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Introduction 
Effluents from various processing industries and other utilities 
such as electroplating industries, medical care centers and 
hospitals is reported to contain high amounts of heavy metal 
ions, such as nickel, iron, lead, zinc, chromium, cadmium and 
copper [1]. Heavy metals are naturally occurring elements and 
the multiple industrial, domestic, agricultural, medical and 

technological applications have led to their wide distribution in 
the environment; raising concerns over their potential effects 
on human health and the environment. Their toxicity depends 
on several factors including the dose, route of exposure and 
chemical species, as well as the age, gender, genetics, and 
nutritional status of exposed individuals. For this reason, heavy 
metals and their toxicity to environment is being the subject for 
many studies [2-7]. Due to mutagenic and carcinogenic properties 
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Abstract
This study focused on the adsorption/absorption process of natural volcanic tuff, 
its application, kinetics, efficiency, velocity and selectivity order in removing heavy 
metals found in pharmaceutical wastewater. 

Series of experiments were conducted in batch-wise and fixed-bed columns to 
study the removal performance and selectivity sequence of mixed metal ions (Pb2+, 
Cr6+, Cu2+, Zn2+and Fe3+) in aqueous solution using natural volcanic tuff material 
as adsorbent. The main purpose of this study is to highlight the economical 
application of the method in treatment of pharmaceutical wastewater.

Heavy metal salts were used to prepare synthetic pharmaceutical wastewater 
containing a mixture of different metal ions concentrations ranged from 1 to 20 
mg/L were to be applied to columns packed with natural volcanic tuff rich in zeolite 
ranged between (0.50-3.50 mm ) in grain size. Photometric procedure was used 
for sample analysis. The absorption experiments were carried out under changing 
conditions, different pH-values (2, 4, 6 and 7), initial solute concentrations (1, 5 
and 10) mg/L, different temperatures (10, 20 and 30°C) and varying tuff particle 
sizes (0.50-3.50) mm. 

The results showed that Freundlich model described satisfactorily sorption of Cu2+ 
and Fe2+. Used volcanic tuff exhibit efficiency in removing heavy metals ranging 
from 45-99% of the added Cr, Cu, Zn, Pb and Fe metal concentrations, respectively. 
According to the percentage sorption and distribution coefficients values, the  
selectivity sequence of studied metals by volcanic tuff is strongly dependent of 
pH, however approximating all results a selectivity sequence can be given as Pb 
≥ Fe>Cr>Zn>Cu at pH around 2 and a selectivity sequence as Fe>Cu>Cr>Zn>Pb 
at pH=6-7. The result confirms that natural volcanic tuff hold great potential to 
remove cationic heavy metal species from industrial wastewater.

Keywords: Heavy metal ions; Absorption; Pharmaceutical wastewater; Natural 
volcanic tuff
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of heavy metals, much attention has been paid for occurrence, 
concentrations, movement, fate and the anticipated health and 
environmental risks that may arise from these heavy metals since 
they have direct exposure to humans and other organisms [8,9]. 
The demand for pharmaceuticals has resulted in a consequent 
increase in pharmaceutical manufacturing companies in the world 
and hence increased pharmaceutical waste which most times 
contain substantial amount of heavy metals. Pharmaceutical 
residues in the environment, and their potential toxic effects, 
have been recognized as one of the emerging research area in the 
environmental chemistry [10,11]. Pharmaceutical effluents are 
usually discharged into the environment and when improperly 
handled and disposed, they affect both human health and the 
environment [12,13]. 

The presence of pharmaceutical compounds in waters comes 
from two different sources: production processes of the 
pharmaceutical industry and common use of pharmaceutical 
compounds resulting in their presence in urban wastewaters 
[14-17]. The pharmaceutical wastewaters generated in different 
processes in the manufacture of pharmaceuticals and drugs 
contain a wide variety of dangerous compounds including 
heavy metals [18]. Further, reuse of water after removal of 
contaminants, whether pharmaceuticals or otherwise, is 
required by industry and agriculture. In view of the scarcity of 
water resources, it is necessary to understand and develop 
methodologies for treatment of pharmaceutical wastewater as 
part of water management. 

In order to remove toxic heavy metals from water systems, 
conventional methods have been used such as chemical 
precipitation, coagulation, ion exchange, solvent extraction 
and filtration, evaporation and membrane methods [19]. These 
conventional treatment technologies for the removal of these 
toxic heavy metals are not efficient and generate huge quantity 
of toxic sludge. Adsorption of heavy metals on conventional 
adsorbents such as activated carbon have been used widely in 
many applications as an effective adsorbent and the activated 
carbon produced by carbonizing organic materials is the most 
widely used adsorbent. However, the high cost of the activation 
process limits its use in wastewater treatment applications [20]. 

Bio-sorption using natural materials locally available in certain 
regions is emerging as a potential alternative to the existing 
conventional technologies for the removal and/or recovery of 
metal ions from aqueous solutions. Low cost and availability, 
high metal binding capacity, minimum production of chemical 
or biological sludge, possible regeneration of bio-sorbents count 
for the major advantages of using bio-sorption methodology over 
conventional treatment methods. 

Zeolite-based technology can provide a cost effective solution 
for pharmaceutical wastewater treatment for the removal of 
toxic heavy metals under increasing demand of safe water from 
alternative sources [21-23]. Numerous previous studies have 
investigated the removal efficiency of zeolite tuff when placed in 
fixed bed columns confirmed their excellent performance on the 
removal of metal cations from wastewaters [24-26]. 

The efficiency of water treatment by using natural and modified 
zeolites depends on the type and quantity of the used zeolite, the 
size distribution of zeolite particles, the initial concentration of 
contaminants (cation/anion), pH value of solution, ionic strength 
of solution, temperature, pressure, contact time of system 
zeolite/solution and the presence of other organic compounds 
and anions. For water treatment with natural zeolites, standard 
procedures are used, usually a procedure in column or batch 
process. Ion exchange and adsorption properties of natural 
zeolites in comparison with other chemical and biological 
processes have the advantage of removing impurities also at 
relatively low concentrations and allows conservation of water 
chemistry, if the treatment is carried out in the column process 
[27-30].

There are several regions lacking water resources and this 
necessitates that much effort is put into water conservation and 
environmental protection. The expansion of industrial activities, 
including metal-based industries, and the excessive use of 
chemicals enhance the pollution of waters with heavy metals. All 
these require the availability of low-cost technology and materials 
for wastewater treatment. However, volcanic tuff deposits, rich 
in phillipsite and zeolite are natural occurring deposits, which 
they can be found in huge reserves in many regions [31].

In this study, the sorption behavior of natural occurring volcanic 
tuff rich in zeolite with respect to chromium (Cr), copper (Cu), 
lead (Pb), zinc (Zn) and iron (Fe) ions has been thoroughly 
examined to confirm its performance for application to purify 
industrial wastewaters. The batch method has been employed, 
using competitive sorption system with metal concentrations in 
solution ranging from 1-20 mg/l. Parameters such as pH, contact 
time, and initial metal concentration, were considered. The 
equilibrium adsorption capacity of volcanic tuff for studied heavy 
metals was measured and extrapolated using linear Freundlich 
and Langmuir isotherms. The results indicate the potentially 
practical value of this method in industries and also provide 
strong evidence to support the adsorption mechanism proposed. 

The present research work aims to study the adsorption/
adsorption behavior of different heavy metal ions Cr6+, Pb2+, Zn2+, 
Cu2+ and Fe2+ at natural untreated volcanic tuff material. The 
results showed that Freundlich model described satisfactorily 
sorption of all metals. Used volcanic tuff exhibit efficiency in 
removing heavy metals ranging from 45-99% of the added Cr, Cu, 
Zn, Pb and Fe metal concentrations, respectively. According to 
the percentage sorption and distribution coefficients values, the 
selectivity sequence of studied metals by volcanic tuff is strongly 
dependent of pH, however approximating all results a selectivity 
sequence can be given as Pb ≥ Fe>Cr>Zn>Cu at pH around 2 and 
a selectivity sequence as Fe>Cu>Cr>Zn>Pb at pH=6-7. The results 
show that natural volcanic tuff hold great potential to remove 
cationic heavy metal species from industrial wastewater.

Materials and Methods
Glass columns
Glass columns with different heights (40-70 cm, and Φ 5 cm) 
were used in the batch and column experiments. As pack and 
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Heavy metal concentrations were determined by 
spectrophotometer. All the chemicals used were of analytical 
grade reagent and all experiments were carried out in 500 ml 
glass bottles at the laboratory ambient temperature of 25 ± 2°C.

Characterization and identification 
of absorbent (natural volcanic tuff 
material)
Representative samples of used volcanic tuff were investigated 
by using optical microscopy, scanning electron microscopy (SEM), 
X-Rays diffraction (XRD). 

The instrument used is a Philips XL30 FEGSEM with Oxford 
CT1500HF Cryo stage and EDAX DX4 integrated Energy Dispersive 
X-ray Analyzer. Micro-structural and elemental constituents are 
imaged and analyzed with magnifications up to 50,000; i.e., 
image clarity at <200 nm (nanometers) scale. The X-ray diffraction 
analysis indicated that the examined raw tuff material is rich in 
zeolite beside other non-zeolite materials. 

The bulk chemical composition of volcanic tuff was measured 
using XRD; the data for chemical composition of the used 
fractions are given in Table 2. The main components were SiO2, 
Al2O3 and Fe2O3 with others found in low concentrations. 

Figures 1 and 2 shows an energy dispersive X-ray spectroscopy 
(EDS, EDX or EDXRF) for the used tuff crystals. It is an analytical 
technique used for the elemental analysis of a sample. 

Scanning electron microscope (SEM) as shown in Figure 3, 
illustrates that the tuff material exhibit significant surface area 
with a large number of holes and pores, layers and sheets which 
allow water to pass through and due to the high surface area, 
the adsorption process will be promoted to occur quickly and 
easily. Its characterization capabilities are due in large part to the 
fundamental principle that each element has a unique atomic 
structure allowing x-rays that are characteristic of an element’s 

ion exchanger material, Jordanian natural tuff grains were 
used. Continuous flow fixed-bed column was applied to study 
the efficiency of the tuff bed rich in zeolite in removing heavy 
metal ions from pharmaceutical wastewater. The operation 
was controlled through the variables (flow rate, bed depth, and 
column internal diameter).

Absorbent
Natural occurring and untreated volcanic tuff rich in zeolite 
is used as absorbent. The conventional mineral processing 
techniques of tuff are starting with crushing the materials 
followed by autogenously tumbling mill and then low intensity 
magnetic and gravity separation. The crushed original tuff was 
ground and passed through 4-0.5 mm sieves and was dried in an 
oven at 104.5°C for 24 h.  

The absorbent grains undergo a chemical treatment to eliminate 
any biological and oxidizable contents, batches of 50 g of 
reagents were boiled separately with 50 mL of HCL acid or H2SO4 
acid with concentration of 0.1 M or 1.0 M for 30 min to destroy 
organic matter [32], then filtered under vacuum and washed 
thoroughly with distilled water until a pH of 7 is maintained. The 
acidified reagents were dried overnight at 80°C. Volcanic tuff was 
grounded and then passed through 4-0.5 mm sieves and dried in 
an oven at 104.5°C for 24 h.

The grain size distribution of the used volcanic tuff is presented 
in Table 1.

The tuff was not exposed to any pre-treatment or modification. 
Samples were just washed and dried at 103.5°C and kept in 
desiccators for 24 h to ensure complete drying out.

Absorbate
The initial aqueous solution concentrations of absorbate (1, 5, 
10 and 20) mg/L were prepared using standard solutions for 
each metal. Standard solutions of metal chlorides of 500 mg/l 
and 1000 mL were used as adsorbate. Solutions of various 
concentrations were obtained by diluting the standard solution 
with distilled water. 

Chromium stock solution (100 ppm) was prepared by dissolve 
0.1923 g of chromium (VI) oxide (CrO3) in water. When solution 
is complete, acidification with 10 mL concentrated nitric acid 
and dilute to 1000 mL with water (1.00 mL=100 µg Cr). The stock 
solutions of copper, lead and zinc were prepared by dissolving 
2.1368 g of copper chloride, 1.3557 g of lead chloride and 2.1237 
g of zinc chloride in 1000 mL volumetric flasks, respectively. A 
stock solution for iron was prepared by adding 7.3073 g of 
Fe(NO3)3 in a 1000 ml volumetric flask.

Weight (g) Grain size (mm) Percentage (%)
1000 ≤ 4 100
414.3 ≥ 3 41.4
309.1 ≥ 2 30.9
211.5 ≥ 1 21.1
65.1 ≥ 0.5 6.5

Table 1 The grain size distribution of used aggregates.

Compound Weight % Compound Weight %
SiO2 65.18 MnO 0.44
Al2O3 12.24 Na2O 1.55
CaO 3.18 K2O 3.78
MgO 1.96 TiO2 0.26
Fe2O3 1.2 SO3 0.23

Table 2 Chemical composition and physical properties of natural tuff 
sample (wt %).

Figure 1 SEM images of used zeolite tuff shows tabular crystals 
associated with small fibrous crystals.

http://www.sciencedirect.com/science/article/pii/S2090123211000269#t0010
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atomic structure to be identified uniquely from each other. 
Identification of the principal elements; C, O, Fe, Na, Mg, Al, 
Si, Ca, P, K, Ti. The presence of these elements give the tuff the 
property of being an excellent ion exchanger.

The structures of volcanic tuff consist of three-dimensional 
frameworks of SiO4

+ and AlO4
+ tetrahedral. They were 

characterized by X-ray diffraction (XRD) and chemical analysis 

[33]. Al2O3, Fe2O3, CaO, and MgO were analyzed using titrimetric 
methods and SiO2 was analyzed with a gravimetric method. 
Na2O and K2O were found by flame photometry. The results of 
chemical analysis are presented in Table 2.

Adsorption Experiments
Design of experiments
In the present work, a batch-scale system using coarse and fine 
zeolite tuff packed columns was operated to investigate the 
continuous removal of heavy metals. In these experiments, the 
effects of flow rate, contact time, particle size, column height, 
initial solute concentration, pH and temperature on removal 
efficiency were investigated. 

In one-dimensional experiments with volcanic tuff aggregates 
filled columns of different sizes (fine, middle and coarse 
size), were fed with aqueous solution having different initial 
concentrations from top. The fixed bed columns, which will allow 
the most experimental variations, are to be filled with a layer 
of fine grains <1 mm at the bottom, over which a layer of tuff 
(different grain sizes) comes to slow down water passage. The 
hydraulic conductivity can be controlled by recording the time 
required to collect the injected sample outflow (contact time). 
Samples from inflow and outflows should be taken for chemical 
analyses, whereas zeolite tuff samples are to be taken for 
analyzing to record changes in chemical composition.  

Synthetic wastewater samples were prepared to give heavy 
metal solutions with concentrations of 1 mg/L, 5 mg/L, 10 mg/L 
and 20 mg/L by adding an appropriate standard solutions to 
deionized water.

The dry mass of volcanic tuff used in one column is about 79.52 g 
which forms a height of 10 cm. The volume of wastewater sample 
applied in the columns each run is 40 ml.

Sampling procedure
The uptake of metal ions by tuff material was studied to 
assess and understand the maximum removal efficiency 
under considering changing experimental variables. For these 
investigations, several 50 mL glass test tubes were used. Each 
test tube received 40 mL of a metal ion solution (each run has 
different initial concentration) and adjusted to the desired pH 
from 2.0 to 7.0 and controlled using a pH meter. The pH of the 
solution was adjusted using dilute solution of 0.1 N hydrochloric 
acid HCl or sodium hydroxide NaOH as necessary. Each test tube 
is filled with fixed amount of volcanic tuff (10 mg). The solution 
was introduced at a constant volumetric flow rate (Q=40 mL) and 
initial concentration (Ci).

A continuous shake of tubes were performed to maintain 
equilibrium and complete mixing. The effluent suspension was 
diluted (if necessary) to an appropriate concentration range 
and filtered through Whatman filter paper for the elemental 
analysis by atomic absorption spectroscopy (A.A.S). The contact 
time denoted as CT in minutes which reflects the real detention 
time of the aqueous solution within the fixed bed. Each batch 
consists of 4 effluent samples with detention times varying from 

 

Figure 2 X-Rays diffraction spectrum of the used zeolite tuff.
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Figure 3 Effect of contact time on the removal of heavy metals on 
volcanic tuff grains.

http://www.sciencedirect.com/science/article/pii/S2090123211000269#t0010
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zero to 10 minutes. The first sample (sample # 1) is added to 
fixed bed and collected immediately at the bottom, practically 
with a detention time zero (CF0). The second sample (sample # 
2) is collected after lasting in the bed for 1 min (CF1), the third 
sample (sample # 3) lasts 5 min (CF5), while the fourth sample 
(sample # 4) is allowed to last 10 min (CF10) within the bed 
prior to discharge. The experiment was conducted under a 
controlled room temperature (Air Conditioning unit controlled 
the temperature) in order to make the working temperature 
constant at 25°C for a predetermined time (24 h) with continuous 
stirring. A peristaltic pump every 10 min feeds the column with 
40 mL of aqueous solution. The small aliquots of samples were 
withdrawn from the reaction. 

Experimental data were used to determine the equilibrium time, 
equilibrium concentrations, amounts adsorbed at equilibrium, 
optimum initial pH and temperature influence over the bio-
sorption process. Preferable removal sequence series were 
obtained. Also the experimental data were used to establish 
isotherm (linear and nonlinear regression), kinetics models and 
to calculate thermodynamic parameters. All the experiments 
were repeated three times, the values presented were calculated 
using averaged concentration readings.

Results and Discussion 
In experimental performance by the batch method, due to the 
small ratio of volumes of volcanic tuff/solution, the kinetics of the 
removal is determined by diffusion through the natural volcanic 
tuff particles. The experiments are carried out at different pH 
values (2, 4, 6 and 7) and with different initial concentrations 
(1 mg/L, 5 mg/L and 10 mg/L). The results show that the ionic 
exchange reactions took place for all samples in the experiments. 
The most obvious result obtained for all metals is the observed 
decrease in the initial concentration indicating that volcanic tuff 
is an active material in the absorption/ionic exchange process 
and can be used with high efficiency for removal of heavy metals 
from aquatic solutions.

In addition, a fundamental finding is that the heavy metal ions 
uptake is mainly correlated to solution pH, also that the removal 
of heavy metals is selective and selectivity order for removal 
could be established. 

Effect of pH on metal uptake, efficiency and 
selectivity sequence 
Ambient pH was likely to be a major factor in the quantity of 
metal ion bio-adsorption owing to cations competition effects 
with hydrogen ions. Solution pH has a significant impact on 
heavy metal removal by zeolitic tuff since it can influence metal 
speciation, integrity of zeolite (mineral's surface properties) and 
also H+ ions are considered competitive in ion exchange [2,34-
37]. pH is one of the most important parameters influencing 
not only site dissociation, but also the solution chemistry of the 
heavy metals since hydrolysis, complexation by organic and/or 
inorganic ligands, precipitation and availability of heavy metals 
are all influenced by it [38]. In this study, the adsorption capability 
of the volcanic tuff was observed to be strongly influenced by 

pH change. The experiments and obtained results exhibit clearly 
the decrease in initial concentrations of metal ions as a direct 
function of pH. 

Table 3 represents the obtained results regarding the preferable 
uptake sequence of heavy metals in association with pH. It 
illustrates a summary of the optimal pH scale by which the 
highest uptake rate of each metal is occurring. In addition, 
it demonstrates the removal efficiency for each metal in 
correlation with the contact time between metal ions and tuff 
particles. For instance, at pH 4, adsorption percentage was 
73.3% for Cr, 95.7% for Fe, 97% for Cu, 89% for Zi and 95% for 
Pb. At pH 6, the corresponding values rose to 83%, 98%, 98%, 
97% for Cr, Fe, Cu and Zi, respectively, but decreased to 92% 
for lead. These results are similar to results reported by [39,40] 
for heavy metal ions sorption onto agricultural waste sorbents. 
Obtained results of this study revealed that adsorption efficiency 
of volcanic tuff is optimum at pH 4 to pH 7. Low adsorption rates 
of metal ions at higher pH>7 could be attributed to the formation 
of their hydroxides which build precipitate and prevent further 
adsorption as suggested by Lisa et al. [41], Xiao and Ju-Chang [42] 
and Olayinka et al. [43].

In similar studies the use of natural and modified zeolites has 
been further examined for the simultaneous removal of Fe+2 
and Mn+2 from underground water samples and results of Fe+2 
and Mn+2 removal levels were suggested to be between 22-90% 
and 61-100% for natural zeolite – clinoptilolite [42]. In addition 
several selectivity sequences have been reported in several 
similar adsorption studies (mainly conducted in a single solution) 
for natural zeolites [25]: Co2+>Cu2+>Zn2+>Mn2+. The selectivity 
series of clinoptilolite in the sodium form was determined by 
Olayinka et al. [43] as follows: Pb+2>Cd2+>Cs+>Cu2+>Co2+>Cr3+>Zn
2+>Ni2+>Hg2+.

The removal efficiency for each heavy metal (Cr, Zn, Cu, Fe and 
Pb) was calculated in relation to different acidic conditions (pH=2, 
4, 6 and 7) with respect to initial solute concentration Ci (1, 5 
and 10 mg/L). As result of absorption analysis, huge data sets 
were obtained (Tables 3 and 4). which describe the absorption/
adsorption process of heavy metals on absorbent in relation to 
pH of solution, contact time and the initial concentration of solute 
used. Based on data obtained, it is to confirm that the absorbent 
behaves differently in regard to absorbing heavy metal ions in 
relation to pH, contact time and the initial concentrations of ions 
applied. Figure 4 shows the removal efficiency of investigated 
heavy metals in relation to contact time time (CF0 to CF10) 
when applied to absorbent with an initial concentration of 
10 mg/L at pH=2. It is clearly demonstrated that at these pre-
defined conditions volcanic tuff has great affinity to absorb iron 
ions followed by lead and chromium. As presented in Tables 3 
and 4, when one or more of these prior defined experimental 
conditions change, the affinity and abundance of tuff material to 
absorb metals varies, sometimes significantly.   

Removal efficiency
The removal efficiency was calculated using the equation: 

Removal efficiency=(Ci–Cf)/Ci × 100 % which exactly reflects the 
percent of adsorption/absorption

http://www.sciencedirect.com/science/article/pii/S2090123211000269#t0010
http://www.sciencedirect.com/science/article/pii/S2090123211000269#t0010
http://www.sciencedirect.com/science/article/pii/S2090123211000269#t0010
http://www.sciencedirect.com/science/article/pii/S2090123211000269#t0010
http://www.sciencedirect.com/science/article/pii/S2090123211000269#t0010
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Effect of contact time 
The effect of contact time on the removal efficiency of different 
heavy metals copper, zinc, chromium, iron and lead ions was 
studied under consideration of the ambient acidic condition 
(prevailing pH).

Figures 3 and 5 describe the uptake of applied metal ions on 
the tuff material at varying contact time between absorbate 
and absorbent, while the pH is hold constant. The rate of uptake 
of metal ions was quite rapid for all ions as soon as a contact 
between tuff grains and ions solution occurs; the metal removal 
in the first run (zero contact time, pH=4) ranges from 65-90% 
when ions pass through tuff bed with an initial concentration of 
5 mg/L. For iron, copper and zinc 90% of the ions are removed 
immediately as ions came in contact with tuff bed, while for 
chromium and lead 10 min contact time was required for an 82% 
and 87% removal, respectively (Figure 3). At pH=6, the uptake of 
cupper on tuff grains occurred rapidly followed by iron when the 
solution passed through with an initial concentration of 1 mg/L 
(Figure 5). It has been observed that a change in pH results an 
immediate change of the order of removal of metals. 

This is in agreement with the results obtained by Inglezakis et 
al. [44] for removal of heavy metals using orange peel activated 
carbon, Zamzow et al. [45] for remediation of chromium rich 
waters and wastewaters by fly ash. These results suggest that the 
adsorption capacity increases with the increase of concentration 
up to a limit. This fact indicates that if the metal ion concentration 
in solution increases, the difference in concentration between 
bulk solution and surface also increases, intensifying the mass 
transfer processes [46].

Effect of initial concentrations
Results obtained from both column and batch technique 
confirmed that natural occurring volcanic tuff can remove heavy 
metal ions with high performance when applied at different 
concentrations ranged between 1 to 20 mg/L at varying acidic 
conditions as illustrated in Table 3.

pH Ci 
(mg/l)

Preferable 
removal sequence

 Removal efficiency* (%)

Cr        Fe              Cu         Zn           Pb

 1 Pb>Fe>Cr>Cu>Zn 69.6    98.2           57        10            98

2 5 Pb ≥ Fe>Cr>Zn>Cu 91        92.4          48.8      51.0       95.6
 10 Fe>Pb>Cr>Cu>Zn 85.5     95.4          51.2     40.2       96.7
 1 Cu>Pb>Cr>Fe>Zn 91.9     97.2          98.5     58            98
4 5 Pb>Cu>Zn>Cr>Fe 88.1     88.0          98        96            99
 10 Fe>Cu>Pb>Zn>Cr 73.3     95.7          97        89            95
 1 Cu>Fe>Pb>Cr>Zn 90         98            99         71.6        97
6 5 Cu>Zn>Fe>Cr>Pb 83         98            98         97           92
 10 Fe>Cu>Cr>Zn>Pb 73         99            99         95           88
 1 Fe>Cu>Cr>Zn>Pb 86         99            91        67            93
7 5 Cu>Fe>Pb>Cr>Zn 90         97            97        71            94
 10 Fe>Cu>Pb>Zn>Cr 83         97           97         95            96

Table 3 Preferable removal sequence (selectivity order series) of heavy 
metals and the efficiency of removal for each element in relation to pH 
and initial concentrations.

*: removal efficiency=(Ci–Cf)/Ci × 100%

Heavy 
Metal ions

Initial Conc. (Ci) Optimal pH for adsorption/
absorption(mg/L)

 1 4>6>7>2
Cr 5 4>6>7>2
 10 4=6=7>2
 1 7>6>4>2

Zn 5 4=6>2>7
 10 6=7>4>2
 1 4=6>7>2

Cu 5 4=6=7>>2
 10 4+6=7>2
 1 6>7>2>4

Fe 5 6=7=4>2
 7 2=4=6=7
 1 4>2>6=7

Pb 5 4>2>6>7
 10 7>2=4>6

Table 4 Optimal pH for absorption of heavy metals on volcanic tuff.

0

20

40

60

80

100

0 1 2 3 4

R
e

m
o

va
l E
ffi

ci
e

n
cy

 (
%

)

Sample #
DT  (min)

Cr
Zn
Cu
Fe
Pb

Ci = 10 mg/l at pH = 2 

CI CF5 CF10CF1CF0

Figure 4 Removal efficiency of heavy metals in relation to initial 
solute concentration and contact time.

-0.1

0.1

0.3

0.5

0.7

0.9

1.1

0 1 2 3 4

C
o

n
ce

n
tr

ati
o

n
s 

in
 (

m
g/

L)
 

Sample #
DT  (min)

Cr

Zn

Cu

Fe

Pb

CI CF0 CF5 CF10CF1

Ci = 1 mg/L at pH=6 

Figure 5 Effect of contact time on the removal of heavy metals on 
volcanic tuff grains.

http://www.sciencedirect.com/science/article/pii/S2090123211000269#t0010


ARCHIVOS DE MEDICINA
ISSN 1698-9465

2017
Vol.3 No.2:9

7© Under License of Creative Commons Attribution 3.0 License

 Journal of Medical Toxicology and Clinical Forensic Medicine 
ISSN 2471-9641

In general it can be observed that for some metal ions, the 
adsorption increases with increasing initial metal concentration, 
but under certain acidic conditions, and that leads to an increase 
in the amount of heavy metal ion adsorbed on to tuff grains. 
Whilst for other metals the adsorption decreases with increasing 
initial concentrations which emphasizes that the acidic condition 
is controlling the process. These results may be simply explained 
on the basis that the increase in the number of ions competing for 
the available binding spaces and also because of the lack of active 
sites on the absorbent at higher concentrations. Therefore, more 
metal ions were left in solution at higher levels of concentrations.  

Figure 6 shows clearly that pH influence the process of absorption 
of Cr+6 on tuff material. At pH=2 the ability of tuff material to 
absorb Chromium ions is low.

Uptake capacity of volcanic tuff on metal ions 
In equilibrium, a certain relationship prevails between solute 
concentration in solution and adsorbed state (i.e., the amount of 
solute adsorbed per unit mass of adsorbent). Their equilibrium 
concentrations are a function of temperature. Therefore, the 
adsorption equilibrium relationship at a given temperature is 
referred as adsorption isotherm. 

The amount adsorbed (qe) was calculated from the formula: 

qe=V (Ci–Ce)/m

where,

Ci and Ce are the initial and equilibrium liquid-phase concentrations 
(mg/L) of adsorbates; V is the volume of the solution (mL); and 
m is the mass of adsorbent (g). This equation assumes that the 
change in volume of the bulk liquid phase is negligible as the 
solute concentration is small and the volume occupied by the 
adsorbent is also small. The amount of heavy metals adsorbed 
on the sample was calculated using a previously determined 
calibration curve. 

The experimental results of the binding of the heavy metals 
(Cu+2, Pb2+, Cr2+, Fe2+ and Zn2+) ions on natural volcanic tuff 
indicate a higher degree of ion removal at (lower/higher) initial 
concentration area of metal ions. 

The plot in Figure 7 shows the uptake degree of each heavy metal 
ion as a function of the initial concentration and the prevailing 
acidic condition. The uptake degree is defined as: 

α=(Ci–Ce)wt [mg/l.g]

Ci being the initial concentration and Ce final concentration of 
the particular ion, wt is the weight of tuff (g). α: uptake degree 
relates the decrease in concentration to the wt of absorbent. 
The analysis of obtained data shows the uptake of heavy metals 
depends mainly on: pH, initial concentration, contact time and 
which element is being absorbed. 

Figure 7 indicates that the volcanic bed behaves differently in 
respect to individual heavy metals is quite different. Each gram 
of the volcanic bed absorbed different amounts of heavy metals 
on selective basis and the velocity of uptake depends mainly on 
which heavy metal is being absorbed. At pH=4, the absorption of 
chromium and iron is almost completed during the first minute of 

contact time in solid-liquid phase, while for zinc, lead and copper, 
the uptake process takes almost 10 min to be completed.

For comparison purposes, Figure 8 for instance, shows the uptake 
of applied heavy metal ions on material tuff at pH=6. Under these 
circumstances, absorbent exhibits great affinity to absorb copper 
followed by iron and chromium. Another proves that prevailing 
acidic conditions have great role on controlling the absorption/
adsorption process. 

In similar studies the use of natural and modified zeolites has 
been further investigated for the simultaneous removal of Fe+2 
and Mn+2 from underground water samples. In particular, Fe+2 
and Mn+2 removal levels were suggested to be between 22-90% 
and 61-100% for natural zeolite – clinoptilolite [42].
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Breakthrough curves
Based on the fact that in equilibrium, a certain relationship exists 
between solute concentration in solution and the amount of 
solute adsorbed per unit mass of adsorbent. This equilibrium 
state depends on many factors such as, temperature, pH amount 
of absorbent and the initial concentration of solute. To examine 
the uptake capacity of absorbent (saturation state), two metals 
iron (Fe) and copper (Cu) are applied to a fixed bed column 
filled with 10 g of volcanic tuff in order to examine the time for 
reaching saturation of material with these two metal ions and 
the total amount absorbed. These two metals were selected 
based on absorption results presented in Tables 3 and 4. Analysis 
results suggested that both metal ions experience 100 % uptake 
by volcanic bed at pH=6 and after 10 min contact time. 

The batch adsorption experiment were conducted (started first 
with iron solution) with an initial concentration of 10 mg/l. 40 
ml of this solution is applied to the column containing 10 g of 
bed material every 10 min. The small aliquots of samples were 
withdrawn from the reaction and analyzed. 

After exactly 335 min the analysis of the samples shows that the 
final concentration of iron in samples is still low, which means 
that the adsorption capacity of material is maintained high? 
In order to accelerate the saturation of the bed material, the 
experiment is then continued with an initial concentration of 
iron=20 mg/l, also here with 10 minutes tact. After exactly 570 
min the final concentration stabilizes and starts to increase to a 
final concentration very close to feed concentration, this gives 
indication that the material is saturated with iron ions and 
reaches its ultimate absorbing capacity. 

It is to emphasize that  iron is selected with the believe that 
because iron is a major component of the natural material and 
the absorbing capacity of the material for iron can be limited 
when compared to the absorbing capacity of tuff on other metal 
ions that are less present. 

The experiment is repeated for copper solution with an initial 
concentration of 10 mg/l using the same bed that is previously 
brought to saturation with iron ions. It is to observe that after 
exactly 192 min the material is completely saturated with copper 
ions. 

Uptake capacity factor for Iron and copper
The Uptake capacity, UC, to absorb contaminants in this case 
metal ions, can be determined by using following mass balance 
equation: 

UC=(V/m) × (Ci–Cf)

Where:

UC=Contaminant loading at a given time period until saturation 
point (mg/g)

V=Solution volume (mL)

m=Mass of the adsorbent material (g)

Ci=Solute initial concentration in solution (mg/L)

Cf=Solute final concentration in solution (mg/L)

In this study, the iron uptake capacity and the breakthrough 
curve experiment was conducted and involves the application of 
35 batch runs, 40 mL for each run with an initial concentration 
of 10 mg/L. In addition, there are 24 applications each 40 mL of 
solution with an initial concentration of 20 mg/L following the 
first batch. This iron loading is completely absorbed by the 79.52 
g bed material until reaching the saturation point. An uptake 
capacity factor can be calculated using these data as follows:

Iron loading: 35 × 0.040 L × ∑(Ci–Cf) mg/L+24 × 0.040 L × ∑(Ci–Cf) 
mg/L=17.24 mg

Uptake capacity factor, UCFe=17.24/79.52 g=0.217 mg Fe/g tuff. 

For copper and in order to reach the saturation point with 
copper, there are 30 applications with initial concentration=10 
mg/L needed. 

Copper loading: 30 × 0.04 L × ∑(Ci–Cf) mg/L=8 mg. 

Uptake capacity factor, UCCu=8.0 mg/79.52 g=0.10 mg Cu/g tuff.

Accordingly, the maximum absorption capacities for volcanic 
tuff were found as 0.217mg Fe/g tuff and 0.100 mg Cu/g tuff. An 
uptake ratio of iron uptake capacity and copper uptake capacity 
can be determined as UCFe/UCCu=2.17. This result indicates that 
volcanic tuff is capable to absorb more iron rather than copper. 
Similar studies also confirm these results [47]. For copper 
uptake capacity, a study Kannan and Rengasamy [48] reported 
comparative results.

This experiment confirms that the uptake of iron ions Fe+3 (mg 
Fe+3/g tuff) by tuff material declines gradually with time as more 
solution is added until a saturation (equilibrium) state is achieved. 
A correlation curve in Figure 9 demonstrates the association of 
declining uptake capacity with advancing time until saturation. 
Similar trend shows the uptake behavior of tuff material in regard 
to copper (Cu+2).

Sorption isotherm models
The term sorption is generally involves expressions, absorption 
and adsorption. Adsorption is mostly estimated using the 
equation:

R² = 0.393
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% Adsorption=(Ci–Cf)/Ci) × 100 %

Where Ci and Cf are the concentrations of the metal ion in initial 
and final solution, respectively [28,49]. Equilibrium studies that 
give the capacity of the adsorbent and adsorbate are described 
by adsorption isotherms, which is usually the ratio between 
the quantity adsorbed and the remaining in solution at fixed 
temperature at equilibrium [50-52].

Several isotherm models are available to describe this equilibrium 
sorption distribution. Two of these isotherm equations were 
adopted in this study, as follows.

The Langmuir equation is used to estimate the maximum 
adsorption capacity corresponding to complete monolayer 
coverage on the adsorbent surface and is expressed by:

qe=(qmax KL Ce)/(1+KL Ce) 

where KL (dm3g-1) is a constant related to the adsorption/
desorption energy and qmax is the maximum sorption upon 
complete saturation of the biomass surface [53]. The linearized 
form of the above equation after rearrangement is given by:

Ce/qe=1/qmax KL+Ce/qmax 

The experimental data is then fitted into the above equation for 
linearization by plotting Ce/qe against Ce.

Freundlich isotherm equation
The Freundlich sorption isotherm, one of the most widely used 
mathematical descriptions, gives an expression encompassing 
the surface heterogeneity and the exponential distribution of 
active sites and their energies. The Freundlich isotherm is defined 
as:

qe=KCe1/n and in linearized form is: 

log qe=log k+1/n log Ce

Where, Ce is the equilibrium concentration in mg/l, qe=amount 
of adsorbate adsorbed per unit weight of adsorbent (mg/g). k is a 
parameter related to the temperature and “n” is a characteristic 
constant for the adsorption system under study.

Adsorption experiments
After each adsorption, the residual metal ions of (Cr, Zi, Fe, Cu 
and Pb) were determined using following equations:

% Adsorption=(Ci–Cf)/Ci) × 100 %

X/M=V (Ci–Cf)/m

Where: V=Volume of solute (mL), M=Mass of adsorbent (mg), 
Ci=Initial concentration (mg/L), Ce=Final metal concentration 
at equilibrium (mg/L), X=Adsorbate concentration/adsorption 
capacity of tuff material (mg/g).

Five mixed solutions with concentrations 25 mg/L, 50 mg/L, 
75 mg/L, 100 mg/L and 125 mg/L of Fe and Cu were made by 
proper dilution of stock solution for both metals. The pH was 
adjusted and maintained at 6 throughout the experiment. 25 mL 
of the prepared samples was poured into five flasks. 10 g of the 
adsorbent was introduced to each flask and was agitated for 1.25 

h. Thereafter the concentrations of Fe and Cu were determined. 

The equilibrium data obtained from this experiment were 
observed to fit with Langmuir and Freundlich isotherm models. 
Plotting Ce/(x/m) against Ce for both metals as shown in Figures 
10 and 11 indicates that the equilibrium data follows the 
Langmuir model.

Langmuir parameters and correlation coefficient square R2 are 
presented 

The essential characteristics of the Langmuir isotherm can be 
expressed in terms of a dimensionless constant separation factor 
(RL) which is defined by RL=1/(1+KL Ce). Where RL is Langmuir 
constant, Ce is the highest final concentration (mg/L). The value 
of RL suggests the type of the isotherm to be either unfavorable 
(as RL>1), linear RL=1, favorable 0<RL<1 0r may be irreversible 
if RL=0 [54]. In this case, Langmuir isotherm is favorable as 
RL=0.966 and 0.944 for Fe+3 and Cu+2, respectively as shown in 
Figures 12 and 13.

The correlation between log x/m and log Ce are presented 
in Figure 12 and the adsorption of iron ions onto the adsorbent 
gave a straight line; values of “n” between 2 and 10 show good 
adsorption. 

The kinetic studies of adsorption of heavy metals Fe+3 and Cu+2 
ions onto volcanic tuff material was carried out using the second 
order models, the Freundlich isotherm constants and their 
correlation coefficients R2 are listed in Table 5.

The calculations presented in Table 5 which are derived from 
Figures 10-13 indicate that the absorption process in following 

Figure 10 Removal of iron ions Fe+3 by volcanic tuff at pH=6 fitted 
to Langmuir isotherm.
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Figure 11 Removal of copper ions Cu+2 by volcanic tuff at pH=6 
fitted to Langmuir isotherm.
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Langmuir and Frundlich isotherms with high certainty. 

Comparative results are reported by Karnib et al. [55].

Relating absorbed concentrations of Cr+6 and Zi+2 to their 

applied initial concentrations as presented in Figures 14 and 
15 emphasizes the hypothesis that the absorption process of 
chromium and zinc ions also best fit to Langmuir and Freundlich 
isotherms.

Conclusion
On controlling and optimizing all the conditions studied in this 
work, it was confirmed that untreated natural volcanic tuff is an 
effective and inexpensive absorbent for the removal of Cr+6, Fe+2, 
Cu+2, Zn+2 and Pb+2 from contaminated pharmaceutical wastewater 
and although unknown, it can compete well with commercial 
adsorbents such as treated zeolite and activated carbon. 

The column experiments provide useful information about the 
transport behavior of the heavy metal contaminants and the 
relevant parameters for effective removal are contact time, 
ambient pH, initial concentration and temperature. 

The sorption behavior of the used samples towards Cr+6, Fe+2, 
Cu+2, Zn+2 and Pb+2 indicated high initial rate of metal ions 
uptake. The percentage removal of ions found to be between 
10-99% influenced mainly by ambient pH. Most probably, acidic 
metal solutions reduce the performance of natural volcanic 
tuff in retarding the movement of heavy metals and affect the 
mineralogical composition of the materials. 

The natural volcanic tuff possess good retention capacity for 
cationic metals showing metal uptake affinity For instance, when 
a solution containing two different metals is flowing through a 
fixed bed, the tuff material usually favors one ion over another. 
It showed that the selectivity sequence of metal ions by the 
adsorbents was dependent on the system employed, and was 
mainly influenced by the initial concentrations of the metal ions, 
but controlled also by the initial pH of the solution.

Obtained results showed that volcanic tuff has the greatest 
ability to remove Pb+2 at lower pH whereas at higher pH it favors 
the uptake of Fe and Cu ions. Obtained correlation coefficients 
R2>0.94 suggested high fitting of the experimental data to 
Langmuir isotherm and Freundlich isotherm for both Cu and Fe 
ions. Results also confirm that the uptake of chromium and zinc 
ions best fit to Langmuir and Freundlich isotherm regimes.

Breakthrough curves for iron and copper shows that the uptake 
capacity of iron per gram of tuff material equals 0.217 mg Fe+2/g 
tuff, while the uptake capacity for copper equals 0.1 mg Cu+2/g 
tuff, suggesting the high ability of tuff material to eliminate iron 
rather than copper from aqueous solutions.

Figure 12 Removal of iron ions Fe+3 by volcanic tuff at pH=6 fitted 
to Freundlich isotherm.
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Figure 13 Removal of iron ions Cu+2 by volcanic tuff at pH=6 fitted 
to Freundlich isotherm.
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Best-fit isotherm models Fe+3 Cu+2

Langmuir model
Plot (Ce/x/m) vs. Ce

Correlation coefficient
Regression equation

 
R2=0.975

y=70.241 x–22.08 
1/n=0.51, k=6.39         

 
R2=0.9874

y=79.597 x–22.458
1/n=0.51, k=5.89

Langmuir model 
Plot Log Ce/x/m vs. log Ce

Correlation coefficient
Regression equation

R2=0.9399
y=3.0844 x–3.1899
qmax=63.76 (mg/g) 

b=0.42 (1/mg)

R2=0.95
y=1.2766 x–0.4506
qmax=68.46 (mg/g)

b=0.42 (1/mg)

Table 5 Values for Langmuir and Freundlich adsorption models.
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