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Abstract: In this work, cow manure (CM) was reused as a potential precursor in the production
of activated carbon (AC) using a potassium hydroxide activation process at different temperatures
(i-e., 500, 600 and 700 °C). The optimal activated carbon from cow manure (CM-AC) with high specific
surface area (ca. 950 m?/g) was further investigated for its adsorption performance in the removal
of a model compound (i.e., methylene blue) from aqueous solution with various initial concentrations
and adsorbent dosages at 25 °C. It was found that the resulting AC could be an effective adsorbent
for removal of cationic dye from aqueous solution in comparison with a commercial coal-based AC.
Based on the observations of the energy dispersive X-ray spectroscopy and Fourier transform infrared
spectroscopy (FTIR), the CM-AC adsorbent has a stronger interaction with the cationic compound
due to its more oxygen-containing complex on the surface. Furthermore, the adsorption kinetic
parameters fitted using the pseudo-second order model with high correlations were in accordance
with their pore properties.

Keywords: cow manure; chemical activation process; activated carbon; pore property; cationic pollutant;
adsorption performance

1. Introduction

Water pollution caused by organic pollutants (e.g., dye, pesticide) is a serious issue because it can
degrade water quality and render it toxic to public health and the environment. In general, there are
two advanced treatment processes for removal of contaminants from the water bodies [1]. One belongs
to destructive processes such as ozone oxidation and the Fenton method [2]. Other processes are
recuperative. Among the recuperative process, adsorption may be the most used method due to its
features of easy operation, high efficiency and simple design [3]. Therefore, carbon adsorption by
granular activated carbon (GAC) or powdered activated carbon (PAC) has been considered as one of the
best available technologies in the water and wastewater treatment processes for removal of organic
pollutants [4,5]. However, the adsorption process is not a low-cost method because commercial activated
carbon (AC) products have higher prices and the regeneration or disposal when they are exhausted will
generate additional issues. In recent years, the use of low-cost precursors in the preparation of AC for the
removal of various types of pollutants from water and wastewater has been reviewed [6-11]. Obviously,
utilizing organic wastes or residues as AC precursors poses several advantages such as climate change
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mitigation (reduction of greenhouse gas emissions), biomass energy production (reusing exhausted AC
as auxiliary fuel), and waste management (improvement of environmental quality).

Cattle manure or dung is a renewable resource because it mainly comes from the undigested
residue of cellulose-based feeds being excreted by livestock animal species such as cow (dairy cattle) and
bull. Generally, cattle manure was converted into fertilizer or soil amendment by composting because
composted manure contains many dissolved organic matter (DOM) fractions [12]. Without proper
treatment or management, it can cause some environmental problems, including air quality deterioration
(e.g., odor), public hazards (e.g., infectious pathogen and asphyxia poisoning), greenhouse gas emissions
(e.g., carbon dioxide and methane), and water pollution (e.g., eutrophication) [13]. Due to its high
carbon content, this biomass resource can be thermally converted into various forms of energy sources
(i.e., heat or electricity) [13—20] and biochar used as an adsorbent [21-26], but this approach may
encounter some drawbacks, including low energy yield and air pollutants (e.g., sulfur oxides, nitrogen
oxides, carbon monoxide and particulate matters) being emitted [27]. In order to upgrade its additional
value of reuse, the production of AC from cow manure and its adsorption applications have been
reported in recent years [28-36].

AC may be the frequently used carbon material in different state-of-the-art applications due to its
physical and electrochemical properties, including high surface area, wide pore distribution and large
specific capacitance [10,37]. In general, there are two methods for producing AC: physical and chemical
activation processes [38]. Physical activation involves carbonization and activation in a single step
or two separate steps at higher temperature under the atmosphere of gasification gas (i.e., steam or
carbon dioxide). The resulting AC possesses poor pore properties as compared to AC prepared from
chemical activation. By contrast, AC production using chemical activation is performed in a single
step at a lower temperature using precursor impregnated with chemical reagents (i.e., potassium
hydroxide, phosphoric acid, or zinc chloride). However, some impurities like potassium (K), zinc (Zn)
or phosphorus (P), depending on the chemical reagents used, can be found in AC products, thus raising
the production costs due to the additional processes for removing these residual activation reagents.
Asreviewed above, little research has performed the reuse of cow manure or cattle manure as a feedstock
for producing AC. In the reports by Machida’s group [28-36], they first studied the production of AC
from cattle manure compost (CMC) using chemical activation with zinc chloride (ZnCl,). Furthermore,
the CMC-derived activated carbon was tested to evaluate the liquid-phase adsorption performances
of various adsorption targets, including phenol, methylene blue, water vapor, metal ions (i.e., Cu, Pb),
and 2-methylisoborneol. In another recent study by Li et al. [36], AC was also produced from cow
manure using chemical activators like potassium carbonate (K,CO3) and ZnCl,, showing that the values
of specific surface area range from 114 to 893 m?/g. The authors also treated the wastewater from a cow
farm with the resulting ACs.

Although many studies have reported the utilization of cow manure as a precursor for producing
ACs [28-36], they were mostly produced using chemical activation with ZnCl, and potassium carbonate
(K2CO3). On the other hand, the adsorption performances of the resulting AC products were not
compared with commercial AC. Thus, the main purposes of this paper were to produce highly porous
AC from cow manure using a potassium hydroxide (KOH) activation process at different temperatures.
Subsequently, the resulting AC with the optimal pore properties was performed to evaluate its
effectiveness in the removal of cationic dye (i.e., methylene blue) from the aqueous solution. Finally,
the adsorption performances for the removal of methylene blue from aqueous solution were compared
between the CM-based AC and commercial coal-based AC.

2. Materials and Methods

2.1. Materials

The precursor for producing AC was obtained from the Livestock Research Institute (Tainan, Taiwan).
The cow (Holstein) manure (CM) sample was dried using a hot air circulating oven for about one
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week. The methods for characterizing its main thermochemical properties were similar to the previous
studies [26,39], showing that the dried CM is composed mainly of volatile matter (about 80 wt%)
with 42 wt% carbon. The potassium hydroxide (KOH; Merck Co., Darmstadt, Germany) was used
to impregnate CM to produce AC using chemical activation. As methylene blue was commonly selected
as a probe compound for determining the adsorption capacity of AC quickly [37], this cationic dye,
which was purchased from Merck Co., was used as an organic pollutant target in the work. In order
to compare the adsorption performance of the resulting AC with commercial AC, a product (Filtrasorb-300;
Calgon Carbon Co., Moon Township, PA, USA) for liquid-phase applications was used to remove
methylene blue (MB) at the same adsorption conditions.

2.2. Impregnation and Activation Experiments

The preparation of AC from CM was carried out using the KOH activation process referred
to in a previous study [40]. In the present study, the CM impregnated with KOH (KOH-CM) was
described as follows: 10 g of CM was mixed with 5 g of KOH in 150 cm3 of de-ionized water and
stirred using a magnetic bar at about 75 °C for 30 min, and then decanted into the supernatant prior
to being dried at about 105 °C for 2448 h. Subsequently, the KOH-CM (about 3 g) was activated by
passing nitrogen gas (500 cm®/min) at a heating rate of about 10 °C/min up to the specified temperature
(i.e., 500, 600, and 700 °C, respectively). Similarly to the procedures in the impregnation with KOH,
the AC product was poured into 3 N HCI solution, then heated at about 75 °C for 30 min and
finally rinsed with deionized water (150 cm?®) three times to remove the residual KOH and inherent
ash minerals effectively. Prior to the determination of pore properties, the resulting AC products
(denoted as CM-AC-500, CM-AC-600 and CM-AC-700) were dried at about 105 °C for 24 h.

2.3. Characterization of Resulting and Commercial ACs

The pore properties of the resulting AC (CM-AC) products and the commercial AC (Filtrasorb-300)
were determined by its N, adsorption-desorption isotherms at the temperature of liquid nitrogen
(i.e., =196 °C) on the Micromeritics ASAP 2020 accelerated surface area and porosimetry system.
Based on the analytical methods applied, the types of pore characterization included specific surface
area, pore volume and pore size. For example, the specific surface area of the resulting AC can
be obtained using the Brunauer—-Emmett-Teller (BET) method in the relative pressure (P/Py) range
of 0.05-0.30. The total pore volume is indicative of the liquid nitrogen amount adsorbed at P/Py
of about 0.99 [41]. According to the values of the BET surface area and total pore volume, the mean
pore diameter or width can be further estimated by assuming the cylindrical geometry [42].

In order to elucidate the elemental compositions of AC on the surface, energy dispersive X-ray
spectroscopy (Swift ED3000, Oxford Instruments, Abingdon, UK) was conducted to observe their
contents of carbon, oxygen and other elements. The data could be associated with the interaction
between the AC adsorbent and target adsorbate in the liquid-phase adsorption system. Using the
potassium bromide (KBr) pellet technique, the Fourier infrared spectrometer (FI/IR-4600, JASCO Co.,
Tokyo, Japan) was further used to measure the functional groups on the surface of the resulting AC
(CM-AC) and the commercial AC (Filtrasorb-300) in the range 4000—400 cm™L,

2.4. Adsorption Performance Experiments

Following the adsorption experiments referred to in a previous study [43], the batch adsorption
kinetics of the CM-AC-700 were carried out in a 3-L mixing tank with four baffles. In the work,
the data on the adsorption uptake of methylene blue (MB) by the MC-AC-700 from aqueous solution
(2 liters) were obtained at the fixed solution temperature of 25 °C and agitation speed of 200 rpm
under the determining adsorption process parameters, including initial MB concentrations (i.e., Cy =5,
10, 15 and 20 mg/L) and AC dosages (i.e., 0.1, 0.3 and 0.5 g, based on the solution volumes of 2 L,
which were abbreviated by 0.1, 0.3 and 0.5 g/2 L). During the adsorption experiments, an aliquot
solution (about 10 cm®) was taken out at specified intervals (i.e., 5, 10, 20, 30, 40, 50 and 60 min).
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After filtrating with mixed cellulose esters membrane filter with a size of 25 mm, the analysis of dye
concentration (i.e., C;) in the remaining filtrate solution was immediately measured with a UV/Visible
spectrophotometer (U-2900, Hitachi Co., Tokyo, Japan) at the maximum absorption wavelength
(i.e., 661 nm). It should be noted that about half of the solution sample after the filtration was first
discarded to dye the filter completely. The adsorbed amount of MB (g;, mg/g) was obtained by
the AC mass, solution volume (i.e., 2 L), and the difference between Cy and C;. On the other hand,
this work also compared the adsorption performance of a commercial AC (i.e., Filtrasorb-300) with
the CM-AC-700. The adsorption conditions were fixed at an initial MB concentration of 10 mg/L,
AC dosage of 0.3 g/2 L, agitation speed of 200 rpm, and temperature of 25 °C.

3. Results and Discussion

3.1. Pore Properties of Resulting and Commercial ACs

Table 1 listed the pore properties of the resulting ACs (CM-AC) and commercial AC (Filtrasorb 300),
including surface area, pore volume and average pore diameter. Obviously, an increase in the activation
temperature created the higher pore properties due to the development of more micropores. In addition,
CM-AC-700 possessed favorable pore properties by comparison with Filtrasorb-300. For instance,
the BET surface area of CM-AC-700 (i.e., 946 m?/g) is slightly higher than that of Filtrasorb-300
(i-e., 660 m?/g). Based on the data of surface area, regardless of the calculation methods, the ratio
of that of Filtrasorb-300 to that of CM-AC-700 is close to 0.70. Using the data of total pore volume,
the ratio of that of Filtrasorb-300 to that of CM-AC-700 was 0.68, close to 0.70. This result gave an
indication of the pore size difference between CM-AC-700 and Filtrasorb-300. As mentioned above,
we confidently inferred that the contribution to total pore volume of Filtrasorb-300 should be mostly
from micropores. These results were in accordance with their average pore diameters (3.04 vs. 2.32 nm,
listed in Table 1). As shown in Table 1, the BET surface area values of the resulting AC products
(CM-AC-600 and CM-AC-700) are higher than that (445 mz/g) of biomass-based AC prepared from plant
(Jatropha curcas L.) root with similar KOH activation conditions [44]. For large adsorbate molecules
having similar dimensions to MB, CM-AC-700 could be preferable to remove them from the aqueous
system due to the steric sizes of adsorbate molecules [45].

Table 1. Pore properties of resulting activated carbons (ACs), cow manure-derived activated carbon
(CM-AC) and commercial AC (Filtrasorb-300).

Property CM-AC-500 CM-AC-600 CM-AC-700  Filtrasorb-300
Single point surface area (mz/g) a 385.0 634.0 912.6 643.0
BET surface area (mz/g) b 383.3 627.9 946.3 660.0
Langmuir surface area (mz/g) 576.0 935.9 1297.6 934.6
Micropore surface area (mz/g) ¢ 212.8 425.5 673.8 499.4
External surface area (mz/g) d 170.5 202.4 272.5 160.6
Total pore volume (cm?/g) © 0.371 0.560 0.719 0.382
Micropore volume (cm3/g) ¢ 0.113 0.223 0.330 0.250
Pore diameter (A) f 38.7 35.7 30.4 23.2

? Obtained at relative pressure (P/Py) of about 0.30. b Calculated in the range 0.05 < relative pressure (P/Py) < 0.30.
¢ Micropore area by t-plot method. ¢ Obtained by subtracting micropore surface area from Brunauer-Emmett-Teller
(BET) surface area. ¢ Total pore volume obtained at relative pressure (P/Py) of about 0.99. f Obtained from the values
of total pore volume and BET surface area.

To describe pore structures of the AC studied, the adsorption-desorption isotherms of nitrogen
(N) at liquid nitrogen temperature (i.e., =196 °C) is the commonly used method [41]. Figure 1 showed
the N, adsorption-desorption isotherms of CM-AC-700 and Filtrasorb-300. Obviously, these ACs
belonged to type I isotherms due to their microporous feature (i.e., pore width <2 nm) [46]. Because of
its high potential for adsorption, the micropore filling occurs significantly at P/Py of < 0.05 [46].
On the other hand, the hysteresis loops occurred at the isotherms from the adsorption to desorption
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route, especially for CM-AC-700. It is well known that the loop is associated with mesoporous solids,
where capillary condensation occurs at higher relative pressures. As listed in Table 1, these isotherms
(Figure 1) also confirmed that CM-AC-700 has larger pore properties with wider pore size in comparison
with Filtrasorb-300. Furthermore, the hysteresis loop pattern can be correlated with corresponding pore
shapes. According to the classification of adsorption hysteresis loops recommended by the International
Union of Pure and Applied Chemistry (IUPAC), the isotherms in Figure 1 belong to the type H4
loops [41], which are given by many ACs and some other microporous adsorbents with slit-shaped pores.
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Figure 1. N; adsorption-desorption isotherms of cow manure-derived activated carbon (CM-AC) and
commercial activated carbon (i.e., Filtrasorb-300).

3.2. Adsorption Performances of AC

Figures 2 and 3 show the adsorption performances of CM-AC-700 for MB removal at the specific
adsorption conditions under various initial MB concentrations and AC dosages, respectively. Obviously,
the fast decrease in residual MB concentrations (C/Cp) occurred at a limited time. It implies that strong
interactions between the cationic dye and the resulting AC exist. In this work, the pseudo-second
order model was used to fit the adsorption system [47]. In order to fit the adsorption kinetic data,
its linear form can be expressed as:

tae = 1/(k % q¢%) + (1/g0) X t, 1)

where g; is the adsorbed amount of MB at time ¢ (mg/g), 4. is the adsorbed amount of MB fitted
at equilibrium (mg/g), k is the rate constant (g/(mg-min)), and ¢ is the time (min). Furthermore,
the time required for the adsorbent (i.e., CM-AC) to take up half as much adsorbate (i.e., MB) as occurs
at equilibrium (i.e., t = 1> as g; = q,/2) can be obtained by the following equation.

tip = 1/(k X ge) ()



Processes 2019, 7, 737 6 of 12

1.00

0.80

0.60

Ct/ CO

0.40

0.20

0.00

80
Time (min)
Figure 2. Effect of adsorbent CM-AC-700 dosage on methylene blue (MB) adsorption (initial MB

concentrations = 10 mg/L, agitation speed = 200 rpm, and temperature = 25 °C); symbols: measurement
data, full lines: calculated from the fitted values (Table 2).

Table 2. Kinetic parameters for methylene blue (MB) adsorption onto adsorbent CM-AC-700 at various
adsorbent dosages based on pseudo-second order model 2.

Adsorbent Dosage (g/2L) k (g/mg-min) g, (mg/g) Correlation Coefficient t1/> (min)

0.1 0.0005 142.86 0.987 14.0
0.3 0.0016 76.34 0.999 8.2
0.5 0.0084 42.74 0.999 2.8

@ Adsorption conditions: initial MB concentration = 10 mg/L, agitation speed = 200 rpm, and temperature = 25 °C.

1.00

0.80

0.20

0.00

80

Time (min)

Figure 3. Effect of initial MB concentration on MB adsorption; adsorption conditions: adsorbent CM-AC-700
dosage = 0.3 g/2 L, adsorption temperature = 25 °C, and agitation speed = 200 rpm; symbols: measurement
data, full lines: calculated from the fitted values (Table 3).
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Table 3. Kinetic parameters for methylene blue (MB) adsorption onto adsorbent CM-AC-700 at initial
MB concentrations based on pseudo-second order model 2.

Initial MB Concentration (mg/L) k (g/mg-min) g, (mg/g) Correlation Coefficient t1/o (min)

5 0.0028 40.32 0.993 8.9
10 0.0016 76.34 0.999 8.2
15 0.0008 113.64 0.999 11.0
20 0.0004 151.52 0.996 16.5

2 Adsorption conditions: adsorbent MC-AC dosage = 0.3 g/2 L, agitation speed = 200 rpm, and temperature = 25 °C.

The fitted values of kinetic parameters for the adsorption system were listed in Tables 2 and 3.
Obviously, the kinetics of MB adsorption into CM-AC followed this model with high correlation
coefficients (>0.99). As listed in Table 2, the fitted adsorption capacity (i.e., 4.) decreased as the initial
MB concentration (i.e., Cp) increased. The decrease of g, with increasing adsorbent dosage implies
the exhaustion of adsorption onto excessive adsorbent due to the limited MB molecules. On the other
hand, the rate constant values significantly increased at higher adsorbent dosage because of the
increase in more adsorption sites provided. This result agrees with previous studies with relation
to the adsorption of dyes onto activated carbon and clay [45,48,49]. On the other hand, the fitted
adsorption capacity (seen in Table 3) indicated an increasing trend as the initial MB concentration
(i.e., Cp) increased. This result can be expected because more adsorbate molecules were adsorbed
at the equilibrium condition onto the adsorbent without exhausting its adsorption.

Figure 4 shows the adsorption kinetic profiles of CM-AC-700 in comparison with that of the
commercial AC at the same conditions, that is, initial MB concentration of 10 mg/L, CM-AC-700 dosage
of 0.3 g/2 L, agitation speed of 200 rpm, and temperature of 25 °C. As listed in Table 4, CM-AC-700
exhibited a better adsorption performance for the removal of MB from the aqueous solution as compared
to the commercial AC (Filtrasorb-300). This difference between the fitted values of adsorption capacities
(i-e., g¢) can be associated with the interactions between the adsorbate and the adsorbent, including the
pore properties of the adsorbent for physical adsorption and the electrostatic attraction interaction
between the cationic dye and the negatively charged surface [44]. The observations using energy
dispersive X-ray spectroscopy (Figure 5) showed a higher content of oxygen on the CM-AC-700 surface
in comparison with the adsorbent Filtrasorb-300, thus enhancing its polar nature (i.e., hydrophilicity,
acidity) due to more oxygen complexes or groups on the surface [50]. These surface oxygen complexes
and oxygen-containing functional groups (e.g., carboxylic, carbonyl, phenolic groups) could arise from
its lignocellulosic constituents and ashes (consisting mainly of silica, alumina, alkaline and alkaline
earth metals) in the starting materials (i.e., CM). The carbon contents of the resulting carbon materials
were further analyzed using an elemental analyzer and showed a range from 60 to 65 wt%, while
that of the commercial activated carbon (Filtrasorb-300) demonstrated a range up to about 90 wt%.
These results were consistent with the energy dispersive X-ray spectroscopy analyses (Figure 5).
Therefore, the interaction between the cationic dye (MB molecule) and the adsorbent CM-AC-700
via stronger van der Waals forces or other binding forms also plays a vital role in the liquid-phase
adsorption. On the other hand, Figure 6 depicted the Fourier transform infrared spectroscopy (FTIR)
spectra of CM-AC700 and Filtrasorb-300. The peaks of CM-AC-700 at about 3440, 2400, 1630, 1380,
1180 and 620 cm™! could be mostly associated with functional groups containing oxygen (i.e., O-H,
C=0, C-0) [51], which were more significant than those of Filtrasorb-300. For example, there is
a broad absorption peak at 3440 cm~! in the CM-AC-700, which is assigned to the stretching vibration
of O-H. In addition, a sharp peak at about 3440 cm™! may correspond to the bending band of O-H.
The interaction between the cationic dye and the adsorbent CM-AC-700 via stronger van der Waals
forces or other binding forms also plays a vital role in the adsorption process.
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Figure 4. Effect of different ACs on MB adsorption; adsorption conditions: initial MB concentration
=10 mg/L, adsorbent dosage = 0.2 g/2 L, adsorption temperature = 25 °C, and agitation speed = 200 rpm;
symbols: experimental data, full lines: calculated from Equation (1) and Table 4.

Table 4. Kinetic parameters for methylene blue (MB) adsorption onto resulting AC (CM-AC-700) and
commercial AC (Filtrasorb-300) based on pseudo-second order model 2.

Adsorbent  k (g/mg-min) g, (mg/g) Correlation Coefficient t1/2 (min)

CM-AC-700 0.0016 76.34 0.999 8.2
Filtrasorb-300 0.0038 20.88 0.944 12.6

@ Adsorption conditions: initial MB concentration = 10 mg/L, adsorbent dosage = 0.3 g/2 L, agitation speed = 200 rpm,
and temperature = 25 °C.
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(a) cow manure-derived activated carbon (CM-AC-700)

Figure 5. Cont.
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Figure 5. Energy dispersive X-ray spectroscopy spectra of (a) CM-AC-700 and (b) Filtrasorb-300.
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The thermochemical conversion of cattle manure can be positively related to climate change
mitigation (reduction of greenhouse gas emissions) and waste and wastewater management
(improvement of environmental quality). In this work, based on the experimental results of the
chemical, pore and adsorption properties for the resulting and commercial ACs, cattle (cow) manure
could be an excellent precursor for producing AC at different temperatures (i.e., 500, 600 and 700 °C)
using a KOH activation process. The conclusions can be itemized as follows:
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The nitrogen adsorption-desorption isotherms of the resulting ACs showed that an increase
in the activation temperature created the higher pore properties due to the development
of more micropores.

The optimal AC product (i.e., CM-AC-700) showed its microporous feature with the pore
properties of a BET surface area of 946 m?/g and total pore volume of about 0.72 cm?/g, which are
close to those of common commercial ACs.

The resulting AC could be an effective low-cost adsorbent for the removal of cationic dye
(i.e., methylene blue, MB) from aqueous solution based on the fittings of the pseudo-second
order model.

The resulting AC exhibited a better adsorption performance for the removal of MB from
the aqueous solution as compared to the commercial AC.

The cow manure-derived adsorbent has a stronger interaction due to its larger pore properties and
more oxygen-containing complex on the surface based on the observations of energy dispersive
X-ray spectroscopy and Fourier transform infrared spectroscopy (FTIR).
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