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Abstract  
 

Acoustic emission analysis applied for the characterization of 

granular activated carbons (GAC) has been barely explored. The 

porosity of regenerated GAC used in rum production has been 

assessed using the acoustic emission method based on the signal 

envelope analysis by band-pass filtering at 1.3 kHz of the sound 

produced by water flooding the activated carbon. Acoustic 

measurements have been correlated with porosity and surface 

area analysis applying argon at 87K and N2 at 77K. The found 

relationship gives the possibility to determine the regeneration 

degree of GAC using the acoustic emission method. 
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Introduction  
 

Activated Carbon (AC) adsorption is a common technique for 

eliminating various impurities in gas and liquid phase. AC (the 

most used industrial adsorbent) has been broadly and 

successfully applied in diverse industries such as: water 

treatment, production of chemicals, food processing, medical 

application, metallurgy or electronic devices because of its 

extended specific surface area, well-developed porous structure 

and superficial surface activated function [1,2]. AC can be used 

in a powdered or granular form (0.2-5mm). In case of food 

processes, the activated carbons remove undesirable odors, 

colors, and unwanted components, improving its quality [3,4]. In 

spirits and liquor production such as the rum industry, granular 

activated carbon (GAC) is used to remove organic compounds 

that affect the sensorial quality of the final product [5]. For the 

rum refining process, fixed beds of GAC are placed in 

cylindrical contactors: ―filters‖, where the primary rum to be 

refined (influent) flows through the carbon bed, and is 

withdrawn as ―filtrated rum‖ (effluent) at the bottom of the 

column. When GAC becomes exhausted in the rum production, 

they are landfilled and replaced by fresh GAC. However, the 

landfilled GAC creates a solid waste problem. Therefore, 

regeneration seems essential for environmental, sustainable use 

of GAC adsorption technology and its techno-economic viability 

has to be established. For this reason the regeneration process of 

exhausted GAC in rum production should be applied and the 

effectiveness of regenerated GAC must be guaranteed. Among 

the regeneration procedures, thermal regeneration is considered 

as one of the most effective methods [6,7]. After the thermal 

regeneration process, the adsorption capacity of the GAC is 

efficiently restored due to the removal of the majority of 

adsorbed compounds. Four steps are usually involved in the 

thermal regeneration: (1) Drying (at temperatures of up to about 

200°C), (2) Thermal desorption (from about 200 to 500°C), (3) 

Pyrolysis (at about 500 to 700°C) and (4) Activation (at about 

700°C and higher). The last process is performed in a steam or 

carbon dioxide atmosphere with N2 as carrier gas [6,7]. Each of 

these stages comprises several simultaneous steps and is 

associated with a particular temperature range and residence time 
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in the reactor. Therefore, due to the complexity of the processes 

and the variety in the composition of the adsorbed material (e.g. 

in rum production), it is not easy to find the optimum process 

conditions, in particular the optimum temperature and residence 

time combination. Problems may occur if the residence time in 

the reactor falls considerably below or exceeds the optimum 

time. If the regeneration is insufficient, the adsorbed material is 

not completely removed and the GAC adsorption capacity 

decreases. In case of over regeneration time, the micropore walls 

can be burned out to form meso and macro pores with the 

consequence that the adsorption capacity for larger molecules 

increases, but the adsorption capacity for small molecules 

decreases [2,3,6,7] thus, affecting the quality of the rum.  

 

In order to determine the GAC regeneration degree reached, a 

proper and fast analytical technique based on determination of 

apparent surface area and porosity has to be applied [8-10]. 

However, the technological facilities of rum producers are 

limited and thus the use of volumetric sorption equipment at 

cryogenic temperatures is not evident. Consequently, 

analternative, economic, fast and reliable method to measure the 

regeneration degree reached for the GAC in rum production is 

needed. The use of acoustic measurements makes the control of 

the overall porosity and the porous structure of produced GAC 

possible [11,13]. Previously, the acoustic emission by water 

flooding the activated carbons used in the rum production 

process was studied; it was proven that the best measurements 

conditionwere obtained when the acoustic signal is processed at 

1.3 kHz [11,13]. Bubbles and its corresponding sound patterns 

are in general widely studied, theoretically analyzed and applied 

in many scientific fields. The analysis of acoustic and vibrating 

signals to characterize mechanical events such as pump 

cavitation, cavity effects in gas-jet impingement propellers and 

stir spot welding process have proven to be accurate and 

sensitive techniques [14-30]. 

 

This paper gives an improved approach of earlier findings [11-

13], describing a new method for the characterization of 

activated carbons based on acoustic emission analysis. It results 

in a typical sound (acoustic) emission by bubbles moving 
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through the bulk water and exploding at the liquid surface. The 

GAC sound is produced by the bubbles escaping from the GAC 

cracks and pores when water molecules displace the gas 

molecules occupying the air filled spaces inside of the GAC. The 

amount of produced bubbles is closely related to the porosity of 

the GAC [11-13,31]. However, the chemical and physical 

property of the probe liquid and the relationship with the GAC 

bubbling (acoustic) feature must be further studied. This 

correlation is not simple; liquids with similar physical properties 

(surface tension, density, polarity and viscosity) produce 

different bubbling patterns. The bubbling pattern of a GAC 

depends not only on the chemical-physical properties (or one 

individual property) of the used liquid but also on the chemical-

physical characteristics of the GAC surface [31]. The bubble 

volume fraction and rate at which the bubbles appear when 

approaching the water surface influence sound parameters as 

frequency and signal amplitude [11,13,14-18]. The acoustic 

emission produced in audible spectra can be analyzed by a 

proper acoustic signal analysis technique. In the case of GAC 

used in the rum production process, large amounts of organic 

compounds with different molecular sizes adsorb, and block 

cracks and pores of GAC, creating an important reduction of 

pore volume and specific surface area [11,13,30-32]. Exhausted 

GAC therefore result in a reduction of bubbling potential and 

consequently in a reduction and a change in the sound signal 

amplitude. If an efficient regeneration process is applied, the 

total volume of pores and the specific surface area of the GAC 

are recovered and consequently, the intensity of the acoustic 

signal produced by a regenerated GAC is higher than the 

exhausted GAC and comparable with the virgin GAC. Taking 

into account the detected differences in the parameters of the 

acoustic signals, the porous characteristics of exhausted, 

regenerated and virgin GAC can be evaluated.  

 

In the current study, a comparison between the use of volumetric 

gas sorption and its deduced apparent BET surface area applying 

different gases and the acoustic emission technique is 

discussedin order to determine the porous characteristics of 

regenerated GAC under different conditions.The obtained results 

can be correlated with the GAC characteristics according to its 
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regeneration degree. This work ratifies the practical benefits of 

using the acoustic technique to study porous characteristics of 

high-porous materials. The volumetric sorption techniques and 

its deduced apparent BETsurface area confirmed the strength of 

the acoustic characterization method. 

 

Materials and Methods  
Sample of Exhausted GAC  
 

The exhausted sample of GAC (0.8 mm) to be regenerated was 

obtained from the major rum producer in Cuba based on the 

criteria of the rum taste experts (rum masters). A typical 

industrial fixed-bed rum filter previously declared as: ―out of 

service‖ was used to take the most exhausted sample of GAC, 

located at the top of the GAC column according to technological 

characteristics of the rum filtration process [13,31,32]. 

 

Samples of Regenerated GAC  
 

Six samples of GAC regenerated under different conditions were 

analyzed. Three of them were pre-treated by ammonia solution at 

6.25 wt % before thermal regeneration in order to extract 

adsorbed compounds based on the reaction between ammonia 

and exhausted GAC [31,32]. The ammonia pre-treatment was 

applied to study the possibility of diminishing the severity of the 

thermal regeneration conditions by the extraction of adsorbed 

compounds prior regeneration. Thus, lower temperature and 

shorter residence time in the reactor could be demanded for GAC 

regeneration. According to this, the pre-treated regenerated GAC 

are termed as ―PRAC‖ and the thermally regenerated GAC 

without previous ammonia treatment are designated as ―TRAC‖. 

The virgin GAC was also analyzed to compare with the 

regenerated samples. 

 

Regeneration Set-Up  

 
The GAC regeneration experiments were performed in the set-up 

depicted in Figure 1 consisted of the following: (1) Tubular 

quartz reactor; (2) Nabertherm horizontal oven; (3) Gas-

flowmeter with automatic valve; (4) Programmable FGH 1000 



Prime Archives in Chemical Engineering 

7                                                                                www.videleaf.com 

temperature controller (T.C.); (5) Programmable Schott TR 100 

automatic burette; (6) PC.  

 

 
 
Figure 1: GAC regeneration set-up.  

 

Working Description  
 

Into the horizontal tubular quartz reactor 20 g of exhausted GAC 

sample is put and fixed in the center of the quartz tube using two 

glass wool gaskets. The quartz reactor is introduced into the 

horizontal oven. Once the oven and the reactor are prepared, a 

constant flow of nitrogen at 70 mL/min is supplied by the gas-

flowmeter (3) to ensure an oxygen-deficient environment during 

the initial stages of the GAC regeneration process (drying and 

thermal desorption). Flushing N2, the oven is switch-on to heat 

the sample at a certain temperature with a predetermined heating 

rate previously programmed in the Programmable FGH 1000 

temperature controller (4). Once the temperature for the third 

stage (pyrolysis) of the regeneration process has been reached, 

water is injected in the reactor with the N2 gas stream. Steam is 

produced, inducing a proper activation atmosphere for the GAC. 

 

The steam flow rate of 1g of water per gram of activated carbon 

was applied for the regeneration process of the exhausted carbon 

[6].The heating rate was 5°C/min to reach the programed 

activation temperature. Three combinations of regeneration 
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temperature (T) and residence time (t) were explored for the 

PRAC-(T/t) and TRAC-(T/t) samples as follows: 

 

PRAC-(450°C/100 min) 

PRAC-(600°C/80 min) 

PRAC-(800°C/40 min) 

TRAC-(450°C/100 min) 

TRAC-(600°C/80 min) 

TRAC-(800°C/40 min) 

 

Relatively low temperatures as 450°C and 600°C at long 

residence times were also explored in order to evaluate the 

regeneration progress.   

 

BET Analysis and Porous Characteristics  
 

Different gases were used to assess the porous characteristics of 

the GAC. The porous structure of GAC was characterized by N2 

adsorption at 77K and Ar at 87K using the Autosorb-iQS and the 

Autosorb 1 respectively. The choice of adsorptive is crucial in 

the characterization of porous materials.  Nitrogen at 77K has 

been widely used, but the interpretation of the isotherm data is 

not always straightforward. For various reasons, argon 

adsorption at 87K is considered to be more reliable and is now 

recommended, particularly for micropore size analysis [10]. In 

our case, the regeneration process produces changes in the 

porous structures of the GAC, those changes must be evaluated. 

Therefore, applying both gases a more complete characterization 

is achieved and its correlation with the acoustic method can be 

proposed in better conditions, even defining the more 

representative adsorptive gas for the acoustic method. Although 

acoustic emission method and gas sorption analysis are 

performed under quite different conditions, the 

phenomenological correlation between both methods to 

assessing the porous characteristics of activated carbons can be 

deduced (it will be discussed later). 

 

Before analysis, the sample was degassed 16 h at 300°C in 

vacuum. The apparent surface area (SBET) was estimated by the 

BET equation. The amount of gas adsorbed at the relative 

pressure of p/p0 = 0.96 was employed to determine the volume of 

pores.The micropore volume (VDR) was calculated by applying 

the Dubinin-Radushkevich equation. The quenched-solid-density 
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functional theory (QSDFT) and non-local-density functional 

theory (NLDFT) were used to determine the pore size 

distribution [9,10]. 

 

Acoustic Emission Experiments  
Acoustic Emission Set-Up  

 

The experiments were performed using the same sound 

enclosure box presented in [11, 13]. A G.R.A.S.
® 

microphone, 

Type 46AG (Frequency range 3.15 Hz - 20 kHz, Dynamic range 

17 dB - 146 dB, Sensitivity 50 mV/Pa) for  precision acoustic 

measurements was used.  

 

In contrast with the severe out gassing procedure to perform the 

volumetric gas adsorption described in 2.4 (300°C, high vacuum, 

overnight), for the acoustic method the samples were justdried 3 

h at 110°C using Boxun BGZ series oven applying ASTM 

Standard Test Methods for moisture determination in Activated 

Carbon [11,13,34]. Samples were refreshed in a silica-gel 

desiccator till being measured. 

 

Signal Capture and Processing  

 

Following the procedure presented in [11,13], the GAC acoustic 

emission is captured by a microphone (placed into the sound 

enclosure box where the immersion of GAC takes place) (Figure 

2), amplified and digitalized using a NI USB-6211 data 

acquisition card. Digital data was PC recorded and being 

processed using MATLAB
®
 software. The set-up was calibrated 

using a G.R.A.S.
®
42AP Intelligent Pistonphone. The recording 

time for the GAC sound was 90 s for all the samples.  
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Figure 2: Scheme of the experimental set-up for acoustic emission analysis 

[13]. 

 

The methodology applied for signal processing and analysis was 

performed following a similar methodology described in [13,28]. 

Briefly; to discard any external interference associated with the 

frequency of interest, spectrogram and components of frequency 

within the range of 1-1.6 kHz were recorded at empty sound 

enclosure box. No external interferences (noise) were found in 

the original signal in the selected frequency range.The selected 

cut-off frequency of the band-pass (BP) filter was 1.3 kHz. Once 

the signal component in the frequency range of interest was 

extracted, a characterization of the acoustical signals within the 

time domainusing the Hilbert Transform of the vibro-acoustical 

signals was possible. The Hilbert Transform of the function x(t) 

is defined by the equation (1). [28] 

 

 ( )  
 

 
∫
 ( )

   

 

  

   (1) 

 

The Hilbert Transform facilitates the formation of the analytical 

signal, which is useful for BP signal processing and could be 

correlated with GAC porous characteristics which can define its 

regeneration degree [13].  
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Results and Discussion  
 

Figure 3 presents the N2 sorption isotherms of the samples. The 

isotherms for all carbons are type I with a hysteresis loop type 

H4 according to IUPAC classification [10], indicating a 

microporous nature of adsorbents. The hysteresis loops for the 

regenerated samples are similar and broader than the GAC-virgin 

loop. This behavior can be more associated with the filling of 

micropores than with capillary condensation in mesopores 

according to the value of the ―C‖ BET constant related to the 

energy of monolayer adsorption depicted in Table 1.      

 

 
 

Figure 3: N2 sorption isotherms at 77K of GAC. 

 

Figure 4 presents the sorption isotherms of the samples using 

argon at 87K as gas probe. In concordance with N2 results, the 

isotherms for all carbons are type I with a hysteresis loop type 

H4 according to IUPAC classification [10], confirming the 

microporous nature of adsorbents. However, the followed pattern 

by the volumes adsorbed and the extent of the isotherms is 

somewhat different from the N2 results.    

 

As it was reported by IUPAC [10], argon at 87K is more suitable 

probe gas than N2 at 77K as in contrast to nitrogen, which has a 

quadrupolar moment; argon does not interact with the surface 

functional groups. Argon at 87K provides more reliable results 
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than N2 for the porous characterization in high porosity 

microporous materials [10]. This will be discussed later in more 

detail. 

 

 
 

Figure 4: Ar sorption isotherms at 87K of GAC. 

 

Table 1 displays the porous structure of the six GAC samples 

using N2 and Ar as probe gases. For GAC-virgin, the highest 

apparent surface area is measured and is around 1570 and 1640 

m
2
/g for nitrogen and argon respectively. The apparent BET area 

of the regenerated carbons follows a growing trend according to 

the regeneration temperature applied. However, based on gas 

sorption results, the GAC-virgin apparent surface area is almost 

two times larger than the TRAC and PRAC-(800°C/40min) 

which are the explored regenerated samples with the higher BET 

apparent surface area. Comparing the porous structure between 

TRAC and PRAC the porous characteristics are quite similar.  
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Table 1: Characterization of porous structure of activated carbons using N2 

(77K) and Ar (87K) sorption. 

 

Samples Pore 

Shape 

―apparent‖ 

SBET 

m2/g 

C* Micropore  

Volume 

(VDR) 

cm3/g 

N2 Ar N2 Ar N2 Ar 

PRAC-(450°C/100 

min) 

Slit 614 601 680 383 0.26 0.25 

PRAC-(600°C/80 

min) 

Slit 730 713 1150 554 0.31 0.28 

PRAC-(800°C/40 

min) 

Slit 878 918 1976 524 0.37 0.37 

TRAC-(450°C/100 

min) 

Slit 694 655 1266 373 0.30 0.27 

TRAC-(600°C/80 

min) 

Slit 761 824 1590 663 0.32 0.34 

TRAC-(800°C/40 

min) 

Slit 810 912 1701 539 0.34 0.37 

GAC-virgin Slit 1573 1644 191 114 0.67 0.56 

 

*related to the energy of monolayer adsorption; degassing conditions: 

16h/300°C/high vacuum. 

 

When assessing the porosity data, temperature ratifies to be the 

most determining parameter to obtain higher regeneration 

degrees. According to N2 and Ar sorption, the treatment with 

ammonia of the exhausted GAC prior to the regeneration 

produces has only a minor effect over the regeneration degree 

reached. All the samples have the same pore shape. The 

micropore volume of the regenerated samples is comparable, 

being approximately half of the GAC virgin micropore volume. 

 

The ―C‖ BET constant is quite different between regenerated and 

virgin samples suggesting a higher energy of interaction for the 

regenerated samples (between 3 and 10, and between 3 and 6 

times higher than in GAC virgin in the case of N2 and Ar 

correspondently). As argon has more accessibility to the carbon 

pores with no specific interaction between the adsorbed 

molecules at 87K and the surface functional groups, the results 

are different in comparison with N2 sorption analysis [10]. In the 

case of N2, a systematic increase in ―C‖ value can be noticed for 

PRAC and TRAC samples. In the case of Ar each time the 
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―600°C/80min‖ samples show the highest ―C‖ value. The C-

value for Ar is lower in comparison with N2 results, not only 

considering the magnitude of the constant but also in the 

differences observed between regenerated and virgin GAC, 

coinciding with the absence of a quadrupolar moment in Ar, 

limiting specific interactions with the surface. Nevertheless, the 

―C‖ values for all the regenerated samples are high, indicating 

gas adsorption in narrow micropores [10]. Although significant 

differences between the regenerated and the virgin GAC in terms 

of specific surface area and volume of pores are noticeable, 

results are more descriptive using Ar as probe gas. In this case, a 

systematic increment in the specific surface area, volume of 

pores and pore width is observed in correspondence with the 

regeneration temperature. 

 

Figures 5 (a) and (b) present the pore size distribution in the 

carbon samples according to NLDFT and QSDFT respectively 

and slit shaped pores as model. Based on QSDFT and NLDFT 

theories, the pore width is ranging between super-micro and 

micropores respectively. In general, the pores have comparable 

sizes. GAC virgin has larger pores than the other samples and 

much more porosity based on N2 sorption. In this case, clearly 

two maxima are found: one around 0.7 nm (QSDFT) and 1.2 nm 

(NLDFT) and a broader second one around 1-2 nm (QSDFT) 

and 1.7-2.7 nm (NLDFT).  
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(b) 

 
Figure 5: Pore size distribution determined by NLDFT (a) and QSDFT (b) 

methods using N2 at 77K. 

 

Additionally, the first peak is broader compared to the 

regenerated samples located at the same region. The pore sizes 

between 1.2 and 3 nm are clearly lesser present for TRAC and 

PRAC with different regeneration level pointing to preferential 

adsorption of organic compounds in the pores with a size within 

this range. According to [6] and considering the types of 

adsorbed compounds found in the exhausted GAC in rum 

production reported in recent researches [13,31], this could be 

caused by pyrolyzed depositing of carbonaceous residue [6]. The 

pore size distributions of the regenerated samples are quite 

similar, indicating the presence of larger porosity visible as slit 

shaped pores and the appearance of a broader second peak in the 

range of 3-4 nm (QSDFT) and 4 nm (NLDFT). In acoustic 

emission experiments, the wider distribution of pores in the 

virgin GAC can be translated in a sustained higher bubble 

production with stronger sound amplitude than other regenerated 

samples [11,13]. 

 

In the case of pore size distribution based on Ar sorption 
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N2 pore size assessment. The first peak around 0.7 nm (QSDFT) 

and 1.2 nm (NLDFT) are confirmed. However, a broader region 

between 0.7-3 nm (NLDFT) and 1.2-2 nm (QSDFT) is larger for 

the GAC-virgin than the regenerated samples.  

 

 
(a) 

 
(b) 

Figure 6: Pore size distribution determined by NLDFT (a) and QSDFT (b) 

methods using Ar at 87K. 
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According the NLDFT and QSDFT pore-models, for N2 a 

systematic increase in specific surface and micropore volume 

can be observed, but rather a decrease in pore width can be seen 

for the PRAC samples and an increase for the TRAC samples. 

The effect of the ammonia pre-treatment over the regeneration 

degree reached based on these observations is not that obvious. 

Pore width values for Ar are consistent with the regeneration 

process and comparable between NLDFT and QSDFT methods 

leading to more homogeneous results. GAC-virgin presents 

wider pores than regenerated carbons according to Ar, but not to 

N2. 

 

According to the gas sorption results, the significant effect of the 

applied temperature on the restoration of the porous 

characteristics in the regenerated GAC is confirmed. Based on 

Ar, at 450°C the recovering of apparent SBET area and VDR 

represents about 40 and 46% respectively from the original 

parameters in the virgin GAC. In contrast, at 800°C the 

restoration of the porous characteristics is around 53% for 

apparent SBET area and 66% for VDR. Similar values can be 

obtained from N2 results. This suggests in the case of the GAC 

regeneration in rum production, the process must be performed 

at temperatures at least at 800°C and probably higher than 800°C 

to obtain larger apparent surface area and volume of pores closer 

to the virgin material. A more effective removal of pyrolytic 

residues could be possible if regeneration were conducted over 

800°C for the regeneration of GAC loaded with organic 

compounds which can produce carbonaceous residues [6]. 

 

Using acoustic measurements a frequency spectrum comparison 

between the GAC-virgin and the regenerated carbon (TRAC and 

PRAC) at the most extreme regeneration condition (800°C/40 

min) was first performed. 

 

Figure 7 shows the RMS, spectrograms and frequency 

component distribution of the GAC acoustic signal for the 

regenerated GAC (TRAC-(800°C/40 min)) and GAC-virgin. 

 

Comparing the RMS between regenerated and virgin GAC 

(Figures 7 (a) and (d)) some slight differences between the 
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samples can be seen. The signal power produced by GAC-virgin 

is more intense than regenerated GAC. However, the RMS of the 

TRAC-(800°C/40 min) acoustic signal is clearly higher than the 

RMS of an exhausted GAC (Figure S1), giving an initial 

evidence of the increment of activity for the regenerated sample. 

In contrast, the spectrograms depicted in Figures 7 (b) and (e) 

present very similar features in terms of frequency distribution 

with a wide range of observed frequency components due to the 

resonator nature of the exploding bubbles [11,13,26,29]. The 

same frequency component around 1-1.5 kHz and its harmonics 

can be observed in exhausted, regenerated and GAC-virgin 

samples but with different intensities (arrows in Figures 7 (b) 

and (e)). The GAC-virgin sound is the most intense; as it is 

expected for a virgin adsorbent. The regenerated and virgin 

condition of each sample can be noticed just by direct 

comparison between spectrograms. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f)

 

Figure 7: RMS of the GAC acoustic signal: (a) TRAC-(800°C/40 min) and (d) 

GAC-virgin, spectrograms: (b) TRAC-(800°C/40 min) and (e) GAC-virgin and 

frequency component distribution: (c) TRAC-(800°C/40 min) and (f) GAC-

virgin. 
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Figures 7 (c) and (f) show the magnification of the spectral range 

with the peak of interest in the regenerated and GAC-virgin 

sound signal respectively. The same frequency components 

distribution featured by a peak in the frequency domain around 

1.3 kHz was found [13]. Comparing the amplitude of the 

dominant frequency peaks in the case of regenerated and GAC-

virgin, similar values can be observed, which is in line with the 

regenerated condition of TRAC-(800°C/40 min). Both 

regenerated and GAC-virgin presented a clearly higher intensity 

than the intensity of the frequency peak at 1.3 kHz for the 

exhausted GAC (Figure S1). Additionally, PRAC-(800°C/40 

min) was also analyzed, showing a very similar feature of RMS, 

spectrogram and frequency component distribution (Figure S2) 

in comparison with TRAC-(800°C/40 min). 

 

Figures 8 a and b show the acoustic signal envelopes of TRAC 

and PRAC samples filtered at 1.3 kHz respectively, also 

including in both figures the exhausted and virgin GAC signal 

envelopes. According to Figures 8 (a) and (b), all the explored 

samples present a multi-peak pattern in the signal envelopes. The 

virgin GAC is the most complex one. First a shoulder around 5-6 

s on the first main multi peak around 9-13 s, with again a 

shoulder at 1.4 s can be noticed. A second peak can be observed 

around 16 s, followed by a broad third one centred at 23 s and a 

fourth weak one at 34 s, referring to a very variated porous 

structure. According to the multi-peak pattern for the regenerated 

samples, a main initial peak (around 5-7 s) is obtained with high 

amplitude in comparison with the other peaks (except for TRAC-

(450°C/100min) and TRAC-(800°C/40 min), a shoulder is also 

noticed at 3-4 s); this main peak is associated with the first water 

– GAC contact. The air is massively released from the GAC 

pores. It is a sudden and intense process. For TRAC samples, 

this pattern is rather more divers than in the case of the PRAC 

samples, pointing to differences in its porous characteristics. 
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Figure 8: Signal envelopes of TRAC (a) and PRAC (b) samples (filtered at 1.3 

kHz). 

 

Comparing the pattern of the exhausted GAC with the 

regenerated and virgin GAC, further great differences can be 

noticed. The shape of the pattern and the time space where the 

main peak is observed for the exhausted GAC gives the first 

evidence of sensibility for detecting differences in the porous 

characteristics between the GAC samples. After this first broad 

and less intense peak (around 10 s, with a small preceding 

shoulder at 5-7 s), the amplitude decays by a rather monotonic 

slow decreasing amplitude at a function of time. According to 

Figures 8 (a) and (b), all peak characteristics depends on the 

regeneration conditions, the higher the temperature and the 

residence time applied, the higher the amplitude of the registered 

peaks are. The air released from the GAC pores are related to 

these peak features.  
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Differences in the envelope shape and signal amplitude are 

noticeable between samples. Regenerated TRAC (Figure 8 (a)) 

and PRAC (Figure 8(b)) present a main peak sharper than GAC 

virgin which is broader (still bubbling for longer) and displaced 

in time. A relationship between the regeneration temperature and 

the main peak amplitude can be observed. The higher the 

regeneration temperature is, the higher the main peak. During 

thermal regeneration the porous structure and pore size 

distribution of the GAC change [6], opening new and wider 

pores and cracks giving to water an easier access to the more 

internal porosity (micro and mesopores) The pore widening 

process enhances the fast removal of the air in form of bubbles 

from the internal pores which in turn creates a sound signal with 

higher amplitude. The fast filling process of the small pores (via 

wider pores) produces fast increasing and decreasing of signal 

amplitude with high slope. Although with apparently different 

phenomenological nature, actually, the results of both methods: 

acoustic emission and the volumetric sorption analysis are linked 

and can be not only correlated but complementary. The 

volumetric sorption analysis is indicating a narrowing process at 

micro-pore scale, in contrast, the acoustic signal indicates a 

pores widening process occurring at the same time. An evidence 

of this phenomenon is presented in Figures 5 (a), (b) and 6 (a), 

(b) where a peak for pores distribution around 3-4 nm in the 

regenerated samples was detected. Undetectable by BET 

analysis, but visible in a change in the hysteresis loop, wider 

pores (e.g. macro-pores), slits, cracks as a product of structural 

damage during regeneration could be present in a larger 

distribution in regenerated than in virgin GAC [6,10]. 

 

It is a well-known fact that in activated carbons the micro and 

mesoporosity represents practically the total pore volume and the 

largest total apparent surface area. In contrast, macropores are 

not of considerable importance for the adsorption process in 

activated carbons because their contribution to the surface area 

and pore volume is very small. However, macropores enable 

adsorbate molecules to pass rapidly to smaller pores situated 

deeper within the particles of active carbons being primarily 

relevant for the mass transfer into the interior of the adsorbent 

particles [2,8-10]. 
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Based on the GAC porous characteristics described above, we 

can accept that the volume of air displaced by the flooding water 

which produces the GAC sound in the acoustic emission method 

is mainly coming from the micro and mesoporous structure of 

the carbon. As the macropores do not significantly contribute in 

the total volume of pores in the GAC, their direct contribution to 

the acoustic signal amplitude in terms of the produced volume of 

air escaping in form of bubbles can be neglected in the acoustic 

emission method. Nevertheless, the GAC macroporosity plays an 

important role to defining the pattern of the acoustic signal 

envelope. Regarding the importance of GAC macroporosity to 

give water an easier access to smaller pores enhancing the mass 

transfer process, in terms of the acoustic emission method, the 

volume of air in form of bubbles coming from the macro and 

mesopores finds a fast way out from the carbon particle using the 

macropores, slits and cracks of the GAC therefore producing a 

massive releasing of bubbles with a consequent acoustic signal 

of high intensity with a peak of high amplitude which abruptly 

drop after the air is completely removed due to micro and 

mesopores water filling  

 

Concluding, the general feature of the acoustic signal envelope 

according to the porous characteristics of the GAC can be 

summarized in the following types of correlations: 

 

I- GAC with High Microporosity and Macroporosity: A 

broad main peak of high amplitude followed by a systematic 

decreasing trend featured by secondary peaks of comparable 

amplitude. The larger the volume of micropores, the broader is 

the signal peak. 

 

II- GAC with High Microporosity and Low Macroporosity: 
A broad main peak of moderate amplitude and delayed in time 

scale followed by a smooth decreasing trend slope featured by 

secondary peaks of comparable signal intensity which are 

gradually attenuated. 

 

III-GAC with Low Microporosity and High Macroporosity:  
A sudden and sharp main peak of very high amplitude followed 

by an abrupt decreasing trend featured by fewer secondary peaks 
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of low amplitude. The lower the volume of micropores, the 

shorter is the initial main peak. 

 

IV-GAC with Low Microporosity and Macroporosity: A 

broad main peak of very low amplitude and delayed in time scale 

followed by a smooth decreasing trend slope without significant 

secondary peaks. 

 

Although quite similar, the signal envelopes behavior of PRAC 

and TRAC samples regenerated at the same conditions of 

temperature and residence time are slightly different. At relative 

low regeneration temperature (450-600°C), the main and second 

peaks for TRAC (Figure 8a) are higher in amplitude and broader 

in time domain than PRAC (Figure 8b). Possibly, the reaction 

between the ammonia and adsorbed compounds on the GAC 

(mainly phenolics compounds [31,32]) modifies these 

compounds producing new ones which could be less volatile, 

thus not being efficiently desorbed at this temperature range, 

keeping part of the pores blocked or/and maybe producing more 

carbonaceous residues which are more difficult to eliminate than 

the residues formed by the original compounds. Therefore, a 

broader and higher second peak for PRAC is indicating better 

restoration of internal porosity trending to type I signal envelope 

pattern. At 800°C, the behavior of the envelope curves for TRAC 

and PRAC follow different patterns. In this case, the main and 

second peaks of PRAC are higher than TRAC peaks.The 

difference is more noticeable if the second peaks are compared. 

As  the intensity of the peak amplitude can be associated to the 

accessibility to the pores with a consequent massive air releasing 

in form of bubbles, We can accept that at 800°C the new 

compounds formed during the ammonia pre-treatment in PRAC 

were removed from the pores but creating a widening process in 

the original GAC porous structure at macro scale. In contrast, 

analyzing the behavior of the TRAC envelope curve at 800°C, 

the main and second peaks are also delayed in time scale in 

comparison with PRAC peaks, indicating less accessibility to the 

internal pores. Furthermore, the second peak for TRAC is 

broader than the PRAC peak which has more abrupt slope. That 

phenomenon could be attributable to the less porosity at macro 
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scale for the TRAC (less damage to the porous structure) and/or 

possible carbonaceous residues not totally eliminated. 

 

The main peak of the exhausted GAC can give us evidences that 

relate the main peak with the water accessibility to the internal 

porosity (pattern type IV), the main peak slope of the GAC 

exhausted is not so high, the water takes more time to get access 

to inner pores to remove the air as adsorbed organics compounds 

or its carbonaceous residues are blocking and narrowing the 

majority of the pores. As the GAC virgin has not been 

regenerated, keeping its original integrity, the signal intensity is 

higher than the one of the regenerated samples with a broader 

main peak , because of loss in and less accessible pore structures 

describing a type I pattern. 

 

Taking into account the second peak amplitude; differences 

between regenerated samples are more noticeable. According to 

this, the second peak can be interpreted as the formation of 

―internal‖ and less accessible (narrow) porosity in the material, 

at 800°C (TRAC and PRAC-(800°C/40 min)) the regeneration 

was better than at 450°C (TRAC and PRAC-(450°C/100 min) 

which described a type III pattern) more available pores were 

formed. In the case of GAC virgin, the main peak is sharing the 

same time-space scale of the second peak for regenerated 

samples PRAC and TRAC, it can be assumed that GAC virgin 

has more internal pores present. In regenerated samples, a visible 

third peak is only found for regenerated at 800°C. 

 

Based on gas adsorption and acoustic emission analyses the 

regenerated GAC samples are structurally different from the 

virgin GAC and exhausted GAC samples. The regeneration 

process produces changes in the GAC grain and in its porous 

structure. From one side; carbonaceous residues of adsorbed 

organic compounds found in rum production (e.g. aromatic, 

polyphenols and lignin) [4,5,10,13]  lead to narrowing meso and 

micropores; while the thermal treatment under steam-oxidizing 

environment produces structural damages in the GAC particles, 

opening wider pores (at macro scale), slits and cracks in the 

regenerated carbons [6].  
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Table 3 displays the values of the total integral area under the 

signal envelope curves of Figure 8 (sound surface: SS [13]) for 

the regenerated GAC samples. Five independent regenerations 

were performed and the material was mixed to create one 

homogeneous sample.  

 
Table 3: SS values of the GAC signal envelope. 

 

Samples SS (in V.s) σ (SS) (in V.s) 

PRAC-(450°C/100 

min) 

9.21 (+/-) 0.2 

TRAC-(450°C/100 

min) 

9.25 (+/-) 0.5 

PRAC-(600°C/80 min) 14.04 (+/-) 0.5 

TRAC-(600°C/80 min) 15.32 (+/-) 0.9 

TRAC-(800°C/40 min) 18.23 (+/-) 1.1 

PRAC-(800°C/40 min) 18.74 (+/-) 0.9 

GAC-virgin 24.01 (+/-) 1.3 

 

Each regenerated-mixed sample was acoustically measured in 

five independent experiments. A normal distribution for the 

acoustic emission results was confirmed. The averaged value of 

the SS for each sample is presented in Table 3. The Multiple 

Comparison Method was applied to determine statistical 

differences between the mean of the samples. The applied 

method was the Fisher’s Lower Significant Difference (LSD) 

method. Based on statistical analysis, significant differences 

were found between the SS of regenerated GAC in terms of the 

regeneration temperature applied. 

 

The area under the envelope curve ―integral‖ (sound surface (SS) 

expressed in V·s, see Figures 8 (a) and (b)) was used as 

parameter to correlate with the gas sorption characterization. The 

integral area under the envelope curve (SS) can give information 

about the amount and total rate of produced bubbles and its 

volume. Thus, it provides information about the bubble potential 

produced by GAC during the whole bubbling process in time 

domain. As these air bubbles are formed by air escaping from the 

GAC pores (mainly from meso and micropores), then SS value 
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can be correlated with the volume of pores of granular activated 

carbons [11]. In Figures 9 (a) and (b), the correlations between 

VDR and SBET with SS are depicted for both gases.  

 

 
(a) 

 
(b) 

Figure 9: Correlation between the porous characteristics of GAC and the sound 

surface SS of signal envelopes filtered at 1.3 kHz. 
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According to the plots presented in Figure 9, satisfactory non-

linear correlation between SS and the porous structure 

parameters of GAC can be proposed. In both cases (Ar and N2) 

an increasing polynomial or exponential models can be fitted in 

order to estimate the apparent SBET surface and VDR based on 

acoustic measurements. The non-linear correlation found 

between methods is not unexpected considering that the acoustic 

phenomenon obeys a logarithmic function.  

 

Table 4 displays the parameters and characteristics of 

experimental data fitted at exponential growth (eq. 4). 

Comparing the values of correlation coefficients between N2 and 

Ar; similar values are obtained. However, by a comparative 

inspection on the plots presented in Figure 9, based on the 

sequential trajectory and the distribution of the data points, a 

more sensitive correlation for Ar can be noticed, especially in the 

case of VDR.The abrupt change in the curve slope (Figure 9 (a)) 

in the section between 18 and 24 Vs for N2 with a correspondent 

0.67 cm
3
/g laying separately from the other data points is less 

noticeable in the case of Ar. The abrupt change in the tail of the 

curve makes a less linear correlation between the parameters of 

both methods visible, being difficult to estimate porous 

characteristics in this zone as a small increment in the SS value, 

represents an important change in the volume of pores and the 

apparent surface area. In contrast, the found correlation with Ar 

is rather smooth in terms of the data distribution, being a less 

abrupt change in the curve tail, thus, more suitable to predict 

porous characteristics in this zone than N2, also confirmed by its 

better regression coefficients. This plot behavior when Ar is 

applied suggests the suitability of argon at 87 K as probe gas to 

correlate with the acoustic emission method instead of N2 at 

77K. 
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Table 4.4: Parameters and characteristics of experimental data fitted at 

exponential growing (first order).  

 
Gas  y0 error 

(y0) 

A error 

(A) 

t error (t) R2 

Ar VDR 

(cm3/g) 

26.8 (+/-) 

4.0 

-79.5 (+/-) 

8.4 
0.17 (+/-) 7·10-3 0.946 

SBET 

(m2/g) 

25.0 (+/-) 

1.6 

-89.0 (+/-) 

31.8 

356.4 (+/-) 84 0.967 

N2 VDR 

(cm3/g) 

24.8 (+/-) 

2.7 

-160.3 (+/-) 

14.2 

0.11 (+/-) 5·10-3 0.889 

SBET 

(m2/g) 

24.7 (+/-) 

2.0 

-167.7 (+/-) 

12.7 

265.4 (+/-) 89.0 0.922 

 

        
 (
 
 
)
 (2) 

 

According to both results, the order in the regeneration 

(activation) degree in the explored samples can be proposed as 

follows: GAC-Virgin  PRAC-(800°C/40 min)   TRAC-

(800°C/40 min)  TRAC-(600°C/80 min)    PRAC-(600°C/80 

min)   TRAC-(450°C/100 min)   PRAC-(450°C/100 min). 

 

Conclusions  

 
It can be stated that the acoustic technique based on signal 

processing of sound produced by GAC flooded with water is a 

sensitive method for determining porous characteristics of 

granular activated carbons, specifically for assessing the 

regeneration degree of granular activated carbons used in the 

rum production process. It is demonstrated that the integral area 

under the curve of the GAC sound signal envelope (SS) in the 

time domain obtained by BP filtering at 1.3 kHz can be 

satisfactory correlated with BET and VDR results using N2 and Ar 

as probe gases, although not linearly. 

 

The regeneration process of exhausted GAC used in rum 

production modifies the porous structure of the material. A pore 

narrowing process apparently by pyrolytic residues deposition 

and the formation of wider pores by structural damage taking 

place at the same time during the regeneration process. No 

significant effect of ammonia pre-treatment over the 
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regeneration degree was found based on volumetric gas sorption 

experiments. However, visible differences were detected based 

on the acoustic method, pointing at the ammonia pre-treatment 

could lead to the GAC porous structure deterioration due to a 

widening process of the pores, mainly if the regeneration is 

conducted at 800°C or higher temperature.  

 

It was confirmed that the restoration of the porous characteristics 

in the regenerated GAC is highly dependent on the applied 

temperature. The higher the temperature, the larger is the 

apparent surface area and volume of pores obtained. However, at 

800°C the reestablishment of these porous parameters just 

reaches about 50-55% in comparison with the virgin material, 

possibly because of insufficient removal of pyrolytic residues as 

rum is a complex mixture of organic compounds such as 

polyphenols which produce important amounts of carbonaceous 

residues. In that case, higher temperatures should be explored to 

evaluate if better results can be obtained. 

 

The simplicity and advantages of the acoustic emission method 

can be very interesting as a complementary analytical technique 

to characterize high-porosity materials. Acoustic emission 

methods can be satisfactory applied to study saturated GAC with 

organic compounds, which is not possible in case of volumetric 

gas adsorption (nitrogen, argon or others) due to the necessary 

degassing in the sample preparation. 
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Figure S1: RMS (a), spectrograms: (b) and frequency component distribution 

(c) of the exhausted GAC  acoustic signal. 
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(a) 

 
(b) 

(c) 
Figure S2: RMS (a), spectrograms: (b) and frequency component distribution 

(c) of the PRAC-(800°C/40 min) acoustic signal. 

 


