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Abstract 

The paper probed the preparation of activated carbon by potassium silicate (K2SiO3) 

activation from keratin waste (cowhair waste, CW) and lignocellulosic materials (Cyperus 

alternifolius, CA) and the comparisons of physicochemical properties of the resulting 

carbons. These impregnation conditions were as follows: one impregnated at room 

temperature for 12 h then dipped at high temperature for 30 min; the other was only 

impregnated at room temperature for 12 h, producing four activated carbons CWAC-1, 

CWAC-2, CAAC-1, and CAAC-2. The influence of activation time, K2SiO3/precursor weight 

ratio, and the pre-process on properties of activated carbons was discussed. The CWAC-1 

produced at 700 °C with the K2SiO3/precursor weight ratio of 2:1 possessed the Brunauer–

Emmet–Teller (BET) surface area of 1965 m2/g and total pore volume of 1.345 cm3/g, while 

CAAC-1 prepared at the same conditions attained the BET surface area of 1710 m2/g and 

total pore volume of 0.949 cm3/g. The surface area and total pore volume of CAAC increased 

with the impregnation ratio. Moreover, CWAC-1, CWAC-2, CAAC-1, and CAAC-2 

exhibited high portion of micropores, illustrating the role of K2SiO3. The analysis with a 

Fourier transform infrared spectrometer indicates that CWAC has more functional groups 

than CAAC, as well as CWAC-1 and CWAC-2 which possess similar functional groups. 
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1. Introduction 

Activated carbon (AC) is well known as an effective adsorbent which is widely applied in the 

separation and purity process for wastewater and exhaust gas operation [1] and [2]. It is also 

used as a catalyst carrier, raw material of capacitor and solid-phase extractors from aqueous 

solutions [3]. ACs have many advantages, including large surface area, various oxygen-

containing functional groups and stable chemical properties. It can be prepared by any 

carbon-rich substances, and its properties depend on the raw materials and methods of 

preparation. 

Generally, in the process of AC preparation, the activation methods contain chemical, 

physical and the combination of both of them. For chemical method, the precursor is mixed 

with compounds such as phosphoric acid [4], potassium hydroxide [5], zinc chloride [6] and 

potassium carbonate [7] and [8], and then activated at various temperatures. The previous 

studies [9] have been reported that carbon activated by potassium hydroxide could possess 

high specific surface area and large number of micropores, but the apparatus would be 

corroded and the life of which lowers due to the strong basicity. Actually, silicone material is 

widely employed as a catalyst and fire retardant to prevent the flame of material in 

origin [10], and potassium silicate (K2SiO3) has lower alkalescency than potassium 

hydroxide. In general, carbon prepared by potassium hydroxide consists of the pyrolysis of 

the precursor material and activation of the char using activating agent. However, ACs 

activated by K2SiO3 can be prepared in one step, which is favorable to make the steps simple 

and reduce energy consumption. 

Presently, lignocellulosic materials are composed of sugar, which have been found to be 

suitable for the preparation of AC due to its low cost and high carbon content, such asZizania 

latifolia [11], cattail [12], lotus stalks [13], cotton stalks [14], and oil palm shell [15]. 

Cowhair waste (CW), a kind of keratin waste, is abundant in tanneries, slaughterhouses, and 

textile factories. It has biological structures of unity and abundant keratin which provides 

nitrogen-containing functional groups. Converting the natural fibers into fine powders can be 

used into the adsorption in aqueous solution. Chen et al. have reported the characteristics of 

wool-based carbons activated by H3PO4, ZnCl2, and K2CO3 [16]. However, to our 

knowledge, there is no study comparing the properties of keratin and lignocellulose-based 

ACs activated by potassium silicate. In this sense, the main aim of this paper is to study the 

preparation of keratin AC by K2SiO3 activation with different preparation condition, and the 
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comparison of keratin AC with lignocellulose-based ACs. Regarding the preparation method 

of AC, we have studied (i) how variables such as activation temperature and impregnation 

ratio affect the formation and properties and (ii) the effect of K2SiO3 on the formation of 

pores. Regarding the precursors, cowhair waste (CW) and Cyperus alternifolius (CA) on 

developing functional groups for both ACs, textural properties of ACs were analyzed and 

probed. 

 

2. Materials and methods 

2.1. Synthesis of the AC 

All the chemicals used in this study were analytical reagents, and deionized water was used 

as the experimental water. CW used in this study was obtained from a local leather factory, 

and cut into 5 mm length for further study. CA was acquired from artificial wetlands in 

Weishan, Shandong Province, China. Before preparing AC, CA was first washed with 

distilled water and then grounded into particle size in the range of 0.25–0.425 mm. 

Two different kinds of ACs were produced by K2SiO3 activation with varying 

impregnation ratios (IR) of 1:1–3:1 (g K2SiO3 : g CW/CA). One sample was impregnated at 

room temperature for 12 h, then heated from room temperature to 105 °C and maintained for 

30 min. The samples were placed into a tube furnace, then heated to the desired temperature 

(400–800 °C) at a same heating rate (15 °C/min) under N2 atmosphere (100 mL/min) and 

kept at that temperature for 1 h. The ACs are referred to as CWAC-1 and CAAC-1, and the 

best preparation condition was determined by acquiring the properties of ACs. Thus, another 

mixture of K2SiO3 and CW/CA with the best impregnation ratio (2:1) was only dipped for 

12 h at room temperature, and then activated at the best temperature (700 °C) for 1 h with a 

heating rate of 15 °C/min in nitrogen atmosphere (100 mL/min). The ACs are referred to as 

CWAC-2 and CAAC-2. After cooling down to the room temperature, carbons were washed 

several times with hot water to remove impurities until the pH value of the washing water 

reached nearly neutral and then dried at 105 °C for 8 h. Eventually, the ACs were obtained by 

grounding and sieving to a particle size of 100–150 μm for further study. 

 

2.2. Characterization methods 

The thermogravimetric analyses (TGA) and derivative thermogravimetric (DTG) curves of 

raw materials impregnated with K2SiO3 (CW–K2SiO3-1, CA–K2SiO3-1) were evaluated by a 
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SDT-simultaneous TGA–DTA model, which was operated in nitrogen atmosphere 

(100 mL/min) with the heating rate of 10 °C. The mixture was heated at 105 °C for 30 min, 

then heated to 700 °C and held at this temperature for 1 h. Other ones (CW–K2SiO3-2, CA–

K2SiO3-2) were heated from room temperature to 700 °C, and maintained at this temperature 

for 1 h. 

The BET specific surface area (SBET) and pore size distribution of ACs were 

determined by a JW-BK122W automated surface area analyzer under nitrogen 

adsorption/desorption isotherm at 77 K. The surface morphologies of ACs were captured 

using a Hitachi S-520 scanning electron microscope (SEM). The surface functional groups of 

raw materials and ACs were studied by a PerkinElmer Fourier transforms infrared (FTIR) 

spectrometer. The spectra were recorded in the spectral range of 4000–400 cm− 1. The ACs 

were also characterized by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy 

(XPS). 

 

3. Results and discussion 

3.1. Results of TGA and DTG analysis 

As shown in Fig. 1, the two profiles of TGA curves for CW–K2SiO3-1 and CA–K2SiO3-1 are 

similar, and it indicates that there were four stages in the pyrolysis process. The sharp 

decrease of the weight loss for the two samples below 100 °C was attributed to the water loss 

by transpiration and partial destruction of CW–K2SiO3-1 [3]. Because of the same reason, the 

weight loss of CW–K2SiO3-1 was lower than that of A–K2SiO3-1. K2SiO3 can function as a 

dehydrating agent and react with the raw materials. The second stage at 105 °C for 30 min, 

which has a slight weight loss (3.14% and 4.74% for CW–K2SiO3-1 and CA–K2SiO3-1, 

respectively) corresponds to the drying and protein denaturation of the mixture. The third 

stage of 40–70 min was in the range of 125–425 °C, which presents a major weight loss. The 

results were related to the initial forming of silicate and silicate ester, at this point, the 

elimination of volatile matter for both the CW and CA was the main reason. For temperature 

up to 700 °C, the stage reflected a short decrease in weight loss as a result of the flame 

retardance of K2SiO3, and the char had a higher stable structure. 

For CW–K2SiO3-2 and CA–K2SiO3-2, Fig. 1(a) and (c) displays that both of them 

have three phases which differed from that of CW–K2SiO3-1 and CA–K2SiO3-1 due to the 

missing constant temperature at 105 °C. Thus, the weight losses for CW–K2SiO3-1 and CA–
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K2SiO3-1 were higher than CW–K2SiO3-2 and CA–K2SiO3-2, respectively. This difference 

may be caused by the long heating time. Compared to CW–K2SiO3, CA–K2SiO3 represented 

higher mass percent, which was attributed to the higher carbon content of cellulosic biomass 

and the higher volatilization of organic matter for keratin materials at high temperature. As 

can be seen in the dramatically decomposed process, DTG curves present a maximum peak at 

74.7 and 91.2 °C for CW–K2SiO3 and CA–K2SiO3, respectively, and the peak intensity of 

profiles follows such a regular pattern: CW–K2SiO3 > CA–K2SiO3. It suggests that CW had 

great changes at this temperature compared with CA, which can be interpreted that CW 

would be modified with K2SiO3 as the activating agent under the temperature. However, as 

lignocellulose material, the decomposition temperature of CA was about 300 °C [17]. CW–

K2SiO3 had no obvious peaks as the temperature increased. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. TGA and DTG diagrams for CW–K2SiO3 and CA–K2SiO3 in N2 atmosphere. 

 

3.2. Porosity of ACs 

3.2.1. Effects of activation temperature 

In the activation, the final activation temperature and impregnation ratio play an important 

role in determining the porous properties. CW or CA was mixed with K2SiO3 at a certain IR 
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under varying temperatures to obtain the resultant AC. Table 1 indicates that the specific area 

(SBET), micropore surface area (Smic), pore volume (Vtot) and micropore volume (Vmic) of 

CWAC increased when the temperature ranged from 400 °C to 800 °C, and then decreased 

with the temperature. The maximum SBET, Smic, Vtot and Vmic could reach to 1965 m2/g, 

1462 m2/g, 1.345 cm3/g and 0.7954 cm3/g, respectively. The phenomenon could be due to the 

release of volatile matter and the corrosion of K2SiO3. When the activation temperature was 

low, the role of K2SiO3 was weak and only the raw material was carbonized. K2SiO3 started 

to promote the opening of micropores as the temperature increased from 400 °C to 700 °C. 

Meanwhile the quantity of generated new pores was more than the etching ones, thus the 

specific area and pore volume of the final products increased. The carbon prepared at 500 °C 

had a higher micropore volume ratio (84.18%), illustrating that abundant micropores were 

open and the corrosive effect was weak. However, when the temperature was high, partial 

micropores can be merged into mesopores or macropores as a result of corrosion and volatile 

matters [18]. In addition, the volatilization of carbon atom on crystalline layers was 

intensified. As shown in Table 1, the carbons produced at 500 °C, 600 °C and 700 °C mainly 

contained micropore structures. Table 2 shows the parameters of surface area and pore 

volume for CAAC. The tendency of results was similar to the data in Table 1. 

 

Table 1. Surface areas and pore volume of ACs produced by CW under different conditions. 

AC Activation 
temperatu
re 

Impregn
ation 
ratio 

SBET Smic Vtot Vmic Vmic/Vtot DP 

(°C) (IR) (m2/g) (m2/g) (cm3/g) (cm3/g) (%) (nm) 

CWAC 400 2:1 8  0.072 0.0024 3.33 14.749 

500 2:1 657 632 0.337 0.2837 84.18 2.046 

600 2:1 802 707 0.494 0.315 63.77 2.460 

700 2:1 1965 1462 1.345 0.7954 59.14 2.646 

800 2:1 4  0.039 0.0016 4.10 35.617 

CWAC 700 1:1 33 25 0.099 0.0109 11.01 10.005 

700 1.5:1 1566 1466 0.855 0.6609 77.30 2.145 

700 2:1 1965 1462 1.345 0.7954 59.14 2.646 

700 2.5:1 1820 1489 1.176 0.7462 63.45 2.488 

700 3:1 339 205 0.594 0.1373 23.11 6.980 

CWAC-2   419 269 0.394 0.162 41.12 3.649 
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Table 2. Surface areas and pore volume of AC produced by CA under different conditions. 

AC Activation 
temperature 

Impregnation 
ratio 

SBET Smic Vtot Vmic Vmic/Vtot DP 

(°C) (IR) (m2/g) (m2/g) (cm3/g) (cm3/g) (%) (nm) 

CAAC 400 2:1 79  0.217 0.0329 15.16 10.904

500 2:1 586 486 0.543 0.2533 46.65 3.710 

600 2:1 888 837 0.549 0.3881 70.69 2.473 

700 2:1 1710 1575 0.949 0.7376 77.72 2.212 

800 2:1 907 810 0.704 0.3943 56.01 3.099 

CAAC 700 1:1 1391 1219 0.899 0.6013 66.88 2.595 

 700 1.5:1 1582 1238 1.391 0.6756 48.57 3.498 

 700 2:1 1710 1576 0.949 0.7376 77.72 2.212 

 700 2.5:1 1990 1888 1.137 0.8667 76.23 2.177 

 700 3:1 2185 1918 1.408 0.9309 66.11 2.537 

CAAC-
2 

  1682 1437 1.152 0.7182 62.34 2.721 

 

According to the International Union of Pure and Applied Chemistry (IUPAC), pores can be 

classified into three categories: micropore (diameter < 2 nm); mesopore 

(2 nm < diameter < 50 nm); and macropore (diameter > 50 nm). Fig. 2(a) illustrates that ACs 

(CWAC/500 °C (2:1), CWAC/600 °C (2:1), and CWAC/700 °C (2:1)) had a higher inflection 

point and N2 adsorption capacity than CWAC/400 °C (2:1) and CWAC/800 °C (2:1). 

CWAC/700 °C (2:1) was the best AC with the highest surface area and N2adsorption 

capacity. Fig. 3(a) also shows the same trend in the N2 adsorption/desorption isotherm. 

Furthermore, the five carbons had hysteresis loops, all the data illustrate that the former three 

carbons followed the mixture of reversible types I and IV isotherms [19]. Thus the pores 

mainly contained both micropores and mesopores, and micropores were the primary 

form. Fig. 2(a) and (b) displays that the majority of pores were in the range of 1–4 nm, 

indicating a micro–mesopore structure, which conforms with the above conclusion. 
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Fig. 2. Pore size distribution and nitrogen adsorption/desorption isotherms (inset) of CWACs 
at 700 °C. 
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   Pore width (mm) 

Fig. 3. Pore size distribution and nitrogen adsorption/desorption isotherms (inset) of CAACs 
at 700 °C. 

 

3.2.2. Effects of K2SiO3/precursor weight ratio 

The activating agent/precursor is a significant factor and was chosen for the next study [20]. 

ACs produced at the final activation temperature of 700 °C with varying impregnation ratios 
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(1:1–3:1) were discussed. Table 1 indicates that the surface area and pore volume increased 

as the impregnation ratio increased from 1:1 to 2:1, then decreased with the impregnation 

ratio, illustrating that CWAC attained its best state when the impregnation ratio was 2:1. The 

phenomenon can be explained by the well-developed micropore that was formed with the 

reaction of K2SiO3 and protein ingredient. However, when the impregnation ratio was more 

than 2:1, the excess K2SiO3 would react with the carbon around the porosity and the 

micropores were eroded thereby the pores were widened [21] and [22]. Moreover, the 

number of generated micropores was lower than that of the micropores' correlation, which led 

to the BET surface area being increased. As Fig. 2(b) shows, all the isotherms follow the 

same trend and the hysteresis loops existed, illustrating the existence of large micropores and 

mesopores [23]. Moreover, the carbon activated at 700 °C with the impregnation ratio of 2:1 

had the largest N2 adsorption capacity, and it increased with the BET surface area. 

Table 2 shows that the BET surface area (SBET) and micropore surface area (Smic) of 

CAAC increased with the impregnation ratio from 1:1 to 3:1. It is different from the 

phenomenon about CWAC. Meanwhile, Fig. 3(b) reveals that the obvious hysteresis loops 

existed when IR was 1:1, 1.5:1, and 3:1 at 700 °C; the quantity of mesopores decreased with 

the impregnation ratio then increased, as shown by the data of Vmic/Vtotand DP in Table 2. 

 

3.2.3. Effects of the pre-process 

Both of the CWAC and CAAC activated at 700 °C with the IR of 2:1 were chosen for the 

next study, and the effect of pre-process namely heating at 105 °C for 30 min was 

discussed. Table 1 shows that CWAC-1 had higher specific surface area (SBET), micropore 

surface area (Smic), pore volume (Vtot), and micropore volume (Vmic) than CWAC-2, indicating 

that CWAC-1 was mainly a microporous structure and CWAC-2 had large number of 

mesopores. The pre-process had a remarkable influence on CWAC-1 since the CW can be 

completely impregnated in the K2SiO3 solution. However, partly precursor for CWAC-2 was 

carbonized due to the incomplete impregnation, producing the macropores and 

mesopores. Table 2 indicates that the effect of pre-process did not had much influence on the 

surface area of CAAC-1, illustrating that the room temperature impregnation has excellent 

role to the impregnation effect. The proportion of mesopores for CAAC-2 was high, 

indicating that the pre-process was favorable for the formation of micropores. 

As presented in Fig. 4, the curves of both CWAC-1 and CWAC-2 had short hysteresis 

loop. According to the types of the isotherms, CWAC-1 and CWAC-2 were mainly 
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microporous structures. Obviously, the nitrogen adsorption capacity of CWAC-1 was nearly 

four times than that of CWAC-2, which also illustrates that CWAC has developed pore 

structure further. Table 2 compiles that CAAC-2 had more micropores and less mesopores 

than CAAC-2, which was also shown by the nitrogen adsorption/desorption isotherms in Fig. 

4. Fig. 4 presents that most of the pores were less than 4 nm. In general, compared with 

CWAC-2, CWAC-1 was mainly microporous; CWAC-1 as well as CWAC-2 had structures 

of micropores and mesopores, respectively. As listed in Table 3, the surface area of ACs in 

this study is higher than that of ACs prepared by different activating agents. AC activated by 

KOH possesses SBET and Vtot as high as 2118 m2/g and 1.14 cm3/g [20], while CAAC can 

reach to 2180 m2/g of SBET and 1.408 cm3/g of Vtot. According to the results, K2SiO3 can be 

considered as a promising activating agent for AC preparation. 

 

 

Fig. 4. Pore size distribution and nitrogen adsorption/desorption isotherms (inset) of CWAC 
and CAAC. 

 

All the above data confirmed that carbon activated by potassium silicate had different porous 

structures compared with carbons activated with other activating agents. It is clear that (i) the 

three variables affect the final results; (ii) different precursors had a great influence on the 
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pores of resulting carbons and the trend was different; (iii) for CA, increasing the 

impregnation ratio benefited for the development of BET specific surface area; (iv) the pre-

treatment process played an important role in the preparation of CWAC, but has a weak 

influential role for that of CAAC. 

Table 3. Comparison of surface area of ACs prepared from different activating agents. 

Precursor Activating agent SBET (m2/g) Reference 

Palm oil CO2 1100 [24] 

Leather waste Steam 493.5 [23] 

Grape stalk ZnCl2 1411 [6] 

Hemp bast H3PO4 1142.4 [25] 

Arundo donax Linn. H4P2O7 1463 [26] 

Algae meal KOH 2118 [20] 

Grape seed K2CO3 1238 [27] 

CW K2SiO3 1965 This study 

CA K2SiO3 2185 This study 

 

3.3. SEM analysis of the ACs 

As indicated in Fig. 5(a, b), the basic structure of the starting materials was obviously 

different. CW had rough surface and stick shape while CA represented the appearance of 

cellulose fibers. Depending on the precursor used, the ACs had different pore sizes and pore 

shapes between cellulose fiber and keratin waste based carbons. Because of the consumption 

of oxygen in the N2 atmosphere, the surface was smooth [2]. Fig. 5(c–f) shows that the raw 

materials were corroded and all the carbons were occupied by varieties of pores, meanwhile 

the pores were interconnected. 

The pores of CWAC were relatively uniform while CAAC had both large and little pores. 

After the pre-treatment of heating at 105 °C, CWAC-1 had well-developed pores, thus 

possessed high BET surface area. The pores in CWAC-2 were eroded severely, micropores or 

mesopores enlarged into macropores inducing low surface area and total volume, as shown 

by the results of pore analysis. For CAAC-2, it did not had much difference with CAAC-1, 

namely the pre-treatment had little changes for the preparation of ACs. In the activation 

process, the presence of K2SiO3 contributed to the formation of pores especially for the 

micropores and was favorable to the surface area. The images of ACs show that the raw 
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materials changed widely. The main reason for the existence of white dots on the surface of 

the carbons was that the chemical organic gases deposed during this process. 

 

 

Fig. 5. SEM micrographs of CW (a), CA (b), CWAC-1 (c), CWAC-2 (d), CAAC-1 (e), and 
CAAC-2 (f) at different magnifications (1000 ×, 3000 ×, and 8000 ×). 

 

3.4. FT-IR and XPS analyses 

As seen in Fig. 6, CAAC had small amount of functional groups, indicating that the 

activation of keratin waste with K2SiO3 was favorable for the formation of functional groups 

than that of lignocelluloses.  

The spectrum reveals that there was a broad band in the range of 3100–

3700 cm− 1 with a maximum at about 3428.60 cm− 1. The characteristic peak was the 

stretching vibration of hydroxyl, indicating a high degree of association due to the existence 

of hydrogen bond [28]; CWAC had the greater broad band than CAAC. The band at 

1624.21 cm− 1 was the –NH– stretching in –CONH– for all the carbons especially CWAC, 

displaying large amounts of nitrogen functional groups emerged on the surface of CWAC. 

For both CWAC-1 and CWAC-2, the band located around 1040 cm− 1 was attributed to the 
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stretching vibration of Si–N. The reason was that the protein materials were activated by 

K2SiO3 and the Si–N bond formed. The peak at 1080.34 cm− 1 for CWAC-1 was assigned to 

the antisymmetric stretching vibration of Si–O; however, the band disappeared for CWAC-2 

without the pre-treatment of heating. 

 

 

Fig. 6. FTIR spectra of CWAC-1, CWAC-2, CAAC-1, and CAAC-2. 

 

There were no apparent peaks for CAAC in FT-IR; therefore, the functional groups of 

CW, CWAC-1, and CWAC-2 were analyzed by XPS. XPS analysis was used to determine 

the functional groups further. The survey spectra in Fig. 7(f) illustrate that there are some 

obvious peaks: C 1s, O 1s, and N 1s, but the peak of Si 2p 3/2 was low, which stated that the 

carbons had small amount of Si. The N 1s spectra of CW had several kinds of nitrogen 

species by deconvolution. The peak at 396.42 eV can be described to be nitride-like species 

or imines in aromatic compounds. Meanwhile, the interpretation of peak at 397.77 eV can be 

attributed to pyridine structure, amine or pyrrolic compounds [29]. However, after activation, 

AC shows a distinct difference. The N 1s of CWAC-1 and CWAC-2 fitted three curves: N–H 



15 
 

(398.28–398.75 eV); –CONH– (400.13–400.38 eV); and C–N (401.25–402.32 eV) [29]. 

Activation induced high content of –CONH– functional groups, which can be confirmed by 

the FTIR spectra. In the case of Si, high-resolution XPS spectrum of Si 2p 3/2 for CWAC-1 

was resolved into two peaks: silicon in silicon nitride (101.58 eV) and silicon in silicate 

(102.68 eV). The XPS spectrum of Si 2p 3/2 for CWAC-2 was fitted into three curves: silicon 

in SiC (100.24 eV); silicon in Si3N4 (101.62 eV); and silicon in silicate (102.40 eV). It has 

been demonstrated that silicon in silicate interacted with nitrogen or carbon, thus the 

chemical covalent bonding formed. 

As indicated in Fig. 8, the C 1s spectra of CWAC-1 and CWAC-2 can each be fitted 

to three peaks [30] and [31]: C–H or C–C (284.55–284.63 eV); C–O in phenol, alcohol, or 

ether (285.31–285.65 eV); and O–CO or –CO (288.26–288.38 eV). However, the C 1s 

spectrum of CW was fitted to two peaks, which include carbon in carbide (281.50 eV) and 

carbon in C–H or C–C (284.52 eV). It is suggested that the role of K2SiO3 enhanced the 

generation of C–containing functional groups, as shown in the FTIR results. The O 1s spectra 

of CWAC-1 and CWAC-2 were fitted to three curves: CO in anhydride, carboxylate or 

ester/ketone (530.23–530.35 eV); CO in fatty acid (531.20–531.31 eV); and C–OH or C–O–

C in phenol/ester/amide/anhydride (531.98–532.65 eV) [31] and [32]. As seen, the functional 

groups of CO increased after activation. 

 

3.5. XRD analysis 

The XRD was performed to study the structure of ACs produced by keratin waste and 

lignocelluloses under different conditions. Fig. 9 shows that there was a diffraction peak at 

around 2θ = 25° for CW which was dramatically different from CA, which can be explained 

that CA had the microcrystalline structure of cellulose [17] and the structure of aromatic 

layers was stacked [33]. After the activation with K2SiO3, diffraction peak at around 2θ = 25° 

for CAAC was weak, meanwhile, the CWAC-1 and CAAC-2 had no apparent characteristic 

peaks of crystallinity, indicating an amorphous carbon. The keratin AC without pretreatment 

(CWAC-2) represents that there were two diffraction peaks at 2θ = 35.22° and 62.30°, which 

are corresponding to the interlayer spacing of 0.2548 nm and 0.1490 nm, respectively. 

However, the resulting lignocelluloses based ACs reflected different patterns. CAAC-1 had a 

prominent peak at 27.49° with the interlayer spacing of 0.3245 nm. All the interlayer spacing 

data were lesser than those of graphite, 0.335 nm, illustrating non-graphite carbons [34]. In 
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conclusion, Fig. 9 illustrates that the raw materials and resulting ACs had no crystal structure 

and were amorphous materials. 

 

Fig. 7. XPS spectra of CW and CWAC: N 1s of CW (a); Si 2p 3/2 of CWAC-1 (b); N 1s of 
CWAC-1 (c); Si 2p 3/2 of CWAC-2 (d); N 1s of CWAC-2 (e); survey scanning spectra of 

CW, CWAC-1 and CWAC-2 (f). 
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Fig. 8. XPS spectra of CW and CWAC: C 1s of CW (a); O 1s of CW (b); C 1s of CWAC-1 
(c); O 1s of CWAC-1 (d); C 1s of CWAC-2 (e); O 1s of CWAC-2 (f). 
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Fig. 9. XRD curves of CW, CA, and CWAC (a, b) and CAAC (c, d). 

 

4. Conclusions 

The activation temperature, K2SiO3/precursor weight ratio, and pre-treatment have significant 

effect on the porosity and surface area; CWAC-1 and CAAC-1 possess high surface area of 

1965 and 1710 m2/g, respectively. The pores of CWAC are more uniform than those of 

CAAC at the activation temperature of 700 °C and with K2SiO3/precursor weight ratio of 2:1. 

In comparison with CAAC, CWAC exhibits high content of oxygen-containing functional 

groups. Some new functional groups emerged after activation, such as abundance of carbon–

oxygen functional groups, a number of different nitrogen functional groups and silicon-
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containing functional groups. Meanwhile, all the ACs are amorphous. The present work 

shows that K2SiO3 is a promising activating agent for AC preparation. 
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