¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2020.25435

186 (2020) 234246
May

Removing of Cr(Ill) and Cr(VI) compounds from aqueous solutions by

shale waste rocks

Beata Jabtonska

Czestochowa University of Technology, Faculty of Infrastructure and Environment, Department of Environmental Engineering,
Brzeznicka St. 60a, 42-200 Czestochowa, Poland, Tel. +48 34 32 50 917; email: beata.jablonska@pcz.pl

Received 26 September 2019; Accepted 3 January 2020

ABSTRACT

Shale is a sedimentary rock often occurring in gangue that accompanies coal and other minerals. It is
extracted with them and often treated as waste rock. In the paper, the shale was tested for sorption of
Cr(III) and Cr(VI) ions from aqueous solutions. The samples were taken from three different Polish
mines. The structural and surface properties of the shales were determined via nitrogen adsorption/
desorption. The specific surface area of the shales ranges from 10.3 to 12.3 m?/g. In sorption tests,
the effect of pH was tested. The initial concentrations of chromium ions fell in range 1-500 mg/L
for Cr(III) and 1-100 mg/L for Cr(VI). Several adsorption models were considered. The adsorption
follows the Langmuir isotherm. The sorption capacity in the Langmuir model is 7.67-9.85 mg/g for
Cr(III), whereas only 0.56—4.66 mg/g for Cr(VI). The sorption percentage equals 75%-90% for low
concentrations of chromium ions, and drops with an increase in the initial concentration. There is a
significant difference between the tested shales in chromium sorption, especially for Cr(VI). One of

the tested shales turned out to have best performance for both Cr(III) and Cr(VI).
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1. Introduction

An important contemporary problem of water and soil
environments is the constantly growing pollution with
chromium compounds. In 2019, about 36,000 Mg of chro-
mium ore were extracted and processed in the world. The
largest known chromium resources (95%) are located in
Kazakhstan and South Africa; in addition, smaller but still
significant amounts of chromium are also in the United
States, Turkey, India and some other countries [1]. The main
chromium sources used in the industry are ores containing
chromite (FeCrO) and krokoite (PbCrO) [2]. The world’s
resources of chromite are assessed to over 12 billion tons
[1]. Chromium compounds are used in various branches of
industry, among others for the production of high-quality
steel as the main alloy addition, in galvanization, tanning,
in the textile industry, for the production of paints, plastics

and dyes [3]. For example, China is a leading country using
ferro-chromium to produce stainless steel [1]. Chromium ore
extraction and industrial activity contributes to the genera-
tion of large amounts of waste and chromium wastewater.
The accumulation of metals in soils increases over time, and
is the result of not only mining activities, but also minerals
containing metals, geographical features and even the local
dominant wind in the area [4]. The presence of chromium in
the environment is a potential threat to aquatic animals and
humans, because, among others, may lead to skin sensitivity
and greater likelihood of genetic defects, including cancer [5].

Chromium is present in several oxidation states; in
aqueous solutions it is mainly +3 and +6, rarely +2 [6]. Cr(VI)
is much more toxic than Cr(Ill) because it has a greater abil-
ity to penetrate cell membranes. According to the classifica-
tion by International Agency for Research on Cancer (IARC),
Cr(VI) belongs to particularly dangerous compounds [7].
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Cr(III), on the other hand, is 300 times less toxic than Cr(VI)
because it has limited solubility in hydroxide, which makes
it less mobile and bioavailable in the environment [8].

The harmful effect of chromium compounds and their
migration in the water-ground environment forces the search
for more effective and ecologically safe ways of their removal
from sewage and water. The most commonly used methods
for the treatment of wastewater containing chromium are
precipitation methods [9], ion exchange [10], membrane pro-
cesses [11], electrochemical methods [12] and adsorption [13].
As given in [14], the precipitation methods are technologi-
cally simple and not very expensive, however they require
chemicals, produce sludge and the efficiency is best for
higher concentrations of pollutant. The ion exchange meth-
ods are simple and efficient, but very expensive and suscep-
tible to other pollutants, saturation and blocking. Similar
features can be attributed to membrane processes. The
electrochemical methods are also very expensive, produce
sludge and require additional processes like filtration and
post-treating to remove iron and aluminum ions. The pro-
cesses often involve the generation of harmful secondary
pollutants (sub-process waste), their efficiency is diversi-
fied, the costs associated with the development of a tech-
nological system for wastewater treatment is usually high,
and they are frequently unprofitable in the case of waste-
water treatment where the concentration of metal does not
exceed 100 mg/L [15,16]. As for adsorption, usually the most
effective are specialized synthetic substances, like activated
carbons [17,18], ion exchange resins [19], synthetic zeolites
[20,21], or chitosan-based adsorbents [22,23]. Their disad-
vantage is considerable manufacturing cost; therefore, there
is a constant search for inexpensive adsorbents that could
be used in purifying or pre-treating wastewater from chro-
mium compounds. Among them there are many bio-adsor-
bents (e.g. wool, olive cake, sawdust, pine needles, almond
shells, cactus leaves, charcoal [24]; jackfruit leaf, mango leaf,
onion peel, garlic peel, bamboo leaf, acid treated rubber leaf,
coconut shell powder [25] and many others [15,16]), waste
materials (e.g. newspapers [26], fly ash [27]) and natural
minerals (e.g. zeolites [21,28], vesicular basalt rock [29,30],
volcanic rocks [31], kaolinite [32], montmorillonite [33], clay
[34], kaolin [35], palygorskite clay [36], bentonite [37]). One of
such natural minerals is Carboniferous coal shale included in
the so-called gangue, which is a rock accompanying the hard
coal deposit. It occurs in the form of interbeddings (so-called
overgrowths) in coal seams of many coal basins all over the
world [38]. The largest amount of gangue is extracted by
hard coal mines in China, annually about 300-350 million
Mg [39]. According to the Central Statistical Office in Poland,
over 63 million Mg of waste from the extraction of minerals
other than metal ores were created in 2018 [40]. This mate-
rial is often deposited in the form of spoil tips, but a part
of it is managed in various ways. In Poland, the gangue is
mainly used for hardening roads and yards as well as in
the process of reclamation of degraded areas (about 47% of
managed waste) [41,42]. In the world it is also used for the
production of geopolymers, bricks, cement, for energy pro-
duction and in agriculture as a fertilizer [38,43]. Post-mining
wastes were also tested with respect to structural properties
[44] and proposed as inexpensive phenol adsorbent [45]. The
shale is an easily available mineral waste material, the cost

of which is much lower than in the case of ion exchangers
or filtration membranes. In addition to its use in wastewa-
ter treatment, this material may be a fill of mineral (sorption)
barriers that immobilize chromium compounds. Such a use
of mineral wastes will partially help to solve the problem of
their management, being a part of clean production as one
of the key strategies in achieving sustainable development.
The purpose of the work is to determine the possibility
of using natural shale as low-cost adsorbent, by character-
izing its most important structural and surface parameters
determining sorption properties and assessing the sorption
capacity of shale with respect to Cr(III) and Cr(VI) compounds.

2. Materials and methods
2.1. Materials

The research involved the use of shales, which were taken
from three hard coal mines located in the Upper Silesian
Coal Basin (USCB) in Poland. The coal mine 1 (CM1) pro-
duces coal in the south-eastern part of the USCB, whereas
the two other mines (CM2 and CM3) operate in the northern
part of the USCB in the Upper Carboniferous formations.
The Upper Carboniferous deposits are composed of coal
seams interbedded alternately with rocks: siltstones, clay-
stones, shales and sandstones [46]. In the mines, the shales
are classified as gangue, which is a mineral waste formed
during the preparation of hard coal deposits for exploita-
tion. For the research, several samples of rocks were ground
to a grain size below 0.2 mm, and dried to air-dry state.

The rocks in their natural state have a gray color due to
the presence of a strongly dispersed amorphous carbona-
ceous substance. The analyzed samples are characterized
by a high content of clay minerals. The mineralogical com-
position of shales was identified on earlier stage of research
[47]. The main clay minerals present in their composition are
illites, kaolinites together with chlorites, quartz and hematite
admixtures. The chemical composition (X-ray fluorescence
spectrometry (XRF) on a PW 1404 spectrometer, Philips) and
the loss on ignition (LOI) (determination as given in [48]) of
the examined rocks is presented in Table 1; it reflects their
mineral composition.

In the chemical composition, the main components of
the studied shales are SiO,, AL,O, and K,O, the amount of
which is related to the presence of quartz, kaolinite and illite
in the mineral composition. The highest content of K,O in the
rocks examined is in the sample CM2 (3.3%), and the lowest
in CM1 (2.83%). Its presence is also the reason for lower LOI
in this sample (Table 1), because unlike other clay minerals
(e.g. montmoryllonite, halloysite, vermiculite) illite does not
contain interpacket water. The Na,O content is related to the
presence of feldspars and micas in the tested samples (the
highest in CM2 — 0.51%). The Fe,O, content is related to the
presence of hematite in the studied rocks and also has a sig-
nificant share in their chemical composition. The amounts of
trace elements (inductively coupled plasma emission spec-
trometer ICP-ASA, Thermo) complement the total chemical
composition of the studied rocks (Table 2). The content of
the metals was compared with their permissible contents in
soils and surface soils (at a depth of 0-0.3 m) given in [49].
It follows that values are below the permissible values.
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Table 1
Chemical composition of the studied shales
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Content, dry mass %

SiO, TiO, ALO, Fe,O, CaO MgO Na,0 KO PO, SO, MnO LOI
M1 54.9 0.97 21.7 5.4 11 2.15 0.26 2.83 0.09 0.12 0.01 9.86
CM2 58.6 1.03 19.9 6.15 0.29 2.02 0.51 3.3 0.08 0.17 0.06 7.2
CM3 60.3 1.02 219 4.38 0.55 1.84 0.35 2.9 0.08 0.22 0.05 5.9
Note: LOl is loss on ignition
Table 2
The content of trace elements in the examined shales and the permissible contents of these metals in B group lands
Element content, mg/kg d.m.
Sample As Ba Cd Co Cr Cu Hg Mo Ni Pb Sn Zn
M1 11 1194 <1 55 344 439 < <2 18.9 <2 <2 169
CM2 <2 82.9 3 153  59.9 429 004 <2 48.7 26 2 91.3
CM3 <2 125 <2 10 55.8 143 <1 <2 47.2 56 <2 128.3
Permissible 20 200 4 20 150 150 2 10 100 100 20 300

Note: B group land - land classified as agricultural land, forest land as well as wooded and shrubby land, built-up and urbanized land, exclud-

ing industrial areas.

2.2. Structural properties

The structural properties of the materials tested were
determined based on nitrogen adsorption/desorption
(-196°C) in the range of relative pressures from about 0.01
to 0.995 (AutosorbiQ, Quantachrome Instruments, US). The
samples were degassed at 150°C for 6-30 h at 10®* mmHg
before the measurement.

Based on the isotherms, the specific surface area, pore
volume distribution, and fractal dimension were determined.
The specific surface area was determined based on modified
Brunauer—-Emmett-Teller (BET) equation [50], whose linear-
ized form is given by Eq. (1) as follows:

x[lfx“ 7nx”(1fx)} 1
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where x is the relative pressure of nitrogen vapor, v - volume
of adsorbed nitrogen at standard temperature and pressure
(STP) (cm¥/g), v, - monolayer volume (cm®/g at STP), C - a
positive dimensionless constant, and n - number of layers
accessible for adsorption (not necessarily an integer value).
In calculations, n was varied in range 2-5 and then v and
C where determined from the above equation via linear
regression. Then R? (the coefficient of determination) was
calculated, and the final results were assumed those for
which R? was closest to 1. Then the BET surface area, S
was calculated according to [50] using Eq. (2) as follows:

BET
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The pore size distribution was determined via Barrett—
Joyner-Halenda (BJH) analysis under the assumption of

cylindrical shape of the pores, using the Kelvin equation
for meniscus radius corresponding to the relative pressure,
and using the standard Harkins—Jura statistical thickness of
the adsorbate layer.

The microporosity analysis was performed using the
Dubinin-Radushkevich (DR) theory [50] using Eq. (3) as
follows:

2
V. 1
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where V is the total volume of micropores (mm?/g),
V_. - the volume of micropores (mm?®/g) filled at relative
pressure x, R - gas constant (8.314 J/(mol K)), T - tempera-
ture (K), K, - constant related with mean free energy of
adsorbent-adsorbate system.

The fractal dimension (D) was calculated according to
[51] by linear regression of the nitrogen adsorption/desorp-
tion data via Eq. (4) as follows:
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where v is the volume of adsorbed nitrogen (cm?/g at STP) at
relative pressure x, v_ - the maximum volume of adsorbed
nitrogen, and r, is the Kelvin radius corresponding to the rel-
ative pressure x. In the above equation, the range of relative
pressure was 0.4-0.99.

2.3. Zero point of charge pH determination

The zero point of charge pH (pH, ) was determined
using the constant addition method according to [52]. First,
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a 0.01 mol/L NaCl solution was prepared. Then 50 ml of
NaCl solution were added to a series of polyethylene bottles
of a capacity of 200 ml, and pH was adjusted in the range
from 2 to 11 using 0.1 mol/L HCl or 0.1 mol/L NaOH. After
2 h of equilibration, the initial pH (pH, ,) was determined.
Then 0.15 g of adsorbent was added to each bottle, each
sample was flushed with nitrogen and capped. The sam-
ples were shaken at room temperature for 24 h at 200 rpm.
After 72 h, the final pH (pH, ) was measured using a pH
meter (Elmetron CPC-401). The szpc value was determined
from a curve that intersects the initial pH axis in a (pH, , -
pH,,) vs. pH,, plot.

2.4. Sorption tests

Sorption tests were carried out using the static batch
method from mono-component synthetic solutions pre-
pared based on chemical compounds of Cr(III) and Cr(VI)
with initial concentrations comparable to those found in
industrial wastewater. Cr(III) solutions were prepared from
chromic nitrate Cr(NO,),-9H,0, and Cr(VI) from potassium
dichromate K, Cr,O,. The tests of Cr(Ill) and Cr(VI) adsorp-
tion from aqueous solutions were made in suspensions with
shale concentration of 2% (4 g of mineral sediment was
added to 0.2 L aqueous solutions). The initial concentrations
ranged from 1 to 500 mg/L for Cr(III) and from 1 to 100 mg/L
for Cr(VI). The samples were shaken in flasks on an Elpin
Plus 358A shaker at 20°C for 4 h, and then they were left
for 20 h in a dark room (the total contact time was 24 h).
Next, the aqueous solution was decanted and centrifuged on
an Equimet MPW-223 centrifuge at a speed of 2500 rpm to
remove the shale from the solution.

When assessing the effect of Cr(VI) concentration on
its sorption, the suspension was shaken under conditions
caused by the natural pH of the sorbent and the acid pH of
the added chromium solutions. However, due to the acid
reaction of the solutions, it could be suspected that the ability
of Cr(VI) binding by the waste rocks is a result of its instabil-
ity at low pH; therefore, the sorption studies of Cr(VI) were
carried out at pH = 5. It was set at the same level for all solu-
tions. The Cr(IIl) sorption was performed in an analogous
manner, with the pH of the initial solutions being 4.

When assessing the effect of pH on the chromium sorp-
tion, the shale sample (4 g) was mixed with solutions of
concentrations 5 mg/L for Cr(VI) and 100 mg/L for Cr(III),
added 0.1 M HCl or 0.1 M NaOH to obtain the initial pH in
the range from 1 to 11, and shaken for 4 h. Three series of
measurements were carried out for each sample, and in the
following considerations average values were considered.

The equilibrium concentration of Cr(VI) was determined
by the colorimetric method with diphenylcarbazide using a
HELIOS a Spectrophotometer (Thermo Electron Corporation,
US) at 540 nm [53]. The equilibrium concentration of Cr (III)
was performed on an inductively coupled plasma emission
spectrometer (ICP-ASA, Thermo Fisher Scientific, US).

The amount of adsorbed Cr(III) and Cr(VI), g (mg/g), was
calculated using Eq. (5) as follows:

-C,
g=—V ©)

where C, is the initial concentration (mg/L), C, is the equilib-
rium concentration (mg/L), V is the volume of the solution
(L), and m is the mass of adsorbent (g).

In the description of adsorption of Cr(Ill) and (Cr(VI),
the Freundlich, Langmuir, Langmuir-Freundlich, Elovich,
Temkin and Dubinin-Radushkevich (DR) adsorption iso-
therms were used. They establish a relation between the
amount of adsorbed substance (mass of adsorbate per unit
mass of the adsorbent, g, mg/g), and the adsorbate concen-
tration in the fluid in equilibrium (C, mg/L). The Freundlich
isotherm [54] has the form given by Eq. (6) as follows:

g=K.C"™ (6)

where K, and n, > 1 are empirical constants depending on
the adsorbent and adsorbate at a fixed temperature. The
formula has a purely empirical character; nevertheless,
it often fits the experimental data very good. Physically,
it indicates heterogeneity of the adsorbent surface. The
Freundlich isotherm constant, K, can be regarded as a mea-
sure of adsorption capacity, but it is worth emphasizing that
parameters K, for various n, have different units and should
not be compared directly. Parameter 7, is related with the
intensity of adsorption: adsorption nearly proportional to
C, results in n, nearly 1, whereas larger values of n, cause
the isotherms deviate downwards as C, increases, which
means the adsorption becomes weaker due to filling up the
adsorption sites.

The Langmuir adsorption isotherm [54] is expressed by
Eq. (7) as follows:

e )
+K,C,
where K, and Q, are constants for each pair of adsorbate
and adsorbent at a given temperature. This equation is a
result of monolayer adsorption model. Coefficient Q, (mg/g)
can be interpreted as the monolayer adsorption capacity,
towards which g tends asymptotically for large C,. In turn,
the Langmuir adsorption constant, K, (L/mg), is related
with the intensity of adsorbate-adsorbent interaction. The
greater the value of K, the lower the concentration at which
the saturation of the adsorbent occurs at a level of Q,.

The Langmuir-Freundlich isotherm [55] has the follow-
ing form given by Eq. (8):

= AQLF (KLFCe ):LF (8)
1+ (K C )™
where Q,, K, and n,, are the Langmuir-Freundlich maxi-
mum adsorption capacity (g/mg), equilibrium constant (L/
mg) and heterogeneous parameter, respectively. It is espe-
cially suitable for heterogeneous surfaces. For low concentra-
tions it resembles the Freundlich isotherm, whereas for high
concentrations it manifests saturation at a level of Q.
The Elovich isotherm equation [54] has the form given by
Eq. (9) as follows:

Qi =K,C, exp(—é’j )

E E
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where Q, (mg/g) is the Elovich maximum adsorption
capacity, and K, (L/mg) is the Elovich equilibrium constant.
The Elovich isotherm assumes that the amount of adsorbate
in equilibrium is proportional to C, but the proportionality
coefficient decreases abruptly as the uptake increases.

The Temkin isotherm [54] can be expressed by Eq. (10)
as follows:
q=K, ln(ATCe) (10)
where K, and A, are empirical constants depending on the
adsorbate and adsorbent. The coefficient K, (mg/g) is related
to heat of adsorption, whereas A, (L/mg) is the equilibrium
binding constant. The Temkin isotherm origins from the
Langmuir one in which the heat of adsorption decreases
linearly as the coverage of the surface accessible to adsorp-
tion increases.

To estimate the mean free energy in the solid/liquid sys-
tem, the DR isotherm given by Eq. (3) was used, in which
ratio V_, /V, is replaced with g/Q_,, and x = C/C, where C
is the solubility of adsorbate and Q, is interpreted as the
sorption capacity [56]. The mean free energy was calculated
according to Eq. (11):

1
2K

E_ =

DR

(11)
DR
where K is the coefficient in Eq. (3).

In calculations, all parameters of all the isotherms were

calculated using the least square method applied to nonlin-
ear regression.

Table 3
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3. Results and discussion
3.1. Structural and surface properties

The structural and surface properties of the tested shales
are characterized by parameters shown in Table 3.

The highest volume of pores filled at relative pressure
0.99 is obtained for CM1, but not much lower values were
obtained for the other samples. The obtained values of the
specific surface area of rocks in their natural state range from
10.34 m*/g for CM3 to 12.3 m?/g for CM2. A slightly smaller
area (8.63 m?/g) was obtained for gangue taken from the
Jiyuan region in the Henan province of China [57]. Also, sim-
ilar surface values were noted for natural and acid-modified
kaolinite, ranging from 3.8 to 15.6 m?g [58]. The C-values
for the samples tested are in the range from 50 to 150, which
shows that the B point on the BET isotherm is quite well
localized, and the obtained monolayer capacities are reliable
[59]. The R? coefficient is close to one, showing almost perfect
matching the BET isotherm to the data.

The results of the BJH analysis show that the dominant
pores in the tested samples are mesopores with a diameter
of ca. 3.9 nm. A similar value of the dominant pore diame-
ter (3.8—4 nm) has natural gangue [44,57]. The percentages of
mesopores in the rocks are from 8% for CM3, through 17% for
CML1 to 31% for CM2 (Table 3). The average pore size (assum-
ing a cylindrical shape) is the smallest for the CM2 (17 nm),
the larger for the CM3 sample (28.4 nm) and by far the largest
for CM1 (43.9 nm). Hence, the shale taken from CM2 contains
many mesopores (Fig. 1), which translates into a larger spe-
cific surface area (12.3 m%*g). However, this principle did not

Structural and surface properties of the tested shales from coal mines 1, 2 and 3

Parameter CM1 CM2 CcM3
Pore volume
Total pore volume filled, mm?/g 210.9 107.4 149.4
Pore volume filled at v = 0.99, mm?®/g 73.4 70.0 68.2
BET analysis
Specific surface area S, , m*/g 10.87 12.30 10.34
Monolayer volume v, cm?/g (STP) 2.50 2.82 2.38
Constant C in modified BET equation 150 57 62
Exponent n in modified BET equation 3.8 5.0 5.0
Determination coefficient R 1.0000 0.9998 0.9999
BJH analysis
Dominant pore size, nm 3.9 3.9 3.9
Average pore size, nm 43.9 17.0 28.4
Accumulated pore volume, mm®/g 2133 111.6 152.7
® macropores, mm®/g 194.3 74.2 127.2
* mesopores, mm®/g 17.2 35.5 23.4
* micropores (by subtraction), mm?/g 1.7 19 2.1
Other parameters
Micropore volume by RD equation V,, mm®/g 4.12 4.18 3.62
Fractal dimension, D 2.21-2.30 2.55-2.54 2.31-2.37
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work in the case of CM1 sample with the most macropores
and the specific surface area slightly higher than that for the
CM3 sample - this could be a result of presence of micropores.
Indeed, the parameters of RD equation indicate that the vol-
ume of micropores in CM1 sample (4.12 mm?/g) is larger than
in CM3 sample (3.62 mm?/g). Hence, the results correspond to
the obtained surface area values (Table 3). The smallest fractal
dimension was obtained for CM1 sample (2.21-2.30), and the
largest one for CM2 sample (2.55-2.54), which confirms the
highest degree of surface development of this sample.

3.2. Zero point of charge pH

Fig. 2 shows the pH  results for the tested shales.
The shales from CM1 and CM2 have very similar characteris-
tics, and their pH = 7. The sample from CM3 is apparently
different (pHZPC = 5). Since Cr(VI) usually occurs in solutions
in anionic forms, it can be expected than best sorption will be
obtained for pH around 4-5, and it should be better on shales
from CM1 and CM2. This is confirmed in sorption tests. As
for Cr(Ill), which can occur mostly in cationic forms, the
most desirable pH of the solution would be 8-10. However,
at high values of pH Cr(Ill) tends to form hydroxide which
is likely to precipitate. To avoid disturbances in adsorption
tests due to that fact, the value of pH during sorption was
much lower and equaled 4.

3.3. Effect of pH on Cr(I1I) and Cr(VI) sorption

The effect of pH on the adsorption of Cr(VI) and Cr(III)
on the tested material is shown in Figs. 3 and 4. Adsorption

av
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25
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Fig. 1. Pore size distribution in the shales from coal mines 1, 2
and 3 according to BJH analysis (curves for CM2 and CM3 are
shifted upwards by 10 and 20, respectively, to make the figure
more legible); all curves reveal that the dominant pores diameter
is 3.9 nm, and the curve for CM2 manifest a significant presence
of mesopores.

of Cr(VI) is higher at lower pH. The maximum amount
of chromium (89-99%) was adsorbed at pH 2-3. With an
increase in pH to 5, it decreased to about 45% for CM2 and
CM3 mines, and to 59% for CM1. A further increase in pH is
accompanied by a gradual decrease in the amount of Cr(VI)
adsorbed. The value of pH determines the process of adsorp-
tion of chromium compounds. This value strongly affects
the ionic type of Cr(VI) present in water (H,CrO,; HCrO;
CrOF; HCr,Oy; Cr,0F) as well as the adsorbent surface
charge sign [60]. With an increase in pH the degree of pro-
tonation of the adsorbent surface decreases, then negatively
charged functional groups predominate in the solution [61].
In an acidic environment, the chromium species found in the
solution are: H,CrO,, HCrO; and Cr,0Z, whereas CrO? ions
predominate in the alkaline environment. The adsorbent
surface in an acidic environment is largely protonated, and
therefore the chromium anionic groups are attracted stron-
ger by the positively charged adsorbent surface [62]. Also,
pH < 3 favor the reduction of Cr(VI) to Cr(IIl), where most
often the reducer is the organic substance and iron present
in the adsorbent. However, at pH > 5, no significant adsorp-
tion was observed (Fig. 3), due to the competition of HCrO,
Cr,02 and OH" anions for adsorption sites. Similar results
were obtained for adsorption of Cr(VI) on light aggregate
[63] and [64].

The sorption of Cr(III) looks different in the function
of changing pH. Generally, the amount of adsorbed Cr(III)
increases with increasing pH. At pH < 4, the adsorption
of Cr(Ill) is the lowest, above this value it increases as pH
rises to about 6. At this value, 89 to 99% of Cr(III) seem
to be adsorbed on shales from CM2 and CM3, whereas it
is ca. 66% for CM1. However, the sorption can be lower,
because of possible precipitation of Cr(IlI) hydroxide which
is likely to form with an increase in pH. The low sorption of
Cr(IIl) in solutions with pH < 4 is probably caused by the
increased concentrations of protons which compete with
Cr(IIl) for the adsorbent binding sites [65]. In addition, in
acidic solutions, Cr(IIl) species occur as Cr(H,0)}, which
are larger by volume, which results from the strong binding
of water molecules to cations. This means a limited access
of hydrated chromium ions to the adsorbent micropores
[61,66], especially those of a slit shape. With an increase in
pH, other chromium ion species, for example, CrOH}, begin
to dominate, which attract negatively charged functional
groups [61,67]. The gradual increase in pH above 4 also leads
to the formation of complex ions and their precipitation in
the form of metal hydroxides.

@ 0 -
oo

c 14 —m—CcM1
g

=

S ——CM2
)

e - —e—CM3

| /
: Y

initial pH

Fig. 2. The zero point of charge results for the shales from coal
mines 1, 2 and 3.
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3.4. Cr(1lI) and Cr(VI) sorption isotherms

Based on the performed tests and the calculated amounts
of Cr(Ill) and Cr(VI) adsorbed on the natural shales, the
adsorption isotherms were determined (symbols in Figs. 5
and 6).

The adsorption results roughly follow relation CM2 >
CM1 > CMS3 in sorption of both Cr(Ill) and Cr(VI). The
adsorbed amount of Cr(IIl) ions was 8.25 mg/g for CM2 at the
maximum initial concentration, whereas it equaled 6.7 mg/g
for CM1 and CMS3. These values are better than those
reported in works [21] and [28], where 4.12 and 5.03 mg/g
were obtained for natural zeolites. In the case of Cr(VI), the
maximum sorption was 3.7 mg/g for the sample from CM2,
while 2.5 mg/g for CM1 and only 0.5 mg/g for CM3. These
results are similar to those given in [34], where 3.31 mg/g
was obtained for Cr(VI) sorption on clay. Hence, out of the
tested materials, the shale from CM2 has the best adsorptive
properties with respect to both Cr(Ill) and Cr(VI), whereas
the shale from CM3 is the weakest adsorbent.

The values of the parameters in the Freundlich,
Langmuir, Langmuir-Freundlich, Elovich, Temkin and DR
isothermal equations determined from the sorption data are
shown in Table 4. The determination coefficients (R?) range
from 0.9080 to 0.9983, with the best fit for the Langmuir—
Freundlich isotherm, but only slightly worse for the
Langmuir isotherm, then clearly worse for the Freundlich
and Elovich isotherm, and relatively weak to the Temkin
isotherm. These results indicate that Cr(III) and Cr(VI) sorp-
tion does not undergo according to the Temkin isotherm due
to rather low R? as well as rather high values of uncertainty
for A, (ca. 40%-50%). Hence, the heat of adsorption does
not decrease linearly with increasing coverage as assumed
in the Temkin isotherm. The Elovich isotherm, although
with acceptable R? is characterized by high errors of K,
(31%-158%), and therefore should not be taken into account.
The DR isotherm parameters will be commented a few
paragraphs below. Out of the tested adsorption models, the
Langmuir-Freundlich and Langmuir isotherms give R? clos-
est to 1. Although the Langmuir-Freundlich model offers
slightly better fit quality, the parameter error estimates are
higher than for the Langmuir isotherm, for which they are
at a level up to 15%. Therefore, the Langmuir isotherm was
presumed the most precise in the studied cases.

In the case of Cr(IlI), the sorption capacity in the Langmuir
model is from 7.67 mg/g (CM1) to 9.85 mg/g (CM3). Values

100

& 80

£ /

3 a =—-CM1
S 60 /
NI/ =
c L ]

8 40 - H o —o—CM3
ol

o

w

0 1 2 3 4 5 6 7 8 9 10 u

pH
Fig. 4. Effect of pH on Cr(Ill) sorption on shales from coal
mines 1, 2 and 3.
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Fig. 6. Cr(VI) sorption isotherms on tested samples from coal
mines 1, 2 and 3 (symbols - measurement, lines - Langmuir
isotherms).

of K, indicate that isotherms for CM1 and CM2 have a sim-
ilar shape, and the isotherm for CM3 reaches saturation for
higher values of equilibrium concentration. Indeed, sorption
values for CM1 are lower than for other mines, but as the
equilibrium concentration increases, these values reach sim-
ilar values for all mines. Therefore, despite some differences,
Q, values can be considered similar, especially considering
the statistically determined error at a level of 3%—7%. In the
case of Cr(VI), the determined sorption capacities are signifi-
cantly lower than for Cr(Ill) and range from 0.56 mg/g for
CM3 to 4.66 mg/g for CM2. As in the case of Cr(III), the CM2
shale manifests highest sorption and the isotherm for CM3
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gives the smallest g values in the range of the concentrations
considered.

Although the best fit was obtained for the Langmuir—
Freundlich and Langmuir isotherms, the Freundlich and
Elovich isotherms quite well match the experimental data.
This indicates that the shale adsorption is mixed, heteroge-
neous and nonspecific, which is probably due to the inho-
mogeneity of the material [47]. The chemical or physical
character of sorption is often assessed based on the mean
free energy obtained from the DR isotherm. In this case, the
energies obtained are from 9.6 to 11.9 kJ/mol, which qual-
ify the sorption as based on ion exchange (8-16 kJ/mol).
However, it must be emphasized that DR-based approach
requires the knowledge of solubility of the adsorbate in
water, which cannot be stated uniquely because of many
possible chromium species in the solution. The results given
in Table 4 are for C, = 810 g/L for chromium nitrate corre-
sponding to Cr(III), and C =130 g/L for potassium dichro-
mate corresponding to Cr(VI). Such values result in very
small ratios C/C_ so that the isotherms are far from satu-
ration. Consequently, values of Q. are unlikely large com-
pared to the measured values of 4.

A larger share of illite in sample CM2 with a lower con-
tent of kaolinite compared to the other samples (Table 1)
resulted in better sorption on this sample. The shift of the
packet charge from the tetrahedral to octahedral layers in
illites is the reason for the greater availability of interpacket
spaces for chromium ions than in case of other minerals. The
better sorption capacity of this rock compared to samples
CM1 and CM3 can be also explained by the increased pres-
ence of iron oxides. Iron oxides can form coatings on min-
eral lamellae, which, on the one hand, can be active surfaces
for adsorbed compounds, and on the other hand, prevent
access of metal ions to sorption centers [68]. Higher content
of kaolinite in samples CM1 and CM3 can also be the reason
for weaker Cr(Ill) sorption, because kaolinite is generally
characterized by low sorption capacity for cations.

The sorption results correspond well with the struc-
tural properties of the shales (Table 3). The relations
CM2 > CM1 > CM3 obtained in sorption tests are kept also in
structural parameters such as BET surface area and microp-
ore volume obtained via DR equation. It also roughly agrees
with fractal dimension which was highest for CM2, although
lowest for CM1. The shale from CM2 characterizes also with
highest percentage of mesopores (ca. 31%). Hence, it follows
the presence of micropores and mesopores increases the BET
surface area and the fractal dimension, and affects positively
the adsorptive abilities.

The obtained results indicate that the effectiveness of
removing of chromium compounds on raw shales varies
between the three mines; and depends on the structure of a
given material as well as chemical and mineralogical com-
position; moreover, it is different for Cr(Il) and Cr(VI).
The adsorption of Cr(Ill) ions is much higher compared
to the adsorption of Cr (VI) ions under the same condi-
tions. The mechanisms of chromium removal from aque-
ous solutions are quite complex and not fully understood
due to the multitude of factors that may have a significant
impact, primarily pH, but also the presence of various func-
tional groups and metals [69]. In the present case, the results
obtained from the DR adsorption isotherm suggest that the

main mechanism is associated with ion exchange. This is the
most likely Cr(III) removal mechanism. A characteristic fea-
ture of clay minerals is their ability to ion exchange, which is
conditioned by the presence of unsaturated negative charges
located at oxygen atoms and ~-OH groups at the discontinu-
ities of crystal lattice of minerals (on the crystallite edges) that
are compensated by alkali metal cations. Therefore, sorption
of transition metals such as Cr(IIl) is accomplished by ion
exchange, which can be represented as follows [70]:

—nCr>  +3Me™

(shale) (sulution)

nCr’*

(solution)

+ 3Me£:lr1ale)

(12)
where Me™ is metal ion (K*, Na*, Ca*, Mg*, Mn*), and # is
its valence. The course of ion exchange is strongly influenced
by the pH of the environment. At low pH the surface of the
shale is positively charged, hence cationic forms of Cr(III)
are repelled from the surface and the adsorption is weak.
With an increase in pH the surface becomes less positive
and the repulsive interactions are weaker, which increases
sorption. A further increase in pH above the isoelectric point
(pH,,) charges the surface negatively, which would be ben-
eficial for adsorption of Cr(III) cationic forms. However, at
pH larger than 5-6 Cr(III) precipitates, often as Cr(OH), [69].

In the case of Cr(VI) adsorption the mechanism is dif-
ferent, because at pH = 5 Cr(VI) occurs as anions, mainly
HCrO; and Cr,0O: [60]. The anions are attracted by posi-
tively charged surface via electrostatic forces. The positive
charge of the shale surface can result both from metal cat-
ions as mentioned above as well as from protonated func-
tional groups like -OH;, which are likely to be formed in
acidic environment. A protonated functional group can then
reduce Cr(VI) to Cr(III), especially in presence of iron, for
example, [71]:

HCrO, +7H" + Fe — Cr* +Fe™ +4H,0 (13)

Then a part of Cr(III) can be removed in the way described
above, and certain part of Cr(Ill) is likely to precipitate as
Cr Fe, (OH), or Cr Fe, (OOH), where x <1 [72].

Figs. 7 and 8 show the sorption percentage vs. ini-
tial concentration of chromium ions for Cr(IIl) and Cr(VI),
respectively. In general, the percentage is highest for the low-
est initial concentrations and lowers with an increase in the
concentration. In the case of Cr(IIl), it reaches 80%-91% for
the shales from CM1 and CM2, and ca. 60% for CM3. As for
Cr(VI), the percentage equals 75%-90% for CM1 and CM2
shales, whereas it is only 40%-45% for CM3 shale. Hence,
it follows that the shale from CM3 is a rather poor sorbent,
while the material from CM1 and CM2 can be assumed good.

3.5. Comparison with other similar adsorbents

Table 5 presents comparison of adsorptive capabilities
of the studied shales and other adsorbents of similar origin.
Although the studied shales cannot equal with synthetic or
modified adsorbents, like synthetic zeolite or activated car-
bon from Tungbilek lignite, or some natural adsorbents, like
bentonite or palygorskite clay, their adsorptive capabilities
are comparable or better than many other natural adsor-
bents, including natural zeolite, kaolin or vesicular basalt
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Table 4
Parameters of the Freundlich, Langmuir, Langmuir-Freundlich, Elovich, Temkin and Dubinin-Radushkevich isotherms for
Cr(II) and Cr(VI) sorption on the tested shales

Parameter Unit Cr(III) Cr(VI)
CM1 CM2 CM3 CcM1 CcM2 CM3

Freundlich isotherm — Eq. (6)

K, mg/g (L/mg)/"* 0.526 0.725 0.208 0.310 0.359 0.101
oK.* Y% 17 13 16 26 12 23

1, - 2.17 2.37 1.67 1.91 1.69 2.62
on* % 7 6 5 14 6 16

R? - 0.9864 0.9925 0.9952 0.9685 0.9956 0.9736

Langmuir isotherm — Eq. (7)

K, L/mg 0.0190 0.0210 0.0059 0.0649 0.0463 0.1093
K * % 7 12 14 2 15 13

Q, mg/g 7.67 8.75 9.88 3.00 4.66 0.56
0Q,* % 3 4 6 8 7 3

R? - 0.9980 0.9947 0.9967 0.9904 0.9973 0.9967

Langmuir-Freundlich isotherm — Eq. (8)

K, L/mg 0.0160 0.0085 0.0025 0.1016 0.0234 0.1333
OK,,* % 19 41 58 15 62 1

Q, mg/g 8.19 11.80 14.35 245 6.31 0.52
0Q,,* % 7 13 25 7 27 4

- - 0.911 0.698 0.807 1.47 0.825 1.27
on,* % 8 10 10 15 12 1

R - 0.9983 0.9977 0.9978 0.9947 0.9980 0.9980

Elovich isotherm — Eq. (9)

K, L/mg 0.452 0.062 0.013 4.988 0.121 10.81
OK.* % 63 45 33 117 39 158
Q, mg/g 1.814 3.667 5.412 0.543 2.340 0.099
0Q,* % 14 15 15 23 18 26

R? - 0.9870 0.9826 0.9928 0.9729 0.9923 0.9611

Temkin isotherm - Eq. (10)

K, mg/g 0.911 0.915 1.017 0.471 0.434 0.096

oK * % 12 12 14 12 16 8

A, L/mg 1.317 3.197 0.517 1.632 5.967 2.288

A % 39 52 41 32 54 26

R? - 0.9324 0.9214 0.9080 0.9517 0.9164 0.9843
Dubinin-Radushkevich isotherm — Egs. (3) and (11)

Qur mg/g 30.6 304 47.3 13.5 23.3 1.67

00Q,* % 11 7 9 27 12 19

Koq mmol?/k]J? 3,962 3,641 5,439 4,743 5,199 3,512

0K, * % 6 4 4 13 5 14

E« kJ/mol 11.2 11.7 9.6 10.3 9.8 11.9

OE,* % 3 2 2 7 3 7

R? - 0.9927 0.9964 0.9974 0.9764 0.9973 0.9817

* 0y is the standard percentage error for y.
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Fig. 8. Sorption percentage on shales from coal mines 1, 2 and 3 vs. initial concentration of Cr(VI) ions.

rock. Table 6 shows costs of several mineral adsorbents. It fol-
lows that the considered shale is a mining waste of very low
price. Hence, its use as a low-cost adsorbent is economically
justified.

4. Conclusions

The shale taken from three coal mines showed different

sorption tendencies. It can be concluded the following:

Out of the tested samples, the best adsorptive proper-
ties with respect both Cr(IIl) and Cr(VI) are observed for
shale from coal mine 2, which can be explained by pres-
ence of illites and iron oxides as well as by structural and
surface properties of the shales.

The chromium sorption on the tested shales is best
explained by the Langmuir-Freundlich, Langmuir and
Freundlich isotherms; this indicates a monolayer sorp-
tion on heterogeneous surface. The suggested sorption
mechanism is ion-exchange.

The adsorption of chromium compounds depends on the
pH of the solution. The highest Cr(VI) adsorption was
observed for pH = 4-5, whereas the adsorption of Cr(III)
increased with increasing pH from 3 to 6.

The values of structural and surface parameters are in
good agreement with sorption results; in particular, the
shale with the highest BET specific surface area, microp-
ore and mesopore content and fractal dimension was the
best chromium adsorbent.

The sorption percentage on the tested materials is 75%—
90% for low concentrations of Cr(Ill) and Cr(VI) ions,
whereas it decreases with an increase in chromium con-
centration. The degree of reduction of Cr(IIl) concentra-
tion from solution on shales was 30%-91%, whereas it
was 10%-90% for Cr(VI).

The tested waste rocks could be used as inexpensive
adsorbents for removing chromium compounds from
aqueous solutions. They could also be used as protective
barriers against infiltration of solutions containing other
harmful metal ions.



244 B. Jablotiska / Desalination and Water Treatment 186 (2020) 234-246

Table 5
Adsorptive capabilities of selected adsorbents with respect to Cr(III) and Cr(VI)

Adsorbent Dosage  pH Initial Maximum Adsorption capacity Reference
concentration C, uptakeq__ (Langmuir isotherm Q,)
g/L mg/L mg/g mg/g
Cr(IIT)
Shale 20 4 1-500 6.35-8.25 7.67-9.88 This study
Natural zeolite 10 4 10-200 ~4 4.12 [21]
Synthetic zeolite 2.5 4 10-200 ~42 43.6 [21]
Zeolite 1-25 6.5 1-50 ~4 5.03 [28]
Vesicular basalt rock 50 6 20-100 0.36-0.98 0.91 [29]
Kaolin 25 45 20-300 ~0.9 1.018 [35]
Bentonite 10 24 20-200 - 49.75 [37]
Fly ash 10 5  5-50 1.8 2,50 [27]
Cr(VI)
Shale 20 5 1-100 0.52-3.00 0.56—4.66 This study
Vesicular basalt rock 50 2 0.1-5 0.002-0.079 0.104 [30]
Volcanic pumice 10-100 2 0.5-10 0.004-0.036 0.046 [31]
Volcanic scoria 10-100 2 0.5-10 0.004-0.027 0.045 [31]
Kaolinite 2 46 10-250 6.1 11.6 [32]
Clay (treated) 20 25 5-30 0.2-14 3.31-3.56 [34]
Kaolin 25 45 20-200 ~0.85 0.878 [35]
Palygorskite clay 1-5 7 20-100 ~8—~48 58.48 [36]
Riverbed sand 20 25 1.05-7.84 0.04 0.15 [73]
Physically activated carbon = — 2 25-1,200 20.59-22.96  23.9-27.6 [18]
from Tungbilek lignite
Chemically activated carbon - 2 25-1,200 16.78-22.06 21.3-29.0 [18]
from Tungbilek lignite
Table 6 K, Q, —  Parameters in Elovich isotherm
Price of selected mineral adsorbents K, n, —  Parameters in Freundlich isotherm
K, Q, —  Parameters in Langmuir isotherm
Adsorbent Price*, EUR/Mg  Reference K, Qpn,; — Parameters in Langmuir-Freundlich
. - isotherm
Post-mining waste with shale 3 [74] K, A, —  Parameters in Temkin isotherm
Sodium bentonite 160 [75] m —  Mass of adsorbent, g
Diatomite 11,630 [76] n —  Number of layers accessible for adsorption
Lignite overburden clays 3 [77] in the modified BET equation
Zeolite-clinoptilolite 11,600 [78] q —  Amount of adsorbate per amount of adsor-
Activated carbon 3,490 [79] bent, mg/g
R? —  Determination coefficient in curve fitting
* Original prices in PLN were converted to approximate prices in re —  The Kelvin radius corresponding to rela-
EUR tive pressure x, nm
Seer —  BET specific surface area, m*/g
Symbols —  Volume of solution in sc.)rption, L .
V, — Total volume of micropores in the
C — Constant in BET equation Dubinin-Radushkevich equation, mm®/g
C, — Equilibrium concentration of adsorbate, mg/L. V. —  Volume of filled micropores at relative
C, — Initial concentration of adsorbate, mg/L pressure x, mm®/g
C, — Solubility, g/L v —  Volume of adsorbed nitrogen at relative
D — Fractal dimension pressure x, cm®/g, STP
E. . — Free energy in Dubinin-Radushkevich adsorp- 0, —  Monolayer volume in BET equation, cm?/g,
tion isotherm, kJ/mol STP
Ko — Constant in the Dubinin—-Radushkevich v — Maximum volume of adsorbed nitrogen,

equation cm’/g, STP
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x —  Relative pressure of nitrogen vapor

Sy — Percentage standard error in determina-
tion of y
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