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In this study, KOH activation was performed to enhance the porosity of the diatomite-templated carbon
and to increase its adsorption capacity of methylene blue (MB). In addition to serving as the activation
agent, KOH was also used as the etchant to remove the diatomite templates. Zeolite K-H was synthesized
as a byproduct via utilization of the resultant silicon- and potassium-containing solutions created from
the KOH etching of the diatomite templates. The obtained diatomite-based carbons were composed of
macroporous carbon pillars and tubes, which were derived from the replication of the diatomite tem-
plates and were well preserved after KOH activation. The abundant micropores in the walls of the carbon
pillars and tubes were derived from the break and reconfiguration of carbon films during both the
removal of the diatomite templates and KOH activation. Compared with the original diatomite-templated
carbons and CO,-activated carbons, the KOH-activated carbons had much higher specific surface areas
(988 m?/g) and pore volumes (0.675 cm>/g). Moreover, the KOH-activated carbons possessed larger MB
adsorption capacity (the maximum Langmuir adsorption capacity: 645.2 mg/g) than those of the original
carbons and CO,-activated carbons. These results showed that KOH activation was a high effective acti-
vation method. The zeolite K-H byproduct was obtained by utilizing the silicon- and potassium-contain-
ing solution as the silicon and potassium sources. The zeolite exhibited a stick-like morphology and
possessed nanosized particles with a mesopore-predominant porous structure which was observed by
TEM for the first time.
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1. Introduction adsorption capacity of diatomite-templated carbons for gas and li-
quid molecules using H, and methylene blue (MB), respectively, as

Hierarchically porous carbons are attracting attention due to model molecules [5,6]. However, the adsorption capacities were

the presence of macropores or mesopores in microporous carbons,
which can improve the transport of adsorbed molecules through
the porous framework of carbons [1-3]. Recently, hierarchically
porous carbons with unique macroporous carbons have been pre-
pared using diatomite template [4-8], which is a natural bioge-
netic mineral derived from an assemblage of diatom shells and is
of highly developed macroporosity [9-17].

The diatomite-templated carbons possess macropores, mesop-
ores and micropores which are mainly derived from the replication
of the diatomite templates, the stacking of carbon species and the
breaking of carbon films during the removal of diatomite tem-
plates, respectively [4,5,7]. Previous studies have evaluated the
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ordinary due to the low specific surface area (Sger) and micropore
volume (Vpicro) Of the diatomite-templated carbons.

In our recent study, physical activation with CO, or H,0 as the
activation agent was performed to enhance the porosity of diato-
mite-templated carbons and further to increase their adsorption
capacities [18]. After activation, abundant micropores were gener-
ated in the walls of the carbon pillars and tubes of diatomite-tem-
plated carbons, and the Sger and Viyiero Values of the products were
significantly increased. CO, activation was more effective than H,0
activation. The MB adsorption capacity of the CO,-activated car-
bons was over 2 times larger than those of the original carbons.
In addition to physical activation, chemical activation using chem-
ical activation agents (KOH, NaOH or H3PO,) is demonstrated to be
effective and has been widely used to enhance the porosity of car-
bon materials [19-21]. Compared with physical activation, chemi-
cal activation is of some advantages, such as a lower required
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activation temperature, a shorter activation time and the produc-
tion of carbon materials with higher porosity [20,22,23]. Because
of the higher activation capability for enhancing the porosity of
carbons than that achieved with some other chemical activation
agents, KOH is universally used as the chemical activation agent
[21,24-27]. However, until now, no reports have described KOH
activation of diatomite-templated carbons; the activation effects
and the influence of activation on the surface porosity and adsorp-
tion capacity of the carbons remain unclear, even though this infor-
mation would aid in the practical application and industrial
production of these carbons.

In the present work, KOH was used as the activation agent to
enhance the porosity and to increase the adsorption capacity of
diatomite-templated carbons which were prepared using inherent
acid sites of the diatomite as a catalyst. The activation effects and
the influence mechanism of KOH activation on the porosity, frame-
work and MB adsorption capacity of the carbons were investigated.
Moreover, KOH is proposed to be an effective etchant for the re-
moval of the siliceous templates [28,29], and KOH etching is of
the lower potential threats to environment and health of research-
ers and higher reusability of the obtained silicon-containing solu-
tion, compared to HF etching. Therefore, KOH was also utilized to
remove the diatomite templates in this study. Zeolite K-H as a
byproduct was prepared using the resulting silicon- and potas-
sium-containing solution recycled from the KOH etching of diato-
mite templates for the purpose of recycling and further utilization.

2. Materials and methods
2.1. Diatomite

Diatomite was obtained from Qingshanyuan Diatomite Co., Ltd.
(Jilin provinces, China). The dominant diatoms in the diatomite
were of the genus Coscinodiscus Ehrenberg (Centrales) and were
disk-shaped with a highly developed macroporous structure. The
diatomite samples were purified via sedimentation [5], and the
purified samples were denoted as Dt (for the chemical composi-
tions, see Supplementary Data).

2.2. Preparation of the activated diatomite-templated carbon and
zeolite

The porous carbon product was prepared as follows: diatomite
and furfuryl alcohol (CsHgO,, =98 wt%, Sigma-Aldrich Co. LLC)
were mixed in ceramic boats with a solid/liquid ratio of 1 g:5 mL,
and then stirred for 1.5 h at room temperature, followed by heating
at 95 °C for 24 h. The mixture was further heated at 150 °C under
vacuum conditions for 1 h to promote cross-linking. It was then
transferred into a tubular oven and heated at 700 °C for 3 h under
a N, atmosphere (99.999%) for complete carbonization. The result-
ing products (6 g) were dissolved in 22 mL KOH (> 85 wt%, Sinop-
harm Chemical Reagent Co., Ltd., China; abbreviated as SCR
hereafter) solution with the concentration of 4 mol/L at 80 °C and
vigorously stirred for 91 h.

The mixture was separated via centrifugation: (1) the obtained
solid was dried at 60 °C for 12 h, followed by heating at 600 °C for
3 h in the tubular oven under the N, atmosphere. The products
were washed with deionized water, centrifuged for 3 times and
placed in the 36.5 wt% HCl solution (SCR) at 80 °C for 24 h. The so-
lid was then separated and washed repeatedly with deionized
water until it was free of ClI~ (as determined using AgNOs from
SCR). The material was subsequently dried at 60 °C for 12 h. The
dried solid was denoted as C/Dt-KOH. (2) The obtained supernatant
was placed in a flask to which 15.20 mL of H,0 was added. Under
vigorous stirring, 15.50 mL tetrapropylammonium hydroxide

(TPAOH, 25 wt%, SCR) was added dropwise. After being stirred
for 24 h at room temperature, the mixture was heated at 100 °C
for 72 h in a reflux unit. The solid, which was obtained via centri-
fugation was washed with deionized water, dried at 80 °C and
heated at 550 °C for 6 h. The derived solid was denoted as Z/Dt.
All chemicals and reagents used in this process were of analytical
grade (AG) and were used as received.

2.3. Characterization methods

The X-ray diffraction (XRD) patterns were taken on a Bruker D8
advance diffractometer with Ni filter and Cu Ka radiation
(4=0.154 nm) with a generator voltage of 40 kV and a generator
current of 40 mA. A scan rate of 1° (26)/min was used for measure-
ments. The detections were performed at relative humidity lower
than 40% at approximately ~25 °C.

Scanning electron microscopy (SEM) micrographs were ob-
tained using a 5 kV FEI-Sirion 200 field emission scanning electron
microscope attached to an Oxford INCA energy dispersive X-ray
spectroscopy (EDS). The detections were performed at the pres-
sures <1 x 107> Pa and at the ambient temperature of 20-23 °C.

Transmission electron microscopy (TEM) images were obtained
on a JEOL JEM-2100 electron microscope operated at an accelera-
tion voltage of 200kV with the pressures of 1x107° to
1 x 107 Pa at the ambient temperature of 23 °C. The specimens
for TEM observation were prepared as follows: the sample was
ultrasonically dispersed in ethanol for 5 min, and then a drop of
the sample suspension was placed onto a carbon-coated copper
grid. The grid was allowed to stand for 10 min before being trans-
ferred into the microscope.

The N, adsorption-desorption isotherms were measured on a
Micromeritics ASAP 2020 system (Micromeritics Co., Norcross,
USA) at liquid nitrogen temperature (—196 °C). Prior to the mea-
surement, the samples were outgassed at 150 °C for 12 h at the de-
gas port and then transferred to the analysis port to degas under a
relative pressure of 0.01 for additional 6 h. The Sggt value was cal-
culated using the multiple-point Brunauer-Emmett-Teller (BET)
method, and the total pore volume (V,) was evaluated from the
N, uptake at a relative pressure of approximately 0.99. The Viicro
value was estimated using the HK method [30]. The micropore
and mesopore size distributions, which ranged from 0.35 to
30 nm, were determined using non-local density functional theory
(NLDFT) [31]. The analysis was repeated for 3 times, and all the fi-
nally reported values were the mean values.

The MB adsorption capacity of C/Dt-KOH was determined at
ambient temperature (~25 °C) following the typical processes as
described in our previous report [5], and tests were performed
for 4 times. MB (C;6H13CiN3S,-3H,0, AG) used in the experiment
was purchased from Tianjin Kermel Chemical Reagent Co., Ltd.,
China. The adsorption isotherm is simulated using the Langmuir
model and the linear form of the Langmuir model is given as

C_ 1 1
Qe _kLQm Qm

where k; (L/g) and Q, (mg/g) are the Langmuir constant and the
monolayer adsorption capacity, respectively, and C. (mg/L) is the
equilibrium concentration of the MB solution.

The affinity between adsorbent and adsorbate is evaluated
based on the separation factor, R, determined from the Langmuir
adsorption isotherm model. R, is defined by the following
equation:

1
Ri=—
T 1+ kCo)

where Cy (mg/L) is the initial concentration of MB and K; (L/mg) is
the Langmuir constant related to the energy of adsorption.

Ce (1)

)
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3. Results and discussion
3.1. KOH-activated carbons

The diatomite-templated carbons exhibited two broad XRD dif-
fractions at approximately 23° and 44° (Fig. 1a), which were attrib-
uted to the (002) and (100) reflections of the graphite,
respectively. The do) value, commonly used to estimate the
graphitization degree of the carbon, was 0.387 nm and was larger
than that of the ideal graphite (0.335 nm) [32]; this discrepancy
indicates that the carbon products were composed of disorderly
stacked graphite microcrystals rather than the complete graphite
layers [33,34].

C/Dt-KOH exhibited unique tubular (Fig. 1b and the inset) and
pillared (Fig. 1c) macropores, whose pore sizes were similar to
those of the initial diatom shells (see Supplementary Data,
Fig. S1). This suggests that the macropores were derived from the
replication of the macroporous structures of diatom shells. The car-
bon tubes were derived from the edge macropores of diatom shells
based on our previous studies (for the formation mechanisms, see
our previous report [6]) and were hollow and interconnected with
the thin carbon film through the planform (Fig. 1b). The carbon pil-
lars derived from the central macropores were predominantly so-
lid, but were hollow at both ends. These carbon tubes and pillars
interconnected by the carbon films possessed similar morphology
to the diatomite-templated carbon without activation (denoted
as C/Dt), which was detailed described in our previous papers
[5,6]. This result indicates that monolithic construction and mor-
phology of diatomite-templated carbons were well preserved dur-
ing KOH activation. Moreover, abundant micropores were
observed in the walls of the carbon tubes and pillars These microp-
ores were narrow slit-like with pore sizes smaller than 1 nm
(Fig. 1d).

Similar to C/Dt, C/Dt-KOH exhibited type II adsorption iso-
therms with H3-type hysteresis loop of isotherms (Fig. 2a). The
high N, adsorption capacity of C/Dt-KOH at the relative pressure
near to zero indicates the existence of abundant micropores [40],
which was in good agreement with the TEM result. And the N,
adsorption capacity of C/Dt-KOH was much higher than that of
C/Dt (Fig. 2a), implying that KOH activation was an efficient meth-

(002) (@)

100
(100) C/Dt-KOH

Fig. 1. (a) XRD pattern of C/Dt-KOH; SEM images of (b) carbon tubes of C/Dt-KOH
(the inset: a single carbon tube) and (c) carbons pillars of C/Dt-KOH; (d) TEM image
of micropores on carbon walls of C/Dt-KOH.
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Fig. 2. (a) N, adsorption isotherms of C/Dt [5] and C/Dt-KOH; and (b) pore size
distributions of C/Dt-KOH.

od in the increase in the carbons micropores. The sharp rise of the
isotherm near the relative pressure of 1 indicates the existence of
macropores in carbon products. H3-type hysteresis loop indicates
the existence of mesopores [35] and reflects that the pores are
mainly narrow and slit-like [34,35], which agrees well with TEM
observation (Fig. 1d).

The mean Sger, V, and Vipicro values of C/Dt-KOH were 988 m?/g,
0.675 cm?/g and 0.421 cm?/g, respectively, and were more than
three times larger than those of C/Dt (the mean Sggr value,
270 m?/g; V,, value, 0.212 cm?/g and Vpico value, 0.127 cm?/g).
The significant increase in the pore parameters indicates that
KOH activation was an efficient method for enhancing the porosity
of the diatomite-templated carbons. Moreover, the Sger and Vp val-
ues of C/Dt-KOH were greater than those of the CO,-activated diat-
omite-templated carbons (the mean Sger value 886 m?/g and V,
value, 0.658 [18]). It is noteworthy that the Ve value of C/Dt-
KOH was smaller than that of CO,-activated carbons (Vpycro value,
0.437 cm?/g), which should be ascribed to the different activation
mechanisms [20]. The difference in the increase in microporosity
indicates CO,-activation is more advantageous than KOH-activa-
tion. However, given its higher Sger and V,, value and lower activa-
tion temperature, KOH activation was demonstrated higher
efficiency and better economical viability than CO, activation.

Three populations existed at approximately 0.74, 1.05 and
1.68 nm (Fig. 2b) in the micropore size distribution region of C/
Dt-KOH; and among them the 0.74 and 1.05 nm populations also
appeared in the size distribution of C/Dt [5]. However, the volume
of the 1.05 nm micropores of C/Dt-KOH was larger than that of C/
Dt, indicating that some micropores with the pore size of 1.05 nm
were derived from KOH activation. The appearance of 1.68 nm
population after KOH activation was presumably attributed to
the break and reconfiguration of adjacent 0.74 nm micropores dur-
ing KOH activation. This attribution was based on the observation
that C/Dt-KOH contained a smaller volume of 0.74 nm micropores
than C/Dt. Moreover, several weak size distribution peaks were
exhibited in the mesopore size region (Fig. 2b). These populations
were attributed to the stacking of carbon particles [6] and reconfig-
uration of the broken adjacent micropores during KOH activation.

The MB adsorption isotherms for C/Dt-KOH (Fig. 3a) show that
the adsorption capacity of the carbon increased with increasing MB
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Fig. 3. The MB adsorption isotherms of C/Dt and C/Dt-KOH; and (b) linear fitting plots based on Langmuir isotherm model for MB adsorption.

concentration. The Langmuir isotherm model (R? = 0.9569) which
fitted the experimental data better than Freundlich and Redlich-
Peterson models (not showed) was used to quantitatively describe
the adsorption data. The Langmuir adsorption capacity of MB on C/
Dt-KOH (Qu,, mg/g) was 645.2 mg/g, which was calculated by the
linear simulation of Langmuir isotherm model (Fig. 3b). This ob-
tained value was much higher than that of C/Dt (250.0 mg/g) and
also higher than that of CO,-activated carbons [18]. The result indi-
cates that KOH activation significantly increased the MB adsorp-
tion capacity of the diatomite-templated carbon. The increased
MB adsorption capacity was attributed to the newly appeared
pores during KOH activation. Moreover, the fact that the MB
adsorption capacity of C/Dt-KOH was higher than that of CO,-acti-
vated carbons implied the effect of KOH activation on the adsorp-
tion capacity was better.

Ry values (Eq. (2)) were traditionally used to estimate the affin-
ity between MB and the carbons [36]. The R, value of C/Dt-KOH
ranged from 0.08 to 0.45, indicating the favorable MB uptake of
these carbons [37].
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Fig. 4. (a) XRD pattern, (b) SEM image and (c) TEM image (the inset: porous
morphology) of Z/Dt.

3.2. Zeolite byproduct

The XRD diffraction patterns of Z/Dt well matched those of zeo-
lite K-H (KAl,Si4012-xH,0, Si:Al:K=2:1:1 PDF#16-0692, from
PCPDFWIN Software), which indicates that Z/Dt was zeolite K-H
(Fig. 4a). These results demonstrate that the zeolite could be syn-
thesized and the synthesis method was facile and economically
feasible for the utilization of waste solutions from KOH-etched
diatomite template and its simple processes under mild reaction
conditions, such as the low temperature and pressure. The Si:Al:K
ratio of Z/Dt obtained via EDS was 1.88:1:0.95, which was consis-
tent with the formula for zeolite K-H and the previously reported
result (1.98:1:0.82) in the previous report [38]. It is noteworthy
that the structure of zeolite K-H has remained unclear until now,
and its structure type is still unknown [38,39]. Moreover, the exact
formation mechanism of Z/Dt, such as the roles of the TPAOH tem-
plate, has not been confirmed and requires further investigation.

Z|Dt possessed a stick-shaped morphology with nano-sized par-
ticles of 50-120 nm in length and 30-80 nm in diameter (Fig. 4b
and c). Different with needle-like zeolite K-H obtained by micro-
wave-assisted preparation [38], self-assembled aggregation of Z/
Dt crystals did not occur. As displaced in Fig. 4c (the inset), a por-
ous structure with a pore size of 1.5-5.0 nm existed in the Z/Dt
particle. The porous morphology of zeolite K-H was observed using
the TEM analysis for the first time. Z/Dt was proposed here to be a
primarily mesoporous zeolite because its pore sizes were predom-
inantly larger than 2.4 nm (Fig. 4c the inset). The unique porous
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Fig. 5. N, adsorption isotherms (a) and pore size distributions (b) of Z/Dt.
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structure implied a promising application of Z/Dt in catalysis
[40,41] and adsorption of large-sized molecules [42].

Z/Dt exhibited type II adsorption isotherm with hysteresis
loops, which indicates the presence of micropores and mesopores
(Fig. 5a). The very low N, adsorption capacity of Z/Dt at a relative
pressure approaching zero shows that very few micropores existed
in Z/Dt, which was in good agreement with Viicro (0.012 cm®/g)
and the TEM results (Fig. 4c inset). The Sggr and Vj, values of Z/Dt
were 30 m?/g and 0.089 cm?/g, respectively. The mesopore volume
(Vmeso), Which was calculated by subtracting Vpicro from Vj, was
0.077 cm?/g; this value was substantially larger than that of Viicro,
which indicates the Z/Dt particles possessed a mesopore-predom-
inate porous structure, as observed by TEM (Fig. 4c inset). The pore
size distribution of Z/Dt shows that micropore sizes were centered
at 1.40 and 1.71 nm and that mesopore sizes exhibited a wide dis-
tribution (Fig. 5b).

4. Conclusions

In this study, KOH activation, an effective activation method,
was used to improve the porosity and the MB adsorption capacity
of the diatomite-templated carbons. KOH activation resulted in the
formation of new micropores and mesopores without destroying
the morphology of original diatomite-templated carbons. The new-
ly appeared micropores and mesopores existed in the walls of the
carbon pillars and tubes replicated from diatom shell, and they
were derived from the breaking and reconfiguration of carbon
films during KOH activation. KOH-activated diatomite-templated
carbons possessed the higher specific surface area (988 m?/g), total
pore volume (0.675cm’/g) and the MB adsorption capacity
(645.2 mg/g) than those of the original carbons and CO,-activated
carbons.

Moreover, a facile and economically available method was used
to prepare the zeolite K-H, during which the silicon- and potas-
sium-containing solutions derived from the KOH-etched diatomite
template were served as the silicon and potassium sources. The
zeolite products possessed a stick-like morphology and nanosized
particles with a mesopore-predominant porous structure, which
was observed by TEM and confirmed by N, adsorption analysis
for the first time.
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