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ABSTRACT

Pharmaceuticals and personal care products are recognized as emerging pollutants in water
resources. Various treatment options have been investigated for the removal of pharma-
ceuticals that include both conventional (e.g., biodegradation, adsorption, activated sludge)
and advanced (e.g., membrane, microfiltration, ozonation) processes. This article reviews
literature for adsorptive removal of pharmaceuticals from water sources. Adsorbents from
various origins were reviewed for their capacity to remove pharmaceuticals from water.
These adsorbents include carbonaceous materials, clay minerals, siliceous adsorbents, and
polymeric materials. The adsorption capacity of adsorbents to adsorb pharmaceuticals from
water is discussed in this study. The review discusses the mechanism for adsorption of
pharmaceuticals onto adsorbents as well. Finally, effectiveness of processing parameters

during adsorption processes is presented.

Keywords: Adsorption; Pharmaceuticals; Water treatment; Adsorption capacity; Adsorbents

1. Introduction

Extensive use of pharmaceuticals in health care has
injected considerable amount of these substances to
environment in unutilized or metabolized form [1].
Table 1 shows some frequently detected pharmaceuti-
cals in effluents of wastewater and surface water. The
presence of pharmaceuticals in aquatic environment is
recognized as a potential toxicological pollution [2-6].
Due to their persistence in aquatic environment,
pharmaceuticals pose long-term risks to aquatic life
and their dependents through endocrine disruption
and development of resistant bacterial strains.

*Corresponding author.

Fat-soluble steroids accumulate in fish or other aquatic
species and are transported to human body [7-10].
Previously, researchers have reviewed pollution
and fate of pharmaceuticals in receiving waters
[2,11-21]. Halling-Serensen et al. [2] reviewed the
pollution of groundwater, river water, ocean, and soil
by pharmaceuticals and their biodegradation in soil
sediments, sewage sludge, and soil. Some of the
pharmaceuticals were found readily degradable while
others were persistent. Biodegradation was useful to
lower concentration of pharmaceuticals in receiving
waters. Pharmaceuticals degradation was high in sedi-
ments or sludge than receiving water. Soils containing
micro-organisms or heat labile substances were better
medium for degradation of pharmaceuticals than
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Table 1
Occurrence of commonly detected pharmaceuticals in different water sources
Pharmaceutical Water source Concentration (ng/L) Ref.
Amoxicillin Hospital effluents 900 [41]
WWTP influents 9.94 x 10° [41]
Ampicillin Industrial effluents 5.8 x10° [42]
Atenolol River 250-600 [43]
Bezafibrate WWTP influents 0.3-87 [44]
Caffeine Urban effluents 23-776 [45]
Surface water 2.9-194 [45]
WWTP influents 2,448-4,865 [46]
River 38-250 [43]
Carbamazepine WWTP influents 33-1,318 [44]
Urban effluents 73-729 [45]
Surface water 4.5-61 [45]
WWTP influents 24-50 [46]
River 56-160 [43]
Cefaclor WWTP influents 6.15x10° [41]
Cefazolin Industrial effluents 42x10° [42]
Cefotaxime Industrial effluents 42 x10° [42]
Cephalexin Hospital effluents 1x10* [41]
WWTP influents 6.4 x10* [41]
Industrial effluents 3.1x10° [42]
Ciprofloxacin WWTP influents 27-514 [44]
WWTP influents 11-63 [46]
Hospital effluents 1.5x10* [41]
WWTP influents 1.1x10° [41]
Clarithromycin WWTP influents nd-724 [46]
Clofibric acid WWTP influents nd-82 [44]
Liao River 18 [33]
Demethyl diazepam WWTP influents nd-62 [44]
Diclofenac Urban effluents 8.8-127 [45]
Surface water 1.1-6.8 [45]
WWTP influents 9-13 [46]
River 21-98 [43]
Liao River 717 [33]
Dilantin Urban effluents 8.8-181 [45]
Surface water 1.1-8.9 [45]
Enrofloxacin Hospital effluents 100 [27]
Erythromycin WWTP influents 9-353 [44]
Urban effluents 8.9-294 [45]
Surface water 1.8-4.8 [45]
Gemfibrozil WWTP influents 181-451 [46]
Ibuprofen Liao River 246 [33]
Urban effluents 10-137 [45]
Surface water 11-38 [45]
River 35-270 [43]
Iopromide Urban effluents 1,170-4,030 [45]
Surface water 20-361 [45]
River 780-8,100 [43]
Lincomycin WWTP influents 11-629 [44]
Hospital effluents 1.7x10° [41]
Industrial effluents 1.1x10° [42]
Metronidazole Industrial effluents 7.8x10° [42]
Nalidixic acid Industrial effluents 6.7 x10° [42]

(Continued)
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Table 1 (Continued)
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Pharmaceutical Water source Concentration (ng/L) Ref.
Naproxen Urban effluents 20483 [45]
Surface water 1.8-18 [45]
River 81-360 [43]
Norfloxacin Hospital effluents 200 [41]
Ofloxacin WWTP influents 150-1,081 [44]
Industrial effluents 1.3x10° [42]
Oxytetracycline Industrial effluents 1.5x10* [42]
Salicylic acid WWTP influents 433-8,036 [46]
Liao River 295 [33]
Spiramycin WWTP influents 11-129 [44]
Sulfadiazine Industrial effluents 353 [42]
Sulfamethoxazole WWTP influents 46-253 [44]
Urban effluents 3.8-407 [45]
Surface water 1.7-36 [45]
WWTP influents 13-261 [46]
River 9-190 [43]
Hospital effluents 300 [41]
WWTP influents 3x10° [41]
Industrial effluents 5.8x10° [42]
Sulfanilamide Industrial effluents 207 [42]
Sulfathiazole Industrial effluents 9.6 x10° [42]
Tetracycline Industrial effluents 1.5x10° [42]
Trimethoprim Urban effluents 10-188 [45]
Surface water 3.2-53. [45]
River 11-94 [43]
Hospital effluents 300 [41]
WWTP influents 43x10° [41]

sediments or sludge. Jones et al. [11] reviewed that the
presence of pharmaceuticals in water was not an
immediate threat to aquatic life and emphasized on
setting permissible limits for concentration of pharma-
ceuticals in wastewater. The authors did not recom-
mend advanced technologies to treat pharmaceuticals
at effluent treatment plants. Heberer [17] reviewed the
fate of pharmaceuticals and reported trace level pres-
ence of pharmaceuticals in drinking water supplies.
The author observed that polar pharmaceuticals were
detected in underground waters while non-polar were
less detectable. Deblonde et al. [13] reported the pres-
ence of more than 50 pharmaceuticals in influents of
wastewater treatment plants in range 0.007-56.63 g/L.
Removal of pharmaceuticals in effluents showed
20-30% removal of beta blockers, anti-inflammatory,
and analgesics and 50% removal of antibiotics.
Caffeine was not removed by conventional treatment.
The authors suggested the advancement in existing
technology to reduce load of pharmaceuticals in aqua-
tic environment. Liu and Wong [21] reported a com-
prehensive review on pharmaceutical contamination
in China and emphasized that precautionary measures
should be taken to inhibit flow of pharmaceutical

loads to waters, soil, human, and wild animals. The
review also covered the toxic effects of pharmaceuti-
cals on algae and goldfish.

Relatively, lesser number of review articles are
available on remediation of pharmaceuticals from
water through advanced oxidation process [22-24],
photo degradation [25], sorption in soil [18], electro-
chemical degradation [26,27], and absorption by aqua-
tic plants [28]. Rivera-Utrilla et al. [24] reviewed the
removal of pharmaceuticals from water through acti-
vated carbon, advanced oxidation technologies using
ozone, UV radiation, gamma radiations, and electro-
oxidation. In adsorption, carbon activated by phospho-
rous oxyacids showed high adsorption capacity
(345 mg/g) for pharmaceuticals. Advanced oxidation
treatments were found effective in removing pharma-
ceuticals from solution. Removal efficiency for various
pharmaceuticals was 70-100% using gamma radia-
tions; 40-99% using ozone-based advanced oxidation;
and 20-100% using UV radiations. Sirés and Brillas
[26] reviewed the removal of pharmaceuticals using
electrochemical oxidation, Fenton-based electrochemi-
cal oxidation, and photoelectrocatalysis. The authors
found that Fenton-based electrochemical oxidation has
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been dominantly investigated for the removal of
pharmaceuticals from synthetic wastewater. UV
radiation was recommended for refractory carboxylic
acids produced as secondary by-product during
decomposition of pharmaceuticals. Zhang et al. [28]
reviewed the removal of pharmaceuticals through
aquatic plant-based systems with focus on constructed
wetlands. The authors found that refractory pharma-
ceuticals such as caffeine and clofibric acid to
biodegradation could be effectively removed through
phytodegradation. The authors also found that con-
structed wetlands possess great potential to remove
hydrophobic pharmaceuticals such as tonalide and
galaxolide. The design and operation of constructed
wetlands such as flow pass, batch, or continuous
operation and the presence of vegetation influenced
the uptake of pharmaceuticals in constructed
wetlands. Feng et al. [27] reviewed the removal of
anti-inflammatory and analgesic pharmaceuticals by
electrochemical oxidation. The authors complained
low efficiency of wastewater treatment plants to
remove pharmaceuticals and emphasized the possibil-
ity of electrochemical-based advanced oxidation
technology to treat emerging micro pollutants. Ikehata
et al. [23] reviewed the removal of pharmaceuticals
through ozonation and advanced oxidation and
recommended ozonation and advanced oxidation as
one suitable option to biologically persistent pharma-
ceuticals. It was found that simple ozonation was
sufficient to remove pharmaceuticals containing active
functional groups, like non-aromatic carbon—carbon
rings containing double bonds, amines and activated
aromatics rings such as in diclofenac, and carba-
mazepine and 17b-estradiol. Fenton and photo-Fenton-
based advanced oxidation was required for the
removal of stable pharmaceuticals like clofibric acid,
ibuprofen, and diazepam. The authors emphasized the
need to identify secondary by-products from oxidation
process since these may be toxic or persistent.

A comprehensive review on removal of pharma-
ceuticals through adsorption is missing from literature
and may be useful for those interested in removal of
pharmaceuticals through adsorption. Adsorption is a
well-researched technique for the removal of organic
compounds such as dyes [29-31] and harmful syn-
thetic chemicals [32-36]. Recognition of adsorption
technique lies in low initial investment, simpler reac-
tor/absorber design, operational simplicity, and unse-
lective nature. Various low-cost adsorbents such as
natural materials, agricultural and industrial wastes,
municipal, and animal husbandry wastes have been
investigated for the removal of organic compounds
from water. Many of these were proposed as adsor-
bents for purification of water from dyes and synthetic
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organic chemicals. Adsorptive removal of pharma-
ceuticals from water sources has been the subject of
research interest over the last two decades. Many
studies have assessed the capability of adsorption pro-
cesses in removing pharmaceuticals from water
[31,37-40]. Accordingly, it is observed that hydropho-
bic pharmaceuticals possess high affinity for adsorbent
surface while those of hydrophilic nature are not
adsorbed easily. Further studies would be helpful to
understand properly the adsorption mechanism for
pharmaceuticals and their equilibrium adsorption
capacity of adsorbents. The scope of this article is the
removal of pharmaceuticals from water on adsorbents.
The adsorption capacity of various adsorbents such as
activated carbon, clays, silica, and polymer adsorbents
is discussed. The effect of pH, concentration of
pharmaceuticals, ionic strength, and co-sorption on
adsorption is described in this review.

2. Sorption capacity

Sorption capacity is the maximum amount of
solute adsorb onto an adsorbent under equilibrium
conditions. Sorption capacity depends upon many fac-
tors such as source of origin, BET surface area, surface
properties, type of solute, and pore structure. Chemi-
cal properties such as acidic or basic character, point
of zero charge, and functional groups are influential
factors. Other parameters include the size of the solute
molecules, and types of interactions among species
whether physical or electrostatic (electron transfer).

2.1. Carbonaceous sorbents

Carbonaceous adsorbents are usually the first
choice of researchers for purification of water from
harmful chemicals and metals. These are activated car-
bon materials, charcoal, activated sludge, and gra-
phite. Their porous structure with BET surface area
up to 2,100 m?/g makes and possesses adsorption
capacities for organic and non-organic chemicals in
liquid or gaseous phases. Their parent source material
can be coal, peat, lignite, and coconut shells, etc.

Activated carbon is the dominantly studied sorbent
for the removal of pharmaceuticals from water mainly
due to its high surface area and easier availability in the
market. Sorption capacity of commercial activated car-
bon (CAQ) is listed in Table 2 for different pharmaceuti-
cals. Table 2 indicates that adsorption capacity of
activated carbon is dependent upon the type of solute
(pharmaceutical). For example, CAC (BET = 1,225 m*/g),
adsorbed 338, 328, and 394 mg/g of tinidazole,
metronidazole, and ronidazole, respectively, under the
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Table 2
Sorption capacity of carbonaceous sorbents for different types of pharmaceuticals
Dose T BET Capacity
Pharmaceutical Adsorbents (g/L) pH @) (m?/ g) (mg/g) Ref.
Amoxicillin AC - 4.98 30 1092.9 221.8 [49]
Carbamazepine MWNT10 0.025 7.0 23 357 7,910 [50]
MWNT100 0.05 7.0 23 58 41.1 [50]
Dimetridazole CAC 1 7 25 1,225 280 [47]
CAC 1 7 25 1,301 186 [47]
PCAC 1 7 25 848 287 [47]
Ibuprofen CP-K,CO;5 0.7 2-4 30 891 145.2 [51]
CP-steam 0.7 24 30 1,060 393.4 [51]
Metronidazole CAC 1 7 25 1,225 328 [47]
CAC 1 7 25 1,301 213 [47]
PCAC 1 7 25 848 287 [47]
AC 0.08 7 25 851 144.9 [48]
AC 0.08 7 25 851 93.20 [48]
AC 0.08 7 25 851 132 [48]
Norfloxacin C-CNTs 0.2 - 25 - 51.1 [33]
H-CNTs 0.2 - 25 - 75.3 [33]
G-CNTs 0.166 - 25 - 56.8 [33]
AC 0.133 - 25 - 106.5 [33]
Oxytetracycline MWNT10 0.025 7.0 23 357 190.2 [50]
MWNT100 0.05 7.0 23 58 30.4 [50]
Penicillin G AC 1 6 25 - 315 [52]
AC 1 6 25 1,000 290 [52]
R. Arrhizus 1.02 6 35 - 375 [52]
AS 0.96 6 35 - 459 [52]
AC 0.95 6 35 1,000 330 [52]
Phenothiazine Charcoal 0.1 - 25 1,014 162 [53]
Ronidazole CAC 1 7 25 1,225 394 [47]
CAC 1 7 25 1,301 164 [47]
PCAC 1 7 25 848 378 [47]
Sulfamethoxazole P-SWNT 0.25 5.9 - 410.7 144 [54]
K-SWNT 0.25 59 652.8 328 [54]
P-MWNT 0.25 59 - 157 32 [54]
K-MWNT 0.25 5.9 422 209 [54]
AC 0.08 7 - 851 185 [48]
AC 0.08 7 - 851 156 [48]
AC 0.08 7 - 851 170 [48]
H-CNT - 3.7 25 228 100 [34]
Tetracycline PCAC - - - 624 439 [54]
SWNT - 5.2 - 244 370 [54]
MWNT - 5.2 - 44 148 [54]
Graphite - 52 - 2.2 4.5 [54]
P-SWNT 0.25 5.9 25 410.7 334 [54]
K-SWNT 0.25 59 25 652.8 726 [54]
P-MWNT 0.25 59 25 157 98 [54]
K-MWNT 0.25 5.9 25 422 398 [54]
Tinidazole CAC 1 7 25 1,225 338 [47]
CAC 1 7 25 1,301 385 [47]
PCAC 1 7 25 848 256 [47]
Tylosin P-SWNT 0.25 59 - 410.7 261 [54]
K-SWNT 0.25 59 - 652.8 466 [54]
P-MWNT 0.25 5.9 - 157 77 [54]
K-MWNT 0.25 59 - 422 270 [54]
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same operating conditions [47]. Similarly, another CAC
(BET =885 m*/g) adsorbed 144.9 mg/g of metronidazole
and 185 mg/g of sulfamethoxazole [48]. Comparing
these two examples, the role of surface area seems quite
evident as CAC (1,225 m?/g) adsorbed almost double
amount of metronidazole compared to CAC (885 m*/g).

Activated carbon is usually synthesized from a
wide variety of precursor materials and preparation
procedures. Different biomass types have been used
in preparation of activated carbon such as palm shell
[55], sawdust [56], coconut husk [55], rice husk [57],
wheat bran [58], and walnut wood [59]. Physical and
chemical properties of activated carbon are dependent
upon their precursor biomass and preparation
procedure. Few other carbonaceous materials such as
carbon nano tubes (CNTs) and graphitic carbons are
investigated to remove pharmaceuticals. Graphitic
carbons are less efficient due to their low porosity
and are usually used for comparison purposes only
[54]. On the other hand, CNTs have shown consider-
able adsorption capacity for selected pharmaceuticals.
It is also observed that SWNT is more efficient
adsorbent than MWNT. The efficiency of SWNT
probably is due to exposed surface area and easily
accessible pores compared to MWNT. A study [54]
found the adsorption capacity order for tetracycline
(TCH) as SWNT>MWNT >AC >graphite. Low
adsorption capacity for MWNT was due to molecular
sieving effect as bulky TCH compound failed to seep
through inner pores. On the other hand, poor adsorp-
tion onto graphite was associated with its low surface
area. This example shows that size of the adsorbing
molecules and accessibility of pores may be the two
deciding factors for the estimation of adsorption
capacity.

Modification of normal CNTs sometimes gives
better adsorption efficiencies. CNTs have been graphi-
tized, hydrolyzed, or carboxylized [33,34], and etched
with KOH (K-CNTs) [54,60]. Ji et al. [60] observed
that etching of CNTs with KOH enhanced its adsorp-
tion capacity dramatically for three antibiotics (sul-
famethoxazole, tysolin, and TCH). For example,
amount of sulfamethoxazole adsorbed onto KOH-
modified SWNT (K-SWNT) was 56% more than
unetched SWNT and 84% in case of KOH-modified
MWNT (K-MWNT). Similarly, 54 and 84% enhance-
ment was observed for TCH in case of K-SWNT and
K-MWNT. Etching process increased the surface area
of CNTs that might be the main reason for improved
performance of etched CNTs.

Activated carbons are recognized as better adsor-
bents for the removal of antibiotics compared to
CNTs. High adsorption capacity for activated carbons
may be due to their porous nature and disorganized
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pore structures. In a study by Wang et al. [33], acti-
vated carbon adsorbed almost twice the amount of
norfloxacin adsorbed onto modified CNT. Similarly,
adsorption capacity order for naphthalene (organic
chemical) was AC>SWNT >MWNT > graphite [54].
Surface area of activated carbon used in their study
was approximately twofold compared to that of
SWNT and fourfold compared to MWNT. However,
average pore diameter of activated carbon was five
times less than MWNT and half of SWNT. Naph-
thalene is a small size molecule, so size exclusion
effect will be minimal, and adsorption capacity will
mainly depend on surface area. However, size exclu-
sion may be important in case of bulky molecules. In
case of large size molecules, performance of CNTs
might improve due to their large pore diameter as dis-
cussed previously in case of TCH [54]. For bulky
molecules, mesoporous activated carbons will be bet-
ter option for adsorption studies. Activated carbon
was observed to be efficient adsorbent for the removal
of pharmaceuticals or antibiotics among all carbona-
ceous adsorbents reviewed in this section. Surface area
and pore diameter seem like two major factors. CNTs
showed better performance for bulky molecules com-
pared to activated carbon. Modified CNTs look like
better adsorbents than their precursors. Surface area
was increased by modification, which increased
adsorption capacity. For commercial purposes, acti-
vated carbons are usually preferred due to low cost.
Mesoporous activated carbons might be more suitable
for the removal of sized pharmaceutical compounds
from water.

2.2. Clays

Clays are aluminosilicate minerals that are col-
loidal fractions of sediments, rocks, and water. These
clays are composed of quartz, metals, silicates, and
carbonates and exit in layered structures of sediments,
rocks, carbonates, or silicates. These make up cation
and anions on their surface such as H*, K, SOﬁ*,
NO?*", Ca®", and Mg2+. Clays have found many
applications in removal of pharmaceuticals due to
their ability to exchange ions with acidic or basis
pharmaceutical compounds. Clays scavenge naturally
the organic, inorganic pollutants present in liquid or
gaseous form. These are cheap, abundantly available,
and require less processing cost as adsorbents. Clays
are excellent adsorbents due to their large surface
area, mechanical stability, layered structure, and high
capacity to exchange ions.

Clays are popular low-cost adsorbents for the
removal of pollutants. Clays possess high surface area
and are available abundantly in different parts of



12848

world. Clays are approximately 20 times cheaper than
CAC [32,61]. Clays have been applied for the removal
of methylene blue [32], phenolic compounds [62,63],
and heavy metals [64]. Major portion of clays com-
posed of soil, rock, sediments, and clay minerals hav-
ing colloidal particle size <2 pm. Clay minerals itself
are mixture of carbonates, silica, metal oxides, and
metal ions (Mg®*, K*, NH;, Na*, PO}~, NO;) [64].
Heterogeneity in surface properties of clays, their
ability to scavenge external pollutants in ion exchange
mechanism and porous structure make clays suitable
for adsorption applications. Adsorption capacity of
clays usually depends upon their chemical and porous
characteristics [65,66].

Relatively fewer studies have been conducted for
the removal of pharmaceuticals using clays. These
might not be limited to nitroimidazoles [47], NSAIDs
[67], TCHs [68-71], macrolides [72], B-lactums [49].
Ion exchange may be a dominant binding mechanism
since clays carry sufficient amount 284 of metal ions,
silicates, and carbonates. Clays possess low affinity for
non-polar or aromatic pharmaceuticals and are
expected to adsorb sufficient quantities of polar
pharmaceuticals [73]. The role of pH is crucial during
adsorption, since the majority of pharmaceuticals carry
more than one ionic state. For example, ciprofloxacin
exists in zwitterionic form in between pK,=1 (pH 6.0)
and pK,=2 (pH 8.8). Wu et al. [74] observed that
amount of ciprofloxacin adsorbed onto montmoril-
lonite clay was nearly constant for pH range 3-8 and
decreased sharply at pK, ~2. Ciprofloxacin possesses
polar characteristics in acidic and zwitterions pH
range that might have encouraged its adsorption onto
montmorillonite via cation-exchange mechanism. On
the other hand, ciprofloxacin exists as non-polar com-
pound at high pH (>8.8) that decreases its adsorption
on montmorillonite.

Table 3 demonstrates that clays possess sufficient
affinity for pharmaceutical compounds. Zhang et al.
[73] studied the effect of modified smectite clays on
the removal of carbamazepine and found adsorption
capacity order as: TMPA-smectite > HDTMA smectite >
NH4-smectite > K-smectite > Ca-smectite > PTMA-smec-
tite. They linked high adsorption capacity of TMPA-
smectite to m—m interactions between phenyl ring in
TMPA and conjugate aromatic moiety in carba-
mazepine. Putra et al. [49] suggested bentonite as an
alternative adsorbent for wastewater applications in
Indonesian region. Chang et al. [75] observed high
affinity of rectorite clays for TCH with 140 mg/g of
adsorption capacity. Chang et al. [76] and Turku et al.
[77] observed the order for adsorption capacity for
TCH on swelling clays as Na-montmorillonite > Ca-
montmorillonite > rectorite in pH range 2—4. According
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to authors, efficiency of specific clay is the function of
its ability to absorb TCH into the intercalated inter-
layer. Akgay et al. [67] found that adsorption mecha-
nism of flurbiprofen onto TBAM was both physical
and chemical. They reported exothermic nature of
adsorption process due to negative values of Gibbs
free energy, enthalpy, and entropy. Similarly, Bekci
et al. [78] found that adsorption of trimethoprim
(TRM) antibiotic onto montmorillonite KSF clay was
spontaneous and exothermic. They attributed ion
exchange capability of montmorillonite KSF clays for
its high adsorption capacity.

2.3. Silica-based sorbents

Silica-based sorbents have been applied for the
removal of pharmaceuticals. Silica sorbents have high
BET surface area, porous texture, and mechanical
stability. These are cheap and abundantly available.
These have investigated for the removal of various
pollutants such as dyes, hazardous metals, and
organic pollutants, due to their high adsorption
capacities.

Coarse clay fraction present in soil contains suffi-
cient quantity of silica components. Silica and its allied
adsorbents have been used in adsorption applications.
Their extensive applications are due to their large sur-
face area, stability under extreme conditions, regular
porous matrix structure, fast adsorption kinetics, and
easier regeneration [82,83]. Pharmaceuticals that have
been investigated using silica-based adsorbents are
carbamazepine, clofibric acid, diclofenac, ibuprofen,
ketoprofen, cloprop, norfloxacin, ciprofloxacin, and
TCH [38,77,84,85]. Mesoporous silica is of particular
interest as its pore size is large enough to absorb
bulky size molecules of pharmaceuticals. On the other
hand, small pore dimensions as in case of microp-
orous silica reduce sorption capacity [86]. Size exclu-
sion is one major factor for poor performance of
microporous silica. Pore size limitations are especially
true for physical sorption of pharmaceuticals species.
However, H-bonding or cation exchange among func-
tional groups of pharmaceuticals and silanol groups
on silica surface [77] will boost sorption capacity of
adsorbents. Impregnation of metal oxides or other
functional groups onto silica is expected to boost its
adsorption capacity for polar pharmaceuticals [84].
Table 4 lists the adsorption capacity of some
silica-based adsorbents.

Synthesized mesoporous silica (SBA) is a well-
ordered porous structure that can be prepared accord-
ing to the procedure given elsewhere [88] and is quite
effective in sorption of pharmaceuticals or other
organic compounds. SBA contains mesopores size up



J. Akhtar et al. | Desalination and Water Treatment 57 (2016) 12842-12860 12849
Table 3
Sorption capacity of mineral clays for the removal of pharmaceuticals
Dose T BET Capacity
Adsorbents (g/L) pH O (m?/g) (mg/g) Ref.
Amoxicillin Bentonite clay - 2.3 30 91.6 53.9 [49]
Chlortetracycline Na-montmorillonite - 5.5 25 623 79 [69]
Na-kaolinite - 5.5 25 25 26.7 [69]
Flumequine Kaolinitic clay 2.5 4.5 25 14 3.12 [79]
polymer
Flurbiprofen Organophilic montmorillonite 4 - 25 18 240 [67]
clay
Oxytetracycline Na-montmorillonite - 5.5 25 623 33 [69]
Na-kaolinite - 5.5 25 25 15.18 [69]
Tetracycline Na-montmorillonite - 5.5 25 623 49.7 [69]
Na-kaolinite - 5.5 25 25 29 [69]
Na-montmorillonite clay mineral 5 45 25 725 423 [76]
Ca-montmorillonite clay mineral 5 4.5 25 717 342 [76]
Rectorite clay 5 4.5 25 363 135 [75]
Rectorite clay 5 11 25 363 40 [75]
Kaolinite - 4 25 13.1 3.8 [80]
Mesoporous silica - 6 23 700 44.4 [77]
Montmorillonite 0.45 3 20 607 421 [81]
Ca saturated clay 10 7 24 - 11.3 [71]
K-clay-HS complex 10 7 24 - 11.1 [71]
Montmorillonite 6.6 5.5 25 - 86.6 [70]
Montmorillonite 6.6 5.5 25 - 78.5 [70]
Tylosin Montmorillonite clay - 8 - - 68 [72]
Bentonite clay - 6.1 - - 188 [72]
Ilite - 8 - - 24 [72]
Kaolinite - 8 - - 6.8 [72]
Table 4
Adsorption capacity of silica-based sorbents for different pharmaceuticals
Pharmaceutical ~ Adsorbents Dose (g/I) pH T ('C) BET (m?/g) Capacity (mg/g)  Ref.
Carbamazepine ~ Mesoporous silica SBA-15 2 5 25 737 160 [38]
Clofibric acid Mesoporous silica SBA-15 2 5 25 737 70 [38]
Ibuprofen Mesoporous silica SBA-15 2 5 25 737 410 [38]
Ofloxacin Mesoporous SiO, - 7.2 25 700 429 [87]
Nonporous SiO, - 7.2 25 7.5 2.1 [87]
Nonporous SiO, - 7.2 25 37 18.7 [87]
Tetracycline Mesoporous silica - 6 23 700 44.4 [77]

to 300 A that provides sufficient space for bulky size
molecules of pharmaceuticals such as carbamazepine,
TCH, and adsorptive removal >80% of initial concen-
tration [38]. Surface modification as described earlier
might enhance adsorptive properties of SBA as
observed in Vu et al. [84]. Fe-modified SBA adsorbed
>20% extra amount of TCH comparative to non-modi-
fied one. However, it is also notable that impregnation
of reactive species onto SBA will decrease overall
surface area. Overall, mesoporosity is one important

factor for better adsorption of pharmaceuticals onto
silica or its allied adsorbents.

2.4. Polymeric sorbents

Polymeric sorbents have lower adsorption capacity
when compared with activated carbon or mesoporous
sorbents but these possess certain advantages.
Polymeric materials have potential applications in
water treatment area as a replacement of activated
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carbon due to their mechanical strength and large
surface area [89]. Polymeric sorbents have high
mechanical strength, uniform pore size distribution,
and ability to regenerate easily under mild conditions.
Polymeric sorbents are resistant to fouling and are
long lasting up to 2,000 regeneration cycles [90] unlike
activated carbon that requires regeneration on regular
basis.

Polymer sorbents can be modified as ionic or
hydrophobic to suit for the removal of polar and non-
polar pharmaceuticals from water [37,91]. Polymeric
sorbents are classified based on the charge properties
as neutral, ionic, or hydrophobic. It is true that charge
matching of adsorbate and adsorbent is necessary for
efficient adsorption. Zwitterionic cephalosporin C
absorbed more on neutral polymeric adsorbent than to
polar counterparts [92]. Non-ionic polymeric sorbents
of sulphonated polystyrene origin (SP207, SP850, and
XAD-2) adsorbed sufficient quantity of cephalosporin
C in zwitterionic pH range (pH 5.3) [93]. In zwitteri-
onic region, cephalosporin resembles more like a neu-
tral organic compound since net charge is zero. The
percentage of interactive sorption is minimal among
aromatic rings of cephalosporin C and polymeric sor-
bent and physical sorption dominates. The pore sizes
and surface area of the sorbents will be of significant
importance in such type of adsorptions. Second classi-
fication can be based on polymerization nature such
as aromatic or aliphatic. Adsorption capability of an
individual polymeric sorbent will depend on these
surface properties and chemical nature. Ring-struc-
tured sorbents, for example, will have more affinity
for aromatic rings on the pharmaceuticals and lesser
to the ionized points. Inverse is true for aliphatic-type
sorbents. Affinity for cephalosporin C can be 17 times
higher onto aromatic ring-structured polymeric sor-
bent XAD-16 comparative to an aliphatic polymeric
sorbent as in [92]. Similarly, they reported that more
amount of penicillin V and TCH was adsorbed onto
aromatic sorbent (Amberlite XAD-16) than to aliphatic
ester sorbent (Amberlite XAD-7).

The adsorption capacity of polymeric sorbents for
the removal of pharmaceuticals is given in Table 5.
Researchers have investigated removal capability of
polymeric sorbents. Lee et al. [93] reported that
approximately 990 mg/g cephalosporin C adsorbed
onto resin Amberlite XAD-16. They found that exter-
nal mass transfer rates and intraparticle diffusion con-
trolled the overall sorption mechanism in a fixed bed
of XAD-16 resin. Ramos et al. [36] found that non-
ionic polymer XAD-16 adsorbed 253 mg/g of cepha-
losporin C at equilibrium concentration of 1.0 g/L and
approximately 990 mg/g at equilibrium concentration
of 3.0 g/L. They also found that XAD-16 resin was
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regenerated by passing methanol in a fixed bed reac-
tor. Robberson et al. [37] reported that adsorption of
nalidixic acid onto cationic or neutral polymeric resins
was dependent on pH of solution. For pH < pK,, maxi-
mum amount was adsorbed onto neutral polymers
through hydrophobic interactions. Cationic polymers
adsorbed more of nalidixic acid comparatively for
pH>pK, values through anion—cation exchange
mechanisms.

Matching of characteristics polymers resins and
pharmaceutical compound is necessary for effective
adsorption. Two essential factors include (i) aromatic
or aliphatic structure of pharmaceuticals and
(ii) neutral, ionic, or zwitterionic nature of pharma-
ceuticals. It is crucial that adsorbent and adsorbate
should be of similar nature for efficient adsorption.
Hydrophobic pharmaceuticals match neutral polymers
and ionized pharmaceuticals match ionic polymers.
Similarly, pharmaceuticals containing aromatic ring
match aromatic polymers.

2.5. Miscellaneous sorbents

Various adsorbents materials have been investi-
gated for the removal of pharmaceuticals as an
alternative to conventional adsorbents. These include
oxidized cellulose [97], goethite [98], biofilms [99], acti-
vated sludge [100], aluminum oxide [101-103], organic
materials (compost, humic acid, and manure) [104],
iron oxides [102,103,105], manganese oxides [105], zero
valent iron nano-particles [106], activated charcoal [53]
nickel(Il) grafted MCM-41 [107], and chitosan particles
[108]. Adsorption capacity of these adsorbents is given
in Table 6.

3. Effect of parameters on adsorption
3.1. Effect of pH

The pH of solution imparts significant influence on
sorption of pharmaceuticals especially in case of
interactive sorption. Investigations have shown that it
is difficult to obtain a constant adsorption capacity
over the entire pH range irrespective of the nature of
adsorbent. It is necessary to determine an optimum
pH for a specified adsorption process. Fig. 1 gives
information about the adsorption of three pharma-
ceuticals (TRM, ciprofloxacin, and TCH) onto
montmorillonite clay. Montmorillonite clays possess
negatively charge over pH range of 2-12 [110].
Decrease in adsorption of ciprofloxacin and TCH
corresponds to their net electrostatic charge. For exam-
ple, ciprofloxacin molecule became negatively charged
for pH >8.8. Adsorption of ciprofloxacin decreased on
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Table 5
Sorption capacity of polymeric sorbets for the removal of pharmaceuticals
Pharmaceutical Adsorbents Dose (g/L) pH T (‘C) BET (m?/g) Capacity (mg/g) Ref.
Cephalexin Amberlite XAD-16 polymer 30 3 25 800 116 [94]
Amberlite XAD-4 polymer 30 3 25 725 357 [94]
Cephalosporin C  SP850, a macroreticular resin - 27 25 1,000 541 [93]
Erythromycin Amberlite XAD-4 0.002 - 30 725 358 [95]
Amberlite XAD-7 0.002 - 30 450 505 [96]
Amberlite XAD-16 0.002 - 30 >800 131 [96]
Nalidixic acid Polystyrene—divinylbenzene, X16 - - - 20 800 [37]
Phenol-formaldehyde, X761 - - - 15 200 [371]
Penicillin V Polymer Amberlite XAD-16 - 27 25 904 1,401 [92]
Table 6
Adsorption capacity of various sorbents for pharmaceutical compounds
Pharmaceutical Adsorbents Dose (g/L) pH T (‘C) BET (m?/g) Capacity (mg/g) Ref.
Enrofloxacin Natural zeolite 10 7 - - 19.3 [109]
Natural zeolite 10 7 - - 17 [109]
Ciprofloxacin Hydrous oxides of Al (HAO) - 78 25 386 13.6 [103]
Norfloxacin Alumina pure 10 6.8 22-25 155 6.4 [86]
Alumina gel 10 6.6 22-25 300 <1 [86]
Porapak P (organic medium) 10 6.0 22-25 100-200 <1 [86]
Diclofenac sodium MZ-300% CPC 4 74 - 68.6 48.5 [110]
MZ-200% CPC 4 74 - 68.6 41 [110]
MZ-100%CPC 4 74 - 68.6 21 [110]
Cephalexin Cellulose oxide - 35 25 14.8 79 [97]
Ampicillin Cellulose oxide - 35 25 14.8 139 [97]
Tryptophan Cellulose oxide - 35 25 14.8 122 [97]
Fluoroquinolone Goethite 5 5 - 159 49.6 [98]

negatively charged montmorillonite surface in basic
solution. Similarly, adsorption of TCH follows the
order: acidic > zwitterionic > basic that showed adsorp-
tion very much depends upon electrostatic interaction
between TCH molecule and negatively charge
montmorillonite clay [81]. Bekci et al. [78] used
slightly acidic montmorillonite KSF clay at pH~3.31
in solutions. Positively charged clay surface possesses
strong affinity for ionized form of TRM for pH <5.03,
so adsorption was efficient in this pH range. As pH-
increased >5.03, TRM became neutral and showed
least affinity onto montmorillonite KSF. Dutta et al.
[94] found that adsorption of cephalosporin C and
even an amino acid onto a non-ionic polymeric
sorbent (XAD-16) was maximum at their respective
isoelectric points. At isoelectric points, compounds
exhibit non-ionic character, so adsorption onto a non-
ionic surface was higher. It is clear from the discus-
sion that matching of electrostatic charges is necessary

for effective adsorption of pharmaceuticals onto clays.
Interactions among water and pharmaceuticals are
another factor that depends upon pH. For example,
penicillin V contains a carboxylic group attached to its
B-lactum ring. This carboxylic group exists in proto-
nated form (-COOH) at low pH values and deproto-
nated (-COO) at high pH values. Protonated form has
low solubility in water and thus easily removable
from water. The contrary for deprotonated form [92].
Similarly, Dutta et al. [94] found that adsorption of
cephalexin and cefadroxil antibiotics onto non-ionic
polymers (XAD-4, XAD-16, XAD-2, XAD-7) decreased
as a function of pH. This illustrated that any sort of
interactions other than adsorbent/adsorbate interac-
tions decreases overall adsorption. Thus, it can be
extracted from the discussion that pairing of ionic
properties of both adsorbent and pharmaceutical com-
pound is necessary. Neutral pharmaceuticals adsorb
easily onto non-ionic sorbents. In that case, surface
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Fig. 1. Effect of pH of solution on equilibrium adsorbed
amount of three antibiotics on montmorillonite clay: cipro-
floxacin [33], trimethoprim [78], and tetracycline [81].

area and pore size may have a role to measure
adsorption capacity. Interactive sorption depends
more upon electrostatic forces for effective adsorption.
Furthermore, estimation of an optimum pH of solution
is necessary for ionized pharmaceuticals, and for
charge surfaces containing surface interacting groups.

3.2. Adsorbent dosage

Investigations have shown that percentage removal
of pharmaceuticals increased as a function of adsor-
bent dosage [38,111,112]. This increase was often
attributed to the extra availability of vacant sites at
higher dosages. It has been reported that adsorption
of pharmaceuticals rarely reached a saturation value
[96]; therefore, further increase in adsorbent dosage
may not be of measureable significance. It is true that
increase in dosage level leads to extra removal of
pharmaceuticals. However, amount of pharmaceutical
adsorbed per unit mass of dosage (i.e., mg pharma-
ceutical/g dose) gives better indication of adsorption
capacity for any specific adsorbent. Infect, it was
observed that ratio amount of pharmaceutical
adsorbed to dosage decreased as a function of adsor-
bent dose. Ribeiro and Ribeiro [96] performed experi-
ment for sorption of erythromycin onto polymeric
sorbents XAD-4, XAD-7, and XAD-16. They found
adsorbents reach their saturation values at 5, 10,
2.5¢g/L dosages for XAD-16, XAD-4, and XAD-7,
respectively. They also found that by increasing
dosages to 10 g/L removal of erythromycin did not
extend to an appreciable degree. Therefore, it may be
necessary to analyze the adsorption efficiency per unit
mass of dosage. Excess usage of adsorbent may
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increase overall cost of the operation especially in case
of synthesized adsorbents such as polymeric resins
and activated carbons. Kim et al. [5] demonstrated
that adsorption of trimethoprim onto activated carbon
reached a saturation value for 1.0 g/L of adsorbent
and further increase in dosage level did not worth
adsorption capacity of activated carbon. It is recom-
mended to measure optimum dosage of adsorbent for
a given concentration of pharmaceutical compound.

3.3. Concentration of pharmaceuticals

Adsorption capacity and rate of adsorption are
very much dependent upon initial concentration of
pharmaceuticals. Initial concentration minimizes mass
transfer resistance by supplying necessary driving
force. In general, initial concentration boosts adsorp-
tion of pharmaceuticals irrespective of the nature of
adsorbent surface such as microporous, mesoporous,
negatively or positively charge surface. The concentra-
tion increases the accessibility of pores for adsorbate
molecules and increases interactions at solid-liquid
interface. Relatively few studies considered the initial
concentration as a parameter for assessment of
adsorption capacity. Aksu and Tung [52] observed
increase in adsorption capacity of three sorbents (acti-
vated carbon, activated sludge, and Rhizopus arrhizus)
by increasing initial concentration of penicillin G from
50 to 1,000 mg/L. Similarly, adsorption capacity of
activated carbon was increased from 20.3 to 42.7 mg/g
by increasing TCH concentration from 20 to 300 mg/L
[113]. Tian et al. [114] found that amount of levofloxa-
cin adsorbed onto polyacrylonitrile (PAN) filters at ini-
tial concentration of 100 mg/L was much more than
5mg/L. Xu et al. [115] reported that adsorption capac-
ity of imprinted polymer and functionalized imprinted
polymer increased as a function of norfloxacin concen-
tration. According to this discussion, the amount of
pharmaceuticals adsorbed onto polymer increases as a
function of initial concentration irrespective of the
adsorbent nature. However, there must be a saturation
limit for a specific adsorbent. Saturation level of an
adsorbent can be easily estimated from equilibrium
adsorption concentration. Equilibrium adsorption con-
centration gives more elaborated picture of the effect
of concentration.

3.4. Ionic strength

Ionic strength is a measure of the degree of anionic
or cationic species present in solution. Pharmaceuticals
usually contain multifunctional groups in their struc-
ture with certain degree of ionization potential. Two
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functional groups are present in structure of sulfon-
amides (acidic amide and amino group) and three in
case of TCH (B-di-ketone, dimethylamine, and tricar-
bonyl) [116]. Cephalosporins exhibit values of pK, 1-3
in solutions [117] that is an indication of the presence
of multiple functional groups in their structure. Ionic
strength and ionization of pharmaceuticals are
inter-related and can be followed easily from pH
speciation curves. Cephapirin sodium salt (CHP)
exists in cationic (CHP"), zwitterionic (CHP®), and
anionic (CHP™") forms for <2.5, 2.5-5.44, and >5.44
values of pH, respectively [118]. Thus, the portion of
ionic or neutral states of individual molecules will
depend upon the ionic strength of solution. It can be
recommended at the stage that maximum concentra-
tion of pharmaceutical should be in one of above-men-
tioned states for efficient adsorption, i.e., cationic,
anionic, or zwitterionic. It is because adsorbents sur-
faces are usually neutral, anionic, or cationic and are
designed to accept oppositely charged species of
solute molecules. Therefore, matching of ionization
states of solute and adsorbent is necessary for efficient
adsorption.

Qtaitat [119] found that increasing ionic strength of
solution with NaCl solution from 0.01 to 0.1 decreased
adsorption of TRM onto montmorillonite. Montmoril-
lonite clays are usually negatively charged [74,81].
Increase in concentration of Na™ in solution stabilized
TRM* molecules to their neutral state TRM®, which
decreased cation-exchange interactions between TRM"
and montmorillonite. Bekci et al. [78] also observed
that increase in ionic strength of solution with NaCl
ions decreased adsorption of TRM onto montmoril-
lonite KSF clay. Parolo et al. [81] plotted —Log NaCl
(electrolyte concentration) vs. amount of TCH
adsorbed onto negatively charged montmorillonite
clays. The authors have found adsorption of TCH
decreased as a function of NaCl concentration at pH
values of 4 and 7. In general, concentration of TCH"
500 ions was much higher at pH 4 compared to that
at pH 7. Therefore, the suppression of cationic TCH"
to neutral TCH at pH 4 was high. This might be the
reason for rapid rate of decrease in adsorbed amount
of TCH at pH 4. Similar decrease in adsorption of
TCH was observed as a function of ionic strength of
solution onto a negatively charged silica surface as
discussed in [77]. Ji et al. [54] reported negligible
effects of ionic strength on adsorption of two sulfon-
amides (sulfapyridine and sulfamethoxazole) onto
activated carbon and graphite. Addition of NaCl as an
ionic source slightly increased sulfonamides while that
of CaCl, decreased their uptake. Activated carbon and
graphite are different adsorbents than montmorillonite
clay. Activated carbon or graphite materials used in
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their study contained low concentration of surface-
active groups and were relatively neutral in nature. In
their investigated pH range (pH 6), pH speciation for
sulfamethoxazole is near zwitterionic and that for sul-
fapyridine lies in zwitterionic region completely. In
such a case, when pH is around the zwitterionic or
anionic region of solute, the role of ionic strength may
be insignificant.

3.5. Temperature

Temperature is also an important parameter for
adsorption process. High temperature normally
increases molecular activity at boundary layer inter-
face, which may increase the rate of diffusion of solute
molecules. Such an adsorption process is usually
endothermic. However, literature shows that adsorp-
tion behavior of solute onto a specific adsorbent might
also be exothermic in nature [120]. In such cases,
probably, adsorbent capacity decreases for particular
solute due to weakness of interactive forces between
surface-active groups at adsorbent surface and that of
solute species [121].

Turku et al. [77] found decrease in adsorption of
TCH onto negatively charged silica adsorbent as a
function of temperature. Aksu and Tung [52] reported
that at low initial concentrations (Cy=100mg/L),
increase in temperature did not influence uptake of
penicillin G onto three carbonaceous adsorbents (acti-
vated carbon, Rhizopus arrhizus, and activated sludge).
However, for Cy=1,000 mg/L, adsorption capacity
increased for 25-35°C and then decreased sharply for
>35°C. Bekci et al. [78] reported that adsorption of TRM
onto negatively charged montmorillonite KSF
decreased considerably by increasing temperature of
solution (303-318 K). Akgay et al. [67] found that
adsorption of flurbiprofen antibiotic decreased as a
function of temperature from 25 to 40°C. Mestre et al.
[51] reported little significance of temperature during
adsorption of ibuprofen onto activated carbon. Simi-
larly, change in temperature did not influence the
adsorption capacity of zeolite for enrofloxacin [109].
Ribeiro and Ribeiro [96] also found that adsorption
capacity of anionic and neutral resins (XAD-4, XAD-16,
XAD-7) for erythromycin remained almost constant in
25-50°C temperature range. Temperature plays role to
(i) modify molecular activity at solid liquid interface,
(ii) interrupt the interactions among the functional
groups of solute and adsorbent species, and (iii) modify
the nature of adsorbent. For point (iii), little informa-
tion is available in literature about the effect of tem-
perature in modifying the structural properties of the
adsorbent. Probably, temperature has almost no effect
on modifying nature of adsorbents and or their porous
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nature. However, temperature has moderate effect on
defining the interactions among the solute and adsor-
bent species. It might be positive if the interactions
among species are endothermic and negative in case of
exothermic interactions. Point (i) shows that tempera-
ture always enhances probably of adsorption of solute
onto adsorbents irrespective of their characteristics.
Therefore, positive effect of temperature on adsorption
may be due to endothermic interactions and enhance-
ment in molecular interactions. In case of negative
effect of temperature, exothermic interactions play
dominant role. According to this discussion, tempera-
ture influences adsorption in case of charged adsor-
bents and ionized solute molecules. Temperature
variations may not affect adsorption of non-polar
pharmaceutical compounds onto neutral adsorbents.

3.6. Cosorption

Wang et al. [70] investigated the effect of the
presence of Cu(ll) ions for adsorption of TCH onto
montmorillonite. They found adsorption of TCH onto
montmorillonite increased significantly in the presence
of Cu(Il) ions. They associated enhancement in sorption
to the strong affinity of montmorillonite clay for
TCH—-Cu(Il) ionic complex [60]. Zeta potential of TCH
decreased in the presence of Cu(ll) that is a clear
indication of the strong interactions among TCH and
Cu(l) ions. Therefore, TCH-Cu(ll) formed a complex
that probably possessed a net positive charge overall
and has increased overall adsorption onto montmoril-
lonite. Jia et al. [122] also found increased sorption of
TCH onto two soil clays in the presence of Cu(lIl) ions.
Otker [109] observed increased in adsorption of
enrofloxacin onto natural zeolite in the presence of
ammonium ions. Adsorption capacity of natural zeolite
increased from 19.3 to 65.7 mg/L in the presence of
ammoniacal nitrogen (NH4-N) from 0 to 100 mg/L. Yu
et al. [123] reported that the presence of natural organic
matter in the background solution substantially
reduced the sorption capacity of activated carbon
during the uptake of naproxen and carbamazepine.
Similarly, reduction in sorption capacity of activated
carbon was observed in the presence of background
natural organic matter in case of 2-methylisoborneol
(not a pharmaceutical compound) [124].

4. Brief discussion on mechanism of adsorption of
pharmaceuticals onto adsorbents

4.1. Silanol functional groups

Bui and Choi [38] reported that adsorption of
pharmaceuticals  (carbamazepine, clofibric  acid,
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diclofenac, ibuprofen, and ketoprofen) was strongly
dependent on pH of the solution. The adsorption was
attributed to the several function groups of silica sur-
face (SiOH, Si O---H---O Sj, SiOH2+ , 5i07). The possible
interaction between hydroxyl (-COOH) group of
pharmaceutical and silanol (SiOH) groups from silica
is given in Eq. (1), where B is the remaining part of
pharmaceutical compound such as in case of diclofe-
nac [125]. Eq. (2) represents the hydrogen bonding
interaction between silanol and hydroxyl groups.
Hydrogen bonding interaction might be easier due to
low activation energy compared to ligand exchange
reaction. Ligand exchange reaction is stronger.

= 5i-OH + COOH-B —= Si-O0C-B + H,O ¢))

= Si-OH + COOH-B —= Si-O---H---O0C -B + H"
2

Goyne et al. [87] associated sorption of ofloxacin to
SiO, through cationic ligand exchange and cationic
bridging mechanism (Eq. (3)) via piperazinyl group of
ofloxacin and silanol group in silica. Where ofx
and ofx" are ofloxacin and its protonated forms,
respectively.

= Si-OH + ofx™= = Si-O —of x +H™" 3)

whereas the ligand exchange mechanisms in case of
Al,O3 proceeded through carboxylate/ketonic group.

= Al-OH + of x= = Al-of x* + OH™ 4

Carbonaceous materials contain surface-active
groups such as silanol groups for cationic exchange
mechanism and carboxylate group (-COOH) for ligand
exchange mechanism. These groups have significant
contribution toward adsorption ability of adsorbents.
Functional groups on activated carbon type materials
can be phenolics, carboxyl, and lactone [6,49]. These
functional groups are consisted of acidic and basic
groups mainly which affect the surface charges and
adsorption properties of activated carbon. Adsorption
on activated carbon therefore not only relies upon its
pore structure as the change of surface charges is also a
crucial factor affecting the adsorption capacity.

4.2. Carbonyl functional groups

Pharmaceuticals also bind to the adsorbent sur-
faces through carbonyl group (C=0O). The role of C=O
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group during adsorption process is measureable by
band shifts in IR spectroscopy [75,118]. The absorption
spectrum for C=O shifts to lower or higher frequency
when C=0 group interacts with cations on adsorbent
surface. This band shift in IR spectrum was observed
for oxytetracycline adsorption onto montmorillonite
clay lowering from 1,685 to 1,665 cm™ 167 [33]. In
another study, C=0O band for flurbiprofen antibiotic
shifted from 1,700 to 1,708 cm™ ! 168 after adsorption
onto TBAM [67]. The C=0O group usually binds to the
charged surface through cationic mechanism or
through H atom bonded with OH group of water
attached to cations on adsorbent surface [126].
Deprotonated OH group seems to have higher affinity
for C=0O than to protonated one. This was observed
for feldspar or quartz surfaces that their deprotonated
hydroxyl group attached easily to C=O group of
cephapirin antibiotic than to protonated form of
hydroxyl group [118].

4.3. Ion exchange

Binding of pharmaceuticals onto adsorbent might
be due to ion exchange via protonation. Exchange of
ions between adsorbent and pharmaceutical com-
pound leads strong affinity among species. In fact, in
many studies, the ion exchange has been assumed as
binding mechanism among sorbent and pharmaceuti-
cals species especially for clay type adsorbents
[33,49,74,79,126-128]. Ion exchange mechanism can be
due to the presence of permanent charged species
such as in montmorillonite clays [68]. It can also be
due to induced protonation of species in clays by
changing pH values like in kaolinite as proposed in
[80]. According to, Na™ cation was exchanged during
transfer of TCH onto kaolinite surface. Similarly, for
bentonite clays, adsorption of amoxicillin was associ-
ated to the degree of protonation for cation-exchange
mechanism as shown in Eq. (3) [49]. Carboxylic group
of flumequine was adsorbed onto positively charged
edges of kaolinite surface via a similar mechanism as
in Eq. (3) [79]. Moreover, it was also observed in [79],
that overall amount of flumequine adsorbed onto
kaolinite was decreased by increasing pH of solution.
This may show that degree of protonation or depro-
tonation of species is one important factor for adsorp-
tion via ion exchange mechanism.

4.4. Dissociative sorption

Dissociative adsorption is normally associated with
fragmentation of solute molecules. All of the frag-
ments attach to the adsorbent surface [129]. Ania et al.
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[130] reported that penicillin dissociated into sec-
ondary products during adsorption onto activated car-
bon and that intermediates adsorbed onto the
adsorbent. Penicillin initially decomposed to primary
intermediate (penicillenic acid). Penicillenic acid
decomposed further into secondary intermediates
(penillic acids and penilloic acids). Spectrophotometric
absorbance was criteria to measure adsorbed amount
of penicillenic acids (320 nm), penillic acids (233 nm),
and penilloic acids (285 nm). Zhang and Huang [98]
found that all of fluoroquinolones (ciprofloxacin, enro-
floxacin, norfloxacin, ofloxacin, and lomefloxacin) were
dissociated except flumequine during their adsorption
onto goethite. Approximately 60% of ciprofloxacin
was oxidized into intermediates products in ~400 h
and that of 70% of norfloxacin in 300-h duration.
However, they did not report the decomposition kinet-
ics of products other than ciprofloxacin or norfloxacin.
They proposed interesting interactions between fluoro-
quinolones and goethite. Carboxylic group present in
the fluoroquinolones was assumed to adsorb onto
goethite surface while piperazinyl ring was oxidized
to intermediates. Dissociative adsorption is common
in case of solute species that contains easily oxidizable
functional groups. Adsorbent characteristics are also
essential in defining the nature and extent of dissocia-
tion during the adsorption process. However, we
could not see any cumulative or recessive effect of dis-
sociation on adsorption efficiency. In case of adsorp-
tion rate >>dissociation rate of a solute specie, the
uptake can be considered as purely adsorptive. This is
true especially when adsorption study is performed
over short time duration.

5. Summary

Pharmaceuticals adsorb onto a specific adsorbent
surface through physically controlled mechanism or
interactive mechanism. Physical attachment is a less
susceptible pathway that may occur in cases of less
polar pharmaceuticals onto non-polar adsorbents such
as carbon nanotubes, graphitic carbon, and mineral
free clays. Physical sorption of the pharmaceuticals is
dependent upon mesoporous surface area of adsor-
bent. Interactive sorption is a dominant pathway for
adsorption of pharmaceutical compounds. This is
because pharmaceuticals contain various active sites
such as functional groups (-COOH, -OH, -NH,, -
CHO, =0, C=0, -NH, =S0,) and other electrostatic
points containing heterogeneous atoms (-F, —Cl, etc.).
Adsorption of a particular pharmaceutical may occur
via interactive mechanism such as van der Waals
forces, electrostatic interactions, protonation, ion
exchange, dipole-dipole interactions, H-bonding, and
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complex-formation. The interactive sorption is the
interaction of functional groups of adsorbent and
pharmaceutical species. Carboxylic group (-COOH)
shows more affinity toward polar silanol groups
(-SiOH) on adsorbent surface. Carbonyl group (C=0)
can attach easily with -OH surface group of adsorbent
via cationic or H-bonding mechanism. From the
reviewed literatures, sorption capacity was found to
be dependent upon BET surface area of the adsor-
bents. Among carbonaceous adsorbents, CAC was
found a better adsorbent for pharmaceutical com-
pounds than graphitic carbon, carbon nanotubes. It
has also been reported that modified carbon nan-
otubes adsorbed more pharmaceuticals compared to
their original source. Suitable modification can be
acid/base treatment, carboxylation, or hydroxylation
of carbonaceous source. These modifications increase
the probability of interactive sorption. Clays are other
attractive alternative to carbonaceous adsorbents, since
these are naturally occurring materials and are
available at low cost. Adsorption capacity of clays is
relatively lower than carbonaceous materials due to
their lower BET surface area. Montmorillonite clays
possessed high adsorption capacity compared to
kaolinite, rectorite, and bentonite. Surface modification
is usually not recommended for clay type sorbents
since clay minerals itself are mixtures of carbonates,
silica, metal oxides, and metal ions (Mg2+, K", NH;,
Na*, PO; , NO;). Polymeric materials have been
recommended in literature as alternative adsorbents
due to their regeneration ability. Polymeric materials
are suitable adsorbents for hydrophobic pharmaceuti-
cal compounds. Among silica-based adsorbents, meso-
porous silica possessed high capacity for adsorption of
pharmaceuticals. Non-porous and microporous silica
were rather ineffective in removing bulky-sized
pharmaceuticals. Adsorption of pharmaceuticals
depends very much upon operating parameters such
as ionic strength, pH, adsorbent dosage, initial concen-
tration, temperature, and effect of the presence of sec-
ondary solute component. Pharmaceuticals contain
multifunctional groups in their structure with certain
ionization potential and can exist in cationic, anionic,
or neutral form depending upon ionic strength of
solution. To achieve higher degree of adsorption, it is
necessary to confine pharmaceutical compound in one
of three forms since the adsorbent with opposite
charge characteristics will be helpful for effective
removal. Temperature may enhance or restrict adsorp-
tion of pharmaceuticals onto an adsorbent depending
upon the endothermic or exothermic nature of sorp-
tion. Finally, the effect of secondary solute presence
on adsorption is of empirical in nature and may
require further investigation.
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