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Abstract: The progress of the textile industry has led to a severe increase in the discharge of colored
effluents, polluted with dyes and metal ions (non-biodegradable, carcinogenic to humans and envi-
ronmental hazards). The implementation of effective methodologies and materials for the treatment
of wastewater has become an urgent requirement. The present work describes the application of two
samples of mineral materials—Ghidirim diatomite and modified diatomite—as adsorbents for the
removal of dyes—Acid Blue 350, Methylene Blue, Basic Red 2—and of metal ions—copper, zinc, and
lead—from aqueous solutions. In order to determine the optimal working conditions by which to
ensure maximum removal efficiency, the influence of the nature and amount of the sorbent, the initial
concentration of pollutant, and the temperature were studied. Working under normal conditions
(room temperature, solution pH) efficiencies greater than 80% were obtained for the removal of dyes
and metal ions. The adsorption fitted well with the pseudo-second order kinetic model, and the
maximum adsorption capacities were determined from the Langmuir isotherm model. The adsorp-
tion of investigated pollutants is an endothermic and spontaneous process. The results indicate
that Ghidirim diatomite and modified diatomite have potential applications in water purification
management, providing high removal efficiency of both dyes and metal ions.

Keywords: wastewater; pollutant; adsorption; kinetic; equilibrium

1. Introduction

Diatomite is a siliceous, sedimentary rock consisting predominantly of fossilized
skeletal remains of diatoms, unicellular aquatic plants related to algae [1,2]. It is usually
used for the manufacture of cement, clay diet, and bricks. From an economic point of view,
the most promising and efficient use of these mineral resources is for the manufacture of
adsorbents, filter powders, fillers and catalysts [3,4].

As a siliceous rock composed largely of diatoms, diatomite has a unique combination
of physical and chemical properties that make it applicable as an adsorbent for the removal
of heavy metals and organic pollutants from wastewater and as a filtration medium in
several industrial uses [3,5–7]. Due to its high permeability and porosity, as well as its
chemical inertness, many studies have addressed the application of diatomite as a low-cost
adsorbent for dye and metal ion removal [8–11]. In the existing work, diatomite-based
materials have been applied either for the removal of a dye (anionic or cationic) or metal
ions, but never for both types of compounds. However, the use of diatomite for wastewater
treatment is influenced by its origin and to increase its adsorption capacity, additional
efforts must be made [8].

Releasing industrial effluents, often contaminated with dyes and metal ions, into
the environment without proper treatment is one of the main causes of a series of health
problems. In this context, ensuring the accessibility of clear water for different activities is
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becoming a demanding task for researchers and engineers [12–15]. Research related to the
treatment of colored wastewater has focused on obtaining new materials and applying ap-
propriate and effective methods [16–18]. Undoubtedly, the enrichment of natural materials
for the selective removal of ionic pollutants is a challenging research area.

Colored wastewater derives from industries such as dye manufacturing, textiles, wool
spinning and others. Industrial dyes significantly change the aesthetic quality of water,
affect photosynthesis by increasing the biochemical and chemical oxygen demands (BOD
and COD, respectively), inhibit the growth of aquatic plants, enter the food chain and can
have toxic, mutagenic and carcinogenic effects [19–21].

Although industrial dyes can cause allergic reactions in some people and hyperactivity
in sensitive children, food dyes are found in processed, unhealthy foods [22].

Due to their toxicity and mobility in natural water ecosystems, metal ions have been
reported as pollutants. The problem associated with metal ions pollution is that they are
not biodegradable, cannot be metabolized or decomposed, and are highly persistent in
the environment [23–25]. Examples of toxic metals are mercury, lead, arsenic, cadmium
manganese, cobalt, copper, nickel, zinc, etc. The maximum permissible limit of heavy
metals in drinking water according to the World Health Organization (WHO) and the
potential health effects due to the toxicity of heavy metals are presented in Table 1 [26].

Table 1. Maximum permissible limit of investigated metals in drinking water and potential health
effects.

Metal The Maximum Limit
Allowed by WHO (mg/L) Potential Health Effects

Zinc 3–5 lethargy, anemia, dizziness, abdominal pain,
vomiting, skin irritations

Cooper 1.5–2 kidney and liver damage; allergic contact
dermatitis

Lead 0.05

affects kidney function, the nervous, immune,
reproductive and the cardiovascular systems.

Lead exposure also affects the oxygen carrying
capacity of the blood.

The metal ions investigated (zinc, copper, lead) were selected taking into account
the composition of a typical textile wastewater and based on data provided by the World
Health Organization on metals of most immediate concern [26–29].

In the Republic of Moldova, considerable deposits of diatomite are localized along the
course of the Dniester river. Nowadays, diatomite from these deposits is used exclusively in
order to obtain construction materials. However, studies concerning other areas of Ghidirim
diatomite application are performed. The application of chemical and physical treatments
of diatomites modifies their surface properties and increases adsorption capacity.

Usually, natural diatomite contains impurity of the mineral and organic compounds
that block the pores and diminish its absorption capacity. Therefore, it is necessary to re-
move the impurities from diatomite (pores) by chemical and/or thermal treatment [3–5,7–10].
For chemical treatment acid agents/activators (sulfuric acid, hydrochloric acid, phospho-
rous acid, etc.) or alkaline agents/activators (sodium hydroxide, sodium carbonate and
potassium hydroxide) are used. Acid treatment reduces or eliminates all other oxides of
diatomite relative to SiO2, thus increasing its surface area and adsorption capacity. In this
work sulfuric acid was used as activator.

The purpose of this study was to develop modified Ghidirim diatomite (Republic of
Moldova) for environmental application. In order to remove dyes and heavy metal ions
from solutions, two types of adsorbents were used: (i) mineral adsorbents—diatomite (D1)
and modified diatomite with sulfuric acid (D2). The investigated materials are new and
important for their abundance, cheapness and high surface area. Batch experiments were
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conducted to evaluate the adsorption conditions for the removal of dyes and metal ions
from aqueous solutions. Isotherm and kinetic studies were also performed.

2. Materials and Methods
2.1. Materials

The used diatomite sample was collected from Ghidirim village, Republic of Moldova.
The collected diatomite was crushed and sieved. The fraction under 0.63 mm was washed
with distilled water three times to remove any water-soluble contaminants. Then, the
sample was dried in an oven at 110 ◦C and labeled as D1. The acid treatment was carried
out with 3 M H2SO4 solution at a solid/liquid ratio of 1:25 (30 g diatomite/750 mL solution)
in the water bath (90–95 ◦C) for 4 h in reflux conditions, and next the cooled suspension
was filtered. The modified diatomite was washed with distilled water until a pH value of 7
was reached, then dried (110 ◦C) and calcined at 550 ◦C for 2 h. The obtained sample was
labelled as D2.

One anionic (Acid Blue 350: AB, CAS 138067-74-0, C28H22N3NaO7S2, Mw. 599.61) and
two cationic (Methylene Blue: MB, C.I. 52015, C16H18ClN3S.3H2O, Mw. 373.90; Basic Red 2:
RB2, C.I. 50240, C20H19ClN4, Mw. 350.80) industrial dyes and three metal ions (Cu, Zn, Pb)
were selected as potential pollutants.

Zinc chloride (ZnCl2) and copper sulphate (CuSO4.5H2O) were purchased from Merck.
Lead sulphate (PbSO4) was obtained from Reactivul Bucuresti. HCl and NaOH solutions
were used for pH adjustment.

2.2. Characterization of Materials

Bulk density value (g/cm3) was determined according to the British standards for
diatomite [30] and calculated using Equation (1):

Bulk density =
m
V

(1)

where m (g) and V (mL) are the quantity and the volume of the sample, respectively.
Specific gravity value was calculated according to the British standards for diatomite [30],

using Equation (2):

Speci f ic gravity =
B − A

(B + D)− (A + C)
(2)

where B is the mass of the pycnometer with 10 g of dry diatomite sample (g), A the mass of
pycnometer (g), D the mass of pycnometer filled with distilled water (g), and C the mass of
the pycnometer with 10 g of dry diatomite sample and filled with distilled water (g).

From the nitrogen adsorption isotherms performed at 77 K, the porous structure
and adsorption parameters of the diatomite samples were determined. The adsorption
isotherms were measured using Autosorb-1 (Quantachrome, Boynton Beach, FL, USA),
after degassing the samples at 200 ◦C for 12 h. The density function theory (DFT) was used
to calculate the pore size distribution.

The infrared spectra (IR) of the diatomite samples were recorded using a Fourier
transform infrared spectrometer (PerkinElmer, Spectrum 100, Waltham, MA, USA), in the
range 400–4000 cm−1, applying the KBr pellet technique.

The pHpzc was determined based on the pH drift method [31,32]. Solutions of
0.01 mol/L NaCl with pHs between 2 and 12 were prepared by adding 0.1 or 1 mol/L HCl
and 0.1 or 1 mol/L NaOH. Diatomite samples (D1, D2) were added to solutions with an
appropriate pH value. After 24 h of stirring, the final pH of the solutions was measured.
The pHpzc value was determined from the graph of ∆pH versus the initial pH.

2.3. Adsorption

The working solutions were prepared by diluting a volume of pollutant stock solution
with distilled water so that the concentration of the pollutant in the working solution was
within the studied concentration range. The adsorption experiments were carried out in
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glass flasks containing pollutant solutions and diatomite samples (D1, D2), placed in a
temperature-controlled shaker and stirred at a constant speed of 180 rpm [33,34]. The
solution pH was adjusted to the desired values using HCl (0.1 mol/L) or NaOH (0.1 mol/L)
solutions.

The concentration of dyes and metal ions in the solution was measured using a UV–Vis
spectrophotometer and a SensAA atomic absorption spectrometer, respectively.

In order to evaluate the performance of the investigated materials as adsorbents, the
percentage of pollutant removal (R) and the adsorption capacity (qt) were calculated using
equations:

R =
(C 0 − Ce)·100

C0
(3)

qt =
(C0 − Ct)·V

w
(4)

where C0, Ct, and Ce are the pollutant concentration in solution at the initial time, time t,
and at equilibrium time (mg/L), V is the volume of pollutant solution (L), and w is the
quantity of adsorbent (g).

3. Results and Discussion
3.1. Characterization of Samples

Generally, depending on the mineralogical structure, diatomite can represent forma-
tions from well-crystallized forms (christobalite) to quite amorphous forms (opal). The
mineral phase of the diatomite from Ghidirim in the Republic of Moldova contains several
clay minerals, such as montmorillonite (in a mixture with insignificant quantities of slightly
chlorinated montmorillonite), illite and kaolinite. Diatomite also contains non-clay compo-
nents, such as finely dispersed quartz and amorphous material, the more probable sources
of which are opal, amorphous alumosilicates, aluminums, and iron hydroxides [35].

The chemical composition of raw diatomite is silica (85.40%) and the remains include
alumina (3.00%), iron oxide (1.90%), calcium oxide (1.80%) and magnesium oxide (0.60%).

Diatomite has a low specific gravity, in the range of 1.5–2.3 [8]. The specific gravity
values were 0.38 and 0.35 g/cm3 for D1 and D2 samples, and the bulk density was 2.02 and
1.99 for D1 and D2 samples, respectively.

The characteristics of the porous structure of the investigated samples are presented
in Table 2. Analyzing the data, a 23% increase in the specific surface area was found for
diatomite modified with sulfuric acid.

Table 2. Characteristics of porous structure of diatomite samples.

Sample Total Pore Volume
(cm3/g)

Specific Surface Area
(m2/g)

Pore Width
(nm)

D1 0.080 36 5.7

D2 0.087 47 2.4

Figure 1 presents the nitrogen adsorption–desorption isotherms on the initial diatomite
samples (Figure 1a), and the diatomite modified with sulfuric acid (Figure 1a). It is observed
that both isotherms have hysteresis, indicating the presence of mesopores in the porous
structure of the samples. The same conclusion can be drawn from the pore distribution
curves (Figure 1c,d). Activation with sulfuric acid leads to a decrease in the pore width
from 5.7 nm to 2.4 nm, which leads to an increase in the specific surface area of the modified
sample.

The FTIR spectra for the D1 and D2 samples were recorded and presented in Figure 2.
The transmittance at 467–468 cm−1 is associated with the Si–O–H stretching vibration,
and the strong peak at 1092–1094 cm−1 is attributed to Si–O stretching vibrations from
Si–O–Si [4,24]. The absorption band at 803 cm−1 indicates the stretching vibration of O–H
and also the Si–O–Si symmetric stretching vibrations. The FTIR band at 1634–1635 cm−1
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indicates the O–H bending vibration. The band at 3426–3428 cm−1 was associated with the
stretching vibration of hydroxyl groups from Si–OH [27,36]. The obtained results confirm
that silica was a component of the D1 and D2 materials.
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Figure 1. Nitrogen adsorption–desorption isotherms (a,b) and pore size distribution for (c) raw 
diatomite (D1) and (d) diatomite modified with H2SO4 (D2), obtained according to the DFT model. 
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The point of zero charge (pHPZC) is a standard parameter that characterizes the surface
charge of the material and defines the adsorption of ions [31,32]. The pHpzc of diatomite
and modified diatomite were determined to be 6.4 and 4.6, respectively, as shown in
Figure 3.

After sulfuric acid treatment the diatomite surface became more acidic, with a pro-
nounced character as a cation exchanger. When the pH is lower than the pHpzc value, the
surface of the adsorbent is positively charged (attracts anions). Conversely, above pHpzc
the surface is negatively charged (attracting cations/repelling anions). The schematic rep-
resentation of the protonation/deprotonation process of the adsorbent surface is presented
in Supplementary File (Figure S2).

3.2. Adsorption Studies
3.2.1. Influence of the Adsorbent Nature

The porous diatomite samples (D1, D2) were applied as sorbents for the removal
of one anionic (AB) and two cationic dyes (MB, RB2) and also for the removal of metal
ions (Cu, Zn, Pb) from aqueous solutions. The study aims to investigate the adsorption
capacities of the investigated materials, working in conditions as close as possible to
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industrial working conditions. For this reason, the adsorption studies were carried out at
room temperature (25 ◦C), the natural pH of the pollutant solution (7.2 AB, 6.9 MB, 6.7 RB2,
5.9 Cu(II), 5.8 Zn(II), 5.9 Pb(II)) with a concentration of 50 mg/L for dyes and 10 mg/L
for metal ions, and a quantity of 1 g/L D1 and D2. The obtained results are presented in
Figure 4.
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As can be seen, the removal efficiencies of positively charged species (cationic dyes
and metal ions) are higher when the diatomite treated with acid (D2) was used as an
adsorbent material. In the case of anionic dye AB, the removal efficiency is higher when
diatomite (D1) was used as adsorbent. This behavior can be explained by the fact that,
at a pH of 7.2, the surface charge of the D2 material is more negative than that of the D1,
and thus electrostatic repulsions occur with the anionic dye. Using modified diatomite
(D2) as adsorbent led to removal efficiencies of more than 85% for the removal of cationic
species cationic dyes (MB, RB2) and metal ions (Cu, Zn, Pb). This is due to the electrostatic
forces of attraction between the negatively charged surface of D2 and the positively charged
pollutant molecules.

3.2.2. Influence of the Sorbent Quantity

The removal efficiency of the investigated dyes and the metal ions increases with
increasing quantity of D1 and D2 (Figure 5). This result can be explained by the existence
of an increased number of active centers on the surface of the adsorbent, along with the
increase in the amount of material. Thus, the existence of a larger number of active centers
ensures respectively higher adsorption capacities of D1 and D2, and therefore a higher
pollutant removal efficiency [37–39].

Since the increase is less than 4% when the amount of adsorbent increases from
1 to 2 g/L, and considering the cost/effectiveness ratio, further studies were carried out
using an amount of 1 g/L diatomite or modified diatomite. Additionally, as can be seen
in Figure 5, removal efficiencies are higher when using D2 as an adsorbent material for
positively charged pollutant molecules.

3.2.3. Effect of the Pollutant Initial Concentration

The initial concentration of the pollutant in the solution is another important factor
for evaluating the adsorption capacity of a material applied as an adsorbent. In order
to evaluate the influence of the initial concentration, studies were performed at room
temperature (25 ◦C), the natural pH of the pollutant solution (7.2 AB, 6.9 MB, 6.7 RB2,
5.59 Cu(II), 5.8 Zn(II), 5.9 Pb(II)) and a quantity of 1 g/L D1 and D2. Dye and metal ion
solutions with concentrations between 10 and 100 mg/L were investigated to study the
impact of pollutant solution concentration on removal efficiency and adsorption capacity.
The obtained results are presented in Figure 6.
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As can be seen in Figure 6 the adsorption capacity of both materials (D1, D2) in-
creased and the removal efficiency decreased with increasing pollutant concentration in
solution. The same behavior was highlighted in the literature using diatomite or modified
diatomite [8,40,41] as adsorbents. An explanation of this behavior can be found in the
fact that, with the increase in concentration, there are an increasing number of pollutant
molecules per number of active centers on the surface of the adsorbent. As shown in
Figure 6, the removal efficiency of pollutants from solution changes depending on the
nature of the pollutant and also on the nature of the adsorbent. At low cationic pollutant
concentrations (10 mg/L), yields greater than 80% were obtained using D2 as adsorbent
and greater than 60% when D1 was used as adsorbent. In the case of anionic dye (AB)
with increasing concentration in solution, the removal efficiency decreases from 80% to
62% using D2 as adsorbent and from 63% to 48% using D2 as adsorbent. The adsorption
capacity of the investigated materials increases with the increase of the initial concentration
of the pollutant in the solution [12,34].
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3.2.4. Effect of the Temperature

The studies on the influence of temperature on the adsorption process were carried
out at three temperatures of 25, 45 and 65 ◦C. As can be seen in Figure 7 for both tested
materials and all investigated pollutants, their removal efficiency increases with increasing
temperature, but the increase is less than 10%.
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Figure 7. Influence of temperature on removal efficiency of pollutants using diatomite (a) and
modified diatomite (b) as adsorbents (pH: 7.2 AB, 6.9 MB, 6.7 RB2, 5.9 Cu(II), 5.8 Zn(II), 5.9 Pb(II),
50 mg/L dyes solution 10 mg/L metal ions solution, 1 g/L D1 and D2).

By raising the temperature of the solution, the aggregation of dyes is diminished [42],
the process of molecular transport of the dye is accelerated and the diffusion of dye
molecules in the pores of the adsorbents is stimulated, which leads to an increase in the
removal efficiency of the dyes [8]. The increase in adsorption efficiency with increasing
temperature indicates the endothermic nature of the adsorption process. Similar results
were obtained and are reported in the literature in regard to the use of diatomite and
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modified diatomite as adsorbents [43–46]. Based on the results obtained, and taking into
account the economic aspect, the adsorption studies were performed at room temperature.

3.3. Kinetic Studies

For the kinetic studies, 20 mg of adsorbent (D1, D2) were introduced into 20 mL
of pollutant solutions of different concentrations at the natural pH of the solution and
stirred at 25 ◦C for 240 min. At different time intervals, the absorbance was read and the
concentration of the pollutants in the solution was determined. Experimental results were
analyzed with pseudo first-order (5) [47] and pseudo second-order kinetic (6) equations [48]:

log(qe − qt) = logqe −
k1

2.303
t (5)

t
qt

=
1

k2q2
e
+

1
qe

t (6)

where qt is the adsorption capacity at time t, qe is the adsorption capacity at equilibrium, k1
is the rate constant of pseudo first-order kinetic model (min−1), k2 is the rate constant for
the pseudo second-order kinetic model (g/mg min).

Based on the higher values obtained for the correlation coefficients (R2), and on the
values of theoretical adsorption capacities close to the experimental ones (Tables 3 and 4),
it was established that the pseudo second-order kinetic model best characterizes the ad-
sorption process of the investigated pollutants from aqueous solutions, using D1 and D2.

Table 3. Parameters of the pseudo first- and pseudo second-order kinetic models for using D1 as
adsorbent.

Pollutant
C0

(mg/L)
qe,exp
(mg/g)

Pseudo First-Order Kinetic Model Pseudo Second-Order Kinetic Model

qe,calc
(mg/g)

k1·103

(min−1) R2 SD qe,calc
(mg/g)

k2·104

(g/mg·min) R2 SD

AB

10 6.97 8.94 25.15 0.9815 0.1104 7.46 25.17 0.9861 1.1026
30 19.86 30.67 10.64 0.9048 0.1102 21.39 2.53 0.9728 0.4309
50 32.10 52.89 26.51 0.8751 0.1999 37.67 4.29 0.9317 0.7849

100 61.47 101.89 21.44 0.8327 0.2678 95.01 0.74 0.8486 0.2873

MB

10 8.41 14.55 23.84 0.8233 0.3615 10.22 19.37 0.9913 0.7092
30 21.55 40.24 26.51 0.8179 0.3483 29.98 4.59 0.9553 0.5453
50 33.16 50.38 24.89 0.8509 0.1576 48.15 2.37 0.9267 0.4418

100 64.04 132.46 28.19 0.7927 0.4015 113.12 0.59 0.8983 0.2249

RB2

10 6.40 7.73 15.52 0.9729 0.0847 6.59 29.67 0.9927 0.7852
30 17.43 20.96 16.08 0.8941 0.1542 17.81 8.91 0.9799 0.1308
50 26.38 34.99 21.58 0.9631 0.0839 32.09 4.32 0.9811 0.1484

100 40.51 69.78 18.52 0.9307 0.1847 67.11 1.04 0.9422 0.2683

Cu(II)

10 8.30 6.42 26.22 0.9444 0.1976 8.64 9.22 0.9795 1.1643
30 21.35 15.46 18.58 0.8577 0.1465 24.25 4.22 0.9845 1.0976
50 30.58 54.24 27.11 0.7245 0.1987 37.45 2.66 0.9943 1.4064

100 44.69 66.45 22.65 0.8456 0.1866 50.16 1.87 0.9766 1.0876

Zn(II)

10 8.04 15.51 18.44 0.9444 0.1875 11.25 20.44 0.9854 1.9431
30 19.67 28.65 20.48 0.9254 0.2676 25.41 11.33 0.9866 1.1143
50 25.52 32.64 22.52 0.8644 0.1632 30.52 6.44 0.9912 2.2876

100 39.52 45.87 25,87 0.7866 0.1876 41.87 4.87 0.9765 1.9876

Pb(II)

10 8.27 20.45 26.36 0.9111 0.8232 14.52 9.57 0.9855 1.4340
30 20.73 38.45 29.58 0.8755 0.1908 30.25 6.89 0.9914 2.1187
50 28.15 49.81 18.55 0.8544 0.1254 31.42 2.21 0.9899 1.3982

100 42.15 50.77 19.52 0.8654 0.1678 45.88 1.11 0.9815 1.2133



Processes 2023, 11, 2245 11 of 17

Table 4. Parameters of the pseudo first- and pseudo second-order kinetic models for using D2 as
adsorbent.

Pollutant
C0

(mg/L)
qe,exp
(mg/g)

Pseudo First-Order Kinetic Model Pseudo Second-Order Kinetic Model

qe,calc
(mg/g)

k1·103

(min−1) R2 SD qe,calc
(mg/g)

k2·104

(g/mg·min) R2 SD

AB

10 6.57 7.36 15.41 0.8461 0.1453 6.43 24.13 0.9829 1.3821
30 16.88 26.61 16.56 0.9322 0.0783 18.00 3.50 0.9665 0.6133
50 27.21 39.03 15.41 0.9185 0.0849 31.62 1.96 0.9622 0.5165

100 47.42 49.02 22.45 0.9214 0.1827 48.99 0.96 0.9833 0.1823

MB

10 9.69 68.19 0.49 0.7027 0.0117 10.79 31.90 0.9899 0.7221
30 24.43 12.91 16.79 0.9230 0.1359 25.50 29.19 0.9989 0.0945
50 38.43 45.71 16.93 0.8568 0.1926 39.27 4.45 0.9548 0.3626

100 71.99 134.71 24.99 0.8879 0.24725 96.99 1.43 0.9834 0.3660

RB2

10 8.22 8.16 17.20 0.9568 0.1197 9.64 28.73 0.9879 0.7852
30 24.31 28.65 23.58 0.9827 0.0872 28.38 9.39 0.9975 0.1308
50 35.19 28.34 20.24 0.9631 0.1104 39.91 8.73 0.9939 0.1481

100 60.58 69.95 20.70 0.7894 0.2978 67.78 3.39 0.9422 0.2683

Cu(II)

10 8.99 7.15 24.46 0.8462 0.7648 9.05 13.75 0.9915 2.2474
30 23.94 42.46 14.58 0.8111 0.5864 29.41 10.56 0.9788 1.1587
50 32.69 62.24 27.54 0.7844 0.4300 38.52 8.55 0.9854 1.4135

100 42.69 71.45 26.76 0.8543 0.1876 46.98 6.88 0.9755 1.1643

Zn(II)

10 8.54 21.25 15.64 0.8954 0.8534 14.11 22.35 0.9955 3.1143
30 21.09 34.25 1.88 0.8255 0.7643 27.21 15.64 0.9911 2.1554
50 29.44 35.84 24.15 0.7888 0.5432 32.46 8.02 0.9855 1.2133

100 42.44 55.65 19.66 0.7765 0.5014 44.33 6.22 0.9812 1.3971

Pb(II)

10 8.75 24.15 22.46 0.9142 0.8549 17.78 11.51 0.9945 2.0643
30 22.28 40.25 24.58 0.8865 0.7876 33.52 9.65 0.9965 2.1199
50 30.96 52.45 28.65 0.8145 0.4256 40.66 5.21 0.9845 1.1334

100 45.32 61.87 26.44 0.7855 0.5672 48.66 3.66 0.9822 1.2131

With increasing pollutant concentration, the rate constant of the pseudo second-order
kinetic model (k2) decreases, indicating that the equilibrium time increases with increasing
pollutant concentration. Similar results have been obtained by Medjdoubi [37], Sari [49],
Yusan [50], and Tian [51], with regard to the use of diatomite or modified diatomite as
adsorbents.

3.4. Equilibrium Studies

For the equilibrium studies, 2 g/L of adsorbent (D1, D2) were introduced into pollutant
solutions of different concentrations (10, 30, 50, 100 and 200 mg/L) and stirred (250 rpm) at
25 ◦C in a thermostatic shaker until equilibrium was reached. The obtained experimental
data (qe and Ce) were analyzed with Freundlich (7) and Langmuir (8) adsorption isotherm
models (Figure S3 Supplementary File):

qe = KFCe
1/n (7)

qe =
qmKLCe

1 + KLCe
(8)

where Ce is the concentration at equilibrium of pollutant (mg/L), qe is the adsorption
capacity at equilibrium (mg/g), n exponent (dimensionless), KF and KL are the adsorption
constants of Freundlich and Langmuir isotherm models, respectively.

The isotherm parameters were determined by non-linear regression analysis [52] and
are presented in Table 5. Based on the obtained values of the correlation coefficients (R2
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and Chi2), the Langmuir was determined to be the best model to fit the experimental data
(Table 5).

Table 5. Parameters of Freundlich and Langmuir isotherms.

Pollutant Adsorbent

Freundlich Langmuir

KF
(mg/g(mg/L)1/n) n R2 Chi2 qm

(mg/g)
KL

(L/mg) R2 Chi2

AB
D1 5.68 1.64 0.9769 38.42 152.66 0.016 0.9967 5.50
D2 4.69 1.85 0.9638 26.90 92.76 0.018 0.9935 4.85

MB
D1 9.69 2.09 0.9644 50.27 116.51 0.030 0.9871 18.20
D2 12.68 2.06 0.9843 34.71 148.95 0.031 0.9885 25.34

RB2
D1 4.75 1.92 0.9909 5.46 81.67 0.019 0.9931 4.16
D2 8.95 1.94 0.9797 32.75 131.33 0.026 0.9955 7.35

Cu(II)
D1 11.03 3.14 0.9445 22.27 55.86 0.07 0.9945 2.19
D2 13.63 3.36 0.9612 18.74 58.87 0.0949 0.9734 12.82

Zn(II)
D1 9.16 3.09 0.9512 14.19 49.13 0.05 0.9732 7.79
D2 11.03 3.26 0.9564 14.98 52.15 0.0735 0.9841 5.48

Pb(II)
D1 9.91 3.02 0.9638 13.04 53.92 0.06 0.9825 6.28
D2 11.79 3.18 0.9692 13.18 57.09 0.0754 0.9799 8.57

The obtained results indicate that the surface of the adsorbents are homogeneous,
and adsorption takes place on well-defined specific sites. The pollutant is adsorbed in
a monomolecular layer on the surface of the adsorbent and therefore there is a limit of
adsorption. The maximum adsorption capacities of the D1 and D2 were determined from
the Langmuir isotherm curves, and the results are presented in Table 5.

To assess the capacity of diatomite and modified diatomite to remove dyes and metal
ions from aqueous solutions, the obtained adsorption capacities were compared with other
results reported in the literature for diatomite-based adsorbents (Table 6). As can be seen,
the values obtained in this work are comparable to or higher than other reported data.

Table 6. The maximum adsorption capacities obtained when using diatomite or modified diatomite
as adsorbents.

Pollutant Adsorbent qt (mg/g) Reference

Orange Bezaktiv (SRL-150) diatomite 14.23 [10]

Janus Green B Algerian diatomite 39.89 [37]

Rhodamine-B diatomite 10.21 [46]

Sıf Blau BRF
diatomite earth samples

10.11
[53]Everzol Brill Red 3BS 5.92

Int Yellow 5GF 117.75

Methylene Blue

diatomite 72
[38]modified diatomite 127

diatomite 66.7 [4]

diatomite 47.7

[54]

Mg(OH)2-modified diatomite 41.5

Ramazol Golden Yellow
diatomite 8.06

Mg(OH)2-modified diatomite 53.70

Telon Blue
diatomite 109.00

Mg(OH)2-modified diatomite 173.90
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Table 6. Cont.

Pollutant Adsorbent qt (mg/g) Reference

Acid Blue 350 diatomite 152.66

Present
paper

modified diatomite 92.76

Methylene Blue diatomite 116.51
modified diatomite 148.95

Basic Red 2 diatomite 81.67
modified diatomite 131.33

Cd(II) novel diatom-based Cd(II) ion-imprinted polymer 5.502 [45]

Co(II) modified diatomaceous ceramic 31.29 [55]

Pb(II)
diatomite 56.49 [43]

diatomite 66.28 [56]

diatomite 26.00 [57]

Cu(II)
modified diatomaceous ceramic 121.80 [55]

Punice 1.43 [36]

Cr(II)
Mag-GO-diatomite 0.0622 [58]

diatomite 167.00 [4]

Cu(II) Mag-GO-diatomite 0.0268
[58]Pb(II) 113.50

Cu(II)
modified diatomite

11.40
[59]Cd(II) 5.41

Zn(II) 7.22

Cu(II)
diatomite 55.86

Present
paper

modified diatomite 58.87

Pb(II)
diatomite 49.13

modified diatomite 52.15

Zn(II)
diatomite 53.92

modified diatomite 57.09

3.5. Thermodynamic Parameters

The free energy change ∆G was calculated from Equation (9), using the obtained
Langmuir constants, at different temperatures: 298, 318 and 338 K, and the results are
presented in Table 7. The standard entropy and standard enthalpy were obtained (Table 7)
from the slope and intercept of the plot lnKL versus 1/T (Equation (10)):

∆G0 = −RTlnK (9)

lnK =
∆S0

R
− ∆H0

RT
(10)

where R is the general gas constant (8.314 J/mol·K), T is the absolute temperature (K) and
KL is the adsorption Langmuir constant.

The values of ∆G were negative for all three temperatures, and for all investigated
pollutants, indicating that the adsorption was a spontaneous process. The ∆G values
decrease with increasing temperature indicating that high temperature is conducive to
adsorption. The obtained values of ∆H were positive, indicating the endothermic na-
ture of the adsorption of investigated dyes and metal ions onto modified diatomite (D2).
Additionally, the ∆H values less than 40 kJ/mol indicated that the process is a physical
adsorption. The positive values of ∆S indicate the affinity of the modified diatomite for the
investigated dyes and metal ions due to the increased randomness at the interface between
the solid–liquid phases [7,60,61].
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Table 7. Thermodynamic parameters for adsorption of investigated pollutants onto modified di-
atomite.

Pollutant Temperature
(K)

∆G0

(kJ/mol)
∆H0

(kJ/mol)
∆S0

(J/mol·K)

AB
298 −15.53

6.66 74.51318 −17.05
338 −18.53

MB
298 −15.48

12.13 92.08318 −16.73
338 −19.26

RB2
298 −14.65

17.52 107.73318 −16.58
338 −19.01

Cu(II)
298 −18.36

7.71 87.55318 −20.18
338 −21.86

Zn(II)
298 −18.18

6.41 82.53318 −19.79
338 −21.50

Pb(II)
298 −18.24

7.07 84.96318 −19.96
338 −21.63

4. Conclusions

In this work, Ghidirim diatomite (Republic of Moldova) and modified diatomite with
sulfuric acid were used as adsorbents for the removal of dyes (Acid Blue 350, Methylene
Blue, Basic Red 2) and metal ions (Cu(II), Zn(II), Pb(II)) from aqueous solutions. The
physicochemical peculiarities of the diatomite samples were evaluated by nitrogen sorption–
desorption isotherms, bulk density and specific gravity, IR spectra and pHpzc. According to
obtained results, the treatment of diatomite with sulfuric acid led to an increase in specific
surface area (with 23%), at the same time, the surface acquired a more acidic character.

High removal efficiencies were obtained when working in normal conditions (natural
solution pH, room temperature), and the values increased with increasing quantity of
adsorbent, temperature, and decreased with increasing initial pollutant concentration. The
results indicate that the adsorption fitted well with the pseudo second-order kinetic model.
The maximum adsorption capacities were determined from the Langmuir isotherm model,
our obtained results are higher than or comparable to published data. Thermodynamic
parameters show that the adsorption of Acid Blue 350, Methylene Blue, Basic Red 2 Cu(II),
Zn(II), and Pb(II) onto the modified diatomite is an endothermic and spontaneous process.

The obtained results indicate that both investigated materials have potential appli-
cations in water purification management, but higher efficiencies were obtained using
modified diatomite as adsorbent.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr11082245/s1, Figure S1: X-ray diffractograms of the Ghidirim
diatomite. Non-calcinated samples (A), after calcinations at 350 ◦C (B) and 550 ◦C (C); Figure S2:
Schematic representation of the protonation/deprotonation process of the adsorbent surface; Figure S3:
Isotherms adsorption plots for the adsorption of: (a) dyes on D1, (b) dyes on D2, (c) metal ions on D1,
(d) metal ions on D2. (See Refs. [35,62]).
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