates 46°53'46.9"N, 18°05'04.4"E) of a settlement with 70,000 inhabitants, located near
the capital city of Hungary. In this plant, conversion of wastewater into an effluent is achieved
through a cyclic activated sludge treatment technology.

For the quantitative determination of the background values of the target active ingredients
in SSW, effluent wastewater samples were filtered subsequently through Whatman™ 0.45 and 0.2
um pore Size nylon membrane filters. For pre-concentration of the investigated drugs, SPE was
used according to Tylova et al. [292]. For SPE, 200 mg Waters Oasis HLB cartridges were applied
(Waters Ltd., Hungary). Prior to SPE, sample pH was adjusted to 4 with formic acid. The SPE
cartridges were conditioned with 3 mL of methanol and 3 mL of ultra-pure water. Aliquots of 500
mL were loaded onto the cartridges with a flow rate of 3—4 mL min™2. Then, cartridges were washed
with 5 mL of ultra-pure water and dried under vacuum for 5 min. Elution of the retained analytes
was achieved with 2 x 2 mL of methanol. Eluates were evaporated to dryness and reconstituted in
0.4 mL of methanol.

Quantitative analysis of the compounds was achieved on a Bruker Elute ultra-high
performance liquid chromatography equipped with binary pump, autosampler and column oven —
coupled to a Bruker Compact quadrupole-time of flight mass spectrometer (Bruker Daltonik
GmbH, Bremen, Germany). For the chromatographic separation, Zorbax Eclipse XDB-C18 (50 x
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4.6mm i.d., 1.8 pum particle size) column was used, equipped with a 5 mm long guard column of
the same type (Agilent Technologies Inc., USA). Mobile phase consisted of 0.2% (v/v) formic acid
in ultra-pure water (eluent A) and acetonitrile (eluent B). The following gradient elution program
was used: 10% B (initial conditions); 2 min, 10% B; 5 min, 50% B; 11 min, 99% B, 14 min, 99%
B; 4 min post-run equilibration. The gradient elution method applied was similar to that reported
by Campos-Mainas et al. [293]. Experiments performed in semi-open system were applied to
individual and three-component model solutions of the target analytes, then to three-component
model sewage water (MSW) and secondary sewage water (SSW) under continuous stirring at 800
rpm. In order to increase reproducibility of the measurements in the batch system, the particle size
range of GAC was limited to 0.8 < d < 1.0 mm after proper sieving. Concentration of all
investigated analytes in the solutions was 5 mg L. Moreover, the SSW sample was spiked with
the target analytes to obtain the same concentration. For comparison of the individual and three-
component model solutions, 0.1 g of GAC was used, while 1.0 and 5.0 g GAC were applied for the
experiments performed on MSW and SSW, respectively. The pH and specific electrical
conductivity of MSW were set to be the same as those for SSW (i.e., 7.72 and 900 uS cm?, with
NaHCO3 and NaHPOs, respectively). Stirring was stopped for 30 s after 30 min and half of the
400 mL of the liquid phase was sampled without removal the carbon particles. Then, the reactor
was replenished with 200 mL of 5 mg L™ individual or three-component standard solutions.
Sampling was repeated every 30 min for a total of 4 or 6 h. Then, samples were filtered and
analyzed in the same way as described at Section 4.1.3. After finishing the experiments, the
exhausted GAC was filtered and leaching experiments were performed in 25 mL of deionized water
using 0.25 g of GAC at three different pHs (i.e., 4, 6 and 12) applying shaking for 3 h. Then,

solutions were filtered and analyzed in the same way as described at Section 4.1.3.

58



4.2 Result and discussion

4.2.1 Characterization of charcoal
Surface characteristics of the studied GAC are summarized in Table 4.2. All studied GAC samples
showed a high specific surface. The main difference among the commercial GACs was that
Organosorb10 AA had a large mesopore volume besides the large micropore one. Data of Table
4.2 demonstrates that adsorption decreased the specific surface area and the mesopore volume,
while there was no considerable difference in the micropore one. Since the investigated
pharmaceuticals penetrated into mesopores, the mesoporous structure is advantageous to achieve
a greater adsorption capacity. Thus, Organosorb10 AA was chosen for the adsorption experiments.
Further results for characterization of GACs by using an ATR FT-IR spectrometer can be
seen in Fig. 4.1. In the spectra, absorption bands of surface carboxylic groups (at 1568, 1567, 1553
cm1), as well as the —Si—-O-Si— (at 1077, 1067, 1066 cm™?), the Si-OH (at 798 cm 1) and -C-O—
C— or —-C—OH ones (at 1199, 1223 cm™?) are clearly visible. Oxygen containing functional groups
can be generated during steam activation, while the silicon content can be traced back to the silicate

containing clays used for granulation aiming to improve mechanical strength and flexibility.
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Fig. 4.1. ATR FT-IR spectra of studied GACs: A) Organosorb10 AA, B) Organosorb10,
C) Organosorb11l
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The porous structure of the GAC is clearly visible in the SEM images recorded at different
magnifications (Fig. 4.2). Its chemical structure and composition are not homogenous. Thus, lighter
areas [Fig. 4. 2C (a)] have a greater silicon content while darker ones [Fig. 4.2C (b)] are richer in
carbon according to the SEM-EPMA spectra. The X-ray fluorescence spectra of two points selected
on the specimen can be seen in Fig. 4.3. Other elements than silicon were detectable only in traces
(in all cases <1%) in the carbon matrix.

The conventional method for determination of pzc is plotting the ApH caused by the effect
of solid particles on the liquid phase as a function of pH. When ApH is zero, the investigated surface
can be considered electrically neutral. Results of pzc studies of GAC can be seen in Fig. 4.4. From
this figure, it can be concluded that surface is electrically neutral at pH < 1.0 and pH > 11. Between
these two pH values, there are charged functional groups on the surface. This effect is due to
simultaneous presence of protonated and non-protonated carboxylic (—COOH, —COQ") and silanol
(=Si—OH, =Si—O") groups. These two functional groups act as a buffer system and compensate the
pH of the original solution. At the usual mass (of GAC) — volume (of liquid) ratio applied in this
work, pH of treated solution increased to 8-9. Therefore, there was no reason to study the effect of

the initial pH on the adsorption processes.

Fig. 4.2. SEM images of Organosorb10 AA at A) 50%, B) 650%, C) 12,000% and
D) 65,000% magnifications
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Fig. 4.3. SEM-EPMA spectra of Organosorb10 AA at two different positions indicated in Fig.
4.2C
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Table 4.2 Characterization of granulated activated carbons

Specific surface Total pore Micropore Mesopore Particle size”
Application for article size
GAC type PP area volume volume volume
drug adsorption
(m*g™) (cm®g) (cm®g?) (cm®g?) mm
Organosorb11 no 1092+ 6.5 0.552 0.513 0.039 0.6-2.36
Organosorb10 no 981+ 6.1 0.491 0.454 0.037 0.42-1.7
Organosorb10 AA  before 1014 £ 6.8 0.634 0.364 0.270 0.42-1.7
after 878 £6.7 0.564 0.364 0.202 not measured
Abbreviation GAC=granulated activated carbon.
* According to the specifications of Desotec HQ
7
5 é ¢ a:0.20g GAC
Y o ¥ % ® b: 0.05g GAC
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Fig. 4.4. Point of zero charge of Organosorb10 AA
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4.2.2 Adsorption isotherms studies and modeling

The adsorption isotherms of DCL and NPR are illustrated in Fig. 4.5. Dots show the determined
values, the line demonstrates the Langmuir equation fitted to the data. Applying GAC, the
irreproducibility of the adsorbed amounts was considerably greater compared with data using PAC.
For these measurements, the complete fraction of GAC was used and the irreproducibility was partly
due to the imprecisely defined particle size (d < 0.42mm in 7% and d > 1.7mm in 10%). The other
reason for the deviation of the adsorbed amounts is disintegration of granules during the experiment.
Another difference between the adsorption studied on GAC and PAC was that maximal adsorbed
amount (qm) was considerably larger in the case of PAC. The experimentally measured and
calculated maximal adsorbed amounts values expressed as both mmol g* and mg g are
summarized in Table 4.3. In the case of NPR, measured data were about two times larger than in the
case of DCL applying GAC; nevertheless, the measured maximal adsorbed amounts were similar
using PAC. Baccar et al. [194] studied adsorption of DCL and NPR on biochar in the presence of
other acidic drugs. The determined maximal adsorbed amounts of DCL was comparable with our
results, while those for NPR was the half. Bhadra et al. [232] compiled several qm data measured by
others for DCL on GAC. The values were between 11 and 487 mg g 1; usually, the lower ones were
achieved on native AC, while the higher ones were due to surface modification. Certainly, the
modified GACs were prepared only for laboratory use.

Results calculated from the several adsorption isotherm models applied in the present study
are also summarized in Table 4.3. The calculated gm values using the Langmuir model were in good
agreement with the experimentally determined ones, the regression coefficient indicated a good
fitting to the model (R?=0.964-0.998). The separation factor (R.) showed favorable adsorption (0 <
Re < 1). Nevertheless, the lower values in some cases were close to zero which could indicate an
irreversible adsorption.

By applying the Freundlich model, the regression coefficient was below 0.9 (0.839-0.897)
in the case of GAC. Thus, a worse fitting was obtained compared to the Langmuir model. Data
obtained by PAC were not suitable to model the Freundlich isotherm because In Ce vs. In ge did not
result to be linear at low Ce values. At the second part of the curve (In Ce > 0), fitting was better but
worse than in the case of the Langmuir model. At the same time, application of the Temkin model
resulted in a worse fitting compared even to the Freundlich one and the predicted gm values were
not comparable with the experimental ones. The Dubinin-Radushkevich (D-R) model is usually

applied to determine the activation energy of the adsorption processes. Fitting to the experimental
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data was better than in the case of Freundlich and Temkin models but worse than for the Langmuir
one. However, a good agreement was achieved between experimental and calculated gm values. In
the case of DCL adsorption onto PAC, only the first section of the curve could be used for modeling
because of the non-linearity observed. The determined activation energies were 8.93, 6.62, 16.06
and 16.20 kJ mol™* for the DCL-GAC, NPR-GAC, DCL-PAC and NPR-PAC combinations,

respectively.

4.0 4.0
35+ A 4 3.5
3.0 A 3.0
- 25 - 25
S 20 o PAC S 201 . PAC
O 151 O 151
1.0 1 1.0
0.5 0.5 -
0 ; : : ; : . 0 : - - . . :
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Co,mgL" Ce,mg L Fig. 5.

Fig. 4.5 Application of Langmuir isotherm (solid line) for the measured data (dots) of A)
diclofenac, B) naproxen using granulated activated carbon (GAC) and pulverized GAC (PAC).

Finally, the model calculation with the Redlich—Peterson equation confirmed conformity
with the Langmuir model because the 3 values were close to one (0.885-0.928) except for DCL in
the case of adsorption onto GAC. In this latter case, the discrepancy can be explained by the quite
big irreproducibility of the measured data. From the obtained results, it can be concluded that the
adsorption process followed the Langmuir model.

4.2.3 Thermodynamic studies and modeling

Data of the adsorption isotherms at different temperatures are summarized in Table 4.4. Slight
temperature dependence was observed in the experimentally determined gm values. Using DCL and
CRB, the adsorbed quantities measured at 25 °C was a little bit smaller than at the other two
temperatures, while in case of NPR, the adsorbed quantities were larger. Among the gm values
determined at 35 and 45 °C, there were no considerable differences for any three compounds. The
RSD values increased with the elevated temperatures. Due to the increasing error and the small
differences among the measured the adsorbed quantities, there was impossible to reveal any reliable
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trend in agreement with the measured data. Adsorption of DCL onto AC was studied at the same
temperatures by de Franco et al. [211]. They have found a slight increase in the adsorption capacity
as a function of temperature.

For modeling, those two adsorption isotherm equations were applied for which the best
fittings were achieved at 25 °C using individual solutions, namely Langmuir and D-R models. The
calculated gm values for both models were in good agreement with the experimentally measured
ones but again not any trends could be observed.

Although the D-R model resulted in very low regression coefficients, the activation energy
could be calculated in this case. The best fitting was obtained for 25 °C and the calculated activation
energies were between 5 and 7 kJ mol ™ for each compound. Most probably, the lack of temperature
dependence is the consequence of the low activation energies. Thus, a temperature value of 25 °C

provides enough energy for the diffusion and adsorption of the investigated compounds.
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Table 4.3 Comparison of adsorption parameters of DCL and NPR using different isoterm models

Compounds and types of activated carbons

Parameter
DCL-GAC DCL-PAC NPR-GAC NPR-PAC

Experimental gm mg gt 49.5 323 82.0 281

gm mmol g 0.156 1.02 0.325 1.11

RSD, % 6.8 2.2 6.0 0.3
Langmuir gm mg gt 46.55 318 77.30 280
model 1

gm mmol g 0.146 1.00 0.306 1.11

b Lmg?! 0.51 0.16 0.06 0.42

RL 0.007-0.282 0.020-0.549 0.057-0.784 0.008-0.324

R? 0.974 0.997 0.964 0.998
Freundlich model Kemg gt 6.134 168,3% 11.06 138.12

(ng)lln

n 2.19 8.67% 2.72 6.92%

R? 0.838 0.963% 0.897 0.976%
Tempkin model Kr 1.012 14.85 1.269 144.4

gmmg g* 10.01 41.15 12.96 28.02

gm mmol g 0.031 0.129 0.051 0.111

R? 0.888 0.966 0.824 0.986
Dubinin- gmmg g 55.67 299.0° 79.36 281.1
Radushkevich model b

gmmmol gt 0.175 0.940 0.316 1.114

E kJ mol* 8.93 16.06° 6.62 16.20

R? 0.957 0.943P 0.819 0.968
Redlich-Peterson Krp 7.8 1650 4.3 1759
model

ORP 0.58 9.6 0.085 10.0

B 0.706 0.885 0.928 0.909

R? 0.852 0.970 0.915 0.952

Main abbreviations: DCL=diclofenac, NPR=naproxen, GAC=granulated activated carbon, PAC=pulverized activated

carbon, gm= maximal adsorbed amount, RSD=relative standard deviation, R?=regression coefficient.

2 Second part of the adsorption curve (In Ce > 0).
b First part of the adsorption curve
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Table 4.4 Comparison of adsorption parameters in the mixture of three compounds using different isoterm models at various

temperature
DCL NPR CRB
Model Parameter Temperature, °C
25 35 45 25 35 45 25 35 45
Experimental ~ dmmg g™ 43.72 55.34 53.07 39.11 32.53 35.86 90.03 113.6 118.2
gm mmol g*  0.137 0.174 0.167 0.155 0.129 0.149 0.381 0.481 0.500
RSD, % 8.5 5.0 5.9 3.3 6.7 4.5 2.4 7.2 115
Langmuir gmmg g* 47.39 59.52 55.25 45.25 34.72 32.57 107.5 110.0 105.3
gm mmol g 0.149 0.187 0.174 0.179 0.138 0.129 0.455 0.465 0.446
bL mg?! 0.022 0.030 0.164 0.028 0.037 0.305 0.023 0.517 0.864
RL 0.476-0.132 0.400-0.100 0.109-0.020 0.417-0.107 0.351-0.083 0.062-0.011 0.465-0.127 0.037-0.006 0.023-0.004
R? 0.914 0.882 0.972 0.969 0.831 0.903 0.991 0.979 0.980
Dubinin- gm mg g* 48.41 62.10 48.36 40.86 32.34 31.98 104.6 139.5 115.8
Radushkevich  gmmmol g*  0.152 0.195 0.152 0.162 0.12 0.127 0.480 0.590 0.490
E kJ mol? 5.76 6.82 : 6.94 7.30 : 5.13 10.08 15.89
R? 0.824 0.591 3.00E-05 0.848 0.264 0.116 0.899 0.447 0.405

Main abbreviations: CRB=carbamazepine, DCL=diclofenac, NPR=naproxen, R>=regression coefficient, RSD=relative standard deviation.

* Activation energy, E was not calculated due to the very low correlation coefficient

67



4.2.4 Kinetic studies and modeling

Results obtained for the Kinetic studies are summarized in Table 4.5. The PFO rate constants were
0.076 min™?, on average, for each pharmaceutical in the individual solutions. In the three-component
systems, the adsorption rate constants were 0.114, 0.125 and 0.157 min~* for DCL, NPR and CRB,
respectively. The results are demonstrated in Fig. 4.6, as well, where the kinetic behavior of
individual solutions was compared with the three-component ones. Although the reaction was
monitored for 1 h, equilibrium was reached after 30 and 20 min in the individual and three-
component solutions, respectively (see the last points of the curves in Fig. 4.6). The PFO model fits
very well to the data (R?=0.999-0.981) and even the predicted g values are in good agreement with
the experimentally measured ones. For studying the effect of the particle size on the adsorption rate,
experiments were repeated with a smaller GAC particle size. The obtained data could be
characterized with the same linear fitting. Thus, the same pseudo-first order rate constants were
obtained within an acceptable margin of error. Therefore, the two series of measurements were
evaluated together. By applying PAC, adsorption rate was so intense that the compounds could not
be detected in the three-component systems within 30 s. The increase in the adsorption rate constant
by applying PAC can be explained by the higher availability of inner pores of GAC as a consequence
of pulverization. At the same time, the use of GAC having different particle sizes did not influence
the adsorption rate constant because the structure of granules was not destroyed.

For the deeper understanding of the adsorption kinetics, other models were also used for data
evaluation. Unfortunately, both PSO and Elovich models provided worse fittings in terms of the
regression coefficients and the error of fitting. The IPD model is usually applied to study those cases
for which diffusion is expected to have a role in the adsorption process. According to this model
[Table 4.1, Eq. (4.10)], the linear equation should be a straight line characterized by a slope indicated
by kip when the intra-particle diffusion is the rate-determining step. Moreover, cip (intercept of the
linear equation) should be zero if diffusion is the sole rate-limiting step of the adsorption [291, 294].
From the data presented in Table 4.5, it can be concluded that the intra-particle diffusion has a role
in the adsorption of all studied compounds. In the case of CRB and NPR, the calculated intercepts
were very close to zero both for the individual and three-component solutions. Values close to zero
indicated that intra-particle diffusion was the only rate limiting step. Nevertheless, the negative
values of the cip showed that fitting was not completely adequate. The measured values formed slight
S-shape curves resulting in a small negative intercept after linearization. Adsorption of DCL in an

individual solution resulted in cip=0.675 mg g 1. This value suggests that the intra-particle diffusion
68



has a role in the adsorption but it is not the sole rate-determining step. The adsorption process for

DCL is even more complicated in the three-component solutions because the linearized model

equation resulted in large negative intercept while removal of DCL from the system is delayed at

the beginning due to the competition with the other two compounds.

The adsorption kinetics of the investigated drugs is usually modeled with PFO and PSO

models [e.g. 194, 223, 232]. The calculated rate constants are not comparable because of the

different experimental conditions. Comparison of single and multi-component solutions is usually

not performed. Therefore, competition of compounds is usually not investigated in the literature.

Our results clearly demonstrate that

the target analytes can influence adsorption of each other.
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Table 4.5 Kinetic parameters of adsorption in single and in three-component solutions evaluated by various kinetic models

Single solutions

Mixture of three compounds

Model
CRB NPR DCL CRB NPR DCL
Experimental gemg g™ 4.75 4.72 4.98 4.98 4.81 4.92
ge mmol gt 0.020 0.019 0.016 0.021 0.019 0.019
RSD, % 24 2.8 3.7 2.9 4.6 5.3
Pseudo gemg gt 4.77 5.07 4.47 5.05 5.23 5.42
first order ge mmol gt 0.020 0.020 0.014 0.021 0.021 0.017
ki mint 0.076 0.075 0.076 0.157 0.125 0.114
R? 0.999 0.997 0.993 0.998 0.989 0.981
RSD % 1.65 2.75 3.55 1.94 3.60 4.82
Pseudo gemg g™ 5.57 5.93 5.46 5.49 7.42 12.73
second order  ge mmol g* 0.024 0.024 0.017 0.020 0.029 0.040
k2 mint 0.021 0.013 0.028 0.040 0.011 0.002
R? 0.994 0.986 0.993 0.997 0.963 0.851
RSD % 4.15 5.27 3.98 1.98 7.04 18.61
Elovich amg (gmin)t 1137 1.081 1.505 1.32 0.761 0.909
Bgmg? 1.144 1.124 0.944 1.302 1.408 1.287
R? 0.980 0.963 0.989 0.982 0.966 0.937
RSD % 9.07 8.90 4.70 4.62 6.74 9.07
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continued

Intra-particle  cipmgg ™ 0.008
diffusion
kip mg (g min) °° 1.289
R? 0.989
RSD % 6.09

-0.030

0.794
0.987
5.49

0.675

0.583
0.977
5.49

-0.063

1.162
0.979
3.05

-0.013

0.928
0.986
4.45

-1.096

1.326
0.990
3.41

Main abbreviations: DCL=diclofenac, CRB=carbamazepine, NPR=naproxen, RSD=relative standard deviation; R?>=regression coefficient.
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4.2.5 Model solutions and secondary sewage water in semi open system

The adsorption characteristics of CRB could not be studied similarly to NPR and DCL due to its
low water-solubility. To achieve this, I applied a different approach that permits study of adsorption
of such compounds without addition of methanol (as a solubilizing agent), commonly applied for
similar cases. In the semi-open system experiments, the liquid phase was renewed after each
sampling with the three-component standard solution without removal of the GAC particles. In this
way, GAC could be saturated gradually. The hereby proposed semi-open system permits sampling
before the reactor is replenished with a new aliquot of the pharmaceutical standard solutions.
Therefore, this procedure can be continued arbitrarily in time. This experimental design is suitable
to study interaction of several compounds during adsorption in multi-component model systems.
Furthermore, this method can be considered as a model for GAC-applying STPs working under
batch conditions.

By applying the hereby developed method, single drug component systems were studied at
first. Removal efficiency and the total adsorbed amounts of pharmaceuticals as a function of time
are shown in Fig. 4.7A. The removal efficiency was defined as the ratio g: (qe+ci) ™ % (where q; is
the total adsorbed amount onto GAC and c is the total amount of drugs introduced into the liquid
phase until t time). At the termination of the experiment, the removal efficiency and the gt were
68.9%, 63.0%, 52.5% and 26.0 mg g* (0.103 mmol g*), 23.1 mg g* (0.073 mmol g*), 16.3 mg g*
(0.069 mmol gt) for NPR, DCL and CRB, respectively. The order of adsorption efficiency was NPR
> DCL > CRB. Nevertheless, the adsorbed amounts and the adsorption efficiency order were
different for the three-component system (Fig. 4.7B). At the termination of the experiment, the
removal efficiency and the g were 55.7%, 44.4%, 49.2% as well as 18.3 mg g* (0.073 mmol "g),
12.9 mg g* (0.041 mmol g1), 14.9 mg g* (0.063 mmol g?) for NPR, DCL and CRB, respectively
(Table 4.6). Thus, the following order could be established for the adsorption efficiency: NPR >
CRB > DCL. The adsorbed amounts of the individual compounds decreased in the three-component
system compared to the single component one by about 13%, 19% and 3% for NPR, DCL, CRB,
respectively. Competition of other compounds on DCL adsorption was studied by Sotelo et al. [282]
under batch conditions. According to their observation, adsorption of DCL decreased by 30% due
to competition. In the present study, at the termination of the experiment, the sum of the adsorbed
amount (0.177 mmol g = 0.073+ 0.041+ 0.063 for NPR, DCL and CRB, respectively), was 0.177
mmol g for the three component containing sytem and it is less with 28% than the adsorbed

amounts for adsorbates in single systems together (0.245 mmol g?). In the next step, removal
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efficiencies of the investigated drugs by GAC in the semi-open system were compared for MSW
and SSW. First of all, the initial concentration of the target analytes in the SSW sample was
determined and they were found to be 1.01, 0.04 and 1.63 ng L™* for CRB, NPR and DCL,
respectively. Due to the low concentration of these compounds, SSW could be spiked with the three
compounds of interest. The experiments were performed with large amounts of GAC for which
competition among these drug molecules can be excluded. The results obtained using MSW can be
seen in Fig. 4.8A and Table 4.6. It is clear from the results that 5 g GAC removed completely the
drugs from the MSW. This amount of GAC was able to efficiently clean the MSW between 1.5 and
6 h, while the solution above GAC was replaced regularly with new aliquots of the untreated sample.
In Fig. 4.8B—C-D, removal efficiencies from SSW as a function of time can be seen for CRB, NPR
and DCL, respectively. All these results are compiled in Table 4.6. Applying 5 g of GAC, complete
removal of the target analytes could be achieved starting from the first hour until the termination of
the experiment. Nevertheless, adsorption efficiencies decreased by 5%, 3% and 3% for CRB, NPR
and DCL, respectively, when a smaller amount (i.e., 2 g) of GAC was used. Similar experiments
were performed by Bo et al. [230] under batch conditions using SSW but, in their case, complete
removal of the contaminants was not achieved. On the basis of our results, it can be concluded that
the semi-open system can serve as a model for an STP working under batch conditions because
periodic and partial removal of SW above sludge during wastewater treatment can be applied. In the
present work, sludge was substituted by GAC and the purified SSW was replenished by the untreated
one.

In order to determine suitability of GAC utilization in STPs, it is important to clarify the desorption
mechanism from the exhausted GAC. Thus, desorption was investigated at different pHs. According
to the obtained data, the leaching extent of the adsorbate from the GAC was the largest in the case
of CRB but<0.4% independently of the pH of the leaching solution. However, desorption was
negligible in the case of the other two drugs; the concentration in the leaching solution was below

the limit of quantification (LOQ). Thus, the adsorption can be considered practically irreversible.
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Table 4.6 Comparison of results obtained in a semi-open system: effect of sample type and amount of GAC on the adsorption efficiency

and the adsorbed amount

Adsorption efficiency, % Adsorbed amount, mmol g
Sample Mass of GAC, g t,h
CRB NPR DCL CRB NPR DCL

MS single 0.1 4 52.5 68.9 63.0 0.069 0.103 0.073
MS mixture 0.1 4 49.2 55.7 44 4 0.063 0.073 0.041
MSW mixture 1 6 91.5 91.3 91.5 0.050 0.041 0.037

5 6 99.8 100 100 0.011 0.010 0.008
SSW mixture 1 6 87.7 91.7 91.4 0.030 0.035 0.027

2 6 95.1 97.1 97.0 0.023 0.027 0.019

5 6 99.8 100 100 0.011 0.008 0.008

Abbreviations: CRB=carbamazepine, DCL=diclofenac, GAC=granulated activated carbon, MS=model solution, MSW=model sewage
water, NPR=naproxen, SSW=secondary sewage water.
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4.2.6 Adsorption mechanism

The studied Organosorb10 AA contains non-polar pores of carbon matrix substituted with polar
functional groups (carboxylic, silanol) on its surface as well as deeper, inside the granules. The non-
polar part of pharmaceuticals can be bound to similar pores by VVan der Waals forces and they should
fit into the pores as much as possible depending on their molecular size and geometry. Besides that,
the non-protonated polar part of compounds can be immobilized by the polar functional groups
(silanol) of the carbon skeleton with H-bonds. Both the equilibrium and kinetic measurements
demonstrated that adsorption of DCL can be characterized by the smallest gm and rate constants
compared with the others at 25 °C. Study of the adsorption process in three-component solution
revealed that two effects, namely competition and enhancement arose among the compounds. In the
semi-open system, decrease of the efficiency and adsorbed amount for each pharmaceutical is a clear
sign of competition for the binding sites and it is also clear that adsorption of DCL was the least
favorable. This can be explained with the characteristics of DCL (Table 4.7), namely, it cannot fit
well into the non-polar pores. This can be derived from its nonplanar molecular geometry (spherical
shape, spatial position and large fill space of chlorine atoms, position of the aromatic rings situated
in different planes), lack of condensed aromatic rings, which would be advantageous for binding to
the non-polar carbon skeleton. Therefore, free diffusion of DCL is limited and DCL can be
substituted by other compounds in the case of competition. Diclofenac can be bound to the silanol
groups by H-bonds through its deprotonated carboxylic group.

Adsorption of NPR was favored from both single and three-component aqueous solutions at
25 °C and its gm value was the highest due to its size and molecular geometry. Naproxen can enter
into the pores with its non-polar side by diffusion due to its elongated, flat shape and smaller size
compared to DCL. It can be immobilized by the silanol groups similarly to DCL. When GAC was
pulverized, the difference in MAC values for these two compounds disappeared because the
structure of granules was destroyed and the inner pores became more accessible.

The CRB molecule has a similar molecular geometry to NPR but it is has a slightly basic
character. Being the least polar compound among all investigated drugs, it binds well to the non-
polar carbon pores and with H-bonds to the silanol groups, as well. The rate-determining step for
adsorption is the intra-particle diffusion for both aforementioned compounds. Protonation of N atom
of CRB by the silanol groups can occur on the surface and, consequently, the positively charged
CRB attracts the negatively charged compounds (NPR, DCL) forming multiple layers. Thus,

presence of CRB in the three-component system accelerates adsorption (Section 4.2.4) because it
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iswell-known that adsorption rate is always greater when adsorption is controlled by electrostatic
interaction rather than if it is based only on Van der Waals forces. Therefore, increase of the
adsorption rate constant in the three-component system can be attributed to the multiple layers of
the adsorbed compounds. Nevertheless, adsorption of DCL is hampered at the beginning in the
three-component system. Bhadra et al. [232] summarized the type of interactions proposed for
adsorption of DCL under various conditions. Among these, similar type of interactions was listed,
i.e., van der Waals, H-bound, electrostatic, hydrophobic, etc. like in the present work.

Adsorption of CRB from the three-component system was studied in aqueous and mixed
water and methanol media. In the latter case, adsorption of CRB was more favorable while NPR
could be removed at the largest extent from purely aqueous media. While gm of DCL was similar in
the aqueous phase and methanol-water system, gm for NPR (which showed a real competition with
CRB) decreased to the half. From these results, it can be concluded that adsorption can be influenced
by methanol. Therefore, the two systems (aqueous and mixed water and methanol media) cannot be
compared. Adsorption of CRB in a three-component system using commercial GAC in aqueous
methanol systems was studied by Delgado et al. [223]. Although in the abovementioned study, the
other two compounds were different from ours, an about three times larger adsorption capacity was
observed in a methanol-water system compared to our value. Unfortunately, GAC was not
characterized in terms of functional groups. Since contaminated water bases are naturally always
aqueous systems, it is better to avoid use of organic solvents. Therefore, we emphasize, hereby, the
relevance of the application of a semi-open system for studying adsorption of compounds having

diverse and/or low water-solubility.
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Table 4.7 Some relevant physico-chemical characteristics of the investigated active ingredients

Compound pKa logKow  Characterization

DCL 40 451 Substitution of 1% six-membered aromatic ring with
carboxylic acid residue (polar character)
Substitution of 2" six-membered aromatic ring with two
chlorine atoms (non-polar character)
Coupling of two six-membered aromatic rings by a flexible -
NH group
No molecular planarity
Spherical molecular geometry

NPR 43 350 Substitution of 1%t aromatic ring with carboxylic acid residue
(polar character)
Substitution of 2" aromatic ring with an -OCHs group (non-
polar character)
Condensed structure of two aromatic rings
Planar molecule
Elongated and flat molecular geometry

CRB 7 2.47 Coupling of two six-membered aromatic rings with a seven-
membered one
Molecular planarity
Condensed aromatic ring structure
Substitution of the seven-membered ring with non-polar,
slightly basic urea residue

Round and flat molecular geometry

Abbreviations: DCL=diclofenac, CRB=carbamazepine, K,=acid dissociation constant; K,w=n-octanol-water partition
coefficient, NPR=naproxen.
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4.3 Conclusions

Commercially available GACs (i.e., Organosorb10 AA) seem to be a promising adsorbent for
removal of selected pharmaceuticals from aqueous matrices. Availability of the pores of granules
was one of the main factors influencing adsorption. Among other factors, physicochemical
characteristics of the investigated molecules (best fitting into the pores, flexibility of the molecular
structure and the presence of condensed aromatic rings) were the most important ones. The
adsorption and kinetic parameters can be different in the multi-component system from the single
one according to the competition between the studied molecules. However in multi-component
solutions, not only competition but interaction among the compounds having different chemical
characteristics could be observed. Thus, the adsorption rate constant increased.

A semi-open system operating in batch mode with regular substrate supplementation to study
adsorption of CRB as low-water soluble compound was set-up and successfully tested. Removal
efficiency was nearly 100% from model sewage water (MSW) and secondary sewage water (SSW)
spiked with CRB during several adsorption cycles using GAC. In this case, not only competition
can be studied but the proposed method can be used as a model for STPs working under batch
conditions. Applying GAC in STPs in batch mode, this carbonaceous material can be mixed with
sewage water and the decontaminated SSW above the GAC can be partially removed periodically.
However, by analyzing the exhausted GAC, it turned out that adsorption taking place in the
mesopores and desorption was found to be practically irreversible. On the basis of our results, the
exhausted GAC is not suitable for recycling but it can be treated during wastewater slugde treatment.
From the results of the present work, it can be concluded that GACs were suitable adsorbents for
removal of pharmaceuticals under batch conditions even from SSW.
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Chapter 5

Removal of selected pharmaceuticals from aqueous matrices with activated carbon under flow

conditions
5.1. Materials and methods

5.1.1 Chemicals
Chemicals and GAC were similar to those used for the batch experiments. Also the solutions were
prepared the same way used in the batch experiments. The physico-chemical characterization of the

applied GAC has been previously reported in Section 4.1.2.

5.1.2 Set-up of the flow system
The experimental set-up consisted of a 10 L glass container attached to an adsorption column packed
with the studied GAC with the aid of Teflon tubing. During the adsorption experiments, several
glass columns differing only in diameter and height were tested. At the bottom of the columns,
sintered glass frits were built-in (Fig. 5.1). Moreover, the system was equipped with a pre-column
for experiments involving SSW. The different amounts of GAC were soaked in deionized water for
24 h prior to the execution of the experiments. The mixtures were gently stirred until all air bubbles
were purged out. Then the columns were filled with the suspension. The bed height was measured
after each packing and then the mean was calculated. The applied column diameters and bed heights
are given in Table 5.1. The GAC particles were transferred quantitatively into the columns with
deionized water. The flow rate was set manually before each experiment by determining the time
necessary for sampling 1 L of deionized water in adequate graduated cylinders. To control regularly
the flow rate (+ 1%), two (in the case of pre-column system, three) glass stopcocks were used. The
zero time of the experiment was fixed when the dead volume of deionized water required to set the
flow rate flowed through the column.

The container was regularly replenished with the test solutions. Elution was achieved by the
hydrostatic pressure. After each experiment, virgin GAC was used. Experiments were conducted at
ambient temperature (24 = 1 °C).
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Fig. 5.1. Schematic representation of fixed-bed column system.

GAC: granulated activated carbon, d: particle size of GAC

5.1.3 Sampling of test solutions and model sewage water for HPLC-UV analysis

Effluent was taken in 1 L graduated cylinders. Generally, the last 1 mL of 1 L eluate was subjected
to HPLC analysis (Section 4.1.3). After filtration through glass microfiber filter paper of 0.8 um
pore size, samples were stored at 5 °C prior to the HPLC analysis.

Model solutions were prepared with proper dilutions of NPR and DCL standards while the
suitable amount of CRB was added in solid form to the two-component solutions and dissolved. The
model solutions analyzed by HPLC-DAD-UV contained only these three components in 5 mg L*
concentration. Normally, the pH of the model solutions was approximately 6. If necessary, pH was
adjusted with some drops of either 0.1 mol L™ NaOH or 0.1 mol L™* HCI solutions added to the

10 L model solution volumes. Thus, the effect of the initial pH on the adsorption could be excluded.
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Table 5.1 Summary of the breakthrough time (t), C Co™* (%) values and adsorbed amounts by applying 20 L of outlet volume for the
target compounds under different experimental conditions of the flow system

Mass of GAC (g) ) . to (mMin) C Co! (%) Adsorbed amount (mg g!)
_ Particle size  Flow rate
(column diameter: d mm ]
: (mm) (mLminY) CRB NPR DCL CRB NPR DCL CRB NPR DCL
bed height: h mm)
2(d:8, h:160) 0.42-0.80 5 >4000 >4000 3762 345 0.80 5.13 48.3 496 47.4
2(d:8, h:160) 0.42-0.80 20 329 27.8 22.3 239 270 34.3 381 365 32.8
4(d:18, h:68) 0.80-1.0 40 22.3 21.6 15.6 199 256 33.7 200 18.6 16.6
4(d:18, h:68) 0.80-1.0 60 9.47 18.3 11.9 309 364 44.1 173 157 14.0
8(d:18, h:133) 0.80-1.0 40 <500 <500 109 3.66 4.13 9.74 120 12.0 11.3
8%(d:18, h:133) 0.80-1.0 60 <333 <333 50.6 394 211 9.22 120 122 11.4
8(d:18, h:133) 0.80-1.0 60 303 134 29.8 504  7.46 12.5 119 116 11.0
8(d:18, h:133) 0.80-1.0 100 12.3 15.0 8.33 148 197 26.5 10.7  10.0 9.2
8(d:18, h:125) 0.42-0.80 60 39.8 135 26.9 8.87  6.67 11.3 11.4 117 11.1
8(d:18, h:187) 1.0-1.7 60 5.87 4.73 4.12 314 415 47.9 8.7 7.4 6.6
12(d:18, h:241) 0.80-1.0 60 >333  >333 >333 075 011 4.23 8.3 8.3 8.0
8°(d:18, h:133) 0.80-1.0 60 277 206 35.9 542 7.40 12.0 11.8 116 11.1
8°(d:18, h:133) 0.80-1.0 60 355 31.8 14.3 203 246 36.7 10.0 9.4 7.9
4 (d:12, h:140) 1.0-1.7
60 >333  >333 208 116 093 6.40 8.2 8.3 7.8
12 (d:18, h:241)° 0.80-1.0

Abbreviations: Co: inlet concentration, C: outlet concentration, CRB: carbamazepine, DCL: diclofenac, NPR: naproxen, d: inner diameter of column, h: height of
fixedbed. 2 For single component solutions; ® Model sewage water; ¢ Secondary sewage water.
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Model sewage water (MSW) was prepared and analyzed by HPLC-UV in the same way as
the model solutions but pH and specific electrical conductivity were set with NaHCO3 and NazHPO4
to be the same as those of SSW.

Generally, 20 samples were taken during one experiment. In the optimized case, the
experiments were continued until 40 L treated water was eluted. If the analyte concentration change

in the consecutive samples was <5%, only every second or third sample was analyzed.

5.1.4 Investigation of secondary sewage water

The SSW bulk sample originated from the effluent stream of the STP (with GPS coordinates (47°
23'31" N, 18°54' 16.3" E) of Erd, a settlement with 70,000 inhabitants, located near the capital city
of Hungary. In this plant, conversion of wastewater into an effluent is achieved through a cyclic
activated sludge treatment technology.

The initial SSW was characterized by specific electrical conductivity, pH and turbidity
according to standard methods MSZ 1SO 10523: 2003, MSZ EN 27888: 1998, MSZ EN 1SO 7027:
2000, respectively. The concentration of anions (except for hydrogen carbonate and phosphate) and
cations were determined by using a DIONEX ICS 5000+ ion-chromatography system (Thermo
Scientific, USA). Hydrogen carbonate and phosphate concentrations were determined by titrimetric
(MSZ 448 11-86) and spectrophotometric methods (MSZ EN 1SO 6878: 2004), respectively. Total
organic carbon (TOC) and total nitrogen (TN) concentrations were determined by applying a Multi
N/C 3100 TC-TN analyzer (Analytik Jena, Germany) equipped with a non-dispersive infrared
detector (for C) and a chemiluminescent detector (for N) according to the international standards
being in force (EN ISO 5667-3:1995 and MSZ EN 12260:2004, respectively).

For study of the breakthrough curves, the SSW sample was used after spiking with the three
compounds to obtain 5 mg L™ concentration for DCL, NPR and CRB (0.016, 0.020, 0.021 mmol L
D). Initial and the effluent concentrations of the analytes were determined in the same way as
described in Section 4.1.3. The initial pH was not changed. For the adsorption experiments, the
column bed contained 8 g of GAC (0.8< d< 1.0 mm) and 60 mL min* flow rate was applied. The
optimized set-up of the fixed-bed column system can be seen in Fig. 5.1. Pre-column was packed
with 4 g of GAC (1.0 < d < 1.7 mm) and the adsorption column contained 12 g of GAC (0.8< d<
1.0 mm), the flow rate was 60 mL min. The other operating conditions were the same as in the case
of the model solutions. Moreover, the physico-chemical characterization of two GAC-treated spiked
SSW was also done as described above. These two additional 1 L samples were taken from the
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effluent of the adsorption column corresponding to the t=16.7-33.3 min and t=316.7-333.3 min time
intervals.

For another suitable aliquot of the SSW, concentration of each analyte was 1000-fold lower
(i.e. 5 ug LY. In this case, for the quantitative determination of the selected active ingredients in
SSW, the effluent samples were filtered subsequently through Whatman™ 0.45 and 0.2 um pore
size nylon membrane filters. For pre-concentration of the investigated drugs, SPE was used
according to Section 4.1.3.

Quantitative analysis of the compounds was achieved on a Bruker Elute UHPLC equipped
with binary pump, autosampler and column oven — coupled to a Bruker Compact quadrupole—time
of flight mass spectrometer (MS) (Bruker Daltonik GmbH, Bremen, Germany). For the
chromatographic separation, Zorbax Eclipse XDB-C18 (50 x 4.6 mm i.d., 1.8 um particle size)
column was used, equipped with a5 mm long guard column of the same type (Agilent Technologies
Inc., USA). Mobile phase consisted of 0.2% (v/v) formic acid in ultra-pure water (eluent A) and
acetonitrile (eluent B). The following gradient elution program was used: 10% B (initial conditions);
2 min, 10% B; 5 min, 50% B; 11 min, 99% B, 14 min, 99% B; 4 min post-run equilibration. The
gradient elution method applied was similar to that reported by Campos-Manas et al. [293].

By performing adsorption experiments at 5 pg L™ spiked concentration level, five effluent
samples each of 1 L were taken corresponding to the 0-16.7, 66.7-83.3, 150-166.7, 233.3-250 and
316.7-333.3 min time intervals; thus, at the end of each one 1, 5, 10, 15 and 20 L of SSW were
conducted through the column, respectively. Sample volume was divided into two equal aliquots

and analyte concentrations were determined after SPE by the UHPLC-MS method described above.

5.1.5 HPLC-UV and UHPLC-MS method performance
Assessment of the analytical performance of the LC-based methods applied, recovery and the
relative standard deviation (RSD) were determined by spiking the MSW and SSW samples with
standard solution at two concentration levels (Table 5.2). Recovery rates were determined with and
without applying SPE in the case of the HPLC-UV method. For the UHPLC-MS method, recovery
rates were taken from our previous work [180]. For the quantitative determination, a five point
calibration was applied. The limit of quantification (LOQ) was considered to be the lowest point of
the calibration curve. In the case of SPE, LOQ was calculated for the initial solutions taking into
account the enrichment factor. For the mathematical calculations, the Adams-Bohart and the
Thomas models were chosen.
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Table 5.2 Analytical performance parameters of the applied liquid chromatography-based methods

Compound
Comment
CRB NPR DCL

HPCL-UV method
nominal concentration of MSW (mg L) 1.00 1.00 1.00
Recovery, % without SPE 98.9 (£ 1.5) 99.5 (£ 0.8) 99.8 (£ 0.5)
(RSD, %) by using SPE 91.2 (+4.5) 93.6 (£ 4.5) 95.4 (+3.7)
spiked concentration of SSW (mg L™?) 5.00 5.00 5.00
Recovery, % without SPE 108.7 (£ 6.2) 106.8 (= 5.9) 107.3 (£ 6.4)
(RSD, %) by using SPE 88.8 (£ 6.5) 91.7 (£ 5.5) 93.4 (+£5.7)
LOQ (ug LY without enrichment 5.4 5.2 7.3
UHPLC-MS method*
spiked concentration of SSW (ng L) 100 - 100
Recovery, % )

by using SPE 86.9 (+5.5) — 80.1 (£9.4)
(RSD, %)
spiked concentration of SSW (ng L) 1000 1000 1000
Recovery, % ]

by using SPE 97.8 (£3.2) 79.4 (£6.4) 95.9(x11.8)
(RSD, %)
LOQ (ng L) for the initial solution 10 250 25

Abbreviations: CRB: carbamazepine, DCL: diclofenac, LOQ: limit of quantification, MSW: model sewage water, NPR: naproxen, RSD: relative standard

deviation, SPE: solid phase extraction, SSW: secondary sewage water.

* Ref. [180]
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5.2 Results and discussion

5.2.1 HPLC method performance

The analytical performance parameters applied to the HPLC-UV method are summarized in Table
5.2. For MSW, good recovery and proper repeatability (i.e. low RSD values) were obtained.
Nevertheless, the recovery rates decreased in about 5-10% by applying SPE. For the SSW matrix,
the mean recovery rate by applying SPE was about 110% indicating coelution of unknown
contaminants with the target compounds at a slight extent. At the same time, the mean recovery rate
was approximately 90% without applying SPE. Due to the slight difference in the SPE recovery
rates, the spiked SSW samples were further analyzed solely by HPLC-UV detection. The LOQ
values were about thousand times lower than the spiked concentrations (Table 5.2). Therefore, the
method was applicable even for investigation of spiked SSW.

For testing the optimized parameter sets of the fixed-bed column system at the
environmentally realistic concentration level (i.e. pg L), an UHPLC-MS method was chosen [22].
The analytical performance parameters for this case are also demonstrated in Table 5.2. By using
this instrumental approach, application of SPE prior to LC-MS analysis was unavoidable since the
matrix components of SSW should be removed. As it can be seen from the obtained data, the
recovery rates were adequate at the 1 pg L™ spike concentration level and the RSD values were
acceptable. During the application of this UHPLC-MS method, an 1250-fold enrichment factor was
applied, so the LOQ values reported for the target analytes in the present work are referred to the
initial SSW.

5.2.2 Results obtained for model solutions
During the experiments, the main parameters of the breakthrough curves (t»: breakthrough time, C
Co™: outlet-to-inlet concentration, mzo: adsorbed amount at 20 L of inlet volume) were determined
and evaluated. The breakthrough times were considered at C Co™ (%) =5%. Applying 8 g of GAC,
the effect of flow rate was studied and the resulted data are shown in Table 5.1. The breakthrough
curves at the highest flow rate (100 mL min™) are characterized by low ty, i.e. 12.3; 15.0 and 8.33
min for CRB, NPR and DCL, respectively. The t, increased drastically with decreasing the flow rate
(at 60 mL min, t, 303, 134, 30.5 min for CRB, NPR and DCL, respectively). However, even at the
lowest applied flow rate (40 mL min™), the column breakthrough occurred before the end of the
experiment for one compound (DCL) for which the t, was 109 min. Further reduction of the flow
87



rate would have been disadvantageous because it would have decreased the total flow capacity of
the system. Therefore, the optimization continued by using different amounts of GAC after setting
the flow rate to 60 mL min*. In Fig. 5.2, the above discussed results are demonstrated together with
the calculated curves, the latter will be discussed in more detail in Section 5.2.4.

Effect of GAC mass can be seen in Fig. 5.3. At 12 g of GAC, the breakthrough time was not
attained (tp> 333.3 min) until the termination of the experiments, namely after 20 L of inlet volume
for each compound. This experiment was repeated until conducting 40 L of inlet volume through
the column but the t, was not reached (t, > 666.7 min). Further continuation was hindered by the
gradual clogging of the column resulting in the decrease of the flow rate. Due to the above discussed
reasons, 12 g GAC was considered to be the optimal column package mass. Investigation of the non-
optimal case (e.g., 4 g of GAC) was necessary to obtain enough data beyond the t, of the
breakthrough curve for modeling purposes.

It was expected to further improve the adsorption efficiency through optimization of the
GAC particle size. By using a suitable particle size, column package and flow rate can be increased
without the risk of clogging. The effect of particle size is demonstrated in Table 5.1. Using small
(0.42< d<.80 mm) and medium (0.80< d<1.0 mm) GAC particle sizes, the main parameters of the
breakthrough curves were similar within the error margin (which is about 4-6%) for all compounds.
Application of large particles (1.0<d<1.7 mm) decreased the adsorption efficiencies dramatically.
The tp decreased to 5.87, 4.73, 4.12 min, while C Co (%) increased to 31.4, 41.5, 47.9 and mo
decreased to 8.7, 7.4 and 6.6 mg g* for CRB, NPR and DCL, respectively at the termination of
experiment. At this particle size, the increased column void volume decreased the contact time of
the dissolved analytes with the GAC surface. Particle size should be chosen as large as possible to
avoid clogging during the adsorption process. Therefore, the optimal particle size was considered to
be 0.8-1.0 mm for the further experiments.

The breakthrough curves were compared for the single (Fig. 5.4A) and three-component
model solutions (Fig. 5.4B). In the individual solutions, the order of adsorption efficiency was
NPR>CRB>DCL. In the three-component solution, this order was identical at the beginning, but
after a certain time, the adsorption order changed to CRB>NPR>DCL, and this order remained until
the end of the experiment. The same phenomenon occurred under all conditions; while NPR was the
most adsorbed compound in the single solution, adsorption of CRB prevailed in the three-component
solution demonstrating a competition among the compounds for the surface sites. Similar
phenomena was experienced under batch conditions in Chapter 4. Breakthrough time decreased
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considerably in the three components system (t, >303, 134, 29.8 min in the mixture, while t, >333,
>333, 50.6 min in the single solutions for CRB, NPR, DCL, respectively). However, there is no
difference between single or three-component solutions in the total adsorbed amounts, as it is 0.140
mmol gt in the single solutions, while 0.137 mmol gt in three-component solutions (Table 5.1).

The parameters of the breakthrough curves are summarized in Table 5.1 under other
circumstances applied, as well. All the C Co? (%) and myo values corresponded to 20 L of outlet
volume. The C Co* (%) < 5% could be reached using lower amounts of GAC (i.e. 2 g) for all
compounds as well as when the flow rate was low enough. Exhaustion time (tex) and, consequently
the saturation adsorption capacity (SAC) had never been reached under the applied conditions even
at 40 L of outlet volume.

5.2.3 Comparison of adsorption for sewage water with model solutions

The MSW provided somewhat different adsorption characteristics (Table 5.1, row 13) compared to
the model solution (Table 5.1, row 6) due to the higher initial pH and specific electrical conductivity
values. The higher pH was advantageous for adsorption of the two acidic drugs; breakthrough
occurred later (206 and 35.9 min in MSW as well as 135 and 27.9 min in model solution for NPR
and DCL, respectively) but it was disadvantageous for the slightly basic CRB; for the latter,
breakthrough occurred earlier (277 and 303 min in MSW and model solution, respectively).
Nevertheless, differences in the final C Co (%) values were 7.5, 4.0, 0.8% comparing MS with
MSW for CRB, DCL, NPR respectively.

Comparison of the breakthrough curves registered for SSW with those for MSW s
demonstrated in Fig. 5.5. The SSW provided remarkably different breakthrough curves from those
obtained for the MSW (Fig. 5.5. a, b). The t, were 35.5, 31.8, 14.3 min, the C Co! (%) values at 20
L of outflow volume were higher by about 15, 17 and 25% compared to the MSW for CRB, NPR
and DCL, respectively (Table 5.1, 13" row). Decrease of the adsorption efficiencies is due to the
TOC content of SSW, since other organic compounds can also be adsorbed on the GAC.
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Fig. 5.2. Effect of the flow rate on the column breakthrough curve as a function of time in the
three-component solutions. Flow rates applied were as follows: a) 40 mL min™%, b) 60 mL min~c)
100 mL min~2. Other parameters: concentration of target compounds: 5 mg L%, mass of carbon:
8.0 g, particle size: 0.8-1.0 mm. Dots symbolize the experimental data, lines mean the model
calculations. Abbreviations: CRB-A, NPR-A, DCL-A measured values and calculated data using
Adams-Bohart model for carbamazepine, naproxen, diclofenac, respectively; CRB-T, NPR-T,
DCL-T experimental and calculated data using Thomas model for carbamazepine, naproxen,

diclofenac, respectively.
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Abbreviations: CRB: carbamazepine, DCL: diclofenac,
NPR: naproxen.

Fig. 5.4. Comparison of the breakthrough
curves as a function of time. A) Individual, B)
three-component solutions. Other parameters:
concentration of target compounds: 5 mg L™,

particle size: 0.8-1.0 mm, flow rate: 60 mL
min L.
Abbreviations: CRB: carbamazepine, DCL.: diclofenac,
NPR: naproxen.
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The model calculations (see also Section 5.2.4) predicted a quite large GAC amount for the
sufficient removal of the target analytes from SSW and it was clear that probability of column
clogging would increase by applying these amounts due to the sample matrix components and
turbidity of the SSW. Furthermore, from the point of view of the industrial application, filtration
prior to adsorption should be solved in the most cost-effective way decreasing the steps of water
purification. Therefore, the applied GAC mass was divided into two portions. Thus, 4 g (1.0<d<1.7
mm) of it was packed in a pre-column for removal of the solid and suspended matrix components.
However, only the relatively large particle sized GAC was able to operate as filter without clogging.
Another portion of GAC (12 g) with the mean particle size comprised between 0.8 and 1.0 mm were
used to pack the adsorption column. This latter fraction was already used successfully for
investigation of model solutions. In spite of the fact that the Thomas model predicted larger amounts
of GAC for removal of DCL (i.e.12+4 g), more than 12 g of GAC bed would not be applicable in
the present configuration of the flow system because the flow rate cannot be maintained constant
during the whole process even by using a peristaltic pump. The obtained results can be seen in Fig.
5.5.c and Table 5.1. The CRB and NPR were removed successfully and the C Co (%) values were
< 5% until the termination of the experiment, while the t, was 208 min in the case of DCL, which is
about the 60% of the adsorption time applied.

The physico-chemical characterization of the initial SSW sample is summarized in the first
column of Table 5.3. The total organic carbon (TOC), total nitrogen (TN) and pH were 8.5, 5.4 mg
Lt and 7.72, respectively. Concentration of the target compounds, i.e. CRB, NPR and DCL were
5.4,5.3 and 5.4 mg/L, respectively after spiking with standard solutions to set as a nominal value of
5 mg L for each. Among the cations and anions, Na* and HCO3z were present in the largest
concentration.

As a consequence of the adsorption on GAC, the other physico-chemical parameters of SSW
also changed. Thus, turbidity and TOC decreased. However, concentration of the inorganic ions did
not change considerably.

Although the inlet concentration was in agreement with literary data, flow rate applied in the
present work was 5-10 times (5-100 mL min) and the bed height was 2-20 times (7-24 cm) higher
compared to some recent reports [180]. The attempt to simulate operating conditions for industrial
water treatment technologies increases the potential of the proposed procedure to improve the
removal efficiency of persistent organic micropollutants. Therefore, we opted for lowering 1000-
fold the inlet concentration level for each analyte and to conduct adsorption experiments with the
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most promising parameter set obtained for model solutions. In this case, the initial analyte
concentration in SSW was not negligible compared to the spike level (i.e. 5 pg L*). Mean
concentrations in the SSW samples after spiking were 0.038, 0.032 and 0.017 umol L for CRB,
DCL and NPR, respectively. Results of the adsorption process are demonstrated in Fig. 5.6. In this
case, 1 L volume of samples was taken, therefore the mean concentration values can be assigned
only to time intervals. As it can be seen in Fig. 5.6, C Co! (%) values <20% except for the last data
sets. Thus, efficiency of our proposed procedure on fixed-bed column would be approximately 80%

even at an industrial scale application.
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Fig. 5.5 Comparison of the breakthrough curves for a) model sewage water and b) secondary
sewage water by using 8 g GAC as well as for ¢) secondary sewage water using 4+12 g GAC as a
function of time in the three-component solutions. Other parameters: concentration of target

compounds: 5 mg L, particle size: 0.8-1.0 mm, flow rate: 60 mL min™
Abbreviations: CRB: carbamazepine, DCL.: diclofenac, NPR: naproxen, GAC: granulated activated carbon.
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Fig. 6. Determined concentration of compounds in secondary sewage water at different time
intervals. Other parameters: 4+12 g granulated activated carbon (GAC), spiked concentration of
target compounds 5 pg L2, particle size: 1.0-1.7mm in pre-column, 0.8-1.0mm in adsorption
column, flow rate: 60 mL min™?. Abbreviations: DCL: diclofenac, CRB: carbamazepine, NPR: naproxen.
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Table 5.3 Physico-chemical characterization of secondary sewage water before and after treatment

by adsorption on GAC
Initial SSW effluent Treated SSW effluent
Parameter determined concentration  determined concentration at t,
after spiking to obtain sampling time (min)
5mg L* (+RSD, %)
t=16.7- 33.3 t=316.7-333
CRB (mg L) 5.4 (+0.3) 0.02 0.06
NPR (mg L% 5.3 (+ 0.3) <0.01 0.04
DCL (mg LY 5.4 (+ 0.3) 0.14 0.31
pH 7.72 7.85 7.82
specific electric 900 590 600
conductivity (uS cm™)
turbidity (NTU) 7.3 <1 <1
TOC (mg L) 8.5 3.9 5.3
TN (mg LY 22 16 20
Na* (mg L) 199 181 182
NH4* (mg L) <0.1 <0.1 <0.1
Mg?* (mg LY 28 24 25
K*(mgL%) 25 25 25
Ca?*(mg LY 39 36 35
Cl (mg L) 187 172 173
S04* (mg LY 68 61 64
NOs (mg L™?) 99 72 91
NOz (mg L) <0.01 <0.01 <0.01
POs* (mg LY) 0.8 0.3 0.7
HCOs (mg L) 562 533 562
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5.2.4 Modeling of fixed-bed experiments

Results of model calculation with the two generally used mathematical models can be seen in Fig.
5.2 (lines). For the calculation, ka and No in the case of Adams-Bohart and krt and qo in the case of
Thomas model were used as fitting parameters. The other parameters were varied according to the
experimental value. In both cases, the models could describe the experimental values only partially.
These models cannot follow the very initial and the end parts of experimental data. It is observable
that the curves obtained by connecting the measured data break down compared to the calculated
ones. From data of the present study, classical S-shaped breakthrough curves with the used GAC
could never be obtained. A possible explanation for this is that the applied GAC contain silicates,
as it was explained in Chapter 4, possessing a good swelling ability. Therefore, pore size is not
constant during the adsorption procedure.

Since any of these two models in the exponential form were not adequate for modeling the
complete adsorption process, yet linearization of the Thomas model using those experimental data
that gave the best linear fitting proved to be suitable for further model calculation of the intermediate
section of the curves. The Thomas model was preferred because we have demonstrated, by
performing batch experiments, that the adsorption process of the target compounds could be
described by the Langmuir isotherm which is the basic requirement for the application of that model.
The adsorption kinetics fulfilled both pseudo first and pseudo second order reactions. The third
criteria, namely that there should be no axial dispersion in the adsorption column can be
approximated with small column diameter and large height which was accomplished in our case
(Table 5.1). In this way, axial dispersion can be minimized at least for a certain part of the
breakthrough curves.

Results of the mathematical model calculations are summarized in Table 5.4. For modeling,
only that part of the breakthrough curves can be used for which enough experimentally measured
data are available after the breakthrough had been attained for each studied compound. Finally,
experimental data (series of C Cot) chosen in the case of the model solutions were as follows: 8 g
of GAC was and flow rate of 100 mL min™. After the 1 calculation, the parameter values of the
model (i.e. go, kt) could be calculated. The go values provide the theoretical SAC. The calculated
data were higher for each case than the measured ones (Table 5.1, 8" row) because SAC had been
never reached during the experiment. During the 2" calculation, the parameter values obtained in

the first case were used to optimize the conditions. Flow rate was set to 60 mL min™ as well as Co
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was set as 5 mg L, C Cot as 0.05 and t as 333 min (this time is necessary for the outflow of 20 L
solution). In this way, amounts of GAC necessary to fulfill the fixed parameters could be calculated.
These values were 7.35, 9.90, 11.6 g for CRB, NPR and DCL, respectively. By repeating the
experiment with the fixed set of parameters (60 mL min™*, 5 mg L, 333 min) and using 12 g GAC
(instead of the largest calculated mass), C Co™ (%) < 5% indicating that breakthrough did not occur
(see also Section 5.2.2 and Table 5.1, 12" row).

For modeling of the breakthrough curve for SSW, flow rate was set to 60 mL min™, GAC
mass was 8 g and the spiked concentrations were 5 mg L (Table 5.1, 13" row). The model
calculation was repeated in the same way as for the model solution. With the first calculation, the
values of go and kr were determined while, in the second one, the required amount of GAC was
estimated using the calculated parameters and fixing the others as aforementioned. Thus, the GAC
amounts necessary to avoid the column breakthrough during the adsorption were 13.8, 14.7 and 18.3
g for CRB, NPR and DCL, respectively (Table 5.4). The calculated amounts were larger than those
applicable in order to avoid clogging (i.e. 12 g). Therefore, it was reasonable to divide the mass of
GAC into two parts as mentioned before. The results were already summarized in Section 5.2.3.

From both the adsorption experiments and calculation it turned out that removal of DCL -
among the three target analytes - was the biggest challenge. This behavior cannot only be explained
with the acidic character of DCL since the other acidic drug studied (NPR) could be extracted
without any difficulty. As we demonstrated with our previous batch experiments, shape and size of

the target molecules must be taken into account, as well, during adsorption within GAC pores.
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Table 5.4 Summarization of model calculations by using the Thomas model

First model calculation

Second model calculation (applied data)

Calculated data,

(applied data) Abbreviation ond
appiied data Calculated data, 1%
of target Flow rate
Mass of Flow rate compound Jo kTt R? (mL min?Y) Mass of GAC
GAC(g)  (mL min) (mgg") (L mg*min®) (9)
Three- 100 0.9
CRB 24.7 1.17E-3 7.35
component 96
model solution 0.9
NPR 14.2 2.32E-3 9.90
(5 mg Lt for 01
each compound) 0.9
o DCL 12.5 2.10E-3 03 11.6
) 60
Spiked 60 0.9
CRB 10.5 2.10E-3 13.8
secondary 94
sewage water 0.9
NPR 10.3 1.87E-3 14.7
(5 mg L for 88
each compound) 0.9
DCL 9.59 1.63E-3 - 18.3

Abbreviations: CRB: carbamazepine, DCL.: diclofenac, NPR: naproxen, GAC: granulated activated carbon, kT: rate parameter, qO: maximal adsorption capacity,

RZregression coefficient.
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5.3  Conclusions

In the present work, a commercially available GAC was applied successfully for removal of
selected drugs from secondary sewage water. From this point of view, not only the effect of the
flow rate and mass of carbon bed proved to be important but also the particle size of column
package. Operational conditions for the laboratory-scale experiments were chosen in such a way
that they would be closer to the applied industrial technologies. Design of fixed-bed column system
was performed by mathematical model calculations.

For the successful removal of these drugs by adsorption, it is important a further fine tuning
of the parameters obtained under laboratory conditions, as sewage water matrix decreased
adsorption efficiency considerably compared to the model solutions. However, application of
sewage water seems to be inevitable for the design of fixed-bed column systems. Nevertheless,
clarification of the theoretical background for the batch system (adsorption isotherm, Kinetics,
adsorption capacity and other parameters of the applied adsorbent) and investigation of the model
solutions have a high importance as well, particularly from the point of view of modeling.
Mathematical modeling can predict properly the optimal parameters of the adsorption process only
after clarification of the most important theoretical parameters. Nevertheless, even the best
mathematical model can be used only as an estimation of the flow parameters if the adsorbent

changes its characteristics during the adsorption process.
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Chapter 6

Summary

Adsorption of diclofenac (DCL), naproxen (NPR) and carbamazepine (CRB) from aqueous
matrices onto a commercial granulated activated carbon (GAC) has been studied. Model individual,
three-component aqueous solutions, model sewage water (MSW) and secondary sewage water
(SSW) were studied. Data obtained for DCL and NPR were evaluated by different adsorption
isotherm models. Best fitting was reached using Langmuir equation model. Experimental maximal
adsorbed amounts were 0.16 and 0.33 mmol g for DCL and NPR, respectively, which increased
to 1.02 mmol g* and 1.11 mmol g* applying pulverized activated carbon. Activation energy
calculated at different temperatures was between 5-9 KJ mol™? for each compound in the three-
component systems. By modeling adsorption Kinetics, best fitting was obtained by applying the
pseudo first order model. Calculated rate constant was about 0.076 min™ for each compound in
individual solutions. However, the obtained values for three-component solutions were 0.16, 0.13
and 0.11 min? for CRB, NPR and DCL, respectively. According to model calculations, intra-
particle diffusion has a role in adsorption and it is the sole rate determining step for CRB and NPR.
Applying a semi-open system, removal efficiency was nearly 100% from MSW and SSW during
several cycles. This semi-open system allowed to study i) adsorption of low water-solubility CRB,
ii) adsorption of NRP, CRB and DCL at a concentration level similar to that in real samples iii)
comparison of drug removal from MSW/SSW, and iv) modeling for sewage water treatment plants.
Under flow conditions, effects of GAC amount (4-12 g), flow rate (40-100 mL min), and GAC
particle size (0.42-0.82, 0.82-1.0 and 1.0-1.7 mm) on the breakthrough curves were investigated.
For each column bed, an adequate flow rate could be chosen for which the outlet-to-inlet
concentration ratio <0.05 for 20 L outflow volume. Above 1 mm particle size, increase in the void
volume decreased adsorption efficiency by 30-40%. Adsorption order changed from
NPR>CRB>DCL to CRB>NPR>DCL for the individual and three-component model solutions,
respectively. For SSW, adsorption order remained the same but its efficiency decreased by 15, 17
and 25% compared to the MSW for CRB, NPR and DCL, respectively, by applying the same
conditions. Nevertheless, removal efficiency in the optimal case for SSW was >95% and >80% at
mg L and pg L concentration levels, respectively. Adsorption process was simulated for MSW
and SSW by the Adams-Bohart and Thomas models.
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Chapter 7

New Results

T1. By applying nitrogen physisorption measurements, the commercially available Organosorb10
AA activated carbon with a mesopore volume of 0.27 cm?® g%, that is approximately one order of
magnitude larger than those of Organosorb10 and Organosorbl1, is recommended for adsorption of
selected pharmaceutically active ingredients, namely diclofenac (DCL), naproxen (NPR) and

carbamazepine (CRB) from aqueous matrices.

T2. By applying Organosorbl0 AA in granulated (GAC) and pulverized (PAC) forms,
0.16 and 0.33 mmol g maximal adsorbed amounts were achieved for DCL and NPR onto GAC,

respectively, which increased to 1.02 mmol g* and 1.11 mmol g** when PAC was used.

T3. A semi-open system operating in batch mode with regular substrate supplementation to study
adsorption of CRB as low-water soluble compound was set-up and successfully tested. By applying
this system, removal efficiency was nearly 100% from model sewage water (MSW) and secondary
sewage water (SSW) spiked with CRB during several substrate supplements using GAC.

T4. Adsorption onto GAC followed the Langmuir model with the best fitting in all cases (R?>=0.974-
0.998). Maximal capacity (qm) values derived from this model were in agreement with the maximum
adsorbed amounts per adsorbent unit. Only a slight temperature dependence was observed in the
experimentally determined gm values. The determined activation energies using Dubinin-
Radushkevich model for the adsorption process were 8.93, 6.62, 16.06 and 16.20 KJ mol* applying
DCL-GAC, NPR-GAC, DCL-PAC and NPR-PAC, respectively. According to the model
calculations performed, intra-particle diffusion is the sole rate-determining step for adsorption of
CRB and NPR.

T5. Adsorption followed pseudo first order kinetics with mean rate constants of 0.076 min™ for each

investigated pharmaceutical in the individual solutions. However, in the three-component systems,

100



the adsorption rate constants were 0.114, 0.125 and 0.157 min?® for DCL, NPR and CRB,

respectively, due to the interaction among their molecules.

T6. In the case of secondary sewage water spiked with 5 mg L™ for each compound, 60 mL min*
flow rate, 20 L outlet volume and 0.05 C Co ! value, breakthrough did not occur using 13.8, 14.7
and 18.3 g GAC (0.8< d< 1.0) amount for CRB, NPR and DCL, respectively. Breakthrough time
(to) increased drastically with decreasing the flow rate (e.g. to 40 mL min™) and increasing bed

height (e.g. to 187 mm), but decreased with an increase of the particle size.

T7. Due to the higher initial pH and specific electrical conductivity values, MSW provided
somewhat different adsorption characteristics (to: 277, 206, 35.9 min for CRB, NPR and DCL,
respectively) compared to the model solution (t»:>333, 135 and 27.9 min for CRB, NPR and DCL,
respectively) due to the higher organic carbon content of SSW. The desirable 90-95% removal
efficiency for the investigated drugs in the flow system was achieved with the following parameter
sets for precolumn and adsorption column: diameter of 12 mm, height of 140 mm, particle size of
1-1.7 mm, GAC mass of 4 g as well as diameter of 18 mm, height of 241 mm, GAC mass of 12 g,

particle size of 0.8-1.0 mm; flow rate of 60 mL min, respectively.
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