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ABSTRACT 

In surfactant-enhanced carbon regeneration, a concentrated surfactant solution 
is passed over spent activated carbon to desorb the solutes in an in-situ process. 
The solutes solubilize into micelles in the regenerant solution. Residual adsorbed 
surfactant can be removed by a water flush. In this study, phenol is the solute 
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630 BHUMMASOBHANA ET AL. 

and sodium dodecyl sulfate is the anionic surfactant used. Previous studies have 
measured the ability of the regenerant to remove the solute from the carbon. 
This study presents the breakthrough curves for subsequent adsorption cycles 
following the regeneration. The reduction of the effective carbon adsorption capac- 
ity is less if a higher regenerant concentration of surfactant, more pore volumes 
of regenerant, or more pore volumes of water flush solution are used. Effective 
adsorption capacities of over 50% of that on virgin carbon were observed on 
regenerated carbon. 

INTRODUCTION 

Activated carbon is the most widely used adsorbent today. It is usually 
categorized as a physical, nonpolar adsorbent. It is often used to remove 
less polar contaminants from polar bulk streams, usually water. A major 
advantage of activated carbon adsorption over some other separation 
techniques is the ability to remove organics at low concentrations (1-3). 

In practice, the adsorption process proceeds until the solute concentra- 
tion in the outlet reaches an unacceptable level, at which time the carbon 
needs to be regenerated. A common regeneration method is thermal reacti- 
vation which is carried out in a multihearth furnace or a rotary kiln at 
870-980°C. However, sometimes thermal reactivation may not be feasi- 
ble. This may be due to inorganic salts having deposited on activated 
carbon or adsorbates which may cause air pollution upon regeneration 
(e.g., PCBs), among other reasons (4). Of course, the solute is not re- 
covered in thermal regeneration. A large fraction of the carbon may be 
burned in the furnace ( 5 ,  6). 

Solvent regeneration involves the dissolution of the adsorbate into a 
volatile solvent (e.g., acetone) (7), followed by a steam or hot gas flush 
to remove residual solvent from the carbon (5 ,  6). In biological regenera- 
tion (S), bacteria are introduced into the bed to consume the adsorbed 
organic. However, the process is quite slow and complete regeneration 
may not be achieved, so thermal regeneration may be required periodically 
(5) .  

Surfactant-enhanced carbon regeneration (SECR) involves the flushing 
of concentrated surfactant solution (regenerant) through the spent carbon. 
Organic adsorbate desorbs and is solubilized into micelles (surfactant ag- 
gregates typically containing 50- 100 molecules) in the regenerant solution. 
When the desorption process is complete, some residual adsorbed surfac- 
tant may be left on the activated carbon, while the regenerant stream 
contains concentrated solute and can be further treated to recover and 
recycle the surfactant (9,lO). A water flush is then used to remove residual 
surfactant from the carbon, leaving the carbon ready for reuse (for vapor 
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SURFACTANT-ENHANCED CARBON REGENERATION 631 

Clean Clean 
Water with Organics Surfactant Water 

Surfactant Water with 

FIG. 1 Process strategy for surfactant-enhanced carbon regeneration. 

phase applications, a drying step is needed). The process strategy is shown 
in Fig. 1.  

Previous studies on SECR (1  1,12) have demonstrated that the technique 
can give excellent removal of the adsorbate with a sharp breakthrough 
curve during regeneration. However, for liquid-phase applications, the 
residual surfactant on the carbon following the regeneratiodwater flush 
can substantially reduce the adsorption capacity of the bed on subsequent 
cycles. The purpose of this investigation is to determine the effect of 
regeneration and flushing conditions on the breakthrough of the solute in 
subsequent adsorption cycles, and hence, on effective adsorption capacity 
upon repeated use. 

BACKGROUND 

At low surfactant concentrations in water, all the surfactant exists as 
unaggregated molecules (monomer). At a specific concentration, the criti- 
cal micelle concentration or CMC, surfactant aggregates called micelles 
first form. At concentrations above the CMC, the monomer concentration 
remains approximately constant while almost all additional surfactant 
added forms micelles. The surfactant used here (sodium dodecyl sulfate 
or SDS) has a CMC of 8.3 x IOW3 M and forms roughly spherical micelles 
containing about 70 surfactant molecules (13, 14). The micelles have a 
hydrophobic environment in the interior where alkyl chains of the surfac- 
tant form an oil-like liquid droplet. The charged groups of the SDS are 
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632 BHUMMASOBHANA ET AL. 

on the surface of the micelles. Organic solutes in the solution tend to 
concentrate in the micellar interior, a phenomena called solubilization. 
The solubility of an organic can be many times higher in a surfactant 
solution above the CMC than in just water due to solubilization (14-16). 

In SECR, the regenerant solution contains surfactant above the CMC. 
The adsorbed solute solubilizes into the micelles in the regenerant and is 
desorbed as a result. In previous work, Blakeburn and Scamehorn ( 1 1 )  
found that the first approximately 80% of tert-butylphenol can be removed 
using a regenerant stream containing a cationic surfactant with a reasona- 
ble volume of regenerant, but a heel of adsorbed solute is very difficult 
to remove. The majority of the residual surfactant can be fairly easily 
removed by a water flush, but large volumes of water are needed for nearly 
complete removal of surfactant from the carbon. The effective adsorption 
capacity of the carbon upon subsequent cycles was found to be reduced 
by the regeneration technique, although detailed breakthrough curves 
were not obtained. 

In a vapor-phase application, Roberts et al. (12) studied the application 
of SECR to regenerate carbon containing either toluene or amyl acetate. 
Using SDS, the regeneration step and water flushing to remove residual 
surfactant were effective. Unlike the aforementioned liquid-phase applica- 
tion, in this vapor-phase case, little reduction in adsorption capacity of 
the carbon was observed after regeneration, but detailed breakthrough 
curves were not generated. Roberts et al. (12) also found that the regenera- 
tion step was equilibrium limited for removal of toluene, but some mass 
transfer effects were present for the higher molecular weight amyl acetate. 
The water flush was found to be nearly equilibrium limited. 

These previous studies have demonstrated the general feasibility of 
SECR in both liquid- and vapor-phase applications. The purpose of this 
study is to measure breakthrough curves for adsorption of a model solute 
(phenol) in an adsorption cycle following a regeneratiodflush process 
under varying conditions to quantify the effect of the regeneration process 
on effective adsorption capacity on repeated usage. 

EXPERIMENTAL 

Materials 

The surfactant was sodium dodecy! sulfate (SDS) from Kao Industrial 
Co. with a purity of 95%. The solute used was phenol with a purity of 
99.5% manufactured by Carlo Erba. The activated carbon was Filtrasorb 
300 from Calgon Co. with a surface area of 950-1050 m’/g. 
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4 Water Bath 2S0 C - 
3 - 

Methods 

The column used for adsorption studies was solvent-resistant with 2.5 
cm ID and 120 cm long from Rainin. It was jacketed for temperature 
control at 25°C. An adjustable plunger was inserted to minimize the void 
volume existing in the bed. Liquid was pumped through the bed at a flow 
rate from 10 to 100 mL/min. A schematic diagram of the equipment used 
in this experiment is shown in Fig. 2. 

The effluent concentration of phenol during all steps was detected by 
a UV spectrometer at a wavelength of 269 nm. The effluent SDS concen- 
tration was analyzed by a conductivity meter. 

In order to desalt the carbon prior to use, 58 g carbon was boiled in 
deionized water to completely wet the pores. After the water was de- 
canted, the carbon was flushed with approximately 10 L deionized water, 
after which it was packed into the column. 

The phenol used for loading the carbon was prepared by dissolving 40 
mg/L phenol in deionized water. It was fed into the column at a flow 
rate of 100 mLfmin in an upflow direction until the effluent concentration 
reached the feed concentration. A mass balance on the breakthrough 
curve was done to determine the total amount of phenol adsorbed. 

Feed tank 

I 

rl 
--I r- 

Temperature controlled I 

Graduated 

FIG. 2 Schematic diagram of experimental apparatus. 
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70 - 

In the regeneration step, solutions of SDS were pumped into the adsorp- 
tion bed at a flow rate of 20-40 mL/min in an upflow direction. Effluent 
samples were analyzed to determine both SDS and phenol concentrations. 

In the flush step, deionized water was passed through the bed at a flow 
rate of 100 mL/min. After completion of the flush, the activated carbon 
was used for reloading the phenol to measure the breakthrough curve in 
this subsequent adsorption step. 

4M-4 
4 

44 
4 

RESULTS AND DISCUSSION 

I 0  - 

The breakthrough curve for the adsorption of phenol on unregenerated 
carbon is shown in Fig. 3. The pore volume which corresponds to the 
volume of tiquid contained in an adsorber bed filled with water is 0.85 
mL/g carbon. For a feed concentration of 40 mg/L phenol (case used 
to prepare bed for all regenerations), a flow rate of 100 mL/min, and a 
temperature of 25"C, saturation occurred at around 3000 per volumes. 

4 @ 4 % s & A U  /AA 
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SURFACTANT-ENHANCED CARBON REGENERATION 635 

The equilibrium amount of phenol adsorbed was calculated from a mass 
balance on the breakthrough curve and was equal to 4.994 g or 85 mg/g 
carbon, which is in reasonable agreement with the measured loading on 
the same system of 105 mg/g carbon (17). The loading from the experiment 
reported in this paper may be less because it is a dynamic measurement, 
not a static experiment. 

The breakthrough curves in Fig. 3 are not as sharp as would be antici- 
pated in a commercial carbon bed because a high flow rate was used. 
Since the purpose of this study is measurement of the effect of regenera- 
tion conditions on breakthrough curves, the comparison is achieved under 
the conditions used. 

The effect of regenerant solution surfactant concentration was exam- 
ined at a flow rate of 40 mL/min as shown in Fig. 4. The percent phenol 
recovery results in Fig. 4 can also be presented as a function of SDS in 
micellar form which has passed through the column rather than pore vol- 
ume of regenerant, as shown in Fig. 5. The SDS concentration in micellar 
form is equal to the total surfactant concentration minus the CMC. If 
the desorption/solubilization process during regeneration is equilibrium 
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FIG. 4 Effect of SDS concentration in regenerant solution on phenol removal. 
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FIG. 5 Effect of amount of SDS in micellar form in regenerant solution on phenol removal. 
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FIG. 6 Effect of regenerant solution flow rate on phenol removal. 
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.. 

limited, then the curves in Fig. 5 at different surfactant (micellar) concen- 
trations should coincide. The small observed effect of surfactant concen- 
tration indicates that mass transfer effects are small during regeneration. 

For a SDS concentration of 0.1 M, 50% removal could be achieved at 
500 pore volumes of regenerant. At 2000 pore volumes, nearly 90% of the 
phenol could be washed off. At still greater regenerant volumes, the rate 
of removal was quite slow, probably due to the chemisorbed nature of 
the remaining phenol. This is consistent with the previous work of 
Blakeburn and Scamehorn (1 l), which also illustrated that removal of the 
last portion of the solute was hard to achieve due to chemisorption. 

The effect of regenerant solution flow rate is shown in Fig. 6 .  More 
pore volumes are required to regenerate the bed to a specified percent 
recovery when using a higher flow rate. However, the effect was small 
at the flow rate used, indicating that regeneration is mainly equilibrium 
controlled and that mass transfer effects are secondary. This is in agree- 
ment with previous work done by Roberts et al. (12). 
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FIG. 7 Effect of SDS concentration in regenerant solution on subsequent breakthrough 
curve of phenol. 
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638 BHUMMASOBHANA ET AL. 

The effect of surfactant concentration during regeneration on the subse- 
quent solute adsorption step is shown in Fig. 7 and of the number of pore 
volumes of regenerant used in Fig. 8. 

The higher the regenerant surfactant concentration or the more pore 
volumes of regenerant solution used, the better cleaned the carbon is and 
the more pore volumes of fresh feed which can be treated until a specified 
level of contaminant in the effluent is detected. The 1200 pore volumes 
of regenerant used correspond to 78% of the phenol being removed during 
regeneration from Fig. 4, and 1600 pore volumes correspond to 89% re- 
moval. As an example of the effect, if the acceptable level of phenol in 
the effluent were set to be 5 mg/L (for a feed containing 40 mg/L of phenol), 
40% of the fresh feed volume could be treated after regeneration compared 
to using fresh unregenerated carbon if 1200 pore volumes of regenerate 
were used. If 1600 pore volumes of regenerant were used, this fraction 
of fresh feed treated would be 55%. 

40 

2 35 
1 30 

t 26 

c 

E s g 20 
0 - g 16 

i lo 
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0 A . 
A 0 

A . 
0 600 1000 1500 2000 2500 3000 3600 4000 

Feed Pore volumes 

Eefofe regeneration 
~ R e g e n e r r n t  volume 1600 pore volumes 

n Regenerant volume 1200 pore volumes 

Water Flush Pore Volumes: 1600 Regenerant Solutlon Flow Rate: 40 mUmln 
Flush FlowR.te: 100 mUmin 
Regenerant Solution SDS Concentratlon: 0.1 M 

FIG. 8 Effect of volume of regenerant solution used on subsequent breakthrough curve 
for phenol. 
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The fraction of surfactant that could be removed during the flushing 
step i s  shown in Fig. 9 with a water flush flow rate of 100 mllmin. The 
regenerant concentration of SDS in the previous regeneration step was 
0.1 M. The effect of the severity of the water flush step following regenera- 
tion on the subsequent solute breakthrough curve is illustrated in Fig. 10. 
The more pore volumes of flush solution used and the more surfactant 
removed from the carbon, the more pore volumes of fresh feed which can 
be treated until a specified level of contaminant in the effluent is detected. 
The 1600 pore volumes of water flush used correspond to removal of 
75% of the SDS during regeneration from Fig. 9, and 2000 pore volumes 
correspond to 80% removal. As an example of the effect, if the acceptable 
level of phenol in the effluent were set to be 5 mg/L, 55% of the fresh 
feed volume could be treated after regeneration compared to using fresh 
unregenerated carbon if 1600 pore volumes of flush solution were used. 
If 2000 pore volumes of flush solution were used, this fraction of fresh 
feed treated would be 75%. 

I 0 0  

0 200 400 600 600 1000 1200 1400 1600 1600 2000 

Water Flush Pore Volumes 

1 Regenerant Solutlon 805 Concentration: 0.1 M I Water Flurh Flow Rate: I00 mUmln 

FIG. 9 Effect of volume of water flush on SDS removal. 
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FIG. 10 Effect of volume of water flush on subsequent breakthrough curve of phenol. 

CONCLUSIONS 

This study has shown that activated carbon regenerated by the SECR 
process can be effective in subsequent adsorptions. As the volume of 
the regenerant solution, the regenerant surfactant concentration, and the 
volume of the flush solution are increased, the effective capacity of the 
regenerated carbon increases. The optimum degree of regeneration is sys- 
tem-dependent and would also be affected by the surfactant recovery 
scheme used. An economic optimization study is needed to evaluate how 
hard the regeneration should be pushed and how the resulting process 
compares to competitive techniques for specific contaminant removal. 
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