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Abstract

Pharmaceuticals are characterized as emerging contaminants. Their fate and transport in environmental systems
are of substantial importance and should be thoroughly understood. This study investigated the interaction
of two pharmaceuticals (acyclovir and fluconazole) with quartz sand. Acyclovir is an antiviral drug, often used
for the treatment of herpes infections; whereas fluconazole is an azole fungicide that is widely used as an active
ingredient in a variety of pharmaceutical and personal care products (PPCPs) for the treatment of fungal
infections. Adsorption behavior of acyclovir and fluconazole onto quartz sand at three different temperatures
(4�C, 10�C, and 22�C) under static and dynamic conditions was examined. Kinetic adsorption data were
described successfully with a pseudo-second-order model. Furthermore, adsorption equilibrium data were quan-
tified with a linear adsorption isotherm. Results at three different temperatures indicated that PPCPs were weakly
adsorbed onto quartz sand. Adsorption of acyclovir and fluconazole is slightly higher under dynamic than static
conditions. Although no significant differences were observed between the three different temperatures em-
ployed in this study, adsorption of acyclovir and fluconazole increased slightly with increasing temperature.
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Introduction

Pharmaceutical and personal care products (PPCPs)
include a wide range of chemicals, such as human and

veterinary drugs, nutraceuticals (e.g., vitamins, herbal rem-
edies, and amino acids), and sunscreen agents. Some of these
chemicals can cause adverse impacts on wildlife and humans,
and they are characterized as emerging organic contami-
nants (Daughton and Ternes, 1999). Numerous pharmaceu-
ticals are extensively used in large quantities. Furthermore,
several pharmaceuticals are incompletely absorbed and me-
tabolized by the human organism. The scientific interest in
pharmaceutical occurrence in the environment arises largely
from concern over possible toxicological risks and impli-
cations stemming from human exposure through drinking
water (Schulman et al., 2002; Schwab et al., 2005; Wang
et al., 2016) and aquatic organism exposure ( Jones et al.,
2001).

After application, the unutilized portion of pharmaceuticals
can be removed from the body by washing or through urinary
excretion, which are the main entry pathways of pharmaceu-
ticals to municipal wastewater (Hirsch et al., 1999; Gros et al.,

2010; Prasse et al., 2010; Kosma et al., 2014). The incomplete
removal of pharmaceuticals during wastewater treatment
may be the origin of their presence in the effluent and sewage
sludge of wastewater treatment plants (WWTPs) ( Jelic et al.,
2011; Garcia-Valcarcel and Tadeo, 2012; Funke et al., 2016).
As a result, pharmaceuticals have been observed repeatedly in
the aquatic environment worldwide (Heberer, 2002; Tixier
et al., 2003; Gros et al., 2010; Prasse et al., 2010; Bu et al.,
2013; Liu and Wong, 2013; Peng et al., 2014; Richardson and
Ternes, 2014; Fisher et al., 2016). The sludge of WWTPs is
often used as fertilizer in agriculture in many countries
(Scheytt et al., 2006; Garcia-Valcarcel and Tadeo, 2012).
When the sludge is dispersed on a field, the PPCPs present in
the sludge may be leached and threaten the groundwater (Diaz-
Cruz et al., 2003).

Knowledge of the fate of pharmaceuticals in soils or sed-
iments is important for estimation of environmental exposure
and risk assessment (Pan et al., 2009). Sorption is one of the
key factors controlling the input, transport, and transforma-
tion of pharmaceuticals in the aquatic environment and in the
subsurface (Scheytt et al., 2005). Highly mobile pharmaceu-
ticals have the potential to leach into groundwater, whereas
strongly adsorbing pharmaceuticals can accumulate in the
topsoil layer, affect the soil microbial community, and may be
taken up by plants (Thiele-Bruhn, 2003). The adsorption of
pharmaceuticals onto soils is influenced by solution chemis-
try, type of mineral, and organic sorbents (Tolls, 2001; Boxall
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et al., 2002; Drillia et al., 2005; Hari et al., 2005; Loffler et al.,
2005; Williams et al., 2006; Blackwell et al., 2007; Chefetz
et al., 2008).

Acyclovir and fluconazole are two pharmaceuticals with
wide production and use around the world (Prasse et al.,
2011; Yu et al., 2012; Loos et al., 2013), which may find their
way to the environment if they are not effectively eliminated
during wastewater treatment. Acyclovir is the most com-
monly used oral antiviral agent because of its selectivity and
low cytotoxicity. It is employed for the treatment and pro-
phylaxis of initial and recurrent episodes of genital and labial
herpes, as well as for the acute treatment of herpes zoster and
varicella (chickenpox) in immunocompetent individuals. It
can be administered in very high doses (from 200 to 1,000 mg
three to four times daily). Fluconazole is an azole fungicide
that is widely used as an active ingredient in a variety of PPCPs
to treat fungal infections by blocking sterol biosynthesis
(Zarn et al., 2003; Correa and Salgado, 2011). Fluconazole is
administered topically and orally. Due to its low cost and few
side effects, fluconazole has become one of the most com-
monly prescribed drugs (Yang et al., 2012).

Several studies have reported the occurrence of acyclovir
in wastewater, landfill leachate, river water, reservoir water,
and well water worldwide at tens of ng/L to low lg/L levels
(Prasse et al., 2010; Yu et al., 2012; Peng et al., 2014). Prasse
et al. (2011) revealed rapid biotransformation of acyclovir
in activated sludge, whereas the transformation product,
carboxy-acyclovir, was found to be persistent and was de-
tected in drinking water, groundwater, and surface water. The
biodegradation half-life of acyclovir was reported as only
5.3 h, indicating rapid degradation during conventional
sewage treatment. In addition, an ozonation product of acy-
clovir was detected in treated drinking water (Prasse et al.,
2012).

Fluconazole has been detected in surface waters (Kahle
et al., 2008; Kim et al., 2009; Peng et al., 2012). In addition,
fluconazole is known to have low removal rates in conven-
tional WWTPs (Wishart et al., 2008). Kahle et al. (2008)
reported practically identical fluconazole concentrations in
the influent and effluent streams of WWTPs, whereas other
azoles (e.g., clotrimazole) were removed by adsorption onto
sludge. Garcia-Valcarcel and Tadeo (2012) reported that
fluconazole previously adsorbed onto soil, under certain
conditions, can be desorbed and may contribute to contami-
nation of surface and ground waters.

The aim of this study was to determine the adsorption
behavior of acyclovir and fluconazole onto quartz sand
under static and dynamic conditions and to examine if the
adsorption process is temperature dependent. To our knowl-
edge, no previous study has explored the adsorption behavior
of acyclovir and fluconazole onto quartz sand at different
temperatures.

Materials and Methods

Pharmaceuticals

Pharmaceuticals examined in this study are acyclovir
and fluconazole and their molecular structures are shown
in Fig. 1. Acyclovir [9-((2-hydroxyethoxy)methyl)guanine]
has the empirical formula C8H11N5O3, molecular weight
225.2 g/mol, is relatively soluble in water (water solubility
1.62–2.00 g/L), hydrophilic (logKow = -1.56), and nonvolatile

(Garcia-Valcarcel and Tadeo, 2012; Bruni et al., 2013).
Fluconazole [2-(2,4-difluorophenyl)-1,3-bis(1H-1,2,4-triazol-
1-yl)-2-propanol] has the empirical formula C13H12F2N6O,
molecular weight 306.27 g/mol (Wishart et al., 2008), is
slightly soluble in water (water solubility *1 g/L), slightly
hydrophobic (logKow in the range 0.25 - 0.4), nonvolatile
(Garcia-Valcarcel and Tadeo, 2012), and with good stability in
aqueous solutions (stable for more than 15 days) (Dentinger
and Swenson, 2009; Correa and Salgado, 2011). The phar-
maceuticals were purchased from Sigma and used as received.
All stock solutions were prepared with ultrapure water
(EASYpureRF; Barnstead/Thermolyne). Subsequently, all
desired acyclovir and fluconazole concentrations were made
by appropriate dilution of stock solutions with ultrapure water.

Although the concentrations of pharmaceuticals in envi-
ronmental systems are mostly in the ng/L range (Prasse et al.,
2010; Yu et al., 2012; Loos et al., 2013; Kosma et al., 2014),
in this work, we used relatively high concentrations of acy-
clovir and fluconazole (3, 7, and 10 mg/L) to elucidate their
interactions with quartz sand, which is a common practice
in studies examining the fate and transport of pharmaceuti-
cals (Unold et al., 2010; Chen et al., 2011, 2015; Dong et al.,
2016).

Quartz sand

Quartz sand was employed in this study as in many other
studies, focusing on adsorption and mobility of pharmaceu-
ticals in porous media (Chen et al., 2011, 2015; Dong et al.,
2016), because quartz is the most common mineral found on
the surface of the earth (Chrysikopoulos and Aravantinou,
2014). The grain diameter of quartz sand used in this study
was in the range of 0.425–0.600 mm (sieve no. 30/40), ob-
tained with procedures reported by Chrysikopoulos and
Aravantinou (2014). The chemical composition of quartz
sand was 96.2% SiO2, 1.75% Al2O3, 0.78% K2O, 0.46%
Fe2O3, 0.15% Na2O, 0.11% CaO, 0.06% SO3, 0.03% P2O5,
0.02% BaO, 0.02% MgO, 0.01% Mn3O4, and 0.28% loss
on ignition, as reported by the manufacturer (Filcom, The
Netherlands). The quartz sand were cleaned with 0.1 M
HNO3 (70%) for a period of 3 h, rinsed with distilled

FIG. 1. Molecular structure of (a) acyclovir and
(b) fluconazole.

910 FOUNTOULI AND CHRYSIKOPOULOS

D
ow

nl
oa

de
d 

by
 B

O
IS

E
 S

T
A

T
E

 U
N

IV
E

R
SI

T
Y

 f
ro

m
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
9/

19
/1

8.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



deionized water (ddH2O), soaked in 0.1 M NaOH for 3 h,
and subsequently rinsed again with ddH2O (Syngouna and
Chrysikopoulos, 2010; Chrysikopoulos and Aravantinou,
2012; Chrysikopoulos et al., 2012). Finally, the sand was
dried and sterilized at 80�C.

Batch experiments

Static and dynamic batch experiments were performed
individually under controlled conditions for three different
initial concentrations (C0 = 3, 7, and 10 mg/L) at 22�C and at
three different temperatures (4�C, 10�C, and 22�C) with an
initial concentration of C0 = 10 mg/L. All batch experiments
were performed in 20-mL Pyrex glass screw-cap tubes
(Fisher Scientific). The tubes were washed with detergent,
rinsed in ddH2O, autoclave sterilized, and dried in an oven
at 80�C.

For each experiment, 11 glass tubes were employed. The
glass tubes contained 14 mL of fluconazole solution with 14 g
of sand. All glass tubes were filled to the top. The experi-
ments at 4 and 10�C were conducted in an incubator. For the
dynamic batch experiments, the tubes were attached to a tube
rotator (Selecta; Agitador Orbit), which was operated at
12 rpm, to allow the sand to mix within either the fluconazole
or the acyclovir solution. One tube was removed from
the rotator randomly at preselected time intervals (1 h, 2 h,
3 h, 6 h, 12 h, 24 h, 2 days, 3 days, 5 days, 7 days, and
10 days). This 10-day time period was shown to be adequate
for the acyclovir– and fluconazole–sand systems to reach
equilibrium.

Collected samples were centrifuged at 13,200 rpm for
15 min in a microcentrifuge to remove soil particles. Mod-
ified high-performance liquid chromatography (HPLC; Agi-
lent 1100 series HPLC) with a Supelco C-18 column (5 lm,
280 · 4.6 mm) was used for the determination of pharma-
ceuticals. A diode array detector was used to detect acyclovir
(3.5 min) and fluconazole (5.9 min) at a wavelength of 252
and 210 nm, respectively. A 50/50 water/methanol mixture
was used as the mobile phase, with a low flow rate of 0.8 mL/
min, at a constant temperature of 40�C. A schematic illus-
tration of the experimental procedure employed in this work
is presented in Fig. 2.

Theoretical Considerations

Equilibrium and kinetic adsorption

Concentrations of pharmaceuticals adsorbed onto quartz
sand (C�t [Mp/Ms]) were determined by the following equa-
tion (in units of mg pharmaceutical/g sand):

C�t ¼
C0�Ctð Þ V

W
(1)

where C0 [Mp/L3] is the initial liquid-phase concentration
(in units of mg pharmaceutical/L), Ct [Mp/L3] is the liquid-
phase concentration at time t (in units of mg pharmaceutical/
L), V [L3] is the solution volume, and W [Ms] is the dry
mass of the adsorbent (in units of g sand). Note that Mp

represents the mass of pharmaceuticals and Ms the mass
of quartz sand.

FIG. 2. Schematic illus-
tration of experimental
procedure.
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Kinetic adsorption experimental data were fit by the fol-
lowing pseudo-second-order expression (Tsai et al., 2003;
Ho, 2006):

dC�

dt
¼ kp2 C�eq�C�t

� �2

(2)

where t [t] is time, C�t [Mp/Ms] is the concentration of the
pharmaceutical adsorbed onto the quartz sand at time t, and
kp2 [Ms/(Mp $ t)] is the rate constant of the pseudo-second-
order adsorption model. Separation of variables and inte-
gration of time from 0 to t and C* from 0 to C�t yield the
following:

C�t ¼
C�eq

� �2

kp2t

1þC�eqkp2t
(3)

which can also be rearranged in the following linear form:

t

C�t
¼ 1

kp2 C�eq

� �2
þ t

C�eq

(4)

It is worthy to note that the pseudo-second-order kinetic
adsorption model has been employed in numerous adsorption
studies of environmental interest (Upadhyayula et al., 2009;
Vasiliadou and Chrysikopoulos, 2011; Sotirelis and Chrysi-
kopoulos, 2015, 2017).

The relationship between the pharmaceutical concentra-
tions in solution and those adsorbed onto quartz sand at
equilibrium, which is known as the adsorption isotherm
(Scheytt et al., 2005), was determined from the classical
adsorption isotherm plots of the amount of the pharmaceu-
tical retained per unit mass of quartz sand versus the equi-
librium concentration of the pharmaceutical in the liquid
phase at constant temperature. There are several equilibrium
adsorption models available in the literature. The most
commonly used adsorption isotherm models are linear,
Freundlich, and Langmuir. In this study, the equilibrium
adsorption of acyclovir and fluconazole onto quartz sand was
quantified by a linear adsorption isotherm:

C�eq¼KdCeq (5)

where Ceq [Mp/L3] is the concentration of the pharmaceutical
at equilibrium (in units of mg pharmaceutical/L), C�eq [Mp/Ms]
is the concentration of the pharmaceutical adsorbed onto sand
at equilibrium (in units of mg pharmaceutical/g sand), and
Kd [L3/Ms] is the distribution coefficient (in units of L/g sand).
The experimental data were fitted with a pseudo-second-order
adsorption model [Eq. (3)] using the autonomous multipurpose
fitting software, ColloidFit (Katzourakis and Chrysikopoulos,
2017).

Thermodynamic considerations

Thermodynamic behavior of acyclovir and fluconazole
adsorption onto quartz sand was investigated by estimating
the following thermodynamic quantities: Gibbs free energy
change (DG� [kJ/mol]), enthalpy change (DH� [kJ/mol]),
and entropy change (DS� [J/mol $ K]). These thermodynamic

quantities give insights of the adsorption process and were
calculated using the following equations:

DG� ¼DH� �TDS� (6)

DG� ¼ �RaT lnK0 (7)

where Ra = 8.3145 J/(mol/K) is the universal gas constant,
T [K] is the absolute temperature, and K0 [L3/M] is the ther-
modynamic distribution coefficient (ten Hulscher and Corne-
lissen, 1996; He et al., 2010). Note that DG� characterizes the
spontaneity of the adsorption process (e.g., for DG <0, the
adsorption process is spontaneous).

The thermodynamic parameter, Gibb’s free energy
change, DG�, was calculated using Kd obtained from the
linear isotherm [Eq. (5)]. In view of Equation (6), the en-
thalpy change, DH�, and the entropy change, DS�, were ob-
tained from the intercept and slope of the plot of Gibb’s free
energy change DG� versus temperature T.

Results and Discussion

Experimental data from the kinetic batch experiments of
fluconazole and acyclovir adsorption onto quartz sand at 22�C
for three different initial concentrations (C0 = 3, 7, and 10 mg/
L), under both static and dynamic conditions, are presented in
Figs. 3 and 4, respectively. The fitted model simulations are
presented together with the experimental data (Figs. 3 and 4).
Furthermore, the experimental data from the kinetic batch
experiments of fluconazole and acyclovir adsorption onto
quartz sand at three different temperatures (4�C, 10�C, and
22�C) with initial concentrations of C0 = 10 mg/L, under both
static and dynamic conditions, together with the fitted model
simulations are presented in Figs. 5 and 6, respectively.

FIG. 3. Kinetic data of fluconazole adsorption onto quartz
sand under (a–c) static conditions (circles) and (d–f) dy-
namic conditions (squares) for three different initial con-
centrations at 22�C. The solid curves correspond to the fitted
model simulations.
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Kinetic batch experimental data collected in this study
(Figs. 3–6) suggested that the adsorption of both fluconazole
and acyclovir onto quartz sand increased with increasing
temperature for all initial concentrations considered in this
study. It is worthy to note that the effect of temperature was
slightly more pronounced under dynamic than static condi-
tions. Based on our kinetic experimental data (Figs. 3–6), it
was evident that by increasing the initial concentrations,
the adsorption rate decreased. In addition, by increasing
the temperature, the adsorption rate decreased. Therefore, the
adsorption rate was shown to decrease with either increasing
the initial concentration of fluconazole and acyclovir or by
increasing the temperature.

Experimental data from the equilibrium adsorption ex-
periments of fluconazole and acyclovir onto quartz sand at
three different temperatures (4�C, 10�C, and 22�C) under
both static and dynamic conditions are shown in Figs. 7 and 8,
respectively. The equilibrium adsorption data were fitted
with the linear isotherm [Eq. (5)] using ColloidFit (Kat-
zourakis and Chrysikopoulos, 2017). The fitted parameter
values together with the corresponding coefficients of de-
termination, R2, which ranged between 0.811 and 0.976, are
listed in Table 1. The equilibrium adsorption data suggested
that in general, the sorption of acyclovir and fluconazole
onto quartz sand, under both static and dynamic conditions,
increased slightly with increasing temperature. Note that
in agreement with the kinetic batch experiments, the equi-
librium adsorption of both acyclovir and fluconazole onto
quartz sand was slightly higher under dynamic than static
conditions. This was attributed to agitation, which improves
the contact of quartz sand particles with the liquid and de-
creases the resistance to mass transfer (Moore et al., 1981;

FIG. 5. Kinetic data of fluconazole adsorption onto quartz
sand under (a–c) static conditions (circles) and (d–f) dynamic
conditions (squares) at three different temperatures for
C0 = 10 mg/L. The solid curves correspond to the fitted
model simulations.

FIG. 6. Kinetic data of acyclovir adsorption onto quartz
sand under (a–c) static conditions (circles) and (d–f) dy-
namic conditions (squares) at three different temperatures
for C0 = 10 mg/L. The solid curves correspond to the fitted
model simulations.

FIG. 4. Kinetic data of acyclovir adsorption onto quartz
sand under (a–c) static conditions (circles) and (d–f) dy-
namic conditions (squares) for three different initial con-
centrations at 22�C. The solid curves correspond to the fitted
model simulations.
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Chrysikopoulos and Aravantinou, 2012). However, the Kd

values determined for fluconazole and acyclovir under static
and dynamic conditions, for all three different temperatures
examined in this study, are relatively low (Table 1) and
suggest that both pharmaceuticals are weakly adsorbed onto
quartz sand. This result is consistent with previous studies
reported in the literature (Garcia-Valcarcel and Tadeo, 2012).
Furthermore, the two PPCPs examined in this study have low
vapor pressure (Garcia-Valcarcel and Tadeo, 2012) and
negligible dissipation by volatilization. Therefore, flucona-
zole and acyclovir with relatively low affinity for soils are
expected to be mobile in environmental systems and to mi-
grate substantial distances in the subsurface. However, given
that the Kd value for both fluconazole and acyclovir increases
with temperature, the corresponding retardation factor also
increases. Note that for linear instantaneous adsorption,
the dimensionless retardation factor, R ‡ 1, is expressed as
R = 1 + (qb/h)Kd [where qb (M/L3) is the bulk density of the solid
matrix and h (-) is the porosity] and represents the ratio of the
interstitial fluid velocity to the velocity of the pharmaceutical
(fluconazole or acyclovir) in the aqueous phase within the
porous medium (Chrysikopoulos et al., 1990). Therefore,
migration of both fluconazole and acyclovir is expected to
become progressively more restrictive with increasing
temperature.

Thermodynamic parameter values for fluconazole and
acyclovir adsorption onto quartz sand under static and dy-
namic conditions are listed in Table 2, and the Gibbs free
energy values are presented in Fig. 9. It should be noted that
the value of K0 was shown to increase with temperature,
suggesting that the adsorption process was endothermic for
both pharmaceuticals examined. The adsorption process was
nonspontaneous and endothermic because all DG� and DH�
values were positive, respectively. Nonspontaneous and en-
dothermic adsorption is associated with structural changes of
the sand surfaces due to chemisorption (Sotirelis and Chry-
sikopoulos, 2015). Finally, the value of DS� for both static
and dynamic experiments was negative, indicating that the
adsorption process was enthalpy driven.

Conclusions

Based on the experimental results of this study, it can be
presumed that acyclovir and fluconazole are weakly adsorbed

Table 1. Fitted K
d

Values and 95% Confidence

Intervals for Fluconazole and Acyclovir

Linear Adsorption Isotherms

Fluconazole Acyclovir

T (�C) Kd · 103 (L/g) R2 Kd · 103 (L/g) R2

Static
4 0.025 – 0.004 0.976 0.05 – 0.001 0.926
10 0.038 – 0.003 0.886 0.05 – 0.003 0.821
22 0.047 – 0.005 0.953 0.08 – 0.008 0.862

Dynamic
4 0.045 – 0.001 0.906 0.10 – 0.010 0.928
10 0.066 – 0.002 0.811 0.20 – 0.011 0.864
22 0.069 – 0.005 0.931 0.20 – 0.007 0.899

FIG. 7. Equilibrium adsorption data (isotherms) of fluco-
nazole onto quartz sand under (a–c) static conditions (cir-
cles) and (d–f) dynamic conditions (squares) at three
different temperatures. The solid lines correspond to the
fitted linear isotherm with the slope equal to Kd. Here, R2 is
in the range 0.811–0.976.

FIG. 8. Equilibrium adsorption data (isotherms) of acyclovir
onto quartz sand under (a–c) static conditions (circles) and
(d–f) dynamic conditions (squares) at three different temper-
atures. The solid lines correspond to the fitted linear isotherm
with the slope equal to Kd. Here, R2 is in the range 0.821–0.926.
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onto quartz sand. However, adsorption of the two pharma-
ceuticals was slightly higher under dynamic than static con-
ditions at the three temperatures examined in this study. The
adsorption rate was shown to decrease by either increasing
the initial concentration of fluconazole and acyclovir or by
increasing the temperature. The adsorption of fluconazole
and acyclovir onto quartz sand was characterized as non-
spontaneous, endothermic, and enthalpy driven. Conse-
quently, it is anticipated that these pharmaceuticals will
be considerably mobile in sandy subsurface formations and
can be potentially transported to the aquatic environment
with possible negative effects on living organisms and hu-
man health. However, migration of both fluconazole and

acyclovir in subsurface porous media is expected to become
progressively more restrictive with increasing temperature
because the Kd values and, in turn, the retardation factor
were shown to increase with temperature. Experiments of
acyclovir and fluconazole transport through columns packed
with quartz sand are highly recommended as an extension to
this study.
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