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Abstract

Diatomite is an economical and environmentally friendly adsorbent, and its use has been applied widely for the treatment of water
contaminated by heavy metals. Despite this, the mechanism for the removal of the heavy metal Cd(II) remains unclear. In this
work, we explored the adsorption mechanism of Cd(Il) by diatomite using batch experiment, and characterized the diatomite
using scanning electron microscopy, energy-dispersive spectrometry, specific surface area, and pore size distribution analysis.
Our results showed that, under the experimental conditions, the kinetic adsorption approached equilibrium within 5 min, and the
Sips isotherm model was most suitable for data fitting. EDS characterization of the Cd-loaded diatomite indicated that Cd(II) was
adsorbed onto the diatomite. Furthermore, desorption experiments showed that Ca®* and Mg®* in the diatomite caused an ion
exchange interaction, and this was primarily responsible for Cd(Il) adsorption. Moreover, we found that its contribution to the
whole adsorption reaction could reach 80%, while the remainder of Cd(II) was probably trapped in the microporous structure of
the diatomite. Additionally, our data indicated that the adsorption mechanism did not change significantly after regeneration.
These results have provided special insight into the deep understanding of the mechanism of Cd(II) adsorption by diatomite, and
could provide theoretical support and guidance for further development and application of diatomite in the treatment of Cd(Il)-
contaminated water.
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Introduction mutagen (Lodeiro et al. 2006). The main sources of cad-

mium pollution are metal ore mining and industrial waste-

At present, water pollution caused by heavy metals has
received increasing attention (Salman et al. 2019).
Cadmium (Cd) is a heavy metal with highly acute toxicity,
and has been identified as a carcinogen, teratogen, and
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water discharge (Kumar et al. 2015; Ulmanu et al. 2003),
such as electroplating (Qu et al. 2019), battery manufactur-
ing (Zhang et al. 2010), printing and dyeing (Patil and
Sawant 2009), and metallurgy (Sun et al. 2016; Tang and
Gschneidner 1996). Due to the non-degradable character-
istic, it can easily accumulate in the soil and food chain,
eventually leading to various diseases of the human body,
including rickets and renal dysfunction (Li et al. 2019;
Zhang et al. 2019). As a result, the World Health
Organization has set the maximum concentration of cad-
mium in drinking water at 0.003 mg/L. Therefore, treating
water contaminated with Cd(Il) is extremely important to
ensure the safety of human life.

As we all know, adsorption is the most widely used method
for water treatment. Some adsorbents have been studied for
water treatment (Dhir 2014; Khairy et al. 2014; Rao et al.
2010). Common adsorbents, activated carbon, silica gel, acti-
vated alumina, etc., have the advantage of a large specific
surface area, leading to high removal efficiency for
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contaminants (Bhatnagar and Sillanpdd 2010; Wang et al.
2018). However, the costs of these adsorbents for application
are generally high, due to the complicated preparation process
of the adsorbents (Dhir 2014; Gupta et al. 2009). Therefore, it
is essential to develop new low-cost and environmentally
friendly adsorbents.

In comparison, diatomite resource is abundant in na-
ture, leading to easy access and low cost to obtain
(Wang and Chen 2009). Among many emerging natural
adsorbents, diatomite attracts researchers’ attention by its
unique properties such as high porosity, high permeability,
small particle size, large specific surface area, low thermal
conductivity, chemical inertness, and low economic cost
(Bailey et al. 1999; Danil de Namor et al. 2012). Due to
these properties, diatomite has exhibited high removal ef-
ficiency for heavy metals (Danil de Namor et al. 2012;
ElSayed 2018). Although some studies have focused on
diatomite as a potential adsorbent (Al-Ghouti et al. 2009;
Miretzky et al. 2011), studies on the adsorption of Cd(II)
by diatomite for contaminated water treatment are not
comprehensive up to now, mainly due to insufficient re-
search on the adsorption mechanism. Therefore, in order
to make full use of diatomite as an adsorbent for water
treatment, it is necessary to study the adsorption mecha-
nism of Cd(II).

At present, there have been some studies on the ad-
sorption of heavy metal ions by diatomite, including
Pb>* (Beheshti and Irani 2016; Irani et al. 2011), Cu?*
(Danil de Namor et al. 2012), Zn>* (Valente Flores-Cano
et al. 2013), Cr’* (ElSayed 2018), and Cd** (Miretzky
et al. 2011). Most of these studies focused on adsorption
behaviors (Beheshti and Irani 2016; ElSayed 2018;
Vassileva et al. 2011), while research on adsorption mech-
anism was limited. Most studies stated that ion exchange
played a significant role in the reaction (Safa et al. 2012;
Sheng et al. 2009; Ulmanu et al. 2003), while some others
believed electrostatic attraction (Miretzky et al. 2011) de-
termined adsorption capacity. The mechanism of Cd(II)
adsorption by diatomite has not been clearly pointed out.
Therefore, it is still unclear about the contribution of ion
exchange and electrostatic attraction in the interaction be-
tween diatomite and Cd(II). In order to evaluate and en-
hance the value of diatomite as a promising adsorbent for
Cd-contaminated water, it is crucial to carry out experi-
mental research on the adsorption mechanism of Cd(II) by
diatomite.

In this manuscript, we carried out an experiment to reveal
the contribution of ion exchange and electrostatic attraction in
the adsorption of Cd(Il) by diatomite through batch experi-
ment and a combination of various characterization methods.
This work could provide theoretical support and guidance for
further development of diatomite and its application as a use-
ful adsorbent.

Experimental
Materials

We obtained the adsorbent raw diatomite, whose main chem-
ical composition is SiO,, from Qingzhong Bishui (Beijing)
Technology Co., Ltd. The chemicals used in the experiment,
cadmium chloride (CdCl,), hydrochloric acid (HCI), sodium
hydroxide (NaOH), sodium chloride (NaCl), etc., were all of
analytical purity and purchased from Beijing Chemical Corp.
(China). All solutions were prepared with deionized water.

Characterization

The microscopic morphology and elemental composition of
the diatomite were obtained with a scanning electron micro-
scope (JEOL JSM-6701F, Japan) and an energy dispersive
spectrometer (20.0 kV, Takeoff Angle 35.0°, Elapsed
Livetime 30.0). Nitrogen adsorption and desorption isotherms
were obtained by measurement of the Brunauer-Emmett-
Teller surface area and the pore size distribution
(MicroActive for ASAP 2460 2.01). The point of zero charge
of the diatomite was measured according to the salt titration
method (Mustafa et al. 2002).

Adsorption and desorption experiments

Diatomite (0.5 g) was added to a centrifuge tube containing
25 mL of a solution of the desired concentration of Cd(II) with
0.01 M NaCl as the background electrolyte. The pH of the
solution was adjusted to 5.0 using 0.1 M NaOH or HCI as
needed. The tube was shaken at 175 rpm (25 °C) for 4 h, and
then centrifuged at 2000 rpm for 3 min. The supernatant was
passed through a 0.45-um filter and the concentration of
Cd(I) in the decanted solution was determined by ICP-AES
(Spectro, Germany).

In the isothermal adsorption experiment, the initial concen-
tration of Cd(Il) was changed and the tube was shaken for 2 h
at 25 °C before sampling. After the centrifugation, the super-
natant was poured out, and the Cd-loaded diatomite was
desorbed with 25 mL of 0.1 M MgCl, solution, and then
shaken again for another 2 h. The initial pH of the solution
was changed from 3.0 to 8.0, and these samples were used to
investigate the effect of pH.

After desorption, the diatomite was used as the second
adsorption samples, and the adsorption experiments were car-
ried out as the first one. The mass loss ratio after the first
adsorption was around 3% according to preliminary experi-
ment, so the effect of mass loss was negligible.

All samples in the above experiments were conducted in
triplicate. This study is based on the treatment of acidic water
containing Cd(II).
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Results and discussion
Characterization of the diatomite

The specific surface area of the diatomite was determined
to be 27 m*/g, which was within the range (18.8-58 m?/g)
found in previously reported studies (Sheng et al. 2009;
Zhu et al. 2013). The SEM images of diatomite are shown
in Fig. la and b, which showed the disc shape of the
diatomite used in this experiment, an observation that
was consistent with previous literature (Ye et al. 2015).
There were many porous channels distributed on the sur-
face of the disc with a small amount of floc inside. The
porous channels were irregularly distributed and centered
on the center of the disc, forming a circular area. A large
number of nanoscale pores were radially distributed at the
curved edge, forming a dense distribution like the ar-
rangement of plant petals. The pore size distribution is
shown in Fig. Ic; it can be seen that around 90% of the
pore radii were less than 16 nm, and the cumulative pro-
portion of micropores smaller than 8 nm was greater than
50%. It can also be seen that the porous channel structure
of diatomite was well developed and tended to provide
potential adsorption sites. The elemental analysis result
is shown in Fig. 1 d. It can be concluded that the diato-
mite was composed of many elements such as O, Si, C,
Al, Mg, Fe, Ca, and K.

The point of zero charge (pHpzc) of the diatomite was
determined to be 4.5 by the salt titration method. This

Fig. 1 The SEM images (a, b),
pore size distribution figure (c),
and EDS spectra image (d) of the
diatomite

indicated that when the pH was greater than or less than this
value, the surface of the diatomite was negatively charged and
positively charged, respectively.

Adsorption experiment

The kinetic adsorption at an initial concentration of 100 mg/L
for Cd(II) is shown in Fig. 2a. After 5 min, the Cd(Il) concen-
tration decreased to 53 mg/L, and then equilibrated at a final
concentration of 50 mg/L after 2 h. This indicated that the
adsorption rate of Cd(Il) by diatomite was fast. The removal
percentage of Cd(Il) was 50%, indicating that the content of
Cd(Il) in the solution was excessive. The adsorption data were
fitted with pseudo-first-order kinetics (Lagergren 1898),
pseudo-second-order kinetics (Ho 1995), intra-particle diffu-
sion (Weber and Morris 1963), and Elovich equation (Cheung
et al. 2000), respectively (Supplementary Material 1). The
results showed that the experimental data of Cd(II) adsorption
by diatomite was well fitted to pseudo-second-order kinetics
model (R*=0.999), and the equation is shown below. This
implied that the adsorption of Cd(II) by diatomite was con-
trolled by chemisorption.

t 1 t
Q wa o M)

0. and Q, (mg g_l) are the amounts of Cd(II) adsorbed per
unit mass of the adsorbent at equilibrium and at time ¢ (min),
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Fig. 2 Adsorption kinetics (a) 1004
and isotherm (b) for Cd(II) by (a)
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respectively; &, (g(mg min) ) is the pseudo-second-order ad-
sorption rate constant.

In order to explore the thermodynamic adsorption mech-
anism more comprehensively, we adopted Langmuir,
Freundlich, and Sips isotherm models to fit the adsorption
data. The results showed that the Sips isotherm model was
the most suitable for describing the adsorption of Cd(II) by
diatomite with a highest correlation coefficient (R =

C, (mg/L)

0.9965, Table 1). It can also be seen that this model was
more suitable than the Langmuir isotherm or Freundlich
isotherm (Fig. 2b).

The Sips isotherm is a combination of the Langmuir and
Freundlich isotherms by introducing a parameter (mg) related
to heterogeneity, and it is more suitable for describing the
adsorption process on heterogeneous surfaces (Ahmed and
Theydan 2012; Gokirmak Sogiit and Caliskan 2017).

@ Springer



9886

Environ Sci Pollut Res (2020) 27:9882-9890

Table 1 Isotherm fitting

parameters for Cd(II) adsorption Isotherms Langmuir Freundlich Sips
by diatomite
parameters Ko On R? Kg n R? Kg O mg R?
0.025 3.44 0.987 0.24 1.9 0.991 0.007 5.65 0.72 0.997

Therefore, the adsorption of Cd(Il) by diatomite was more
likely to be heterogeneous interface adsorption.

The Sips and the two basic adsorption isotherm equations
are shown below.

Langmuir isotherm (Langmuir 1916):

o C&:QmI<L
Q="
1+ K Ce

Freundlich isotherm (Freundlich 1906):
Q. =Kpx C/" (3)
Sips isotherm (Kumar and Porkodi 2006):

Qm (KSCC)mS

1+ (KSCe)mS (4)

Q.=
Where C, is the equilibrium concentration of Cd(II) in solu-
tion (mg/L), Q. is the adsorption capacity at adsorption equi-
librium (mg/g); K is the Langmuir adsorption constant
(L/mg), and Q,, is the maximum adsorption capacity of the
adsorbent (mg/g); 1/n is the heterogeneous coefficient, and K
is the Freundlich adsorption constant (L/mg); Kg is the Sips
constant, mg represents the heterogeneity of the adsorbent.

Desorption experiment

The binding mode of adsorbed Cd(II) on diatomite was inves-
tigated through desorption experiments. Under the same ex-
perimental conditions, the diatomite after isothermal adsorp-
tion was desorbed with deionized water and 0.1 M MgCl,,
respectively, and the results are shown in Fig. 3a. Although the
amount of desorbed Cd(II) by deionized water gradually in-
creased with the increase of C,, the values of the amount were
much smaller than that by MgCl,. As known to all, the deion-
ized water system cannot perform ion exchange according to
the law of charge conservation. The small amount of desorbed
Cd(I) by deionized water indicated the electrostatic attraction
was very weak in the system, which was consistent with the
result of pHpyc determination of the diatomite (pHpzc =4.5).

The Mg** in the desorption solution could displace the ion-
exchanged Cd(II), which had the same charge. Since the
amount of Mg>* in the high concentration solution was much
higher than that of Cd(Il) adsorbed on the diatomite, it can be
inferred that the Cd(II) adsorbed on the diatomite via ion ex-
change could be completely desorbed into the solution. The
desorption results are shown in Fig. 3b. We found that both the

@ Springer

amounts of adsorbed Cd(II) and desorbed Cd(II) increased
with increasing initial Cd(Il) concentration. The desorption
percentage of adsorbed Cd(Il) was about 80%.

Detection of cations was carried out on the solution follow-
ing isothermal adsorption. The results are shown in Fig. 4a.
The cations in the solution were mainly Ca* and Mg**, with a
small amount of K*. NaCl served as the background electro-
lyte for the system, and the Na* concentration remained un-
changed before and after adsorption. The content of each cat-
ion in the solution increased with the amount of Cd(II)
adsorbed, and the total cationic milliequivalent concentration
was consistent with the equivalent concentration of desorbed
Cd(I). The result demonstrated that all of the Cd(II) desorbed

2.5 0.5
20 —E-MgCly ./ 104 ~
5h
) D ?
?‘) [ ] ~—
=
E 151 / H03 =
= n <
=1 3
=
O —A—HO 2
= 1.0 = 2 o2 £
D =]
2 b
- D
2 / N =
k4 A
2 0.5 u / I
|
A—A
0.0 - AAA =40.0
T T T T T
0 100 200 300 400
C, (mg/L)
3 100
- @— Desorption percentage
(b) B Adsorbed
B Desorbed
PP L 80
- - - __ o~ ~
% X
%5
2 rE %020 ~
PRI HXAXPTTTH] )
) oo R o
= RR=Y RS RIS 60 &
) RR8 XX PRI =
g KRS RRXA - RELR
= RXXKY BROKKARIHA KKK Q
= e NN s s s e g
= 0RRKY SoSoed 2
= BT RSSRI RS o
= R RISIRAXT RRXKL] XZIKXN |40 &
© R BRI, RIS g £
BRXS RIKIKRIR RIKEIRRLSL] BRI <
1 R RSERXRT  BIRLIRIRA RIS 2
o i s e s s s
KX IRRIRIKH  RELLKIKKKY  PRRRIRIKA] @
e%6%% ROOLRHKKRR]  IRIKKIKKRA]  KSKEEK LY 5]
(920% ESRMPKRKA] RRKEKXKKY  RELPLKAKA
PLX X 2020020, 1950020 T %% %0 2 e . 00 I 90,00 9202020
RRXS KISKPRX  EXXAIIEN IR L g9 R
(RS BoS036%s (9505000 N 0500000 So%o%o% I 020206 e¥e%o%e 20
BRXS RIXXPEEIA  LERRIRIIIN RRXIIIKLA
BRRXS PoSeSe%s 050500 N 650,000 SosoSo% I 02020 ¢ o¥e%e%
KX ESRARLARRKA] RKEKRXKKY RSP AKA]
o305} 000006 (05050%e [ 050s0c0 Se%ete% Il 0 So%e%¢ o¥etete
RRS 1000000 50S0So T Cococod io%etote I SoSeSe% etotedi
BRRS DoS030%s 9505000 I 0500000 oo to% I 02020 ¢ o¥o%e%e
BRXS KSXXPIIIA  RERRIIIIN RRXIIKEA
[RXRS RXXKY PR RRXRALRR
RS RIS BRSKERLK] RSN
S s s e s e
0 BRZ R (R R 0
T T T

50 80 100 150
Cp (mg/L)
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Fig. 4 Cation exchange equilibrium (a) and contribution of the two
interaction forces to the adsorbed Cd(II) (b)

by MgCl, was adsorbed onto the diatomite by ion exchange
interaction. Therefore, we could conclude that ion exchange
interaction dominated the removal of Cd(II) by diatomite due
to a high contribution to the whole adsorption reaction (around
80%). More importantly, Ca** and Mg** in the diatomite were
responsible for ion exchange.

Furthermore, we found that Mg2+ could not replace all of
the Cd(IT) adsorbed on the diatomite. The result suggested that
ion exchange was not the only interaction during the adsorp-
tion process. In order to investigate the adsorption mechanism
of Cd(Il) adsorption on diatomite, we performed characteriza-
tion of the diatomite after Cd(II) adsorption and desorption
using EDS mapping. We found that Cd(II) was adsorbed onto
the diatomite after the adsorption experiment; however, there
was no Cd signal after the desorption experiment (Fig. 5, Fig.
S2). It indicated that the retained Cd(IT) was trapped inside the
diatomite by the porous channel. The pore volume values of

Fig. 5 SEM elemental mapping images of Cd-loaded diatomite

the original and Cd-loaded (Cy=100 mg/L) diatomite were
determined to be 0.057 and 0.055 cm®/g, respectively.

This proved that partially adsorbed Cd(II) was retained
inside the diatomite, causing a decrease in the pore volume.
It can be seen from Fig. 1 that there were enough micropore
structures on the surface and inside of the diatomite, and the
ratio of pores with diameters less than 2 nm was as high as 7%.
The hydration radius of Cd(Il) is 0.428 nm according to a
previous study (Nightingale 1958). Due to the small diameter
of' the pores, Cd(II) in the solution could easily enter the pores
inside the diatomite and be trapped by the microporous struc-
ture, and thus cannot be desorbed by deionized water or
MgCl, solution.

In summary, we found that ion exchange was the main
driving force of Cd(Il) adsorption, while the rest was probably
trapped into the pores. The desorption data (7'=298 K) was
nonlinear fitted, as can be seen in Fig. 4b. It can also be seen
that the extension of the ion exchange fitting line had an in-
creasing tendency, while the remaining ones had a smaller line
increment and slowly approach the equilibrium. The curve
shows the relatively large number of ion exchange sites on
diatomite, which is consistent with the result that ion exchange
was the main effect in Cd(II) adsorption.

The pH effect

The point of zero charge (pHpzc) of the diatomite was deter-
mined to be 4.5. Theoretically, the surface of diatomite was
negatively charged at pH >4.5 (pHpzc), which showed elec-
trostatic attraction for Cd(II).

As shown in Fig. 6, the amounts of adsorption and desorp-
tion of Cd(II) on diatomite slightly increased when the solu-
tion pH ranged from 4 to 7, whereas that were obviously lower
and higher at pH 3 and 8, respectively. It can be seen that pH
has an obvious effect on the adsorption amount only under
strongly acidic or basic condition. This indicated that electro-
static attraction had less contribution to the adsorption com-
pared with ion exchange, which was consistent with the de-
sorption results by deionized water.

It can also be seen that the percentage of desorption was
comparable over the pH range of 3 to 7, while the desorption
percentage was a little lower at pH 8. This implied that hy-
droxide precipitation played a role in the adsorption (Hahne
and Kroontje 1973), due to the small solubility product of
Cd(OH), (Kyp=2.2x 107"
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Fig. 6 Effect of pH on adsorption and desorption of Cd(II) by diatomite

The second adsorption

The regeneration performance of diatomite is an important
index for the evaluation of adsorbents used in water treatment.
Therefore, in the effort to better understand adsorption perfor-
mance, the significance of investigating the change in the
adsorption mechanism before and after regeneration cannot
be overstated. As shown in Fig. 7, in the second adsorption
process, the capacity for adsorption was smaller than that in
the first adsorption, accounting for 85% of the first one.
Although there was a decrease in the amount of Cd(Il)
adsorption retained in the second adsorption experiment, the
contribution rate for total adsorption when compared with the
first adsorption was equivalent, indicating that trapped Cd(Il)
did not reach saturation. Additionally, in the second adsorp-
tion experiment, the high concentration of Cd(II) in the solu-
tion led to a relatively strong concentration gradient force,
allowing more Cd(Il) to diffuse into the micropores of the
diatomite. Therefore, the amount of trapped Cd(II) was slight-
ly higher than that in the low Cd(II) concentration samples.
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Fig. 7 Comparison of first and second adsorption of Cd(Il) by diatomite
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The results of pore volume determination (Fig. S3 and Fig.
S4 in Supplementary Material 3) showed that the pore volume
of pores with diameters less than 2 nm decreased after Cd(II)
adsorption on diatomite, and it decreased again after the sec-
ond adsorption conducted. The decreasing trend of pore vol-
ume indicated Cd(II) was trapped into diatomite again.

Mechanism

Based on the analysis above, the mechanism of interaction
that occurred between diatomite and Cd(II) can be concluded
in the following statements. Under the conditions of this study,
electrostatic attraction plays a minor role in the adsorption of
Cd(II) by diatomite. Driven by the concentration gradient, the
Cd(Il) in the solution diffused freely onto diatomite, and was
then exchanged with the ions on the solid phase exchange site
of the diatomite, mainly Ca** and Mg”*. The ion exchange
equations are listed as follows:

[=Si-0],Mg 2[=Si-O0"] + Mg*" (5)
[=Si-0],Ca=2[=Si-O7] + Ca*" (6)
Cd*" 4 2[=Si-07|[ESi-0],Cd (7)

In summary, the equations can be written as:
Cd*" + [ESi-0),Mg [ESi-0],Cd + Mg** (8)
Cd*" + [ESi-0),Ca [£Si-07,Cd + Ca** (9)

The exchanged ions diffused to the surface of the solid
phase, then diffused into the solution. Simultaneously, a small
amount of Cd(II) in the solution diffused from the large pores
on the surface of the diatomite to the inner pores and micro-
pores, thereby becoming trapped inside the diatomite. It was
thus difficult for this portion of Cd(I) to be exchanged or
desorbed in the desorption experiment. The ion exchange in-
teraction caused by Ca** and Mg”* in the diatomite was the
main force driving Cd(Il) adsorption, and its contribution to
the whole adsorption reaction reached 80%. The remainder
was most likely trapped in the micropores of the diatomite.

The retained Cd(II) inside the diatomite decreased the ad-
sorption site in the second adsorption experiment. However,
the adsorption trend and mechanism remained unchanged af-
ter the first-time regeneration of diatomite.

Conclusion

Under the experimental conditions examined in this study, we
found that the adsorption of Cd(Il) by diatomite was very fast
because the reaction was close to equilibrium within 5 min. In
order to explore the adsorption mechanism, we carried out
kinetic, isothermal, and desorption experiments. The results
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showed that the main interaction force driving the adsorption
was ion exchange, accounting for more than 80% of the total
adsorption efficiency, while the rest of the Cd(II) was probably
trapped in the micropore structure of the diatomite. Moreover,
the adsorption mechanism did not change significantly after
regeneration. To our knowledge, this is the first time to clearly
reveal the specific types of interactions involved in Cd(II)
adsorption by diatomite. We believe that these findings have
provided new insight into the mechanism of Cd(II) adsorption
by diatomite, which will have great significance for the appli-
cation of diatomite in the treatment of Cd(II) contaminated
water.
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