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Abstract 

In the present work, the pyrolysis of pecan nut shell was studied using microwave technology 

at different input power and exposure time. The carbonaceous products were characterized 

using elemental analysis, potentiometric titration, thermogravimetric analysis, N2 adsorption 

isotherms at -196 ºC and FT-IR spectroscopy. The characteristics of microwave 

carbonaceous products were compared with carbons prepared by conventional heating and 

commercial carbons and finally, the interaction of textile dyes with the carbonaceous 

materials was studied. The results are indicating that it is possible to obtain carbonaceous 

materials with similar textural parameters in conventional and microwave systems, but for 

microwave heating the processing times are short (3 min). Also, the exposure time of 2 min 

of microwave are not enough for the complete depolymerization of the lignocellulosic matrix 

of the nut shell and significant amount of cellulose and hemicelluloses remain in char after 

microwave treatment. Finally, all the carbons obtained by microwave heating are 
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microporous materials with a high number of basic groups on their surface and the high 

molecular size of dyes is controlling the adsorption on these materials. 

Key words: Carbons, Microwave Technology, Pyrolysis, Textile dyes 

 

1. Introduction 

Carbonaceous adsorbents are widely used for the removal of pollutants from wastewater due 

to their characteristics such as chemical functionalities and textural parameters. In recent 

years, several biomasses as vegetable sponge of cylindrical loofa, bamboo, pistachio shell, 

date sphate, flamboyant, olive-waste cake, crop straws, prickly pear peels, white sapote seeds, 

carnauba palm and others have been used for the preparation of carbonaceous adsorbents [1-

9]. The method commonly used to prepare activated carbons (AC´s) with high surface area 

through physical and/or chemical activation is conventional heating in a tubular furnace. The 

fundamental process of conventional heating is heat transfer to the precursor by conduction, 

convection and radiation mechanisms. The main problem of conventional heating is that, in 

some cases, the thermal process may take several hours and the process incurs extra 

processing costs. Additionally, the thermal gradient from the hot surface of the sample to its 

interior impedes the effective removal of gaseous products to the surroundings; consequently, 

the carbon quality decreases [10]. Microwave heating has emerged as an alternative method 

to prepare activated carbons (AC´s). During microwave heating, electromagnetic energy is 

converted directly to heat by dipole rotation and ionic conduction of active molecules. 

Microwaves heat volumetrically, which means they supply energy as heat instantaneously 

throughout the sample; the degree of heating within a component varies depending on its 

composition, and this gives rise to the ability of microwaves to selectively heat different 
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system components. The volumetric and selective heating mechanisms provide advantages 

such as rapid temperature rise throughout the bulk of the sample, uniform temperature 

distribution and targeted heating, resulting in reduced treatment times (and hence process 

energy savings) and improved product quality compared with conventional thermal methods 

[11-15]. The continued development of activated carbon technologies with new applications 

of microwave heating in preparing activated carbons using waste biomass as precursor is 

succeeding and expanding and specifically, the microwave preparation of adsorbents for the 

removal of dyes is one area that has received attention. For example, Deng et al. have reported 

the preparation of activated carbons to remove BB9 using cotton stalk and H3PO4 as the 

activating agent [16]. Also, Pezoti et al. described the use of nut endocarp by the preparation 

of activated carbon using ZnCl2 as the activating agent for the adsorption of BB9 [17]. 

Likewise, researchers have successfully demonstrated the use of other activating agents such 

as KMnO4 [18], KOH [19], FeCl3 [20] and K2CO3 [21] to obtain activated carbons with high 

surface area from different biomasses by means of microwave heating. While these studies 

report the preparation of carbons with high specific surface for dyes removal, it is important 

to note that the preparation of these materials involved more than one step or the utilization 

of additional chemical (as activating agents), increasing the total production cost of AC’s.  In 

this regard, two common methods have been adopted in AC preparation using microwave 

heating: 1) Feedstock Impregnation (FI) process, in which the carbon precursor is pre-

impregnated with a microwave receptor (SiC, carbon, H3PO4) before being subject to 

microwave heating. In the FI process, the microwaves are absorbed by the receptors, which 

heat up and then transfer heat to the surrounding biomass particles via conventional heat 

transfer mechanisms to reach the carbonization level required. 2) Intermediate Char 

Impregnation (ICI) is the most widely used process for AC preparation by microwave heating 
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to obtain material with high specific surface. This process includes two steps: in the first one, 

the carbon precursor is carbonized by conventional heating in inert atmosphere; the second 

one involves the impregnation of the charcoal obtained from the first step with an activating 

agent (ZnCl2, K2CO3,) and microwave heating to produce AC. The main disadvantage in the 

utilization of some of the two procedures described before is the extra costs associated with 

the use of more than one production step and the reagents used for the activation of carbon 

adsorbents. For this reason, the purpose of the present work is to evaluate the viability of 

using microwave irradiation to prepare carbon adsorbents using a waste biomass (nut shell) 

without the use of additional chemical microwave absorber or pre-carbonization by 

conventional heating. The significant influences of microwave power and radiation time on 

the surface chemical functionalities and porosity are experimentally tested. Additionally, the 

adsorption/desorption behavior of the resulting carbonaceous materials for three of the most 

used textile dyes in dying process i.e. Acid Orange 7 (AO7), Basic Blue 9 (BB9) and Reactive 

Black 5 (RB5) is investigated and the interaction of carbon surface-dyes was elucidated by 

molecular tools.  

 

2. Experimental 

2.1 Materials and Methods 

2.1.1 Pyrolysis of pecan nut shells and obtaining of carbonaceous materials 

Pecan nut shells were used as the precursor in the preparation of carbonaceous materials and 

they were obtained from an agrifood company in Aguascalientes, México. The shells were 

milled and sieved to obtain a particle size of 0.7 mm. The obtained particles were washed 

and dried at 70 °C for 24 h, with the purpose of avoiding decomposition. A fixed amount of 

nut shells (30 g) was placed in a single-mode microwave system and different combinations 
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of microwave powers and radiation times. Nitrogen, at a flow rate of 5 L min-1, was used as 

a sweep gas to aid the removal of volatiles and to maintain an oxygen-free atmosphere within 

the system. The reflected microwave power was minimized by the manual 3-stub tuner and 

the sliding short positioning, in order to maximize the power absorbed by the sample. Based 

on our previous results [22] the combination of 400 W and 500 W and radiation times of 2, 

3, 4 and 5 min were selected to prepare the carbonaceous materials. The microwave system 

operated at frequency of 2450±25 MHz has the characteristics described in a previous work 

[22], the principal components are shown in Fig. 1.  

The energy absorbed by the sample was determined by numerical integration of absorbed 

power, (PA), according to the follow equation: 

𝐸 =  
∫ 𝑃𝑎𝑑𝑡

𝑀
      (1) 

Where E is the specific absorbed energy (kJ/kg), t is the microwave exposure duration (sec), 

and M is the initial mass of the sample (g). Specifically, the absorbed power was calculated 

subtracting the reflected power (PR) from the input power (PI), from the signals obtained from 

the Agilent U2001a power sensors (See Fig. 1). 

Sample labelling is as follows: x-y, where “x” is the microwave power and “y” is the 

exposure time used. After heating, the resulting materials were thoroughly washed with 

deionized water until the pH of the washing solution was constant. Finally, samples were 

sieved and dried at 110 °C for 24 h. 

 

2.1.2 Preparation of carbonaceous materials using a conventional furnace  

For comparative studies, a carbon sample was prepared using conventional heating. The 

thermal treatment was carried out in a quartz reactor placed in a tubular furnace (Carbolite 
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model CTF 12165/550).  30 g of precursor (nutshell) was carbonized in nitrogen atmosphere 

using a flow of 5 cm3/min. The temperature program comprised of one heating ramp from 

room temperature until 650 °C at 3 °C/min and dwelling time of 1 hour. Specifically, this 

maximum temperature of thermal treatment was selected according with DTG curves of 

pecan nut shell in N2 atmosphere (see Fig. S2a), where is possible to observe that the thermal 

degradation is completed at 650 °C [23]. 

The obtained carbon adsorbent was washed, sieved and dried using the same methodology 

described before. This material was denominated as Carbon Tubular Furnace (CTF). 

 

2.1.3 Commercial activated carbon source 

To compare the performance of carbon adsorbents obtained with microwave and 

conventional heating, a commercial activated carbon was used in this work. A bituminous 

based granular activated carbon, Filtrasorb 400 (F400) made by Calgon Carbon Corporation 

was sieved, washed and stored for later use.  

 

2.1.4 Characterization of carbonaceous adsorbents 

The characterization of the carbonaceous adsorbents prepared in this work was performed 

using analytical and physico-chemical methods. The content of carbon, hydrogen, nitrogen 

and sulfur was obtained with a LECO CHNS-932 elemental analyzer and the oxygen 

percentage was estimated by difference. Mid-infrared spectra of the solid carbons were 

acquired using a FTIR spectrometer (Thermo Nicolet-IS10 Thermoscientific) equipped with 

an ATR accessory. The point of zero charge was estimated following a previously reported 

methodology [24]. In this case, 0.150 g of each carbon was put in contact with 50 mL of 0.01 

M NaCl at different initial pH values for 24 h. Initial pH values were adjusted by adding the 
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appropriate amount of NaOH or HCl standards (0.1 M) and the final pH was measured after 

24 h under agitation at room temperature. The point of zero charge was determined as the pH 

value in a graph where the pHfinal = pHinitial. Thermogravimetric (TG) and differential thermal 

gravimetric (DTG) analyses were performed with ~20 mg of sample, using a TGA Q5000 

from TA Instruments under air atmosphere and using a heating rate of 10 °C/min from room 

temperature until 900 °C. The moisture contents were calculated from the loss of weight at 

105 °C. Likewise, the ash content was estimated by difference of the total loss of weight 

sample.  

Finally, the textural properties of materials were obtained from nitrogen adsorption isotherms 

at -196 °C using an automatic Micromeritics ASAP 2020 analyzer. Prior to taking the 

measurements, the samples were outgassed overnight at 300 °C under vacuum for 8 h. The 

experimental data of isotherms were adjusted at different models in order to calculate the 

principal textural parameters. The surface area was calculated using the Brunauer–Emmett–

Teller (BET) model using the relative pressure (P/P0) range from 0.05 to 0.3. The total pore 

volume was determined from the amount of nitrogen adsorbed at a relative pressure of ~0.99; 

the micropore volume was obtained by applying the Dubinin-Raduskevich method and, 

finally, the pore size distribution was obtained with the Barrett–Joyner–Halenda (BJH) 

desorption method.  

 

2.1.5 Dye adsorption-desorption test 

Acid Orange 7 (AO7), Reactive Black 5 (RB5) and Basic Blue 9 (BB9) are synthetic dyes 

used extensively in textile industries. Their properties were obtained using the Quantitative 

Structure Activity Relationships (QSAR) methodology implemented in the HyperChem© 8.0 
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software. The optimization of molecular geometries (lowest energy confirmation) was 

performed using the AMBER molecular force field. The structures and general 

characteristics of the dyes under study are depicted in Table 1.  

To evaluate the interaction of dyes with the carbonaceous materials, adsorption experiments 

were carried out at 30 °C. Specifically, 0.02 g of carbon was put in contact with 10 ml of dye 

solution in plastic tube with a stock solution of 500 mg/L at pH 3 or pH 7. The equilibrium 

time was determined by previous studies and was set to 72 h for all the dyes. After this 

equilibrium time was reached, the aqueous solution was decanted and the equilibrium 

concentration was determined by UV-Vis spectroscopy (Hach DR-5000 spectrophotometer) 

by using a calibration curve at the wavelength of maximum absorbance of each dye (see 

Table 1). The absorbance of each dye was measured using a quartz cell and the following 

equation was used to calculate the dye adsorption capacity of a given carbon: 

                                                               
 

V
m

CC
q e
 0                                                      (2) 

where C0 and Ce are the initial and equilibrium dye concentrations (mg/L), respectively, V is 

the volume of the solution (L), and m is the weight of the adsorbent (g). 

In order to investigate the desorption of dyes, the carbons loaded with each dye after the 

adsorption tests were placed in a plastic tube with 10 mL of deionized water at pH 3 or 7 (the 

same pH of adsorption test). The suspension was mixed at 150 rpm for 72 h in an incubator 

at 30 °C. After 72 h, the sorbent was separated from the aqueous solution and the dye 

concentration in the solution was determined as in the adsorption test. 
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Triplicates of all adsorption-desorption tests were carried out and standard deviations of the 

results presented in this work were within 5% of average values. 

 

3. Results and discussion 

3.1 Characterization of carbonaceous materials 

The elemental composition of the carbons prepared by microwave heating in the present work 

is shown in Table 2. A clear trend was observed in the carbon and oxygen contents of the 

two series of samples (obtained at 400 and 500 W). Specifically, the percentage of carbon 

was higher in the samples obtained at longer exposure times; for the samples obtained at 400 

W, the increase was from 69 to 85 %, and for the samples prepared at 500 W from 76 to 85 

%, using exposure times of 2 and 5 min, respectively. The opposite behavior was observed 

for the oxygen contents, i.e., the oxygen percentage was higher for the samples prepared at 

low exposure times (2 min). This higher oxygen content is related to the presence of 

oxygenated functional groups, as evidenced by the FT-IR spectra of the samples 400-2 and 

500-2 (see Fig. 2) and the results are congruent with the carbons prepared from camellia 

oleifera shell by conventional-microwave carbonization [25].  

For the two series of samples, is clear that the peaks corresponding to modes of vibration of 

functional groups are disappearing with increasing exposure time due to decomposition of 

functional groups. Particularly, in the samples obtained at 2 min the peak corresponding to 

stretching vibration O-H of hydroxyl groups at ~3350 cm-1 can be observed. In addition, the 

two peaks observed in the range between 2960 and 2800 cm-1 are assigned to asymmetric C-

H and symmetric C-H stretching vibration of alkyl groups as methyl and methylene [26]. The 
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peak localized between 1500 and 1650 cm-1 is related to the C=C stretching vibration of 

aromatic structures and the peak at ~1030 cm-1 is assigned to C-O stretching vibration of 

unsaturated ethers [27]. Additionally, it is important to note that, according to the information 

reported in the literature these two latter assignations can be related to the possible formation 

of basic groups such as the pyrones [28].  

In this context, the point of zero charge (pHpzc) of most carbons is high with values higher 

than 9, indicating that in general, the materials are rich in basic groups such as pyrone, 

chromene, carbonyl and ether (See Table 3 and Fig. S1 in supporting information). The only 

exception was the carbon obtained at 400 W for 2 min (400-2), where the pHpzc was slightly 

acidic (6.4), probably due to incomplete carbonization and consequently, the presence of 

acidic functional groups of cellulose, hemicellulose and lignin from the starting composition 

of nut shell. According with previous studies the pecan nut shells are constituted by cellulose 

(30 %), hemicellulose (26 %), lignin (41 %) and soluble compounds (3 %) [29] and the 

principal thermal effects observed at 333 and 496 °C are related to decomposition of these 

components (See Fig. S2 supporting information). 

The thermogravimetric profiles of carbonaceous samples are presented in Fig. 3. The TG 

curves were separated according the microwave exposure time, the conventionally pyrolyzed 

carbon (CTF) and the commercial activated carbon (F400).  The overall losses in the 

pyrolyzed materials obtained from nut shell (microwave and conventional pyrolysis) are in 

the range of 91.5 % and 96%, the remaining corresponding to the amount ashes of inorganic 

compounds present in the nut shell (calcium compounts). The commercial activated carbon 

F400 has 91.3 % of losses with ash content of 8.7 %. The unique mass loss showed in F400 

is due to decomposition of carbon at temperature of 630 °C. The samples obtained in 
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microwave and conventional heating have some similarities and mainly three regions of 

weight loss can be observed. In all samples at lower temperatures organic materials begin to 

undergo some thermal decomposition losing chemical bound moisture. For microwave 

carbon samples (Fig. 3a, 3b, 3c, 3d) this first region is in a range from 22–95 °C with mass 

losses of 1.2 to 4.4 %, while in CTF the loss is recorded at 60 °C (2.3 %). A second region is 

observed below 600 ºC, where the major weight losses are attributed to the decomposition of 

the carbonaceous matrix including the aromatic structures and functional groups. In samples 

obtained at 3, 4 and 5 min of microwave exposure this region represents an overall loss of 

88-89%, while in samples prepared at 2 min (400-2 and 500-2) the loss is 92 %. For sample 

CTF and F400 the weight loss is 94.6% and 91.3%, respectively. Interesting the amount of 

ash was very similar for samples 400-2, 500-2 and CTF (4, 4.5 and 4.16 %, respectively) and 

these values were lower than the recorded by the samples prepared at 3, 4 and 5 min (6.6-

8.5%). This result and the peaks of decomposition showed for the samples 400-2 and 500-2 

(Fig. 2a) at temperature of 306 °C give indication of two important facts: 1) the exposure 

time of 2 min of microwave are not enough for the complete depolymerization of the 

lignocellulosic matrix of the nut shell and significant amount of cellulose and hemicelluloses 

remain in char after microwave treatment. This result is in accordance with the obtained in 

elemental analysis where was observed the highest oxygen content for the samples 400-2 and 

500-2 (20-26.1%). Also, this result is complementary to the FT-IR spectra’s and the pHpzc 

described previously. 2) The second important fact is the main inorganic constituent of nut 

shell is calcium forming hydrated calcium oxalate [22], in Fig. 3 is observed a late region of 

decomposition at temperatures above 600 °C attributed to the transformation of CaCO3 → 

CaO + CO2 [28]. The samples 400-2, 500-2 and CTF showed a mass loss of 3 and 2% related 
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to this transformation while in microwave samples obtained at 3, 4 and 5 min the weight loss 

is from 5 to 6 %. This could indicate that the microwave treatment increases the calcium 

oxalate transformation, thereby representing an advantage for wastewater treatment for the 

combination of ionic exchange and adsorption technologies.  

In this regard, the oxygen reported in Table 2 involves the total oxygen in the sample taking 

in account the oxygen in the carbonaceous matrix and the inorganic matter (ash). Despite in 

microwave systems is not possible to measure accurately the temperature in the sample, it is 

possible to estimate the minimum temperature reached by the sample by analysing the 

inorganic compounds presented in the nut shell. In this sense, the TGA of the calcium oxalate 

showed in Fig. S3 (Supporting information) gives an indication of the temperature at which 

the calcium oxalate is converted in calcium carbonate (CaCO3) and calcium oxide (CaO). By 

comparing Fig. S2a and Fig. S3 is possible to hypothesize that samples prepared at 4-5 min 

were pyrolysed completely and the high oxygen percent (13-14%) is related not only to the 

basic groups as pyrone, chromene, carbonyl in the carbon; is also related to the oxygen 

presented in the ash (7-8.5%) as carbonate and calcium oxides.  

On the other hand, the data obtained from N2 adsorption isotherms at -196 °C were fitted to 

different models such as Brunauer, Emmett and Teller (BET) and Dubinin- Raduskevich, 

with the purpose of calculating the specific surface and the micropore volume. In general, all 

the isotherms are type I according with the IUPAC classification and they are typical of 

microporous materials (See Fig. 4). The results of the principal textural parameters are 

reported in Table 3, and they indicate that all the materials have a relatively low specific 

surface (2 to 320 m2/g), compared with the commercial carbon F400 (SBET  896 m2/g). The 

lower values obtained in specific surface by the microwave samples are likely to be the result 
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of the lack of activating agent by which the carbonaceous materials enhance their porous 

structure. In this regard, the microwave heating promotes the formation of micropores by 

volatilization of hetero-atoms such O, H and N and are eliminated as gaseous products. The 

adsorbent CTF showed similar specific surface (SBET of 326 m2/g) to the sample 500-3 in 

microwave heating (320 m2/g) and also was found to have comparative textural properties 

such as total pore volume (Vtot) (0.20 and 0.18 cm3/g, respectively) and pore microporous 

volume (Vmic) (0.15 and 0.16 cm3/g, respectively).  

The energy needed for the preparation of each carbonaceous adsorbent prepared in the 

microwave system was calculated, and for the sample 500-3 the energy was 6.4 kJ/g, this 

value was the best to complete the volatilization of less thermostable groups in nut shell and 

for opening blocked pores. This indicates that it is possible to obtain similar textural 

parameters in conventional and microwave heating, but for microwave heating the processing 

times are short (3 min) compared with 268 min that are required in conventional heating, this 

could promote significant energy saving.  

As shown in Table 3 it is clear that the two samples obtained with 2 min of exposure time 

have the lowest specific surface (2 and 26 m2/g for the samples 400-2 and 500-2, 

respectively) and with 3 min of exposure time at 400 and 500 W were achieved the highest 

specific surfaces (304 and 320 m2/g, respectively). As discussed before, the processing time 

of 2 min is not enough to reach the complete volatilization of hemicelluloses and cellulose, 

and as result, the pores remain blocked and low specific surface is achieved. Comparing the 

textural properties of carbon materials at different microwave power and time, it was found 

at 3 min microwave exposure it is possible to produce adsorbents with better textural 

characteristics than at 4 and 5 min. The surface area and total pore volume (Vtot) of 500-3 

and 400-3 increased by 10-fold (500-2) and 18-fold (400-2), respectively. As expected the 
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textural properties increased as the microwave treatment increased from 2 to 3 min, however, 

this relation was not satisfied linearly at exposure times of 4 and 5 min. Fig. S4 (supporting 

information) shows at higher exposure times, the specific surface starts to decrease, 

specifically, the sample prepared at 500 W and 3 min showed the highest specific surface 

area (320 m2/g) and mesoporous volume (0.5 cm3/g), however, when the exposure time 

increased to 4 and 5 min, both specific surface area and mesoporous volume dropped to 202-

224 m2/g and 0.2-0.3 cm3/g, respectively. This behavior is explained by the fact that at high 

microwave power and high exposure time, the absorbed energy in the sample increases, 

overheating the material and destroying the porous structure formed at 3 minutes [22].   

As was described before, the energy was obtained by numerical integration of the 

experimental data (See Table 3). Particularly, in Fig. S3 show 6.4 kJ/g is the energy at which 

the volatilization of lignocellulosic matrix is completed, opening pores and reaching higher 

values of SBET, and at same time, avoids the subsequent pore melting by overheating. In this 

regard could be expected that the samples which absorbed 6.4 kJ/g and above might show 

similar specific surface area, however, in the present work was corroborated that the surface 

area it is not linear with the energy. For example, the sample 500-5 absorbed 10.88 kJ/g and 

showed lower specific surface area (224 m2/g) than the sample with 6.4 kJ/g. It is evident the 

gap of 4.4 kJ/g affected negatively the textural parameters. One possible explanation for this 

behavior could be explained because when the energy increases, the sample experienced a 

fast and high temperature, overheating and melting the porous structure. Comparing the 

textural parameter with F400, it is clear a lower porosity development due to the microwave 

samples prepared in the present work avoided the pre-carbonization and activation stages. 

Also, Table 3 shows F400 in a mesoporous activated carbon, and this feature indicates good 

performance in the removal of dyes with large size. 
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The pore-size distribution for samples prepared in microwave heating was calculated by the 

Barrett–Joyner–Halenda (BJH) method and results showed a pore size distribution in average 

of 0.8-1.2 nm (Fig. S5, Supporting information). 

 

3.2 Analysis of the interaction between dyes and microporous carbonaceous adsorbents 

According the results presented in Table 1 and Fig. S5 (supporting information) all dyes used 

in present work are larger than the pore size of carbonaceous adsorbents prepared in 

microwave heating, and as a result the diffusion of dyes in the pores is not possible. 

Therefore, the removal of textile dyes is mainly controlled by the physico-chemical 

interactions between the adsorbent and the adsorbate. The adsorption depends on the 

properties of the dyes themselves and the surface functional groups of the carbons, due to the 

low specific surface area and total pore volume of the materials. 

Particularly, the solution (initial) pH and the pHpzc of the carbons are the key parameters in 

the adsorption process, especially in aqueous solution. These important experimental factors 

determine the specific adsorbent surface charge, the ionic dissociation of dye in solution, and 

at the same time, the distribution of ionized species between phases. The surface chemistry 

of the carbons prepared in this work affects the whole dye adsorption process, whereas the 

solution (initial) pH determines both the surface charge of carbons and the degree of 

ionization and speciation of the functional groups of dye. The adsorption of the selected dyes 

on the different carbons is thus analyzed in terms of two aspects: 

i) Overall charge of the dye in the aqueous solution (at a given solution pH) 

ii) Surface charge of the carbon in the aqueous solution (at a given solution pH) 

Results of adsorption of AO7 are shown in Fig. 5a and is relevant to mention that AO7 is an 

anionic molecule because, in aqueous solution, the dye is dissociated, and it has a negative 
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charge. Since most of the materials have a relatively high pHpzc (9.6-11.8), they should have 

a positive surface charge at pH 3 and 7 due to protonation of their basic groups. In other 

words, the acidic medium (pH 3) is favorable for the adsorption of AO7; at low pH the 

protonation of the carbon surface increases, neutralizing their negative charges. As the 

surface is protonated, this provides more active surface of the adsorbents for the electrostatic 

interaction with active sites (-SO3
−) of dye. Moreover, a clear behavior is observed for all the 

carbons, i.e., the adsorption capacities of AO7 are higher, for a given material, at pH 3 than 

at pH 7. The increase in the adsorption capacity under acidic conditions (pH 3) can be 

explained as a result of a low pH, an increase in H+ ion concentration occurs, and stronger 

electrostatic attraction appears between the positively charged surface of the carbon and the 

anionic dye molecule. Similar results were reported for the adsorption of reactive black 5 

[29]. In summary, for AO7, the pH of the initial solution determines the adsorption process 

and the maximum adsorption capacity was observed for the sample 500-5 (20 mg/g at pH 3). 

A possible adsorption mechanism of AO7 by the basic carbons is proposed in Fig. S6a, 

depicting the protonated carbon surface and its interaction with AO7, where the 

monosulphonated (SO-
3Na) dye becomes dissociated and converted to an anionic dye (SO-

3) 

in aqueous solution. For the samples CTF and F400 the adsorption capacity was of 2 and 132 

mg/g, respectively. The higher removal of this dye in F400 is as a result of their high 

mesopore volume and specific surface.  

The influence of initial solution pH on the adsorption of BB9 is shown in Fig. 5b. The lower 

values of adsorption were obtained in acidic solutions (pH 3), the decrease in BB9 removal 

at pH 3 may have been due to the higher concentration of protons (H+) in adsorbent surface 

which competed with the cationic dye. The removal capacity of the carbons for this basic dye 
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is relatively high compared to the adsorption of the other two dyes (AO7 and RB5). Results 

show that by decreasing the initial pH of the solution from 7 to 3, the adsorbed amount 

decreased significantly. It should be noticed that there is a high concentration of H+ ions and 

the cationic moiety in BB9 (N+) and the basic groups of carbons are protonated [30]. In this 

case, if the carbons become positively charged, repulsive forces with the cationic BB9 

molecules would arise and, as a result, the adsorption capacity of the carbons should decrease 

at acidic pH. The highest removal of BB9 in carbonaceous adsorbents prepared in microwave 

treatment was thus reached at pH 7 for sample 500-3 (~40 mg/g), compared whit carbon CTF 

(12 mg/g) and F400 (101 mg/g). A potential adsorption mechanism in a carbonaceous 

material obtained in microwave heating is presented in Fig.S5-b. 

Finally, the adsorption of RB5 was also studied at pH 3 and 7, Fig. 4c shows that this 

particular dye is hardly adsorbed by the carbons. Even though the sulphonate groups of the 

molecule can be dissociated, the molecule structure seems too big (volume 1882.6 Å3) and 

impedes the electrostatic interaction with the surface-active sites in the adsorbent. Low 

removal was also reported for samples CTF and F400 at initial pH of 7 0.9 and 50 mg/g, 

respectively. 

The adsorption of dyes was analyzed in terms of the energy used for the preparation of the 

carbonaceous samples and their physicochemical properties. However, a clear trend was not 

found between the SBET, the energy and the removal of dyes at particular pH. This could be 

because the dye size is too large to enter into the micropores of the carbonaceous adsorbents. 

These findings are essential in terms of design parameters. Particularly in the removal of 

dyes, it is necessary to enlarge the micropores (<2 nm) formed by microwave heating, in 
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order to obtain mesoporous materials (2 to 50 nm) and to promote dye removal by 

electrostatic interaction, but also by correct mechanism of diffusion intra-particle.  

Although similarities in terms of textural parameters were found by sample 500-3 and CTF, 

500-3 performed better than CTF in the absorption of all 3 dyes. This result gives us 

indication of the surface groups (mainly basic groups) play a determining role in the 

electrostatic interaction between the charges surface and the dissociated dye. Comparing the 

two samples with similar textural features (500-3 and CTF), it was found that microwave 

treatment resulted in a higher content of inorganic matter (ash) (4.16 % for CTF and 6.64% 

for sample 500-3). This indicates that although similar textural features were observed, the 

microwaved sample had likely been exposed to 780˚C, the decomposition temperature of 

calcium oxalate, compared with 650˚C in the conventionally pyrolyzed sample. 

3.3 Desorption studies 

The reversibility of the adsorption process on all the carbonaceous samples was studied using 

deionized water at the same initial pH of the adsorption experiments (pH 3 and 7). For AO7, 

it was found that the pH of the solution has little effect in the desorption process. Hence, 

under acidic conditions (pH 3), the desorbed percentage ranges from 17 to 20 % of the initial 

adsorbed amount and at pH 7 the desorbed percentage ranges from 20 to 23 % (See Fig. 4a). 

The desorption results of BB9 dye are presented in Fig. 5b. Interestingly, the ability of carbon 

materials to retain BB9 is very high with desorbed percentages being much lower than those 

observed for AO7 (Fig. 4a) and RB5 dyes (Fig. 5c). In this case, the pH of the desorbing 

solution has a noticeable effect on the amount of BB9 finally desorbed, i.e. acid pH (pH 3) 

renders desorption percentages of up to 9 %, whereas in the case of pH 7, maximum 

desorption values are ca. 2.5 % of the adsorbed quantities. This effect of the pH of the solution 
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on the amount desorbed is nonetheless much more evident in the case of the RB5 dye. 

Differences between desorption percentages at pH 3 and pH 7 are 70 and 20 %, respectively 

(Fig. 5c). The significant increment in the desorption behavior of this dye compared with 

AO7 and BB9 could be due to the low adsorption capacity of the microporous carbons. These 

results indicate that both the electrostatic forces and the molecular dimensions of the dyes 

are crucial in order to understand the adsorption-desorption process.  

 

4. Conclusions 

The results obtained in the present work are indicating that it is possible to obtain 

microporous carbonaceous materials with similar textural parameters in conventional and 

microwave heating, but for microwave heating the processing times are short (3 min) 

compared with 268 min that are required in conventional heating, this could promote 

significant energy saving. Particularly, 6 kJ/g is the energy needed to complete the 

volatilization of lignocellulosic matrix of pecan nut shell, opening pores and reaching higher 

values of SBET. The microporous carbonaceous sorbents have a basic nature with no need for 

additional physical or chemical activation and the strong interaction of dyes with these 

materials was conditioned by the molecular size of the dyes, being only adsorbed on the 

external surface of the materials and not inside the micropores.  
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Captions 

Fig. 1  Schematic representation of the microwave system used in the pyrolysis of pecan nut 

shells. 

Fig. 2 FT-IR spectra of the carbons prepared at 400 and 500 W of microwave radiation. 

Fig. 3 TG (continuous line) and DTG (dotted line) curves in air atmosphere of the carbons 

prepared at 2, 3, 4 and 5 min of microwave exposure time (a,b,c,d), conventional 

carbon (CTF) (e) and F400 (f). 

Fig. 4  Nitrogen adsorption isotherms at -196 °C of carbons prepared at 400 and 500 W of 

microwave radiation. 

Fig. 5 Adsorption/desorption of AO7 (a), BB9 (b) and RB5 (c) on carbons prepared at 400 

and 500 W of microwave radiation. Experimental conditions: pH 3 and 7, 

mass/volume ratio: 2 g/L, temperature: 30 °C, equilibrium time: 72 h. 
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Fig. 1 
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Fig. 2 
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Fig. 3        
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Fig. 4 

 

 

 

 

 

 

 

0.0 0.2 0.4 0.6 0.8 1.0

0

50

100

150

0.0 0.2 0.4 0.6 0.8 1.0

0

50

100

150

V
ad

s 
(c

m
3
/g

)

 400-4

 400-5

 400-2

 400-3

V
ad

s 
(c

m
3
/g

)

 500-2

 500-3

 500-4

 500-5

Relative pressure (p/p
0
)



31 

 

 

 

 

 

 



32 

 

Fig. 5
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Table 1. General characteristics of the studied dyes and dimensions calculated by optimized 

geometries using HyperChem 8.0 software 

Generic 

name (code) 

Mass (amu)/ 

Condensed 

structure 

Structure aλ

ma

x 

(n

m

) 

Are

a 

(Å2) 

Volu

me 

(Å3) 

Lo

g P 

Acid Orange 

7 

(AO7) 

350.3 

C16H11N2Na

O4S 

 

48

4 

488.

5 

894.

4 

1.7

7 

Reactive 

Black 5 

(RB5) 

991.8 

C26H21N5Na4

O19S6 

 

59

7 

996.

7 

1882

.6 

-

6.1

0 

Basic Blue 9 

(BB9) 

319.8 

C16H18ClN3S 

 

66

4 

515.

4 

902.

3 

-

0.4

1 

aλmax: maximum wavelength of absorbance 
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Table 2. Elemental composition and ash content of carbons prepared by microwave 

technology 

Sample name 

 Preparation 

conditions 

 Elemental composition bTemperature, 

°C 

 Input 

power 

(W) 

Holding 

time (min) 

 

C, % N, % H, % 

aO, 

% 

Ash, % 

400-2  400 2  69.93 0.15 3.80 26.11 4.00 327 

400-3  400 3  82.01 0.06 1.28 16.65 7.08 334 

400-4  400 4  84.98 0.08 1.11 13.82 8.51 341 

400-5  400 5  85.77 0.14 1.04 13.05 7.38 355 

500-2  500 2  76.61 0.14 3.18 20.07 4.79 328 

500-3  500 3  83.82 0.15 0.76 15.28 6.64 339 

500-4  500 4  84.57 0.06 0.83 14.54 7.53 348 

500-5  500 5  85.64 0.15 0.74 13.47 7.07 363 

aCalculated by difference 

bSurface temperature of the samples after each run taken with an infrared temperature gun 
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Table 3. Textural parameters of carbons prepared by microwave technology obtained from 

nitrogen adsorption isotherms at -196 °C, point of zero charge (pHpzc) and energy needed 

for the preparation of each carbonaceous adsorbent prepared in the microwave system 

Sampl

e 

Preparation 

conditions 

   

Textural parameters 

pHpz

c 
Input 

powe

r (W) 

Holdin

g time 

(min) 

 Energ

y 

(kJ/g) 

 

SBET,m2/

g 

Vtot 

cm3/g 

Vmic, 

cm3/g 

Vmes, 

cm3/g 

400-2 400 2  3.51  2 0.01 0.00 0.01 6.4 

400-3 400 3  5.42  305 0.18 0.15 0.03 11.6 

400-4 400 4  7.38  297 0.17 0.14 0.03 11.6 

400-5 400 5  9.19  287 0.17 0.14 0.02 11.7 

500-2 500 2  3.94  26 0.02 0.02 0.00 9.6 

500-3 500 3  6.41  320 0.20 0.15 0.05 11.5 

500-4 500 4  8.61  202 0.13 0.10 0.02 11.7 

500-5 500 5  10.88  224 0.14 0.11 0.03 11.8 
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Supplementary Information 

 

 

Fig. S1 Point of zero charge (pHPZC) of the carbons prepared at 400 and 500 W using 

microwave technology 
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Fig. S2 TG (blue line) and DTG (black line) curves in nitrogen (a) and air (b) atmosphere 

of pecan nut shell 
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Fig. S3 TG and DTG curves in nitrogen atmosphere of calcium oxalate. Step A: 

CaC2O4•H2O → CaC2O4 + H2O. Step B:  CaC2O4 → CaCO3 + CO. Step C: CaCO3 → CaO 

+ CO2 
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Fig. S4 Specific surface of carbonaceous adsorbents as function of microwave exposure 

time, microwave power and energy. 
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Fig. S5 Pore size distribution of the carbons prepared at 400 and 500 W using microwave 

technology 
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Fig. 

S6

 Adsorption mechanism of AO7 (a) and BB9 (b) on carbons with positive charge due to excess of H+ ions (at pH 3). 
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