
1 Comparison among Chemical, Thermal, and Electrochemical Regeneration

2 of Phenol-Saturated Activated Carbon†

3 R. Berenguer,‡ J. P. Marco-Lozar,§ C. Quijada, ) D. Cazorla-Amor�os,§ and E. Morall�on*,‡

4
‡Departamento deQuı́mica Fı́sica e Instituto Universitario deMateriales, and §Departamento deQuı́mica Inorg�anica, Universidad

5 deAlicante, Apartado 99, E-03080Alicante, Spain, and )Departamento de Ingenierı́a Textil y Papelera, Universidad Polit�ecnica de
6 Valencia, Pza Ferrandiz i Carbonell, E-03801 Alcoy (Alicante), Spain

7 Received December 10, 2009. Revised Manuscript Received March 4, 2010

8 The regeneration of phenol-saturated activated carbon (AC) by chemical, thermal, and electrochemical
9 techniques has been studied and compared in this work. The influence of the solute (NaOH) concentration

10 and the temperature on the conventional chemical and thermal regenerations, respectively, has been
11 analyzed and compared to the optimal results achieved for the electrochemical method. Comparisons are
12 based on the analysis of the remaining products after regeneration, the regeneration efficiency (RE), and
13 the recovery of the textural properties of a commercial phenol-saturated granular AC. Results show that
14 very low-porosity recoveries are achieved by chemical regeneration, independent of the NaOH concentra-
15 tion, and the optimal REs are 20% lower than those obtained by the thermal and electrochemical ones.
16 REs obtained by thermal treatment in an inert atmosphere increase with the temperature up to 750 �C,
17 reaching the highest REs (80-86%) and porosity recoveries at T> 600 �C. The cathodic regeneration in
18 the NaOH medium in an undivided cell, where phenolate desorption is favored and surface blockage is
19 minimized, yields similar RE values (80-85%) and slightly higher porosity than those obtained by thermal
20 treatment. Temperature-programmed desorption (TPD) experiments show that, whereas phenol is almost
21 completely removed electrochemically after 3 h, a temperature of at least 450-600 �C is required to achieve
22 similar results by thermal regeneration.

1. Introduction

23 Adsorptionon activated carbons (ACs) is a technology that
24 has found widespread application to the treatment of indus-
25 trial water effluents to meet environmental legislations. Spe-
26 cifically, this is the most frequently used method for the
27 removal of highly toxic, refractory, and non-biodegradable
28 phenolic compounds from aqueous solutions.1

29 During the use of the AC, its porosity becomes progres-
30 sively saturated. Once it is exhausted, AC can be disposed off
31 by incineration or deposited in a landfill, which means a high
32 economical and environmental cost. Alternatively, AC can be
33 reused after an appropriate regeneration step. In view of the
34 high production cost and consumption ofAC,2 the economics
35 and feasibility of the adsorption technology on an industrial
36 scale greatly depends upon the reactivation and reuse of the
37 spent AC.3 Therefore, more efficient regeneration methods
38 need to be developed and established on an industrial scale.
39 The ideal AC regeneration process involves the desorption
40 of the pollutants concentrated in the AC without any mod-
41 ification of the initial textural properties of the carbonaceous
42 material. The importance of the regeneration process has
43 stimulated intense research, and hence, a variety of regenera-

44tion techniques for exhausted ACs have been proposed.4-35

45However, methods in current use are either not efficient
46enough or too expensive.
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47 Because of its simplicity and high efficiency, thermal re-
48 generation in an inert9-23 or oxidizing atmosphere18,21-23 is
49 the most widely used regeneration method. However, it has
50 some important problems: (i) it needs ex situoperation; that is,
51 exhausted AC has to be transported to a reactivation center,
52 regenerated in a furnace at high temperature, and transported
53 back to the in-process plant; (ii) it may introduce changes in
54 the AC properties, which can modify the adsorption proper-
55 ties; (iii) high energy costs are required to keep the regenera-
56 tion temperature at about 800-850 �C; and (iv) the loss ofAC
57 by attrition, burnoff, and wash-out in the regeneration is
58 considerable (10-20% by weight).8,20,23 These problems be-
59 come more serious when the number of regeneration cycles
60 increases.13,18

61 Chemical regeneration is another widely studied regenera-
62 tion method.24-30 The method consists of the desorption of
63 adsorbed species, by means of a solvent10,11,24,25 or a solution
64 containing any other species that modifies the adsorption
65 equilibrium (e.g., NaOH).24,26-30 In both cases, desorption
66 or extraction of adsorbates is a simple and inexpensive
67 method; however, the regeneration efficiency (RE) is usually
68 below 70%,11,24 and about 10-15% of the pores of the AC
69 become blocked by the solvent.11,22,24 Moreover, pollutants
70 are not destroyed, and solvent reuse requires amore expensive
71 purification step, so that it is only recommended when the
72 adsorbate is a high-value product. Another important family
73 of chemical regeneration methods are based on an induced
74 decomposition of the adsorbate by an oxidizing agent.8,24 In
75 this approach, different oxidizing agentshavebeen studied,8,24

76 resulting in a broad variety of REs. In all cases, the main
77 benefit comes from the destruction of the adsorbed pollutant.
78 However, the use of oxidizing conditions not only affects the
79 pollutants but also modifies and/or destroys the original
80 texture and surface chemistry properties of the AC.8

81 Although comparatively less studied,31-35 electrochemical
82 regeneration appears as a very promising alternative, which
83 presents some advantages compared to the conventional
84 methods. Essentially, it can be conveniently operated in situ,
85 with lower energy consumption and short time requirements.
86 The electron is the only reagent, and it requires simple
87 handling and equipment. Moreover, the proper setting of
88 the applied current (or electrode potential) and other opera-
89 tional variables (such as electrolysis time, electrode composi-
90 tion, etc.) can allow for the recovery, modification of organic

91pollutants into less hazardous compounds, or even complete
92mineralization.36,37 In our particular case, it is well-documen-
93ted that phenol and phenol derivatives can be electro-oxidized
94both anodically, via direct electron transfer or indirect oxygen
95transfer from hydroxyl radicals coming from water electro-
96lysis,38-43 and cathodically, through indirect oxidation by
97electrogenerated peroxide species.44-46 In both anodic and
98cathodic treatments, phenol transformation proceeds through
99a rather complex mechanism, yielding hydroquinone and
100benzoquinone as main reaction intermediates. Provided that
101sufficient electrolysis time is left, these intermediates are
102further oxidized to a number of less toxic and much more
103biodegradable organic acids (e.g., maleic, fumaric and oxalic
104acids) and eventually to CO2.
105We have recently studied the electrochemical regeneration
106of a commercial granular AC saturated with phenol.35 The
107influence of different experimental parameters on the RE and
108the textural properties of a commercial phenol-saturated
109granular AC were analyzed, and a general electrochemical
110regeneration mechanism was proposed. The best results were
111obtained for the cathodic regeneration in NaOH, in an
112undivided cell, at moderate current and regeneration times.
113However, the efficiency and performance of the different
114regeneration methods cannot be directly compared to each
115other if the regenerated carbon materials, the adsorbate, and/
116or uptake are different. It is well-known that both the
117adsorption and regeneration capacities of ACs strongly de-
118pend upon their unique physicochemical properties, mainly
119determined by the carbon precursor nature and the activa-
120tion procedure. Therefore, a comparison among different
121regeneration methods has to be performed for the same
122saturated AC.
123In the literature on AC regeneration, only a few contribu-
124tions8,10,11 focus on the comparison of different regeneration
125methods for the same carbon material but, to the best of our
126knowledge, no comparison including the electrochemical
127regeneration technique has been reported to date. This work
128is intended to fill this gap and make a comparative study
129between electrochemical methods applied under their optimal
130experimental conditions and the more conventional NaOH
131chemical and thermal regenerations of the same AC material
132saturated with phenol. Sodium hydroxide has been chosen in
133this study because it is used as an electrolyte and blank
134experiment in the electrochemical regeneration and because
135it has been found to be one of themost efficient treatments for
136dissolving and removingweakorganic acids fromAC.26,27The
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138 on the chemical and thermal regenerations, respectively, is
139 analyzed.
140 The comparison is based on the analysis of the remaining
141 products after regeneration, the determination of REs, and
142 the recovery of the textural properties of the original carbon
143 material. This latter issue is seldom considered in the studies
144 on AC regeneration, despite being essential to understand the
145 regeneration process. The resulting data show that the elec-
146 trochemical method exhibits the best overall performance,
147 although additional specific engineering aspects should be
148 considered to determine the suitability of a given AC regen-
149 eration method.

150 2. Experimental Section

151 2.1. Materials. The commercial granular AC selected for this
152 work was provided by Waterlink Suctliffe Carbons (207A,
153 pHPZC = 9, mesh = 12 � 20) and is referred to as W. The
154 textural properties of this AC are listed in Table 1T1 . The similarity
155 between micropore volumes measured with N2 and CO2 indi-
156 cates that the employed AC presents a relatively narrow micro-
157 porous structure, commonly used for the removal of phenol and
158 other aromatic organics in wastewaters.
159 Before saturation, the AC samples were washed several times
160 with distilled water and dried in an oven at 80 �C overnight.
161 Phenol solutions were prepared using a Merck p.a. chemical,
162 and for the preparation of the NaOH solutions, sodium hydro-
163 xide pellets p.a. (Merck) were used, employing in both cases
164 distilled water.
165 2.2. Phenol Saturation of the AC.Adsorption experiments for
166 the saturation of the ACs were obtained from closed-batch
167 experiments. Phenol solutions (100 mL) with an initial concen-
168 tration of 20 000 mg/L were added to 100 mL glass flasks with
169 5 g of AC. The flasks were covered to avoid evaporation and
170 placed on a shaker at a constant shaking speed with a thermo-
171 statically controlled bath at 30 �C. These experimental condi-
172 tions were maintained for 7 days to attain equilibrium. The
173 equilibrium time had been determined previously from preli-
174 minary kinetic studies. After the equilibrium period, the ACs
175 were filtered and the phenol concentration in the residual
176 solution was measured by UV-vis absorption spectroscopy
177 (Jasco V-670 UV-vis-NIR spectrometer), at the wavelength
178 of 270 nm. Before electrochemical regeneration experiments, the
179 saturated AC samples were dried in an oven using very mild
180 conditions (40 �C) until a constant mass was achieved.
181 2.3. Regeneration Methods. 2.3.1. Chemical Regeneration of
182 AC. Chemical regeneration experiments were carried out by
183 treating 2.5 g of the phenol-exhausted ACwith 50 mL of NaOH
184 solution for 3 h at 30 �C. Preliminary kinetic studies have shown
185 that this is the optimal time to desorb most of the adsorbed
186 phenol. Different concentrations were studied to analyze the
187 effect of the NaOH concentration (0.0, 0.1, 0.5, and 1.0M). The
188 chemically regenerated AC samples will be denoted in the text
189 with the letter W, followed by a number indicating the NaOH
190 concentration, and followed by OH- to indicate the NaOH
191 solution.
192 2.3.2. Thermal Regeneration of AC. Thermal regeneration
193 experiments were conducted at different temperatures (300, 450,

194600, 750, and 900 �C) in a horizontal tube furnace, using a nitro-
195gen flow rate of 100 mL/min and a heating rate of 10 �C/min.
196The selected temperature for the thermal treatment was main-
197tained for 2 h. The thermally regenerated AC samples will be
198named with the letter W, followed by the letter t referring to
199thermal regeneration, and a number indicating the temperature.
2002.3.3. Electrochemical Regeneration of AC. The electrochemi-
201cal regeneration of AC has been carried out in a filter-press
202electrochemical cell.35,47 Among the possible electrolytes and
203configurations, only those results obtained for themost efficient
204undivided cell configuration and NaOH electrolyte (0.5 M) are
205discussed in this work.35

206The detailed experimental conditions have been previously
207described.35 Essentially, 2 g of the phenol-saturated original AC
208(W) was placed in the cell, similar to a granular AC fluidized
209bed,35,47 just in contact with the cathode or anode for the
210performance of the cathodic or anodic regeneration experi-
211ments, respectively. Stainless-steel and SnO2-Sb-Pt electrodes
212were used as cathode and anode electrodes, respectively, and the
213area of both electrodes was 20 cm2. The electrolyte volume was
214200 cm3, and the temperature was controlled at 25 �C during the
215entire regeneration process. Electrochemical regeneration was
216carried out at constant current conditions. For the study of the
217effect of the regeneration time, the duration of experiments was
218varied in the range of 0-7 h.
219During regeneration experiments, the pH and phenol con-
220centration/conversion were monitored with the increasing re-
221generation time. The amount of phenol was measured by UV-
222vis absorption spectroscopy (Jasco model V-670).
223The electrochemically regenerated AC samples will be desig-
224nated with the letterW, followed by the letters c or a referring to
225the electrode polarity in the cathodic or anodic regeneration,
226respectively, and followed by a number indicating the applied
227constant current (0.2 or 1.0 A), and finally, the abbreviation of
228OH- is included to indicate that the NaOH electrolyte solution
229was used.
2302.4. Analysis of the Regenerated AC. After regeneration and
231prior to their characterization, the regeneratedAC samples were
232dried in an oven (40 �C) and subjected to different tests.
2332.4.1. Evaluation of RE. The regenerated AC samples were
234used for the re-adsorption of phenol, under the same previous
235conditions (see section2.2), to determine the percentage of RE,
236which is defined as the ratio of regenerated to fresh adsorption
237capacities, according to eq 1.

RE ¼ adsorption capacity of regenerated AC

adsorption capacity of fresh AC
� 100 ð1Þ

238239Because of the lower amount of regenerated AC, the batch
240adsorption experiments in this case were performed using 0.5 g
241of regenerated AC and 10 mL of phenol-concentrated solution
242(20 000 mg/L), keeping the mass/volume ratio (1:20) constant.
2432.4.2. Porous Texture Characterization.The porous texture of
244all samples was determined by physical adsorption of gases (N2

245at -196 �C and CO2 at 0 �C) using an automatic adsorption
246system (Autosorb-6, QuantrachromeCorporation) after sample
247outgassing at 110 �Cunder vacuum for 4 h.Nitrogen adsorption
248at -196 �C has been used to determine the total volume of
249micropores [VDR(N2)] (pore size smaller than 2 nm) from the
250Dubinin-Radushkevich (DR) equation (the range of relative
251pressures used for the DR analysis was 0.005 < P/P0 < 0.17)
252and the apparent specific surface area by the BET equation
253(SBET), whereas the adsorption of CO2 at 0 �C has been used to
254quantify the narrowest micropores [VDR(CO2)] (pore size smal-
255ler than around 0.7 nm), also by application of the DR equation
256for relative pressures below 0.025.48-50

Table 1. Textural Characterization of the Original (W), Saturated
(Wsat), and Chemically Regenerated AC Samples with Different

NaOH Solution Concentrations

sample SBET (m2/g) VDR(N2) (cm
3/g) VDR(CO2) (cm

3/g)

W 875 0.37 0.29
Wsat 145 0.05 0.09
W0.0OH- 170 0.06 0.08
W0.1OH- 280 0.10 0.11
W0.5OH- 310 0.12 0.13
W1.0OH- 350 0.14 0.15

(47) Berenguer, R.; Marco-Lozar, J. P.; Quijada, C.; Cazorla-Amor�os,
D.; Morall�on, E. Carbon 2009, 47 (4), 1018–1027.

(48) Rodrı́guez-Reinoso, F.; Linares-Solano, A. Chem. Phys. Carbon
1988, 21, 2–146.
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257 2.4.3. Thermal Desorption Studies of the Remaining Products.
258 The thermal desorption of remaining species was followed by
259 temperature-programmed desorption (TPD) experiments. In
260 these experiments, about 10 mg of the sample were heated to
261 950 �C (heating rate of 20 �C/min) under a helium flow rate of
262 100 mL/min. The analyses were performed in differential scan-
263 ning calorimetry-thermogravimetric analysis (DSC-TGA)
264 equipment (TA Instruments, SDT 2960 Simultaneous) coupled
265 to a mass spectrometer (Thermostar, Balzers, GSD 300 T3).
266 Phenol thermal desorption was monitored by following m/z
267 signals at 94, 66, and 39, which correspond to the main phenol
268 fragments, according to the Wiley Mass Spectra Library 275 L
269 of the electronic database installed in the equipment. The TPD
270 profiles for CO, CO2, and H2O are included in the Supporting
271 Information.

272 3. Results and Discussion

273 3.1. TPD of the Phenol-Saturated AC. A representative
274 TPD thermogram of the phenol-saturated AC sample is
275 shown in Figure 1F1 , where only the main m/z signals for
276 phenol have been included. Desorption of phenol can be
277 followed by their corresponding molecular ions withm/z 94,
278 66, and 39 that correspond to C6H6O

þ, C5H6
þ, and C3H3

þ,
279 respectively. The relative intensities of phenol moieties for
280 themass spectrometer (MS) used in thisworkwere 84, 61 and
281 100, respectively. Above 100 �C, three different peaks can
282 be distinguished, which are related to three different types
283 of interaction. Considering the boiling point of phenol
284 (182 �C)9 and according to other authors,12-17 the first peak
285 (peak I) located at about 200 �C is attributed to the desorp-
286 tion of physically adsorbed phenol. On the other hand, the
287 peaks above 300 �C are assigned to chemically adsorbed
288 species. Peak II appearing at about 410 �C corresponds to
289 chemisorbed phenol, and peak III, between 500 and 650 �C,
290 has been attributed to more stable phenol-derivative com-
291 pounds. Interestingly, peak III relative intensities of the three
292 monitored m/z signals do not correspond to those expected
293 for phenol, indicating that, apart from phenol, additional
294 phenol-derivative compounds have been formed.
295 The nature of the compounds desorbed under peak III has
296 been previously under discussion and controversy in differ-
297 ent works. On one hand, these compounds could correspond
298 to thermally transformed products coming from adsorbed
299 phenol, such as benzyl, furans, fragments, and dimers.17,51,52

300 On the other hand, they could correspond to irreversibly
301 adsorbed phenol and/or oxidative coupling products, such as

302dimers (dihydroxybiphenyls or phenoxyphenols) and other
303phenolic oligomers and polymers catalytically produced by
304the AC during or after the adsorption process.7,25,53

305Concerning the peak intensities, Figure 1 also shows the
306following intensity sequence: I > II> III, indicating that
307phenol is mainly physisorbed. The deconvolution of the
308phenol desorption peaks using Lorenzt multi-peaks provides
309a semi-quantitative ratio corresponding to 53% of physisorp-
310tion (peak I), 37% of phenol chemisorbed (peak II), and 10%
311of transformed phenol (peak III). These results are in close
312agreement with those obtained by Castillejos-L�opez et al. for
313another AC material.16

314TPD results obtained in this section clearly confirm the
315most accepted adsorption mechanism of phenolic com-
316pounds on AC proposed in the literature, in which one
317fraction of the phenolic compounds is physisorbed on the
318carbon surface by dispersion forces between π electrons of
319the phenol aromatic ring and π electrons of the graphene
320layers and the other fraction corresponds to specific surface
321compounds, chemisorbed phenol, with the formation of
322electron-transfer bonds between the edges of the graphene
323layers and the aromatic molecules and ether and ester bonds
324between phenol hydroxyl groups and surface oxygen
325groups.54

3263.2. Chemical Regeneration. Figure 2 F2shows the RE values
327and the N2 isotherms at 77 K for chemically regenerated AC
328samples with NaOH solutions of different concentrations.
329According to the RE results (Figure 2a), the presence of
330NaOH in the water solution yields a 20% increase in the RE
331with respect to distilled water. The maximum RE achieved
332with the NaOH chemical regeneration was about 60% and
333was found to be independent of the NaOH solution concen-
334tration, at least in the concentration range studied. These
335results are in agreement with data reported by others for the
336chemical regeneration of phenol-saturated AC using NaOH
337as the regenerating agent.26-28

338The better regeneration performance of the NaOH solu-
339tion compared to the neutral distilled water can be explained
340by three mechanisms acting together: (i) in alkaline condi-
341tions, phenol (pKa = 9.89) should be in the form of pheno-
342late ion, and its solubility in water is higher than that of
343neutral phenol molecules; (ii) in NaOH solutions, both the
344surface oxygen groups of the AC (pHpzc 9) and the adsorbed
345phenol are deprotonated and, because of electrostatic repul-
346sions between phenolate and AC oxygen groups and also
347between phenolate molecules, phenol is favorably desorbed

Figure 1. TPD of phenol from the phenol-saturated AC sample.

Figure 2. Effect of the NaOH solution concentration on (a) the REs
and (b) the N2 isotherms (porosity recovery) for chemically regen-
erated phenol-saturated AC.
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348 as phenolate species; and (iii) considering the chemical
349 adsorption mechanism of phenol postulated by some
350 authors,54 NaOH solution can hydrolyze some chemical
351 bonds between phenol hydroxyl groups and the surface
352 oxygen groups of the AC.
353 The N2 adsorption isotherms for the original, saturated,
354 and chemically regenerated AC samples (Figure 2b) reveal
355 that, after the marked porosity reduction caused by phenol
356 saturation, the chemical regeneration with NaOH solutions
357 brings about a small recovery of the porosity (Table 1).
358 Moreover, a higher blockage of the micropores of about
359 0.7 nm may account for the similarity between VDR(CO2)
360 andVDR(N2) in the regenerated samples. Similar results were
361 found after regeneration in dynamic regime performed in the
362 electrochemical cell but without application of current.35

363 The observed low-porosity recoveries do not seem to match
364 with 60% RE values; i.e., although the surface is consider-
365 ably blocked, the blocking species may participate on the re-
366 adsorption of phenol after regeneration. Earlier authors25,53

367 suggested that dimeric or oligomeric phenol compounds,
368 formed during NaOH regeneration by coupling reactions
369 favored at high pH and oxic conditions, are the blocking
370 species involved in phenol re-adsorption.
371 Figure 3F3 shows the TPD thermogram and AC sample
372 chemically regenerated in 0.5 M NaOH showing the main
373 m/z signals for phenol. In comparison to Figure 1, it can be
374 observed that the NaOH treatment removes the physisorbed
375 phenol almost completely (peak I) but chemisorbed phenol
376 (peak II) and phenol-derivative compounds (peak III) still
377 remain in the AC. After the removal of the physisorbed
378 phenol, an additional peak or shoulder at about 310 �C can
379 be distinguished. This finding suggests that the desorption
380 signal of chemisorbed phenol is indeed composed of two
381 contributions: the first one desorbing at lower temperatures

382(310 �C) is considered to be the weakly chemisorbed phenol,
383and the other centered at temperatures about 410 �C is
384considered to be the most stable or strongly chemisorbed
385phenol. The signal corresponding to weakly chemisorbed
386phenol is probably obscured by strong overlapping between
387physisorbed and strongly chemisorbed phenol peaks in
388Figure 1.
3893.3. Thermal Regeneration. The results of thermal regen-
390eration of phenol-saturatedAC are shown in Figure 4 F4, where
391the RE percentage is represented as a function of the
392temperature. From the obtained results, it can be observed
393that the RE increases with the temperature up to amaximum
394value of 86% at 750 �C. Higher regeneration percentages are
395difficult to achieve by pyrolysis treatment because phenol
396decomposition products are known to be retained on the
397carbon surface.9,13,15,17,18

398The influence of the temperature on the textural properties
399of the thermally treated ACs was also analyzed. Figure 4b
400and Table 2 T2contains the porosity characterization of the
401thermally treated carbonmaterials. The results show that the
402porosity recovery increases with the temperature and that
403thermal regeneration produces a high recovery of the poros-
404ity at temperatures above 600 �C. These results can be easily
405explained considering that the higher the temperature, the
406higher the phenol removal. However, further improvements
407in the AC porosity may be difficult because of the remaining
408cracking products.
409TPD spectra of the regenerated AC samples at different
410temperatures are shown inFigure 5 F5. As observed (Figure 5a),
411physisorbed phenol is completely removed at 300 �C and
412only chemically adsorbed species (peaks II and III) remain
413on the AC. Nevertheless and in comparison to the phenol-
414saturated AC sample (Figure 1) and the sample regenerated
415by NaOH (Figure 3), a significant shift of the two peaks
416toward higher temperatures is observed. Thus, peaks II and
417III appear at 495 and 615 �C, respectively. Furthermore,
418there is an important change in the relative intensities of

Figure 3. TPD of phenol from a chemically regenerated AC sample
(0.5 M NaOH).

Figure 4.Effect of the temperature on (a) theREs and (b) theN2 isotherms (porosity recovery) for thermally regenerated phenol-saturatedAC.

Table 2. Textural Characterization of the Original (W), Saturated
(Wsat), and Thermally Regenerated AC Samples at Different

Temperatures

sample SBET (m2/g) VDR(N2) (cm
3/g) VDR(CO2) (cm

3/g)

W 875 0.37 0.29
Wsat 145 0.05 0.09
Wt300 225 0.08 0.10
Wt450 477 0.20 0.19
Wt600 560 0.23 0.17
Wt750 635 0.27 0.20
Wt900 675 0.28 0.21
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419 peak II m/z signals compared to peak II for the phenol-
420 saturated AC (Figure 1), suggesting that phenol decomposi-
421 tion compounds have been formed and that they have higher
422 stability than those resulting from NaOH regeneration.
423 When the regeneration temperature is increased up to
424 450 �C (Figure 5b), chemisorbed phenol is completely re-
425 moved and only a low-intensity peak III, corresponding to
426 reaction products, is detected. After thermal regeneration at
427 600 �C, phenol characteristic m/z signals are not detected
428 (Figure 5c). These results clearly agree with the increase of
429 RE values and porosity recoveries with increasing tempera-
430 ture. However, textural characterization (Table 2) indicates
431 that the porosities of AC samples regenerated at 450 and
432 600 �C are not completely recovered, and on the other hand,
433 both REs and porosity recoveries reach a maximum value
434 with the temperature, so that some carbonization products
435 keep blocking the surface of the regenerated AC samples.
436 3.4. Electrochemical Regeneration of Granular AC and

437 Comparison to the Conventional Methods. As previously
438 mentioned in the Introduction, we have recently studied
439 the electrochemical regeneration of phenol-saturated AC,
440 analyzing the influence of different parameters, such as the
441 electrode polarity, the compartment separation, the applied
442 current, and the regeneration time, on both the RE and
443 porosity recovery.35

444 The blank experiment for the electrochemical regenera-
445 tion in a filter-press cell, in which a 0.5 M NaOH flow is
446 recirculated and no current is applied, was used to analyze
447 the influence of dynamic desorption conditions (as commen-
448 ted in section 3.2). In this case, similar REs (60-65%) to
449 chemically regenerated AC were obtained (Figure 2a).
450 In this paper,35 we found that the electro-oxidation of
451 desorbed phenol during the electrochemical regeneration of
452 AC favors phenol desorption but can also hinder the regen-
453 eration process because of the blockage of porosity of theAC
454 by the electro-oxidation products (quinones, polymers, etc.),
455 which increase with the current and the regeneration time.

456Then, the best results, in terms of both RE and porosity
457recovery, were obtained for the cathodic regeneration in
4580.5 M NaOH in an undivided configuration cell for an
459electrolysis time of 3 h under awide range of applied currents
460(RE∼ 80%). These results were attributed to a combination
461of factors, namely, maximum enhancement of phenol de-
462sorption, phenol electro-oxidation occurring on both the
463cathode and the counterelectrode, and consequently, a lower
464concentration of electro-oxidation products thatmay adsorb
465on the AC. At longer electrolysis times, RE remains con-
466stant, which was explained as a result of the combination of
467the sluggish phenolate diffusion through the narrowest
468micropores and the increasing amount of blocking oxidation
469products, whose adsorption on the granular AC may also
470increase with the regeneration time.
471To further deepen themechanism and optimization of this
472regeneration method, the adsorbed species remaining on
473electrochemically regenerated AC were analyzed by TPD.
474The analysis was restricted to AC treated by cathodic
475regeneration in an undivided cell, which was proven to yield
476the best results as stated above. Figure 6 F6presents the TPD
477experiments for the cathodically regenerated AC samples at
4780.2 A, in 0.5 M NaOH, for different electrolysis times. As
479follows from the figure, unlike physisorbed phenol, the
480chemically adsorbed phenol is not completely removed and
481only some desorption at high temperatures appears. The
482amount of chemisorbed phenol and phenol decomposition
483products (peaks II and III) decreases with increasing the time
484of treatment within the first 3 h of electrolysis, and then they
485seem to reach a constant value in the investigated time
486interval, thus accounting for the evolution of RE with the
487electrolysis time.35

488The similarity between TPD spectra of samples regener-
489ated for 3 and 7 h (Figure 6) suggests that that the amount of
490remaining species on the AC sample regenerated after 7 h
491may be of similar nature to those for the sample regenerated
492after 3 h. However, the much higher porosity recovery

Figure 5. TPD of phenol from thermally regenerated AC samples at different temperatures.

Figure 6. TPD of phenol from cathodically regenerated AC samples for different times, at 0.2 A in 0.5 M NaOH solution.
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493 achieved after 3 h (579m2/g compared to 233m2/g for the 7 h
494 treatment)35 points to a much higher amount or volume of
495 remaining species after a 7 h regeneration process than after
496 the 3 h experiment. These results could be explained con-
497 sidering that the products formed by electro-oxidation of
498 phenol after 7 h are adsorbed on the AC.
499 Figure 7F7 compares the REs and the N2 adsorption iso-
500 therms at -196 �C for the regenerated AC samples at the
501 optimal experimental conditions for each regenerationmeth-
502 od studied in this work. Table 3T3 includes the textural
503 characterization of these samples. The chemical regeneration
504 of the studied AC produces RE values by 20% lower than
505 those obtained by the thermal and electrochemical ones.
506 Interestingly, similar REs of about 80% are achieved by
507 electrochemical and thermal regenerations (provided that
508 temperatures above 600 �C are applied in this latter case).
509 Textural characterization (Figure 7b and Table 3) shows
510 that the porosity recoveries achieved by chemical regenera-
511 tion are rather low and that the cathodic regeneration is the
512 most effective treatment for the porosity recovery of the AC,
513 even more effective than the thermal treatments at the high-
514 est temperature. The RE and porosity recovery achieved by
515 anodic treatment at low currents are slightly lower than those
516 obtained by cathodic treatment at 1.0 A but high enough to
517 also be considered as a promising regeneration treatment.
518 As a final remark, it appears clear from data reported in
519 this work that, even under the optimal experimental condi-
520 tions, the electrochemical and thermal regenerationmethods
521 are not capable of yielding REs higher than 80-85%and the
522 initial textural properties of the original AC cannot be
523 completely recovered. These limitations in the regeneration
524 performance could be conditioned by the nature of the
525 studied AC and, more specifically, by its characteristic sur-
526 face chemistry and microporous structure. With regard to
527 this latter factor, we believe that the narrow microporosity
528 that favors phenol uptake may also hinder subsequent

529phenol desorption and, consequently, the RE and porosity
530recovery achieved by a given regeneration method. In this
531sense, further research on the influence of the pore size
532distribution on the performance of AC regeneration should
533be carried out.

5344. Conclusions

535The presence of NaOH increases the efficiency of phenol
536desorptionwith respect todistilledwater.However, it is difficult
537to achieve regeneration efficiencies above 60% by chemical
538regeneration with NaOH, and low-porosity recovery occurs.
539TPD experiments show that, whereas phenol is almost com-
540pletely removed electrochemically after 3 h, at least 450-600 �C
541is required to achieve similar results by thermal regeneration.
542The analysis of REs and porosity recoveries after regenera-
543tion by the different methods shows that the electrochemical
544regeneration run under the optimal conditions can produce
545similar RE values (about 80%) and higher porosity recovery
546than those obtained by thermal treatment. Through electro-
547chemical regeneration, the AC can recover about 84% of the
548surface area compared to the pristine AC, whereas 77% of
549surface recovery is attained by thermal treatment at 900 �C.
550Thus, it can be concluded that, in terms of both RE and
551porosity recovery, electrochemical regeneration is more effi-
552cient than thermal regeneration.
553However, all of the regeneration treatments explored in this
554work leads to a degradation of adsorbed phenol and genera-
555tion of strongly bound compounds. These degradation com-
556pounds probably have a detrimental effect on the efficiency,
557and therefore, further research must be carried out toward
558avoiding or removing these strongly adsorbed compounds.
559Results presented in this work provide contrasted informa-
560tion on the feasibility of the electrochemical regeneration
561method of AC, which appears as a real alternative to replace
562the conventional less efficient chemical treatment and the
563much more expensive thermal one. However, for practical
564applications, specific engineering considerations may play a
565key role andmay also determine the choice of the suitable AC
566regeneration method.
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Figure 7. Comparison of (a) the REs and (b) the N2 isotherms (porosity recovery) for the regeneration of phenol-saturated AC at the
experimental conditions, yielding the best results for each regeneration method.

Table 3. Textural Characterization of the Original (W), Saturated
(Wsat), andRegeneratedACSamples at theExperimental Conditions

of the Best Results for Each Regeneration Method

sample SBET (m2/g) VDR(N2) (cm
3/g) VDR(CO2) (cm

3/g)

W 875 0.37 0.29
Wsat 145 0.05 0.09
W1.0OH- 350 0.14 0.15
Wt600 560 0.23 0.17
Wt750 635 0.27 0.20
Wt900 675 0.28 0.21
Wa0.2OH- 585 0.26 0.12
Wc1.0OH- 735 0.32 0.19
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