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A B S T R A C T

This study concerns Cr(VI) removal using zeolites in a batch system for tannery effluent. In the initial stage,
natural zeolite (ZN) and synthetic zeolite (ZS) were characterized, obtaining a Si/Al ratio of 4.64 and 1.60, and
with predominant clinoptilolite and faujasite phases, the surface area of 9.34 and 25.82 m2/g and cation exchange
capacity of 84.05 and 188.72 meq/100 g, respectively. Subsequently, ZN and ZS were activated with HCl and
NaOH. Through preliminary tests, with a solution of K2Cr2O7, it was determined that the highest Cr(VI) removal
for both, ZN and ZS, was with NaOH activation, obtaining 82 and 56% removal, respectively. According to
Ecuadorian regulations, the Cr(VI) concentration exceeds the maximum permissible limits on the tannery effluent.
For this effluent, it was determined that the highest Cr(VI) removal, 45%, is obtained with 1 g of ZN activated
with NaOH and 100 mL of effluent. With ZN-NaOH, removal tests were carried out in a fixed bed with 5, 10, and
20 g of natural zeolite. The natural zeolite also has chromium removal capacity in the bed system, achieving
similar removals to those obtained in the batch experiments, but decreasing the treatment time. Thus, both
natural and synthetic zeolites can remove Cr(VI) in tannery effluents, achieving this effluent with permissible
limits.
1. Introduction

In Ecuador, the leather industry has grown 8.6 % in the last decade;
the province with the most significant leather production is Tungurahua,
76 % of the total [1]. However, despite the economic benefits, the leather
industry generates an environmental impact as effluent parameters such
as COD, BOD5, suspended solids, and sulfates often do not comply with
regulations [2].

In the leather industry, the most widely used substances are chro-
mium salts. However, 15% of these salts also react with the leather, and
the non-reacted chemicals (85%) are not absorbed into the leather, which
generates significant volumes of liquid effluents with a complex combi-
nation of organic and inorganic compounds [3]. Conventional waste-
water treatments, such as electrochemical [4], photocatalysis [5] and
anaerobic reactors [6]; and the use of natural materials, such as adsor-
bents [7, 8], have been proved to restore tannery effluents. In addition,
there is the possibility of an oxidation process of Cr (III) to Cr (VI), which
is approximately 100 times more toxic and 1000 times more mutagenic
than Cr (III), being also carcinogenic because as it modifies the DNA
transcription process causing chromosomal aberrations [9].
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Chromium VI is dangerous; it is soluble and mobile in water. It affects
the consumption rates of animal and plant cells, and it is available to
living organisms, it can enter the body via several routes, consumption,
epidermal adhesion, inhalation and absorption in plants and roots; it
shortens the sprouting of seeds and delays photosynthesis and enzyme
action in algae due to the presence of Chromium VI in concentrations as
low as 10 ppm [10]. On the other hand, natural zeolites have different
characteristics attributed to the geological formations in different places,
so each zeolite has distinct characteristics. However, most of them are
suitable for removing heavy metals, and the activation of their pores
improves their efficiency through the addition of acids, calcination, etc
[9, 11, 12].

Some previous works have focused on the adsorption to chromium
with different materials. Hydrogels derived from gelatin and eucalyptus
residues indicated that the gelatin hydrogel and composite hydrogels
presented great potential for chromium (VI) adsorption in solution with
an adsorption value of 12.3 mg/g [13]. A metal-organic framework
synthesized via a hydrothermal route and HFmineralizing agent [14] has
been used to remove lead (II) and chromium (VI). It was observed that
solution pH is a significant operating factor affecting the acid-base
ber 2021
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property of the sorbent surface and accordingly has an important role in
the adsorption efficiency; in this work, 30.45 mg/g of Cr(VI) was
removed. Different types of natural unconsolidated sediments in a system
were studied through batch and column experiments [15]; it was
concluded that the increase in the solution pH and solid/solution ratio
resulted in a decrease in the adsorption of Cr (VI). In this work 15–85% of
Cr(VI) was removed. On the other hand, novel materials have been
developed as innovative adsorptionmaterials to remove dyes [16, 17, 18,
19] and wastewater pollutants [20].

Due to its toxicity, Cr (VI) must be removed from tannery effluents
before discharge. One of the most recently used methods is adsorption
with natural materials; in our country some zeolites formations [21]
can be used for pollutant removal. Due to the high natural and syn-
thetic availability of zeolites and the relatively low cost of the
adsorption processes; this work focuses on the study of chromium VI
sorption in effluents derived from a real tannery located in Tungurahua
Ecuador.

2. Experimental section

2.1. Zeolites

Natural zeolites and synthetic zeolites were used. The zeolites were
collected at sampling points located within the northern foothills of the
Chong�on-Colonche mountain range, Guayas Ecuador; the zeolite samples
were named ZN01, ZN02, and ZN03, respectively. The synthetic
zeolite, from Meiqi Industry & Trade Co., LTD (China), was named ZS.

2.2. Zeolites characterization

The chemical composition of the oxides (%wt) in the natural and
synthetic zeolites was determined by X-ray fluorescence (XRF) in a
Bruker S8 Tiger at the ex-Instituto Nacional Geol�ogico Minero Metal-
úrgico del Ecuador. The surface area was determined by the BET method
in a Micromeritics Autochem 2920 in the Laboratorio de Investigaci�on,
Facultad de Ingeniería Química, Universidad Central del Ecuador.

Bulk density (ρb) was determined by the air displacement method
used [22] in Eq. (1):

ρb ¼
mass of the sample

volume of the sample after displacement
[1]

The real density (ρr) was determined using Eq. (2) [22]:

ρr ¼
ðW3 �W1Þ

ðW2 �W1Þ � ðW4 �W3Þ � ρwater [2]

where W1 denotes weight of a dry 50 mL flask; W2 denotes the weight of
the flask filled with distilled water; W3 denotes the weight of the flask
with 1 g of sample; W4 denotes the weight of the flask with 1 g of sample
and filled with distilled water; ρwater denotes the density of the water.

The porosity of the zeolites was determined by the relationship shown
in Eq. (3) [22]:

% P ¼
�
1�

�
ρb
ρr

��
� 100 [3]

P is the porosity.
The identification of mineral phases was carried out by X-ray

diffraction (XRD) with the Advanced Bruker Model D8 equipment at the
ex-Instituto Nacional de Investigaci�on Geol�ogico Minero Metalúrgico-
Ecuador.

2.3. Zeolite exchange capacity

The theoretical exchange capacity (TEC) was determined using Eq.
(4) [23]:
2

TEC ¼ eAl � 1000
Mw

� 100 [4]
where eAl denotes the aluminum atoms in the zeolite formula (equiva-
lents/mole), Mw denotes the molecular mass of the zeolite (g/mol), 1000
denotes the factor to express the result in meq; and 100 to refer the result
of 100 g of zeolite.

The cation exchange capacity- (CEC meq/100 g) was determined
using the sodium hydroxide method [24]; Eq. (5) was used:

CEC ¼ ðV1 � V2Þ � M � 200
PM

� K [5]

V1 denotes the arithmetic mean of the volumes of sodium hydroxide
solution consumed in the blank assay titration (mL); V2 denotes the
volume of sodium hydroxide consumed in the sample titration (mL); M
denotes the molarity of the sodium hydroxide solution (0.1M), and PM
denotes the sample weight (g).

The percentage of moisture (%H) was determined by Eq. (6):

%H ¼ P1 � P2

PM
� 100 [6]

The recalculation coefficient for the dry sample was determined by
Eq. (7):

K¼ 100
100�%H

[7]

P1 denotes the weight of the sample plus the initial filter weight; P2 de-
notes the weight of the dried sample plus the filter weight; and PM de-
notes the initial sample's weight. The experiments were carried out in
Departamento de Ciencias de la Tierra y Construcci�on-ESPE.

2.4. Characterization of tannery effluents

The adsorption process was performed with zeolites in wastewater
samples provided by a tannery located in Tungurahua, Ecuador.

The determination of hydrogen potential (pH) and conductivity was
measured with HACH HQ40D equipment by the tannery industry. From
the conductivity, the total dissolved solids (TDS) were determined using
Eqs. (8) and (9) [25]:

TDS ¼ EC � 800 EC > 5
dS
m

[8]

TDS ¼ EC � 640 EC < 5
dS
m

[9]

TDS denotes the total dissolved solids (mg/L), and EC denotes the
electrical conductivity (dS/m).

The chemical oxygen demand (COD) was determined with a HACH
DR 2800 spectrophotometer by the tannery industry.

Chromium (VI) was quantified by UV-VIS spectrophotometry, using
the 3500-CrB method, at a wavelength of 540 nm [26]. A HANNA-HI
83099 þ COD photometer was used, the concentration of Chromium
(VI) was determined using the diphenylcarbazide colorimetric method
[27].

2.5. Activation of zeolite

Before the adsorption process, the zeolites were activated in acid and
basic medium. The activation of the zeolite in an acid medium was
performed with an HCl solution (0.5M) using a 1:3 acid zeolite ratio for 1
h at 70 �C. The zeolite was subsequently washed with distilled water for 1
h at 70 �C, dried at 105 �C, and calcined at 350 �C for 2 h [28]. Activation
in the basic medium was performed with NaOH (1 N) solution, and the
zeolite was mixed with the basic solution in a 1:3 ratio; the mixture was
stirred for 2 h at 70 �C. Then, the zeolite was washed with distilled water



Table 2. Si/Al ratio of natural (ZN) and synthetic zeolites (ZS).

Zeolite Si/Al

ZN01 3.55

ZN02 3.51

ZN03 4.64

ZS01 1.60

Table 3. Physical properties of studied zeolites.

Zeolites ρb (g/cm3) ρr (g/cm3) %P

ZN03 0.84 2.26 62.98

ZS01 0.78 1.88 58.45

ρb: bulk density; ρr: real density; %P: porosity percentage.
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to neutral pH. Finally, the zeolite was dried at 110 �C for 4 h and placed
in a desiccator [29]. These experiments were done Departamento de
Ciencias de la Tierra y Construcci�on-ESPE.

2.6. Chromium (VI) removal with zeolite

It has been reported that there is a dependence of the removal effi-
ciency and adsorption capacity of Cr (VI) on the particle size of the
zeolite. Homaid and Hamdo (2014) delimited a particle size of 75 μm
[30]; therefore, natural and synthetic zeolite with a particle size between
63 and 75 μm were used for this work. Tests were carried out with a
potassium dichromate solution (K2Cr2O7) with concentrations of 0.9 and
0.7 mg/L, with a volume-mass ratio of 100 mL per 1 g of zeolite [31].

The solutions were placed in beakers under constant agitation; the
operating conditions were an adsorption time of 3 h and agitation speed
of 250 rpm, and experiments were performed with 50, 100, and 150 mL
of solution. With the best results of chromium removal from the potas-
sium dichromate solution, tests were carried out with tannery effluent
with a Cr (VI) concentration of 0.6 mg/L. The percentage removal of Cr
(VI) was determined with Eq. (10) [32]:

% Removal ¼
�
Ci � Cf

�
Ci

� 100 [10]

Ci: initial Cr (VI) concentration; Cf: final Cr (VI) concentration after
adsorption.

In addition, in order to propose a full-scale adsorption system,
adsorption tests were carried out on a packed bed in a glass column with
an internal diameter of 1.9 cm and external diameter of 2.3 cm, the initial
influent concentration of 0.6 mg/L and a zeolite bed with a particle size
of 1.4–2.4 mm [33]. Bed heights of 2.0, 3.9, and 7.2 cm were prepared
using 5, 10, and 20 g of the zeolite material and were tested with an
effluent volume of 50 mL. The experiments were carried out in Labo-
ratorio de Medio Ambiente del Departamento de Ciencias de la Tierra y
Construcci�on-ESPE.

3. Results and discussion

3.1. Physical-chemical zeolite properties

The composition in the form of oxides of the natural (ZN) and syn-
thetic (ZS) zeolites are given in Table 1:

The results of oxide composition show that there is a majority pres-
ence of silica and alumina for both types of zeolites. The natural zeolite
(ZN) also presents significant percentages of calcium, iron, and magne-
sium, while in the synthetic zeolite (ZS), magnesium presents a value of
over 2%. Magnesium, calcium, and potassium can be exchanged with
other ions, metallic and non-metallic, while the rest of the elements can
be considered impurities that occupy the zeolite pores. Table 2 presents
the Si/Al ratio for natural and synthetic zeolites, quantified from the
percentages of Al2O3 and SiO2.

Zeolites such as Ca-heulandite and Ca-clinoptilolite from a near
geological formation in Guayas Ecuador, presented, Si/Al between 3:30
and 4.35. Zeolites with a higher Si/Al ratio have better stability in an acid
medium and lower hydrophilicity as a reduced amount of Al causes the
Table 1. Composition of oxides (%wt) in natural and synthetic zeolites determined b

Zeolite Na2O MgO Al2O3 SiO2 P2O5

ZN01 2.43 2.74 12.09 48.74 0.20

ZN02 1.68 3.13 12.64 50.21 0.19

ZN03 0.99 2.10 11.04 58.08 0.19

ZS01 >11.00 2.55 24.04 43.45 0.06

ZN01: natural zeolite 01; ZN02: natural zeolite 02; ZS01: synthetic zeolite 01.
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negative charges to decrease. Therefore, there is a minor attraction to the
dipoles of the water molecule [34].

Zeolites with lower Si/Al have more aluminum in the structure; due
to the presence of a high amount of aluminum have a high cation ex-
change capacity [35]. Therefore, they should compensate more charge
with cations located outside of the net; as a result, they have more spots
where water would interact with zeolite, increasing the hydrophilicity of
the material [36]. In this regard, the natural zeolite would have better
stability in an acid medium, so the ZN03 zeolite with a Si/Al ratio of 4.64
was considered for developing this work. Comparing the Si/Al ¼ 4 ratio
results, which correspond to a heulandite zeolite, and the Si/Al ratio >4
to a clinoptilolite, the results show that the ZN03 zeolite with a Si/Al
ratio of 4.64 was considered for the development of the process [37]; it
can be inferred that ZN03 could be one of these two types of zeolite.

The surface area results indicate that the synthetic zeolite ZS01 has a
surface area of 25.82 m2/g, a relatively low value since synthetic zeolites
can have areas up to 780 m2/g [38]. For ZN03, a surface area of 9.34
m2/g was obtained. For natural zeolites, surface areas between 7.1 for
potassic heulandite zeolite and 3.7 m2/g for potassic clinoptilolite were
reported [39], lower values than the surface area of the ZN03. Surface
area values of 31.8, 30.8, and 18.4 m2/g reported [40] for natural zeo-
lites with mostly clinoptilolite and traces of modernite from deposits
located in Mexico. These variations of the specific surface areas are
probably due to the origin of the natural zeolites and traces of other
oxides that obstruct the pores, as reported in the XRF results shown in
Table 1.

The density results of the zeolites are presented in Table 3. The
density of the natural zeolite ZN03 is slightly higher than that of the
synthetic zeolite ZS01; a higher density generates fewer hollow spaces in
the zeolites which allows the production of more active sites for
adsorption. Therefore, the natural zeolite has a higher porosity per-
centage which involves a higher internal surface. Low densities were
reported (0.8 g/cm3) and porosities higher than 65 %, so due to the
similarity of the reported values, it is ratified that the natural zeolite
ZN03 would be of this type [41].

The mineral phases reported in Table 4 were determined by X-Ray
diffraction (XRD). The natural zeolite (ZN03) has a majority composition
y XRF.

SO3 K2O CaO TiO2 Mn2O3 Fe2O3

<0.05 0.83 8.12 0.70 0.18 7.64

<0.05 0.71 5.74 0.70 0.15 7.40

<0.05 0.70 4.84 0.43 0.08 4.25

<0.05 0.65 0.44 0.11 0.03 0.73



Table 4. Zeolite mineral phases identified by XRD.

Zeolites Quartz (%) Plagioclase group
(Anorthite) (%)

Feldespates (Orthoclase,
Microcline, Sanidine) (%)

Muscovite (%) Clinoptilolite,
Heulandite (%)

Stilbite (%) Faujasite (%)

ZN03 18.1 20.8 - 2.6 43.9 10.8 3.8

ZS01 6.2 - 37.4 - - - 56.4

Table 6. Physicochemical properties of tannery effluents.

Parameter Value Maximum Permissible
Limits*

pH 3.85 6.5–9

COD (mg/L) 1116 40

Electric conductivity (mS/cm) 57.9 NA

TDS (mg/L) 46320 NA

Cr (VI) (mg/L) 0.6 0.5

COD: chemical oxygen demand; TDS: total dissolved solids; * according to
Ecuadorian Regulations.

Table 7. Composition of oxides (%wt) and Si/Al ratio of the natural (ZN) and
synthetic (ZS) zeolites activated with HCl and NaOH.

Oxides (%
wt)

ZN03 ZN03-
HCl

ZN03-
NaOH

ZS01 ZS01-
HCl

ZN01-
NaOH

SiO2 58.08 66.21 61.56 43.44 47.84 41.63

Al2O3 11.04 10.93 11.15 24.04 26.59 23.25

Na2O 0.99 <0.020 2.38 >11.00 10.47 >11.00

MgO 2.1 1.58 1.79 2.55 2.75 2.45
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of clinoptilolite/heulandite. In addition, based on the results of XRF data
(Table 1), it comprises high silica heulandite with a percentage mass of
Ca>>Na> K and low silica clinoptilolite (Ca-Clinoptilolite) considering
the Si/Al ratio of 4.64 % [42]. The synthetic zeolite (ZS01) has a majority
faujasite composition, consistent with the Si/Al ¼ 1.60 ratio corre-
sponding to this type of zeolite [39].

3.2. Quantification of cation exchange capacity (CEC)

The theoretical exchange capacity (TEC) was determined based on
the theoretical formulas. Table 5 presents the results, which show that
the theoretical exchange capacity of the synthetic zeolite ZS01 is 2.17
times higher than that of the natural zeolite ZN03.

Table 5 reports the cation exchange capacity (CEC) results, which also
replicate the behavior of the synthetic zeolite with the highest cation
exchange capacity. The synthetic zeolites with a low Si/Al ratio have a
high cation exchange capacity [43], which was observed in this case for
ZS01 with a 2.24 times higher cation exchange capacity than the natural
zeolite ZN03. In this case, the faujasite-type synthetic zeolite has a higher
cation exchange capacity than the clinoptilolite-type natural zeolite. The
cation exchange capacity is directly proportional to the number of Al
atoms present in the tetrahedral structure; the Si/Al ratio >4 results in a
relatively low ion exchange capacity, the highest value of which belongs
to ZN03 [41], in addition to the presence of impurities and quartz, as in
the case of natural zeolites. Other natural materials, such as kaolinite,
used in adsorption on direct brown dye reported CEC values between 80
and 179 meq/100 g [44].

3.3. Determination of physicochemical properties of effluents

The results of physicochemical properties to tannery effluents are
presented in Table 6, in which they are also been compared with the
Maximum Permissible Limits in Ecuadorian Regulations [45]. Further-
more, the tannery industry provided the property values of wastewater.

The tannery effluent exceeds the maximum permissible limits, mainly
in parameters such as COD and pH. In addittion, high electrical con-
ductivity and a high total dissolved solids (TDS) value were observed,
which may indicate high levels of cations representing a health problem,
such as aluminum, lead, copper or arsenic [46]. Table 6 also shows the
Cr(VI) result of 0.6 mg/L, which exceeds the maximum permissible limit.

3.4. Zeolite activation

The oxides were identified by XRF after activation of natural and
synthetic zeolites with HCl (ZN-HCl, ZS-HCl) and NaOH (ZN-NaOH, ZS-
NaOH), the results are shown in Table 7:

In ZN03, it was observed that HCl activation generated an increase in
SiO2 and a decrease in Al2O3; its cation exchange capacity decreased due
to aluminum reduction, which reduced the sites to compensate for the
Table 5. Theoretical Exchange Capacity of the studied zeolites.

Zeolites eAl (eq/mol) Pm (g/mol) TEC (meq/100 g) CEC (meq/100 g)

ZN03 5.7 2556.83 222.93 84.05

ZS01 4.6 950.03 484.20 188.72

eAl: aluminum atoms in the zeolite formula; Pm: molecular mass of the zeolite;
TEC: theoretical exchange capacity; CEC: the cation exchange capacity.
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excess charge, in addition to the reduction in exchangeable cations
mainly due to the removal of Naþ, Kþ, Mg2þ and Ca2þ cations [46]. On
the other hand, activation with NaOH increased the amount of Na2O as
specific ions were eliminated and replaced with Naþ. The amount of Al
increased slightly, which indicates that its cation exchange capacity
would increase since it has more Naþ and a more significant amount of
exchangeable cations [23]. Based on this analysis, it can be concluded
that the activation that would provide the best results for the natural
zeolite is with NaOH.

The synthetic zeolite ZS01 showed that the values of P2O5, TiO2, and
Mn2O3 did not change after activation with HCl and NaOH, which in-
dicates that these processes did not reduce the number of impurities
present. The Na2O was conserved for the activation with NaOH while it
slightly decreased with HCl activation. The concentration of Al2O3 with
HCl activation increased, while with NaOH activation, it decreased. The
Si/Al ratios for synthetic zeolite, HCl-activated zeolite, and NaOH-
activated zeolite were 1.60, 1.59, and 1.58, respectively. The Si/Al ra-
tios before and after activation mostly did not change.

3.5. Evaluation of chromium (VI) removal with zeolite

Chromium (VI) removal tests were initially carried out with a
K2Cr2O7 solution; in all cases, the pHwas regulated along with H2SO4 (25
% wt) to maintain the solution in a range of pH ¼ 2 � 0.5 [14]. The
experiments were carried out with 100 ml of the chromium solution and
1 g of zeolites. The removal of Cr (VI) in the solution of 1 mg/L K2Cr2O7
P2O5 0.19 0.11 0.17 0.06 0.06 0.06

SO3 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

K2O 0.7 0.53 0.51 0.65 0.71 0.55

CaO 4.84 3.19 4.66 0.44 0.52 0.46

TiO2 0.43 0.29 0.26 0.11 0.11 0.11

Mn2O3 0.08 0.04 0.062 0.03 0.03 0.03

Fe2O3 4.25 3.99 3.95 0.73 0.8 0.71

Si/Al 4.64 5.35 4.87 1.6 1.59 1.58



Table 8. Chromium (VI) removal results from a K2Cr2O7 solution (100 mL) using
natural and activated zeolite (1 g).

Time (h) ZN03 ZN03-NaOH ZN03-HCl ZS01 ZS01-NaOH

Cr (VI) concentration (mg/L)

0 0.7 0.7 0.7 0.9 0.9

1 0.565 0.425 0.675 0.69 0.5

2 0.51 0.265 0.635 0.50 0.415

3 0.46 0.13 0.605 0.475 0.4

Cr (VI) removal (%) 34.29 81.43 13.57 47.23 55.56
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with ZN activated with NaOH was 13 %, the lowest result. The Cr(VI)
concentration and the best removal results obtained with the two types of
zeolites are presented in Table 8.

The removal of chromium (VI) with zeolites depends on the pH of the
solution since the pH determines the selectivity of the metal ion and
affects the charge of the adsorbent surface [47]. Previous work has re-
ported that the maximum removal and adsorption capacity was at pH 1.5
[30]. Moreover, with increasing pH, the removal efficiency of Cr (VI)
decreased. At acidic pH, the chromium (VI) species have a negative
charge as the degree of protonation of the zeolite surface is high and the
zeolite can adsorb this type of anion. If the pH is increased, the degree of
Figure 1. a) Percentage removal of Cr(VI) from tannery effluent with natural
(ZN03) and synthetic (ZS01) zeolites. b) Evolution of Cr(VI) concentration as a
function of removal time for the two zeolites studied. In both cases, concen-
trations of 0.6 mg/L and 1 g of zeolite were used.
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protonation of the surface decreases, and the surface becomes more
negative so that the adsorption decreases.

For K2Cr2O7 solution with a concentration of 1 mg/L of Cr (VI),
removal percentages using NaOH-activated ZN were 16% compared to
unactivated zeolite and HCl-activated zeolite with remotion around 10%.
The NaOH-activated ZS showed an improvement in the removal of
chromium (VI). Tests were not carried out with the ZS-HCl as the acid
treatment increases the zeolite acidity and the effective diameter of the
pores and channels. However, it produces a decrease in the ion exchange
capacity, which was proven by the low percentage of removal in the
natural zeolite activated with HCl [48]. From the tests performed with a
K2Cr2O7 solution, the best Cr(VI) removal percentages were obtained
with natural and synthetic zeolite activated with NaOH, so these were
selected for the tannery effluent tests.

The results of the percentage of Cr(VI) removal for different volumes
of tannery effluent with 1g of zeolites are shown in Figure 1, in which it is
evident that the two zeolites can remove Cr(VI). Figure 1a shows similar
Cr(VI) removal trends between the two types of zeolite, with a maximum
removal rate of 100 ml when the initial concentration of Cr(V) is 0.6 mg/
L (Table 6), the agitation with 50 mL was rapid and turbulent due to its
smaller volume; as a result, there was the formation of a vortex, and it is
likely that there was no adequate contact between the zeolite and the
effluent. This could be the reason that the adsorption did not occur
successfully. Furthermore, removal decreased after 100mL as the amount
of zeolite remained constant for the three volumes (1g); in addition, 100
mL greater homogenization was triggered with 250 rpm, and with 100
mL, there was a ratio of 0.01 g of zeolite/mL of effluent, which is the
highest adsorbent/effluent ratio. Natural zeolite (ZN03) had a higher
removal capacity than the synthetic zeolite.

Figure 1b shows the evolution of Cr(VI) concentration over time. In
all experimental conditions, the Cr(VI) was removed; the removal trends
were similar for both zeolites and the treated volumes of 100 and 150mL.
The most significant difference was in the volume of 150 mL, which
showed a higher removal with the natural zeolite (ZN03). At the begin-
ning, the zeolite showed the maximum adsorption as all the active sites
were available, but as time passed, it decreased, and the zeolite began to
saturate.

The amount of Cr(VI) retained per unit mass of adsorbent (Qt, mg/g)
as a function of process time was determined (Equation 11) [49]:

Qt ¼ ðCo � CtÞ �
�
V
M

�
[11]

Co: initial metal concentration (mg/L); Ct: metal concentration at time t
(mg/L); V: volume of effluent (L); M: mass of zeolite (g).

The results of quantity of chromium (Qt) removed are presented in
Table 9; the natural zeolite ZN retained the highest amount of chromium
per mass of adsorbent. In addition, the amount of Cr(VI) retained
increased with time.

In the previous results, the best removal option was obtained with
natural zeolite activated with NaOH used for tests in fixed beds; the
breakthrough curves for different quantities of zeolite beds are shown
in Figure 2, which demonstrates, that the curve with the highest bed
height lost adsorption capacity more slowly than the others, and the
higher the bed height is related to a more significant amount of
zeolite. The concentration of Cr (VI) removed increased over time, a
Table 9. Amount of Cr (VI) adsorbed of zeolite (Qt, mg/g) for different volumen
of tannery effluent.

Time (h) V ¼ 50 mL V ¼ 100 mL V ¼ 150 mL

ZN03 ZS01 ZN03 ZS01 ZN03 ZS01

1 0.0057 0.0043 0.0150 0.0113 0.0133 0.0093

2 0.0080 0.0057 0.0233 0.0153 0.0187 0.0140

3 0.0107 0.0063 0.0267 0.0193 0.0223 0.0173



Figure 2. Cr (VI) adsorption on activated natural zeolite (ZN) for different beds.
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trend that was evident in the 5 g bed. For the 10 and 20 g beds, after 6
min, the concentration reached an equilibrium point where the beds
were likely saturated and no longer had the adsorbent capacity to
remove Cr(VI). The curve with the highest bed height (20 g) lost
adsorption capacity more slowly than the others. With a high mass of
zeolite in the bed, the feed solution flowed into the column for a
longer residence time which increased mass transfer [50]and caused
the chromium concentration to decrease. At the initial times, all the
active sites were available for chromium adsorption, which could infer
that the zeolite has the maximum adsorption capacity initially, which
decreases over time and when in contact with the effluent. At lower
altitudes, the Cr (VI) concentration at the tower outlet increased
rapidly due to the predominance of the axial dispersion effect [50, 51];
this also means that the metal ion cannot diffuse throughout the mass
of the adsorbent.

4. Conclusions

On the mineralogical characterization, the natural and synthetic
zeolite has a majority clinoptilolite/heulandite, and faujasite type
composition, respectively, and the total exchange capacity before acti-
vation of the natural zeolite is 84.05 meq/100g and of the synthetic
zeolite is 188.72 meq/100g.

In natural zeolite, activation with NaOH was better than with HCl, as
NaOH promotes the removal of certain anions and their replacement
with Naþ. The Si/Al ratio in the synthetic zeolite after activation with
NaOH and HCl showed minimal variations, and there were no significant
variations in the percentages of the constituent oxides. Preliminary tests
with a synthetic Cr solution led to the conclusion that the zeolites that
promote more significant removal are activated with NaOH.

The tannery effluent had a Cr (VI) concentration of 0.6 mg/L, COD
1116 mg/L and pH 3.85, values that are above the maximum permissible
limit according to the Ecuadorian Environmental Regulations. Further-
more, the Cr (VI) removal tests with the effluent yielded 44.44% removal
with the ZN-NaOH and 32.22%with the ZS-NaOH, whichmeans that the
effluent complies with the permissible Cr(VI) limit for discharge with
final concentrations of 0.33 and 0.42 mg/L, respectively. For 3 h, in 100
and 150 mL of effluent, there was a removal of 0.0267 and 0.0223 mg Cr
(VI)/g of ZN-NaOH respectively, and the highest adsorption was ob-
tained in 100 mL due to the lower volume.

The amount of Cr(VI) retained per unit mass increased with time for
the two zeolites, and better chromium removal results were obtained
with the natural zeolite. Similar removal results were obtained when
working in fixed beds, so this material could also suit this configuration.
The proposed method could be scalable for tannery effluent treatment,
allowing for a geological resource that has not yet been explored in
Ecuador, as the zeolites.
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