
Introduction

Organic contaminants can infiltrate aquifers via 
various channels. In recent years, antibiotics have been 
widely applied for treatment of disease in humans and  
to prevent infections and promote growth in livestock  
[1-2]. Veterinary drugs, especially antibiotics, have 
recently gained a great deal of attention as emerging 
contaminants. Indeed, antibiotics have been detected 
in groundwater, landfill leachate, and surface water 
worldwide [3-5]. Moreover, sulfamethazine (SM2), 
sulfamethoxazole (SMX), and tetracycline have been 

found in groundwater in Iowa in the United States [6],  
while 60 types of drugs, including sulfamethoxazole 
(SMX), were detected in underground well water 
samples of Baden-Wuerttemberg in Germany [7]. 
Sulfamethoxazole and sulfamethazine were also de- 
tected in groundwater in Wisconsin in the United States. 
The frequency of detection of SMX and SM2 were 70% 
and 10%, respectively [4]. At least eight kinds of drugs 
can be simultaneously detected when analyzing any  
three samples, and the detection rate can reach 20%.  
Four kinds of sulfa antibiotics have also been detected 
at sites offshore of Xiamen at levels of 2-9 ng/L [8].  
The abuse of antibiotics not only harms the environ- 
ment, but also has the potential to damage human health 
[9-10].
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Sulfathiazole (ST), sulfamethazine (SM2), and 
sulfamethoxazole (SMX) have commonly been used as 
additives for sulfa antibiotics of which trace levels have 
been detected [11-17]. Four types of sulfa antibiotics 
were found in samples of soil and groundwater in a 
farm in northeastern China [18]. Domestic sewage and 
aquaculture wastewater containing antibiotics can threaten 
the safety of residents’ drinking water. Despite the threat 
of trace amounts of antibiotics, there are no drinking water 
standards for antibiotics in China at present. Nevertheless, 
identifying methods of removing sulfa antibiotics from 
water has received a great deal of attention [19-22]. 
Removal of antibiotics from drinking water [23] using 
nanofiltration has been investigated; however, experiments 
showed that the small molecules required nanofilters of 
smaller aperture [24]. As a result, this process is easily 
hindered by membrane fouling and decreasing membrane 
flux, resulting in the need for much more energy. Activated 
carbon is a common adsorbent for pollutant removal, and 
experiments have shown that activated carbon powder has 
good effects on the removal of trace antibiotics [25], with 
smaller activated carbon particles and longer treatment 
times producing better results, but at a higher cost. 

Scoria is a natural silicate of lightweight aggregate 
formed during volcanic eruptions. Because of its 
porosity, low density, and adsorption capacity, scoria 
has been widely studied for its potential use in building 
materials such as lightweight concrete [26]. Scoria has 
also been used as a material for removing fluoride from 
groundwater by adsorption [27-28]. However, few studies 
have investigated the removal of contaminants by scoria. 
In light of its porosity, low weight, uniform particles, 
and good adsorption performance, scoria has a unique 
advantage for the removal of contaminants. Therefore, 
this study investigated the use of scoria for removal of 
sulfa antibiotics from water to determine its potential for 
large-scale contaminant removal.

Materials and methods

Main materials

Scoria with a particle size of 0.85-2 mm (after 
treatment) was obtained from a volcanic field in northeast 
Jilin Province, China. Three antibiotics (ST, SM2, and 
SMX) were purchased from Sigma (St. Louis, MO, 
USA). All chemical reagents were of analytical grade and 
purchased from Beijing Chemical Co. (Beijing, China). 
The solutions of three antibiotics were prepared by 
diluting antibiotic solutions with deionized water.

Experimental methods

To investigate the influence of water chemistry 
factors on antibiotic adsorption, 0.50 g of scoria were 
added into antibiotic solution at 5.00 mg/L in a 60.00 mL 
polyethylene bottle. The water environment in bottles was 
confirmed with the following requirements (Table 1) and 

a control group was set, then the bottles were shaken at  
120 rpm in an incubator shaker for 4 hours and kept at 
10ºC. The concentration of antibiotics in the supernatant 
was analyzed by high-performance liquid chromatography 
(HPLC-UC) using an Agilent Intelligent UV detector (270 
nm), the chemical compositions of scoria were analyzed 
by an energy dispersion x-ray detector (EDX) (JSM-
6700F on Windows NT, 2010), and the scoria’s carbon (C) 
content was analyzed through the EDX spectrum before 
and after adsorption.

Batch equilibrium and kinetic 
adsorption

A batch experiment was conducted to determine the 
reaction time required to reach adsorption equilibrium. 
Briefly, scoria (0.50 g) was added to a series of 60 
polyethylene bottles with 40 mL diluted solutions  
(0.5-10 mg/L), after which the bottles were shaken at 
120 rpm and kept at 8ºC for various lengths of time in 
an incubator shaker. The quantity of adsorbed antibiotics 
was then calculated based on the difference between the 
initial and residual amounts of antibiotics in solution. The 
antibiotics adsorption at equilibrium was calculated using 
the following equation:

( )0
eq = eC C V

M
−

 

…where qe is the equilibrium concentration, C0 and Ce are 
the initial concentration and equilibrium concentrations of 
antibiotics, respectively, M is the mass of scoria, and V 
is the volume of the solution. The initial concentrations 
were set at 0.5, 1, 2, 5, 8, and 10 mg/L. The samples 
were filtered through a 0.22 µm cellulose membrane and  
the concentration of antibiotics were analyzed by  
HPLC-UV. All batch experiments were conducted at 8ºC 
and all experiments were repeated three times.

Test methods

Water samples were filtered through cellulose 
membranes (0.22 µm) before detection, after which the 
concentrations of ST, SM2, and SMX were measured 
by HPLC. Analyses were conducted using an XDB C18 

Table 1. Ion concentrations in each group after mixing (mg/L).

Ion Concentration
Group Mn2+ Fe2+ CO3

2- Ca2+ Mg2+

C1 0 0 0 0 0
C2 0.50 0.50 5.00 50.00 50.00
C3 1.00 5.00 10.00 100.00 100.00
C4 2.00 10.00 30.00 200.00 200.00
C5 4.00 30.00 50.00 300.00 300.00

C6 8.00 50.00 100.00 500.00 500.00
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column (4.6 mm×150 mm×5 μm), a column temperature 
of 25ºC, and a UV detector wavelength of 270 nm. The 
mobile phase consisted of methanol and 0.1% formic acid 
at a 3:7 ratio. The injection volume was 20 μL and the flow 
rate was 1 mL/min. 

The microstructure physical composition and mineral 
composition of scoria were analyzed by scanning electron 
microscopy.

Results and analysis

Adsorption kinetics

The experimental kinetics data used to examine 
the mechanism controlling adsorption processes were 
fitted using pseudo first-order and pseudo second-order 
equations as follows:

(a) pseudo first-order   

(b) pseudo second-order    2
t 2 e e

t 1 t= +
q k q q

 

…where qe and qt were the adsorption capacity of 
antibiotics at equilibrium and at time t (min), respectively, 
and k1 and k2 were the rate constant of pseudo first- and 
second-order adsorption, respectively.

The quasi second-order kinetic model was based on 
the assumption that the adsorption rate was determined by 
the square of the unoccupied adsorption vacancies on the 
adsorbent’s surface, and the linear relationship between 
t and t/qt indicated that the adsorption had secondary 
adsorption kinetics characteristics.

Linear plots of pseudo first- kinetics and second-order 
kinetics are shown in Figs 1 and 2. According to the fitted 
curves in Fig 2. 1 and 2, the parameters were shown in 
Table 2. As shown in the table, the adsorption data were 
well represented by the pseudo second-order model as 
indicated by regression correlation coefficients of R2>0.99 
for the three antibiotics. These findings demonstrated 
that the experimental results were better described by 
the quasi second-order kinetic model than the pseudo 
first-order model, so the rate-limiting step would be the 
adsorption mechanism. The calculated qe values of the 
three antibiotics were 0.7688, 0.7242, and 0.6341 mg/g, 
respectively.

Adsorption isotherms

Equilibrium adsorption isotherms such as Langmuir 
and Freundlich isotherms were not only important 
methods to reflect the adsorption characteristics, but also 
the adsorption theory of the practical application system, 
which was developed according to the assumption that 
every adsorption was equivalent and the ability of a 
particle to bind there was independent of whether or not 
adjacent positions were occupied.

(c) Langmuir equation:    
e m L m e

1 1 1 1= + *
q q K q C

 

(d)Freundlich equation:    e f e
1log q = log K + log C
n

Fig. 1. Linear plot of pseudo-first-order kinetics.

Fig. 2. Linear plot of pseudo-second-order kinetics.

Table 2. Kinetic parameters for the removal of three antibiotics by scoria.

Adsorbate
Pseudo first-order Pseudo second-order

qe (mg/g) K1 R2 qe (mg/g) K2 R2

ST 0.5825 0.0309 0.995 0.7688 0.0654 0.9981

SM2 0.4532 0.0299 0.982 0.7242 0.037 0.998

SMX 0.7295 0.0230 0.9886 0.6341 0.0506 0.9988
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…where qe is the equilibrium concentration, Ce is the 
equilibrium concentration, KL is the Langmuir equilibrium 
coefficient, and Kf and n are the Freundlich equilibrium 
coefficients.

Langmuir and Freundlich equations were plotted for 
the three antibiotics, and the respective parameters are 
shown in Table 3. The R2 values of all of the regression 
correlation coefficients were >0.93, which suggested that 
Freundlich models were more suitable for describing the 
adsorption behavior of three antibiotics. Therefore, the 
Langmuir equation was not suitable for describing the 
adsorption behavior of the three antibiotics because this 
model assumes that the adsorption and desorption rates 
are identical. Freundlich’s equation was more suitable 
for adsorption by scoria, and the regression correlation 
coefficients of the three antibiotics were 0.9441, 0.9465, 
and 0.9378, respectively.

Influence of water chemistry factors 
on antibiotics adsorption by scoria

Influences of Fe and Mn

   Iron and manganese are trace elements essential for 
human health. Iron is the most abundant transition metal 
in several tissues and is involved in many processes, 
including DNA and protein synthesis. Although Fe 
deficiency will lead to a variety of motor disorders [29-
31], long-term consumption of water enriched with Fe or 
Mn has adverse effects on health. The main form of Fe 
in natural groundwater is Fe2+, which is easily oxidized 
to Fe3+, resulting in turbid groundwater. In groundwater, 
Fe and Mn coexisted, with Mn showing valence values 
from +2 to +7. These findings are not surprising because 
these are the most common valence states and all other 
states except +2 and +4 are very unstable in groundwater 
under neutral conditions. Manganese is commonly 
found in the form of suspended particulates or solid 
matter in groundwater and in the form of Mn2+ and +4 in 
natural groundwater. The content of iron is generally  
5-10 mg/L and the content of manganese is approximately 
0.5-2.0 mg/L in groundwater throughout most of China. 
This study explored the effects of Fe2+ and Mn2+ on the 
adsorption of three antibiotics by scoria (Figs 3 and 4).

Both Fe2+ and Mn2+ played a positive role in the 
absorbance of the three antibiotics by scoria. Adsorption 
effects of antibiotics by different ions at different 
concentrations differed. Overall, the increase in adsor-

bance capacity of the three antibiotics promoted by 
Fe2+ was greater than that promoted by Mn2+. Under the 
condition of high iron and manganese content, Fe2+ can be 
partially oxidized to Fe3+ during the adsorption process. 
This leads to hydrolysis and production of Fe(OH)3, which 
has a high adsorption ability; therefore, removal efficiency 
increased. However, the removal efficiency of the three 
antibiotics in the Mn2+ solution was lower than that in 
the Fe2+ solution. There were different reasons for these 
results. On one hand, it was not easy for Mn2+ to hydrolyze 
and produce colloid substances when the concentration of 
Mn2+ solution was low. On the other hand, the functional 
groups of antibiotics (-NH2) were generated by hydrolysis 
and the hydrolysis product OH- reacted with Mn2+ to form 
Mn(OH)2, which caused the amount of Mn2+ to decrease. 
Overall, the results showed that scoria has a good effect 
on adsorption removal of ST, SM2, and SMX from 
groundwater. 

Table 3. Langmuir and Freundlich parameters for adsorption of the three antibiotics.

Adsorbate
Langmuir model Freundlich model

qm (mg/g) b (L mg-1) R2 Kf n R2

ST 0.6954 5.6840 0.7751 0.1370 2.2889 0.9441 

SM2 0.5312 5.5050 0.8164 0.1173 2.2148 0.9465 

SMX 0.4445 6.3855 0.8057 0.0969 2.2124 0.9378 

Fig. 4. Effect of Mn2+.

Fig. 3. Effect of Fe2+.
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Effect of hardness

Hardness of water, which is mainly determined by 
the content of cations such as calcium and magnesium 
[32], is an important water quality monitoring index. 
According to the hygienic standard for drinking water 
(GB5749-2006), the limit for hardness of drinking water 
is 450 mg/L (based on CaCO3). Moreover, the hardness of 
water has significant effects on industries such as leather 
making [33]. In the present study, the influence of water 
hardness on the adsorption of three antibiotics by scoria 
was investigated. All samples showed concentrations of 
Ca2+ and Mg2+ below 500 mg/L (Figs 5 and 6).

As shown in Fig. 5, Ca2+ had a negative effect on 
SM2 and SMX absorbance, but a positive effect on ST 
absorbance, which improved by 50%. Additionally, Mg2+ 
promoted the absorption of all three antibiotics, with 
that of SMX doubling. Overall, both Mg2+ and Ca2+ had 
positive effects on adsorption of ST. Additionally, the 
effects of water hardness on adsorption were much weaker 
than those of Fe2+ and Mn2+, primarily because Ca2+ and 
Mg2+ were harder to hydrolyze, which led to the formation 
of lower amounts of hydrolysis products and therefore 
reduced antibiotics adsorption.

Influences of alkalinity

Alkalinity is a measure of the capacity of water to 
neutralize acids, which is important to drinking and 

irrigation water. One of the most common ions present in 
groundwater is CO3

2-, which is a major factor of alkalinity 
in groundwater and plays an important role in the 
regulation of pH balance and maintenance of homeostasis 
in humans. Accordingly, it is necessary to test for CO3

2- in 
domestic water and drinking water. Because it is easily 
hydrolyzed under certain conditions, solutions become 
alkaline when they contain CO3

2-. In the present study, we 
explored the effects of CO3

2- on adsorption of the three 
antibiotics by scoria (Fig. 5).

As shown in Fig. 5, CO3
2- inhibited the adsorption of 

the investigated antibiotics by scoria. Specifically, the 
adsorption of ST, SM2, and SMX decreased by 16%, 
6%, and 4%, respectively. The negative effects occurred 
because amino (-NH2) groups reacted with hydrogen ions 
of water, forming weakly covalently charged ions that led 
to an overall increase in the concentration of hydroxyl 
ions, causing the solution to become alkaline. However, 
the presence of OH- in water inhibited the hydrolysis of 
amino groups (-NH2) because they can react with H2O 
and produce OH-. CO3

2- can continuously hydrolyze 
with water, causing the solution to become alkaline. This 
change in alkalinity decreases antibiotics solubility and 
therefore their removal rates decreased. 

Physical and chemical indicators 
and characterization of microstructure 

of scoria

Scoria is a low-density and porous material formed by 
magma passing through volcanic channels and cooling. 
The pores in scoria form after gas escapes during the 
cooling process, resulting in its porous, lightweight, 
particle uniformity, high permeability, and good hydraulic 
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Fig. 5. Effect of Ca2+. 

Fig. 6. Effect of Mg2+.

Fig. 7. Effect of alkalinity.
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Table 4. Main compounds of scoria.

Compounds Contents Compounds Contents

SiO2 48-50% CaO MgO 10-15%

Al2O3 15-20% others <5%

Fe2O3 10-15%
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conductivity. These characteristics impart scoria with 
unique advantages for dealing with contaminated 
groundwater. Scoria has been investigated for its potential 
for use in building materials; however, few investigations 
of its use in water treatment have been conducted. The 
main components of scoria are quartz, alkali-feldspar, 
plagioclase, and clay, and these components are the primary 
factors influencing its activity. Different components of 
scoria have different effects on its adsorption capacity. As 
shown in Tables 4 and 5, the major oxides of scoria are 
SiO2, Al2O3, Fe2O3, CaO, and MgO. 

Analysis of microstructure and energy 
dispersion spectrum of scoria

The structure and morphology of materials were 
observed by scanning electron microscopy. The results 
revealed uneven surfaces and abundant pore structures, 
with pore diameters ranging from 5 to 14 μm. Moreover, 
the materials were found to contain a large number of 
well-developed microscopic pore structures that provided 
the optimum conditions for scoria to adsorb antibiotics. As 
shown in the SEM micrographs, the surface of scoria was 
relatively smooth before adsorption compared with that 
after adsorption, and there were few granular substances on 
the surface before adsorption. Moreover, some antibiotics 
collected on the surface and in the surface pores of scoria 
after adsorption, resulting in the surface becoming rough 
(Fig. 10).

The components and characteristics of scoria are 
major factors influencing its absorption effects. The 
main compounds of scoria were found to be SiO2, Al2O3, 
Fe2O3, CaO, and MgO (Table 4). Silicate, which has a 
tetrahedral structure, was the primary mineral component. 
It promoted chemical adsorption [33]. The antibiotic was 
organic, and it is well known that organic compounds 
interact effectively with scoria on the micro level.

As shown in Figs 11-14, the carbon content of scoria 
was obviously higher after absorption than the original. 
Moreover, the peak height of C (carbon) showed greater 
variation than that of the other elements. This occurred 
because the test compounds were sulfa antibiotics  
(Table 6), which mainly consist of carbon and hydrogen. 

Table 5. Physical and chemical properties of scoria.

Indexes Quantity Indexes Quantity

Density 500-600 Kg/m3 Surface area 8×103-1.5×104 cm2/g

Share 2.4-2.6 Intercepted impurities 10-13 Kg/m3

Compressive strength 7.00-8.25 Kg/cm2 Nonuniformity coefficient 1.4-1.6

Porosity 74-78% Head loss <12 cm/m

Fig. 10. SEM micrograph after adsorption. Fig. 9. SEM micrograph after adsorption.

Fig. 8. SEM micrograph before adsorption.
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Fig. 14. EDX spectrum of scoria after adsorption of SMX.

Table 6. Basic properties and characteristics of three sulfa antibiotics [35].

Antibiotics Sulfathiazole (ST) Sulfamethazine (SM2) Sulfamethoxazole (SMX)

Structural formula

Molecular formula C9H9O2N3S2 C12H14N4O2S C10H11N3O3S

Molecular weight (g mol-1) 255.3 278.3 253.3

Density (g cm-3) 1.70 1.39 1.08

Solubility (g L-1) 1.56 0.49 1.73

Fig. 11. EDX spectrum of scoria before adsorption.

Fig. 12. EDX spectrum of scoria after adsorption of ST.

Fig. 13. EDX spectrum of scoria after adsorption of SM2.
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As a result, the carbon content of scoria increased  
after absorption, which agreed with the change of  
carbon content in the EDX spectrum of scoria after 
adsorption. Overall, the increasing carbon content 
indicates that the adsorption of the three antibiotics by 
scoria was effective. 

Conclusions

1.	 The results showed that scoria adsorbed the three 
investigated antibiotics, and that the content of Fe2+ and 
Mn2+ water hardness and alkalinity in water influenced 
the adsorption of these compounds. Uneven surfaces 
and the abundant pore structures of scoria were well 
developed, which provided good conditions for the 
adsorption of antibiotics. Overall, scoria was a suitable 
material for the purification of water containing ST, 
SM2, and SMX.

2.	 Ions affected the adsorption of ST, SM2, and SMX 
by scoria in low-temperature water. However, the 
effects of ions on their adsorption differed, with 
Fe2+ and Mg2+ promoting the adsorption of the three 
kinds of antibiotics by scoria, while Ca2+ promoted 
their adsorption under some, but not all conditions. 
Conversely, Fe2+, Mn2+, and CO3

2- led to decreases in 
the adsorption of ST, SM2, and SMX of 16, 6, and 4%, 
respectively.

3.	 Kinetic data describing the adsorption were best 
described by the pseudo second-order model, while 
the equilibrium experiment data were described by 
the Freundlich model. Additionally, the rate-limiting 
step of the process was found to be the adsorption 
mechanism. The main mineral components of 
scoria were quartz, alkali feldspar, and plagioclase. 
Comprehensive research and the EDX spectra of 
scoria indicated that micro collisions occurred between 
these materials and antibiotics during the experiment, 
resulting in their removal from water.
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