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Graphical abstract Abstract
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Contamination of tetracycline group antibiotics (TC) has become more serious environmental
problem. Diatomaceous earth (DE) activated by KOH impregnation is one of feasible adsorbents
applied to TC removal. This paper aims to find the suitable condition for KOH activation, to

75

i

KOH

P 5 50
activation

Arce (mg/g)

25 NS

. q investigate the adsorption behavior of DE activated at this condition (BDE), to regenerate the
003 6 9 1215 spent BDE (SBDE), as well as, to evaluate reusability of the regenerated BDE (RBDE). By
tia (0] comparing adsorption capacities (grc,e) of DEs activated under various conditions (1 — 12 h and
Kinetics Reusability 333 — 353 K), the most suitable condition was determined as 6 h and 353 K. Linear regression
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1.0 INTRODUCTION its operation is simple and it requires low costs of installation
and operation.
Tetracycline group antibiotics (TC) are widely detected in many Diatomaceous earth (DE) is a naturally occurring sedimentary
wastewater treatment plants [1] and they are also runoff from rock composed of fossilized diatoms, hard-shelled algae whose
livestock operations [2]. The concentration of TC in wastewater skeletons are primarily made of silica derived from silicon
varies depending on their sources. For examples, the values up dioxide (Si0,). Alongside diatomaceous skeletons, DE also
to 500 mg/L have been reported for the effluents from hospital contains clay minerals, quartz, and small proportion of organic
and pharmaceutical manufacturing wastewater [3] or even as matter [7]. Several chemical substances, including SiO,, Al20s,
low as 72,156.9 ng/L in the effluent from pig farms [4]. Since Fe,03and many other minor components, present in DE and
the contamination of TC in the environment leads to drug the composition widely varies depending on the origin [8]. As a
resistance, it is crucial to prevent the wider spread of TC in the naturally available, abundant and cheap porous material, DE
environment. Several techniques such as oxidation, filtration, has been widely applied to many commercial scale applications
and adsorption [1, 4, 5, 6] have been investigated for TC including in adsorption processes to remove trace of impurities
removal and reported in literature. Adsorption with highly in beverage, edible oil and so on. However, disposal of the

spent DE adsorbent has been the main disadvantage of its
application. To solve this problem, it is necessary to prepare

efficient adsorbent is one of the promising alternatives because
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high adsorption efficiency of fresh DE and to reasonably reuse
the spent DE before being disposed.

In general, natural diatomaceous earth (NDE) must be
thermally or chemically processed to get rid of impurities and
to enhance adsorption efficiency. During the treatments,
morphology and chemical and physical properties of NDE are
modified and hence the improve of affinity to adsorbates could
be improved [9, 10, 11].

In the previous work [12], strong acid (H,SO4) and strong base
(KOH) solutions were used in chemical treatment in order to
enhance the efficiency of a local natural diatomaceous earth
(NDE) in TC removal. It was found that TC adsorption efficiency
could be enhanced through the alkaline treatment, however,
the acid treatment exhibited some negative effects on the
efficiency. Furthermore, only activation temperature (Ta«t) and
activation time (ta) of this basic treatment significantly
influenced the adsorption performance of the obtained basic
treated diatomaceous earth. Therefore, this present work was
conducted in order to determine the suitable condition to
achieve highly efficient activated DE for TC removal application.
After the most suitable condition was found, the DE activated
at this condition, namely as BDE, was used for further
investigation in aspects of kinetics and isotherm behaviors as
well as the reusability and stability.

2.0 METHODOLOGY

2.1 Materials and Chemicals

Natural diatomaceous earth (NDE) originated from a local clay
factory in the northern of Thailand was used to prepare the
activated DE. Potassium hydroxide (KOH, AR grade, 85%,
Univar) was used as an activating agent. Tetracycline
hydrochloride (AR grade, 99%, Vesco Pharmaceutical Co., Ltd.)
was used to prepare the model solution of TC contaminated
wastewater.

2.2 Activation of Diatomaceous Earth

Activation of NDE was performed with the same procedure as
reported in the previous work [12]. Firstly, NDE (2 g) was
impregnated in KOH aqueous solution (20 mL) in a glass bottle.
Then, the mixture was shaken in an orbital shaker at the
activation temperature (Tact). After the activation time (tact) was
reached, the sample was cooled and washed several times with
distilled water until pH of the washed water was 7. In order to
determine the suitable condition for preparation of highly
effective activated diatomaceous earth, the temperature (Tact)
and the time (ta«t) in activation were varied (Tact = 333 — 353 K
and ta = 1 — 12 h) since it was found that only these two
parameters significantly affected the efficiency of the obtained
adsorbent. Other two insignificant activation parameters were
fixed based on the result previously reported [12]: relative
amount of NDE and KOH solution (NDE-to-Sol) and
concentration of KOH solution (Cgon) were fixed at 0.1 g/ml and
3 M, respectively. The prepared base-activated diatomaceous
earth was named as DE-X-Y, where X and Y represented T, and
tact, respectively.

2.3 Characterization of Adsorbent

Composition, porous property, morphology, crystallinity and
surface functional groups of the adsorbent were observed using
an X-ray Fluorescence Spectrometer (JEOL; JSX3400R), an
adsorption-desorption isotherm of nitrogen at 77 K (TriStar Il
Plus 3.02; Micromeritics), a scanning electron microscope (LSM-
5410LV; JEOL), an X-ray diffractometer (Empyrean Series 3;
Malvern PANalytical®) and a Fourier Transform-Infrared
Spectrometer (ATR Shimadzu), respectively.

2.4 Adsorption Experiment

To evaluate the performance of activated diatomaceous earth
activated at various conditions, adsorption experiment was
conducted with the same procedure as described in the
previous work [12] where adsorption was tested at room
temperature (T = 303 K) with initial concentration (Crco) of 400
mg/L, adsorbent dosage of 2 g/L and time of 6 h.

Concentrations of TC in the samples taken before and after
adsorption experiment were measured using a UV-Visible
spectrophotometer (Evolution 210, Thermo Fischer Scientific).
Two major peaks were observed at 275 and 355 nm in the full
scan spectrum. However, the measurement was performed at
355 nm where the maximum absorption intensity was observed.
The correlation factor (R2) of the calibration curves were as high
as 0.9999.

Adsorption capacity (grc) was calculated according to Eq. (1)

grc = (Grco— Ge)V/m (1)

where Crc,0 and Crc are concentrations of TC (mg/L) at the initial
and at the specific time of adsorption, respectively, V is volume
of TC solution (L) and m is mass of adsorbent (g).

The most suitable activation condition was selected and only
the diatomaceous earth activated at this condition, named as
BDE, was used for further investigations of isotherm, kinetics
and reusability.

In isotherm and kinetic experiments, adsorption temperature
was varied in range of 303 — 318 K. Cyco was varied from 25 to
960 mg/L for isotherm investigation while it was set at 200 mg/L
for kinetics investigation.

2.5 Regeneration of BDE

To test the reusability of BDE, regeneration of the spent BDE
(SBDE) was performed at various conditions and the suitable
regeneration condition was determined. Consequently, grce was
measured after several cycles of adsorption-regeneration to
evaluate the stability of BDE.

The adsorption experiment was conducted at 250 mL,
303 K and 6 h. After that, SBDE was separated from the
adsorption mixture by vacuum filtration and the collected SBDE
was dried in an oven at 383 K for 6 h. To regenerate SBDE, the
dried SBDE was impregnated in KOH solution with the
procedure similar to NDE activation process. After the
impregnation, the regenerated BDE (RBDE) was washed,
separated, dried and reused for the next cycle of adsorption
test.

To determine the suitable condition for SBDE
regeneration, Cxon Was varied in the range of 0.01 — 1 M,
temperature (Tregen) Was varied as 303 and 323 K while SBDE-to-
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Sol and impregnation time were constant at 0.01 g/mL and 1 h,
respectively.

To evaluate the stability of RBDE (S,) after several
cycles of adsorption-regeneration, the adsorption capacities of
RBDE after n cycles was compared with the one after the first
cycle, calculated according to Eq. (2).

Sn = gc, RBDE(n) /QTc, RBDE(1) (2)

2.6 Kinetics and Isotherm Models

Three general models, pseudo-first order (PFO), pseudo-second
order (PSO) and Elovich (EV) were applied to interpretation of
the kinetics data. As for the analysis of the isotherm data, two
conventional models, Langmuir and Freundlich were considered.

3.0 RESULTS AND DISCUSSION
3.1 Preparation of Highly Efficient BDE

Figure 1 shows adsorption capacity (grc) of diatomaceous earth
activated at various activation conditions (tat and Taet). In this
range of ta, increase in T, significantly enhances grc of the
obtained DE-X-Ys. On the other hand, grc increases with t
only when t,¢ increases from 1 to 6 h while beyond this
activation time grc seems to plateau or even slightly drops,
except at Tyt of 343 K. Based on this result, 353 K was selected
as the most effective T.i. Although DE-353-9 showed the
highest efficiency, the condition of 353 K and 6 h was selected
as the most suitable activation condition. This is because the
shorten ta: from 9 to 6 h, corresponding to 33.33% reduction of
energy consumption, resulted in only 3.27 % decrease of
adsorption efficiency; grc, pe-353-9 = 86.31 mg/g while grc, pe-353-6
= 83.49 mg/g. Consequently, DE activated at 353 K for 6 h,
namely as BDE, was used for further investigation.
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Figure 1 Effects of activation conditions on performance of DE-X-Y in TC
adsorption. Activation temperature at (®) 333, (x) 343 and (A) 353 K.

3.2 Characterizations of NDE and BDE

As summarized in Table 1, NDE and BDE mainly consisted of
SiO,, Al,O3 and Fe;0s. SiO, content was largely reduced from
71.9% in NDE to 55.1% in BDE while other components were

slightly increased. This result indicated that the KOH treatment
was effective in dissolution of SiO,, as reported in literature [9,
13].

Figure 2 SEM images of (a, b) NDE and (c, d) BDE
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Figures 2(a) and (b) demonstrate that the frustules existed in
NDE as small fragments, short and long rod-like structures and

Table 1 Composition of NDE and BDE from XRF analysis

Property  Unit NDE* BDE

Si0, wt% 71.90 55.10
Al,03 wt% 11.70 20.60
Fe;03 wt% 6.28 10.40
K20 wt% 1.61 6.00
MgO wt% 0.41 0.96
SSAser m?/g 25.39 27.18
Vr cm’/g 0.03 0.10
dp nm 4.69 14.88

*as reported in Ref. [12]

these frustules contained many small pores which were in
uniform circular shape (diameter around 1 um) and well order
arrangement. After the KOH treatment, the morphology was
obviously changed. As shown in Figure 2(c) and (d), no small
pores were observed in the small fragments and less pores
existed in the rod-like structures of BDE. This pore closure was
considered as a result of the etching reaction by KOH during
the activation.

As illustrated in Figure 3, NDE and BDE and SBDE have
the same XRD diffraction patterns. The two peaks with strong
intensity at 20.8 and 26.6° reveal the existence of quartz and
the tiny peak at 12.37° reveal the existence of kaolinite. The
similar characteristic patterns of NDE and BDE indicated that
the KOH treatment at this condition only modified the
amorphous phase and insignificantly affected the crystallinity
of the adsorbent. No change in the crystallinity of adsorbent
was observed after the adsorption experiment.

A series of FT-IR spectra of NDE, BDE and SBDE
illustrated in Figure 4 also confirmed the modification of
amorphous phase with insignificant effect on the crystallite
silicate structure of the adsorbent caused by the KOH
activation. The spectrum of NDE shows the strong and broad
band around 1060 — 1090 cm-! attributed to Si-O-Si asymmetric
bond stretching vibration, the group of small peaks at 3695 and
3626 cm! attributed to OH unassociated silanol group and two
small peaks at 914 and 800 cm! attributed to Si-OH stretching
vibration and Si-O-Si symmetric bond stretching vibration,

respectively [14]. The small peaks appear at 694 and 540 cm™
are assigned to O-Si-O bending and Si-O-Al in kaolinite
structure, respectively [15]. Comparison of BDE spectrum with
NDE spectrum reveals that after NDE was activated to BDE, the
strong and broad peak around 1060 — 1090 cm became
sharper and slightly shifted to 1002 cm1, which is important
characteristic of FT-IR spectrum of amorphous phase silica,
implying the change from crystalline to amorphous phase of
silica due to the KOH activation. In the
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Figure 3 XRD patterns of (a) NDE, (b) BDE and (c) SBDE; standard
patterns of (x) silica and (+) kaolinite
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Figure 4 FTIR spectra of (a) NDE, (b) BDE, and (c) SBDE.

Table 2 Linear form equations and parameters of each kinetics and isotherm model

Adsorption Temperature (K)
Model Parameter and Unit
303 308 313 318
Kinetics PFO qrce Qe mg/g 60.40 53.54 53.37 56.14
In| —————— | = kjtoq ki 1/min 0.0640 0.0634 0.0649 0.0440
G1ce — 91C R? - 0.8530 0.9616 0.9063 0.4664
PSO t 1 t ge me/g 60.14 54.53 53.66 56.57
ads ads

= s— + ka g/mg/min 0.0055 0.0058 0.0080 0.0106
qr1c k2Qrce  9rtce R? - 0.9945 |  0.9985 0.9987 0.9996
Elovich 1 ) 1 ) a mg/g/min 24958 1743 1895 3686
grc = (—) In{af) + (—) In(t.q.) |6 g/mg 02334 | 02012 | 01969 | 0.1949
B B R? - 0.9460 0.9308 0.9722 0.9669
Isotherm Langmiur CTC.e 1 CTC.& qu mg/g 90.20 104.58 123.61 142.25
= + ke L/mg 0.0187 0.0216 0.131 0.129
grce quko qL R? - 0.9964 0.9968 0.9988 0.9981
Freundlich 1 ke mg/L 6.036 7.168 4.859 4.937
In(grc.e) = In(kg) + —In(C,) ne - 22631 | 22440 | 18882 | 18042
Ng R? - 0.9025 0.9136 0.9080 0.9065
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Figure 5 Kinetics of TC adsorption on BDE at (a) 303, (b) 308, (c) 313 and Figure 6 Linear plots of kinetics data at 308 K based on (a) PFO, (b) PSO, (c)
(d) 318 K; (Crc,0 = 200 mg/L and adsorbent dosage = 2 g/L); symbol is Elovich models, and (d) Arrhenius plot of k; calculated using PSO model
experimental data and lines present calculated results based on (— —)

PFO, (——) PSO, and (- - - -) Elovich models.
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Figure 7 Fits of (a) Langmuir and (b) Freundlich isotherm models with
) 303, (m, - - - -) 308, (X, — - —) 313, and
(A, — — —) 318 K: adsorbent dosage = 2 g/L, tadss = 6 h; symbol and line

experimental data at (e,
represent experimental data and calculated results, respectively.

spectrum of SBDE, additional to the characteristic bands of
silicate structure in ranges of 500 — 1400 and 3626 — 3695 cm,
the small broad peaks around 1627 cm assigned to C=C
stretching and around 1465 cm? assigned to C-H bending [16]
appear. This result indicates the existence of TC molecules on
SBDE sample.

3.3 Adsorption Kinetics

Time dependences of grc at various adsorption temperatures
(Tads) are demonstrated as the symbol-plot in Figure 5. The rate
of TC adsorption rapidly occurred in the induction period and
gradually decreased after 15 min. This behavior is expected as
general adsorption because initially there are abundant vacant
sites available for molecules of adsorbate to be adsorbed and
the concentration of adsorbate in the solution is also high,
whereas in the later period the number of vacant sites and the
concentration of adsorbate becomes smaller. It should be noted
that it was confirmed by the separated experimental runs that
the adsorption in this temperature range reached the
equilibrium within 6 h.

Table 2 presents the linear equations and the
corresponding results of linear regression analysis according to
PFO, PSO and Elovich models including correlation factor (R2)
and the evaluated kinetics parameters. As an example, the
linear plots according to PFO, PSO and Elovich models obtained
at 308 K are illustrated in Figure 6 (a) — (c). The plots clearly
show that the goodness of fit of the model were in the order of

10

(a)

Crce /QTc,e (/L)

0 200 400 600 800

Crce (mg/L)

(b)

In(Grc,e) (-)

0 2 4 6 8

In(Cree) ()

Figure 8 Fits of (a) Langmuir and (b) Freundlich isotherm models with
experimental data at 308 K, adsorbent dosage = 2 g/L, tas = 6 h; (e)
experimental data, (

) calculated result.

PSO > Elovich > PFO and the line-plot in Figure 5 also confirmed
that PSO was the most suitable model to describe the kinetics of
TC adsorption on BDE. At other T,gs, the similar trends were also
observed. Furthermore, the activation energy of TC adsorption
evaluated from Arrhenius plot of PSO model, In(kz) vs 1/Tads in
Figure 6 (d), was 36.57 kJ/mol/K.

3.4 Adsorption Isotherm

Isotherm plot, illustrated as symbols in Figure 7, reveals that
grc, e Steeply increases with Crc e in low concentration region
and gradually reaches the saturation at high concentration. The
saturation is evidently observed around 80 mg/g at 303 K and
around 100 mg/g at 308 K while the saturation just nearly
reaches at the temperature higher than 308 K. The linear plots
according to Langmuir and Freundlich isotherm models, as
illustrated in Figure 8, and the values of R? obtained from linear
regression analysis, listed in Table 2, suggested that Langmuir
model gave the fit with experimental result better than
Freundlich model. This was also confirmed by the plots in
Figure 7, where a strong resemblance between the calculated
result and the experimental data was found only in the case of
Langmuir isotherm model. This result implied that TC adsorbed
on the surface of BDE as monolayer without interactions
between the adsorbed TC. In addition, the increase in
saturation capacity of TC adsorption (qL) with Tads was
consistent well with the
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Table 3. Comparison of TC adsorption capacities; Qmax is the maximum adsorption capacity calculated according to Langmuir isotherm model.

Adsorbents Adsorption Conditions Qmax (Mg/8) Ref.
BDE 2g/L,6h,318K 142.25 This work
Amino and amino-Fe®* functionalized mesoporous silica 1 g/L, 24 h, 298 K, pH 5 90.77 [17]
Palygorskite supported Cu,O-TiO2 1g/L, 1h,293K, pH 8.7 113.6 [18]
Chitosan modified bentonite 5g/L,0.5h, 313K 121.36 [19]
Clay mineral montmorillonite 0.5g/L, 6h, 298 K 227.27 [20]
80
(a) determined k. at various T.gs (in Table 2), implying endothermic
behavior of this adsorption process.
60 2 3 % Table 3 shows the comparison of the maximum adsorption
- capacity (Qmax) of BDE with other adsorbents in literature; BDE
= should be considered as one of the promising alternatives for TC
% 40 removal.
&
20 g 3.5 Reusability: Regeneration and Stability
Regeneration of SBDE should be considered since it is a key to
0 cost-effective and environmentally sustainable solution for large
0.0 0.5 1.0 15 scale wastewater treatment plant. In this study, the regeneration
Cyon (M) of SBDE was tested using KOH impregnation similar to the
activation method but under the milder conditions, Cxon = 0.01 —
12 1 M and regeneration temperatures (Tregen) 0f 303 and 323 K.
(b) The results in Figure 9 (a) reveals that SBDE was effectively
° L4 ® . regenerated when Cyxon Was as high as 0.1 M and the increase in
09 Ckon, even to 10 times (1 M), slightly affected the efficient of the
regeneration. On the other hand, the increase in Tegen from 303
—_ to 323 K negligibly influenced the efficient of the regeneration.
o 06 Therefore, the regeneration at Ckon of 0.1 M and Tregen Of 303 K,
giving grc = 63.07 mg/g, was performed for further evaluation of
03 reproducibility of adsorption performance after several
’ adsorption-regeneration cycles. It was found that the adsorption
capacity of RBDE(1) was about 75.5 % of that of BDE (grc, repe(1) =
0.0 0.755¢grc, spe). However, as illustrated in Figure 9 (b), this
0 1 2 3 4 5 adsorption capacity was constantly maintained up to 4 times of
Cyde () the reuse; S, varied in quite narrow range (0.97 — 1.02). Figure 9
(c) reveals that the XRD pattern of BDE and RBDEs are similar,
implying that the crystalline structure of RBDEs were not affected
(c) by the KOH treatment during the regeneration.
n i o . RBDE(4)
RBDE(3) 4.0 CONCLUSION
PPN W N .
T In this study, adsorption performance of diatomaceous earth
% L . ) RB?E(Z) activated by KOH impregnation under various conditions (1 — 12
z h and 333 — 353 K) were comparatively measured and the most
= RBDE(1) suitable condition of the activation was determined as 6 h and
A At < 353 K. Characterization of diatomaceous earth before and after
activation, NDE and BDE, suggested that KOH activation resulted
I 1 L . BDE in dissolution and leaching of amorphous phase silica rather than
x  x % % x v x x crystalline one. Linear regression analysis revealed that the
+ Hb ok 4 + + + goodness of fit of kinetics models was in the order of pseudo-
o e e T T T second-order (R? = 0.9945 — 0.9996) > Elovich (R? = 0.9308 —
0.9722) > pseudo-first-order (R? = 0.4664 — 0.9616) and the
26 (degree)

Figure 9 (a) Regeneration of SBDE at (0) 303 and (x) 323 K, (b)
Reproducibility of BDE efficience after several adsorption-regeneration
cycles, (c) XRD patterns of RBDEs with the standard patterns of (x) silica
and (+) Kaolinite and number in parenthesis represents the number of
regeneration.

activation energy this adsorption was 36.57 kJ/mol/K. As for
isotherm behavior, Langmuir model fitted with experimental data
much better than Freundlich model, indicating monolayer
adsorption of TC molecules on homogeneous sites of BDE and the
increase in adsorption equilibrium constant with temperature
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also indicated endothermic behavior. Impregnating SBDE in 0.1 M
of KOH solution at 303 K for 1 h reasonably reproduced and
maintained efficiency of the regenerated BDE in TC removal at
least for 4 cycles of adsorption-regeneration experiment.
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