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Abstract: A new honeycomb production process was proposed with both filter cake (from
hydrothermal treatment of metatitanic acid) and industrial titanium dioxide as Ti sources. The
strength of the obtained pilot product was comparable with the current industrial honeycomb product
from only filter cake, but its denitration (DeNOx) efficiency was elevated up to 15 percentage points.
Multiple characterizations revealed the filter cake and industrial titanium dioxide to be composed
of primary particles and secondary particles, respectively, and the introduced secondary particles
from industrial titanium dioxide resulted in increased specific surface area and pore size/volume,
facilitating the exposure of more active sites with improved activity. Moreover, a positive correlation
property was found between the honeycomb strength and crystallinity for the samples from different
titanium sources. The filter cake with rich hydroxyl groups and weak crystallinity could be fused
more easily among these primary particles to have a higher strength than industrial titanium dioxide,
and the primary particle of the filter cake could fill the pile pore of industrial titanium dioxide and act
as a solid phase binder to acquire good strength for the honeycomb using both the filter cake and
titanium dioxide as Ti sources. The improved honeycomb product with good activity and strength
may have more widespread application for the purification of low temperature flue gas in industry.
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1. Introduction

Selective catalytic reduction with NH3 (NH3-SCR) is the most popular technology to eliminate the
emission of nitrogen oxides (NOx) from industrial flue gas, in which the DeNOx catalysts play the key
role due to their high denitration (DeNOx) efficiency [1–4]. As the most common commercial catalyst,
the honeycomb DeNOx catalysts are largely produced though an extrusion process using industrial
titanium dioxide or titanium-tungsten as Ti sources [5–7]. To reduce the production cost, our previous
study invented a simplified technology process to produce honeycomb catalyst using filter cake as the
Ti source derived from hydrothermal treatment of the metatitanic acid precursor [8]. The pilot test of
the produced honeycomb confirmed the good DeNOx activity for the purification of low temperature
flue gas from a coking plant [9], and the corresponding low temperature DeNOx technology also has
obtained good application in industry in the past two years [10].
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Compared with honeycomb catalyst produced by industrial titanium dioxide, our honeycomb
showed significantly increased axial strength (5.3 MPa) with a high volume density (650 kg/m3). On
the other hand, its activity was inferior to the catalyst from the titanium dioxide source [9,11]. For
the low temperature DeNOx catalyst, the catalytic life was only about one half to one year owing to
the easy formation of ammonium sulfate at a low temperature [5,12]. The deactivation of the catalyst
needs to be frequently carried out, as well as the off-line regeneration by heat treatment [13–15]. Thus,
the strength of the honeycomb is also a very important technical index for a low temperature DeNOx

catalyst to keep the catalyst intact in high humidity flue gas and during the regeneration process.
To maintain the good strength, as well as to improve its activity, in this work, we tried to use

both the filter cake and industrial titanium dioxide as Ti sources for the pilot production experiment.
The obtained honeycomb exhibited obviously increased DeNOx efficiency with a rise of fifteen
percent points while maintaining the high strength of the honeycomb. Multiple characterizations
were performed for both powdery and honeycomb catalysts to reveal that the aggregation state and
crystalline state of particles decided the activity and strength of the samples from different Ti sources.
These results demonstrated the great feasibility to use both the filter cake and industrial titanium
dioxide as Ti sources to improve the activity while retaining the strength of the produced honeycomb.

2. Results and Discussion

2.1. The Activity of the Powdery/Honeycomb Catalysts with Different Titanium Sources

Figure 1 displays the NH3-SCR performance of powdery and honeycomb catalysts from different
titanium sources, respectively. For the powdery catalysts in Figure 1A, the DeNOx efficiency of the
sample using the filter cake plus titanium dioxide had significantly increased activity compared with
the sample from only filter cake and was close to the activity of the sample from only titanium dioxide.
As for the strength, apparently, the powdery catalyst from the filter cake plus titanium dioxide had
nearly the same strength as the sample made only from the filter cake, but its strength was superior to
the one using only titanium dioxide as the Ti source. Moreover, the two samples with the filter cake
were much denser than the one using only titanium dioxide.Catalysts 2019, 9, x FOR PEER REVIEW 3 of 11 
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Figure 1. The activity of the powdery (A) and honeycomb (B) catalysts with different titanium sources:
(a) filter cake, (b) industrial titanium dioxide, and (c) filter cake plus titanium dioxide.

Three kinds of honeycombs were then successfully produced at the pilot scale through the filter
cake, industrial titanium dioxide, and the filter cake plus titanium dioxide, respectively. The same
order of activity was observed for the corresponding powder catalyst in Figure 1B. The honeycomb
sample from the filter cake plus titanium dioxide exhibited an obviously increased DeNOx efficiency
being fifteen percent higher than the honeycomb from the filter cake in the temperature range of
160–220 ◦C, and its activity was also close to that of the honeycomb from titanium dioxide. Moreover,
the strength of the two honeycombs with the filter cake was markedly higher than the one only with
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titanium dioxide. These results manifested that the different Ti sources may have a great impact on
the catalytic activity and strength, and the relationship of the structure, activity, and strength for the
different honeycombs will be discussed in the following text.

2.2. The Effect of the Structure on the Activity for Different Titanium Sources

The property of the powdery catalysts from three different Ti sources was studied firstly. All the
samples in Figure 2 had their main diffraction peaks at the 2 degree (Deg) of 25.2, 37.9, 47.9, 54.1, 54.9,
62.6, 68.5, 70.0, 75.0, and 82.8◦, which belong to anatase TiO2 according to JCPDS 21-1272 [16]. For the
raw materials of Ti sources, the filter cake showed a very weak intensity of XRD peaks, indicating the
weak crystallinity of its TiO2 particles, which may have abundant structure defects. On the other hand,
the industrial titanium dioxide showed very good crystallinity with a high intensity of XRD peaks
owing to its pretreatment at 600 ◦C in a titanium white plant. After calcination at 550 ◦C to obtain
the powdery catalysts from different Ti sources, all three catalyst samples showed high intensity XRD
peaks. The results indicated that the TiO2 particles from the filter cake were sintering with increased
size and good crystallinity after high temperature calcination.
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Figure 2. The XRD patterns of the two raw Ti sources (A) and the corresponding powdery catalysts
produced by different Ti sources (B).

The SEM and TEM images in Figure 3 further show the morphology and aggregation state of the
catalyst particles from different Ti sources. For the catalyst from the filter cake, it consisted of uniform
primary particles with a particle size of 30–60 nm, and all the particles were bonded together with few
pile holes (Figure 3A1,2). All the primary particles of the catalyst from titanium dioxide were much
smaller with a size of about 20 nm, and they reunited as secondary particles with a size of 200–300 nm.
These secondary particles gathered to form a catalyst with rich pile holes. As for the catalyst from the
filter cake plus titanium dioxide, the secondary particles from industrial titanium dioxide were bonded
by these primary particles from the filter cake, and many pile holes were also observed (Figure 3C1,2).

As a summary of the features of the powdery catalysts in Table 1, the sample from the filter cake
had the lowest specific surface (40 m2/g)/volume (0.23 cm3/g)/pore size (18.6 nm), but the highest bulk
density (1.51 g/cm3). The values of these parameters were much larger for the sample from titanium
dioxide. For the sample using both the filter cake and titanium dioxide as Ti sources, the values of
specific surface/volume/pore size were between the two ones using only the filter cake or titanium
dioxide as the Ti source, which was the same as the SEM/TEM observation in Figure 3. Combining
with the activity curves in Figure 1A, the increased specific surface, as well as rich pore structure may
increase the exposure of more active sites, which was responsible for the improvement of the activity
for the powdery catalysts.
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Figure 3. The SEM (A1–C1) and TEM (A2–C2) images for the powdery catalysts produced by different
titanium precursors: (A) filter cake, (B) titanium dioxide, and (C) filter cake plus titanium dioxide.

Table 1. Summary of the BET data for the powdery catalysts produced by different titanium sources.

Samples Filter Cake Titanium Dioxide Filter Cake Plus Titanium Dioxide

BET areas 40 m2/g 58 m2/g 46 m2/g
Volume 0.23 cm3/g 0.35 cm3/g 0.31 cm3/g

Pore size 18.6 nm 34.2 nm 27.8 nm
Bulk density 1.51 g/cm3 0.95 g/cm3 1.41 g/cm3

The morphology of the honeycombs from different Ti sources is shown in Figure 4. Similar to the
powdery catalysts, it could be seen that the surface from the filter cake was compact and consisted of
primary particles, and very few pile holes were observed (Figure 4A). By contrast, the honeycomb from
titanium dioxide consisted of secondary particles (Figure 4B) with a size from 300–500 nm, and many
pile pores formed between these secondary particles. After using both the filter cake and titanium
dioxide, it can be seen from Figure 4C that the secondary particles of titanium dioxide were cohesive
through the primary particle of the filter cake, and the surface of the honeycomb became rough with
much richer pores than the honeycomb from filter cake in Figure 4A.

To have a deep insight into the surface area and pore size distribution of the honeycombs from
different Ti sources, Figure 5 displays the N2 adsorption–desorption isotherm and the corresponding
pore size distribution curves. All the samples exhibited the typical IV isotherm with a H3-type
hysteresis loop (P/P0 > 0.4), indicating the mesoporous characteristics of these honeycomb catalysts [17].
In combination with the quantitative data summarized in Table 2, it can be found that the use of the
both filter cake and titanium dioxide could increase the BET areas, volume, as well as pore size. The
results were well in accord with the SEM observations in Figures 4 and 5, implying that the increased
activity resulted from the rising specific surface area and rich pore structure with more active sites
exposed after using both the filter cake and titanium dioxide as Ti sources.
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Table 2. Summary of the BET data for the honeycomb catalysts produced by different titanium sources.

Samples Filter Cake Titanium Dioxide Filter Cake Plus Titanium Dioxide

BET areas 42 m2/g 51 m2/g 47 m2/g
Volume 0.21 cm3/g 0.32 cm3/g 0.28 cm3/g

Pore size 19 nm 32 nm 28 nm

2.3. The Effect of the Structure on the Strength of Honeycombs from Different Titanium Sources

In the above research, the difference of the activity for the samples from different Ti sources was
explained in terms of the state of particle aggregation, specific surface area, and pore structure. As for
strength, the sintering state was the key factor for the honeycombs from different Ti sources. Figure 6
displays the changed strength (Figure 6A1–C1)/crystallinity (Figure 6A2–C2) vs. temperature for the
different honeycombs. For the honeycomb from the filter cake, the dried honeycomb at 100 ◦C had a
strength as high as 3.7 MPa, and an elevated temperature of 200 ◦C observably increased the strength
to 4.6 MPa. The strength nearly kept unchanged between 200 and 400 ◦C, but continuously increased
above 400 ◦C to 6.2 MPa at 600 ◦C. Correspondingly, the peak intensity of XRD showed a similar
tendency as the strength. The obviously increased intensity from 100–200 ◦C may be re-crystallization
of the TiO2 particles, and the increased intensity above 400 ◦C may be owed to the sintering effect at a
high temperature.

For the honeycomb from industrial titanium dioxide, the strength was not good and only began to
increase obviously at 400 ◦C and slowly reached 4.1 MPa at 600 ◦C. Similarly, the intensity of its XRD
patterns also increased slowly from 300 to 600 ◦C. In contrast, the strength for the honeycomb from
the filter cake and titanium dioxide began to increase from 2.4 MPa at 100 ◦C and then increased fast
from 300 to 600 ◦C with the best strength of 6.1 MPa at 600 ◦C. The intensity of the XRD patterns also
increased fast above 300 ◦C. These results demonstrated that the structural change of TiO2 particles from
the filter cake may occur at the low temperature stage of 100–200 ◦C and the high temperature stage
above 400 ◦C, respectively. The strength of honeycomb accordingly increased at the two temperature
stages, especially above 300 ◦C.

To have much deeper insight into the unique property of strength for the filter cake, the FT-IR
test and TEM observation for the filter cake treated at different temperatures were performed, and the
results are shown in Figure 7. For the FT-IR curves in Figure 7A, the peak at the range of 3000–3800
cm-1 can be assigned to the hydroxy groups, which is very strong for the filter cake dried at 100 ◦C.
After drying at 200 ◦C and calcination at 600 ◦C, the hydroxy groups gradually decreased and were
even eliminated. Correspondingly, the primary particles were bonded compactly after drying at 200 ◦C,
and these particles further fused and grow after calcination at 600 ◦C. Combining the XRD results in
Figure 6, the rich hydroxy and easy decarbonylation of the filter cake may facilitate the bonding and
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fusion of the primary particle in the filter cake with the increase of temperature, resulting in the good
crystallinity and high strength of the honeycomb from the filter cake.Catalysts 2019, 9, x FOR PEER REVIEW 7 of 11 

 

 
Figure 6. The axial direction strength (A1–C1) and corresponding XRD patterns (A2–C2) for 
honeycomb catalysts produced by different titanium sources treated at different temperature. 

To have much deeper insight into the unique property of strength for the filter cake, the FT-IR 
test and TEM observation for the filter cake treated at different temperatures were performed, and 
the results are shown in Figure 7. For the FT-IR curves in Figure 7A, the peak at the range of 3000–
3800 cm-1 can be assigned to the hydroxy groups, which is very strong for the filter cake dried at 100 
°C. After drying at 200 °C and calcination at 600 °C, the hydroxy groups gradually decreased and 
were even eliminated. Correspondingly, the primary particles were bonded compactly after drying 
at 200 °C, and these particles further fused and grow after calcination at 600 °C. Combining the XRD 
results in Figure 6, the rich hydroxy and easy decarbonylation of the filter cake may facilitate the 
bonding and fusion of the primary particle in the filter cake with the increase of temperature, 
resulting in the good crystallinity and high strength of the honeycomb from the filter cake. 

 

Figure 6. The axial direction strength (A1–C1) and corresponding XRD patterns (A2–C2) for honeycomb
catalysts produced by different titanium sources treated at different temperature.

Catalysts 2019, 9, x FOR PEER REVIEW 7 of 11 

 

 
Figure 6. The axial direction strength (A1–C1) and corresponding XRD patterns (A2–C2) for 
honeycomb catalysts produced by different titanium sources treated at different temperature. 

To have much deeper insight into the unique property of strength for the filter cake, the FT-IR 
test and TEM observation for the filter cake treated at different temperatures were performed, and 
the results are shown in Figure 7. For the FT-IR curves in Figure 7A, the peak at the range of 3000–
3800 cm-1 can be assigned to the hydroxy groups, which is very strong for the filter cake dried at 100 
°C. After drying at 200 °C and calcination at 600 °C, the hydroxy groups gradually decreased and 
were even eliminated. Correspondingly, the primary particles were bonded compactly after drying 
at 200 °C, and these particles further fused and grow after calcination at 600 °C. Combining the XRD 
results in Figure 6, the rich hydroxy and easy decarbonylation of the filter cake may facilitate the 
bonding and fusion of the primary particle in the filter cake with the increase of temperature, 
resulting in the good crystallinity and high strength of the honeycomb from the filter cake. 

 

Figure 7. The infrared radiation curves (A) for the (a) obtained wet filter cake, (b) dried filter cake, and
(c) calcinated filter cake, as well as the TEM images for the (B) obtained wet filter cake, (C) dried filter
cake, and (D) calcinated filter cake.

According to the above results, a possible relationship between the structure and strength was
demonstrated as shown in Figure 8. The primary particles were formed with rich hydroxyl groups
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after hydrothermal treatment of metatitanic acid. The decarbonylation of these primary particles
combined them together through chemical bonding after drying with an increase of strength, and
the strength further increased with the growth and fusion of these primary particles at a high
calcination temperature.
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In brief, the positive correlation property was found between the honeycomb strength and
crystallinity for the samples from different titanium sources. The better the crystallinity of TiO2

particles was, the higher the strength of the honeycombs. In terms of structure, as shown in Figures 2
and 7, the filter cake consisted of primary particles, and its crystallinity was not good with a large
number of hydroxy groups. The small space among the primary particles (Figure 3), as well as the
rich hydroxy groups made sintering of the primary particles to form high strength honeycomb from
the filter cake very easy. By contrast, the industrial titanium dioxide was pretreated at a temperature
above 500 ◦C in the TiO2 plant, and its aggregation state was in the form of secondary particles. Its
structure was very stable, and the large pile pores among these secondary particles made the fusion
of these secondary particles much to result in a satisfactory strength more difficult. In the case of
honeycomb from both the filter cake and titanium dioxide source, the primary particles from the filter
cake filled in the pile holes of the secondary particles and acted as the solid phase binder, accounting
for its improved strength.

3. Materials and Methods

3.1. Preparation of Powdery Catalyst and Pilot Production of Honeycomb Catalyst

The powdery catalysts were prepared through mixing different titanium sources (filter cake from
hydrothermal treatment of metatitanic acid, industrial titanium dioxide, or both of them) with active V
and Mo salt precursors and other additives. All the Ti sources had a similar elemental composition with
the content of TiO2 above 98.5%. Then, some water was added to make a uniform catalytic mud. After
drying at 105 ◦C and calcination at 550 ◦C, the catalysts were obtained and further crushed for use.
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The pilot production of the honeycomb catalyst with different titanium sources was executed
by a honeycomb manufacturer, Hebei Weida Lanhai Environmental Protection Technology Co. LTD.
In each batch, 1 ton of catalytic pug was prepared, and about 1 m3 of honeycomb product could be
obtained. The improved process for the honeycomb product using both the filter cake and industrial
titanium dioxide as Ti sources is shown in Figure 9. After the hydrothermal treatment of metatitanic
acid, the obtained filter cake was mixed with industrial titanium dioxide and other additives to form
a uniform mud, which was extruded and molded into honeycomb. Moreover, two kinds of other
honeycomb were also produced with a similar extrusion process by only the filter cake or titanium
dioxide as Ti sources, respectively. Finally, all the honeycomb catalysts were obtained after vapor
seasoning at 60–80 ◦C and calcination in a mesh-belt kiln at 550 ◦C.
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3.2. Activity Test and Characterization

The activity test of powdery catalysts derived from different titanium sources was conducted in a
fixed-bed quartz reactor with 650 ppm NO, 650 ppm NH3, 3% O2, with balance being made up of N2.
The experiment was carried out in a space velocity (SV) of 60,000 h−1. The activity measurement of
the corresponding honeycomb catalyst was carried out in a DeNOx square shaped steel reactor. The
simulated flue gas was the same for the powdery catalyst at a ratio of NH3/NO = 1. Twenty centimeter
honeycomb pieces with four channels were used with a linear velocity of 2.4 m/s. The flue gas was
continually monitored by an ABB on-line gas analyzer (ABB AO2020, Frankfurt am Main, German).

The NO conversion, N2O yield, and NH3 conversion were calculated according to the
following equations:

NO Conversion =
[NO]in − [NO]out

[NO]in
∗ 100% (1)

N2O yield = [NO]in − [NO]out (2)

where [NO]in and [NO]out represent the concentration of gaseous NO in the inlet and outlet, respectively.
X-ray diffraction (XRD) patterns were recorded on an X-ray diffractometer (Empyrean, PANalytical

B.V, Almelo, The Netherlands) in the 2 Deg range of 5–90◦ with a step size of 0.4372 s−1 operating
at 40 KV and 40 mA using Cu Kα radiation. A nitrogen adsorption–desorption apparatus (ASAP
2020, Micromeritics Instrument Corp, Norcross, GA, USA) was used to determine the surface area
and pore size distribution of samples at 77 K (BET). The mass of samples was 0.1 g, and each of them
was degassed at 200 ◦C for 10 h before they were measured. The morphology and microstructure of
samples were recorded on an SU8020 scanning electron microscope (SEM, HITACHI, Tokyo, Japan).
The internal microstructures of samples were observed by a JEM-2010 transmission electron microscopy
(TEM, JEOL, Tokyo, Japan) at an accelerating voltage of 200 kV. The Fourier infrared (FT-IR) tests
for the filter cake with different treat temperatures was performed on the spectrometer of Bruker
(Tensor 27). The strength of the honeycomb pieces with the same size was tested on the plunger tester
(KC-3) from Beijing Hengaode Technology co., LTD. The honeycomb was cut into cubes with the size of
4 cm × 4 cm × 4 cm, and then, the small cube was placed on the platform of the KC-3. The mechanical
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arm of KC-3 was gradually pressed on the cube, and the maximum pressure recorded before the cube
broke provided the strength data.

4. Conclusions

In summary, an improved process for honeycomb production was proposed by using both the
filter cake and industrial titanium dioxide as Ti sources, and the DeNOx activity of the obtained
honeycomb could be elevated up to fifteen percent together with the comparable strength of the
honeycomb produced by only the filter cake. The structure study for the powdery catalyst showed
that the filter cake consisted of primary particles with few pores and a small specific surface are,
but industrial titanium dioxide consisted of secondary particles with abundant pile holes. The same
architectural features were also observed for the pilot produced honeycomb catalysts from different
Ti sources. Using both the filter cake and titanium dioxide introduced the secondary particles with
increased specific surface area and pore size/volume, facilitating the exposure of more active sites with
improved activity. On the other hand, the crystallinity of the filter cake was not good with abundant
hydroxy groups compared to industrial titanium dioxide. The architectural features of the filter cake
made the sintering of primary particles to form the high strength honeycomb easy, accounting for the
observed positive correlation property between the honeycomb strength and crystallinity. The primary
particles of the filter cake could fill the pile pores of industrial titanium dioxide and acted as a solid
phase binder to acquire the high strength for the honeycomb using both the filter cake and titanium
dioxide as Ti sources. The demonstrated new honeycomb process with the great advantages of activity
and strength possesses promising application prospects for high dust flue conditions in industry.
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