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Fig. 5.6a Reactivation efficiency versus GAC mass for three types of GAC loaded with
phenol at 50 mA and S hours reactivation using the new reactor.
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Fig. 5.6b Reactivation efficiency versus number of GAC layers for three types of GAC
loaded with phenol at 50 mA and 5 hours reactivation using the new reactor.
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Fig. 5.7a Reactivation efficiency versus GAC mass for three types of GAC loaded with
phenol at 50 mA and 5 hours reactivation using the old reactor.
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anode may be subjected to a lower pH than the pK, of the phenol (pH=9.9), consequently it

caused a reduced phenol desorption and lower reactivation efficiency.

In order to eliminate possible pH variations through the GAC bed from cathode to anode,
tests were conducted with the new divided-cell reactor which had the cathode separated
from the anode by a cation-exchange membrane. A mass of 4.8 g of phenol-loaded WV-B
was placed on the cathode and reactivated for 5 h. The calculated reactivation efficiency
was 45%, which was almost the same as the one without membrane separation (i.e., GAC
was subjected to possible pH variation) in Fig. 5.6. This suggests that the pH variation was
not the main reason for lower reactivation efficiencies of the multi-layer reactivation.

However, because of the limited number of experiments these results need to be verified.

5.4 Effect of Electrolyte Mixing on the Electrochemical Reactivation of GAC

5.4.1 Introduction

The following is a discussion of the importance of electrolyte mixing. The final goal of the
GAC electrochemical reactivation process is the total destruction of the adsorbed
contaminants (organics). Destruction of the organics may occur on the GAC surface, on the
surface of the electrode, and in solution. If the destruction occurs in solution or on the
GAC’s outer surface then it is most likely that the desorption rate of the contaminants from
the internal surface of the GAC to the liquid phase will control the reactivation process
(assuming the electrochemical transformations are fast). If the destruction occurs only at the
electrode surface, then a succession of four steps must take place: desorption of reactant
(contaminant) from the GAC surface to the liquid phase; mass transfer of reactants to the

electrode surface; electrochemical transformations: and mass transfer of products from the
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electrode surface. Fig. 5.8 shows different steps involved in the overall anodic oxidation. In
general both the kinetics of electron transfer and the mass transport of reacting species
determine the rate of electrochemical reactions at the surface of electrodes. With increasing
polarization (charging) of the electrode, as current density is increased, the electrode can
become starved of reactant. The rate of mass transport then govems, and it limits the overali
reaction rate (Scott, 1995). The mass transport of ionic species is determined by the
desorption rate of the contaminant from the GAC, and the hydrodynamics of the electrolyte
flow in the vicinity of the electrode. The rate of desorption depends on the concentration
gradient as well as on the environmental conditions, such as pH and temperature. The
hydrodynamics of electrolyte flow includes the convective movement of species associated
with the bulk movement. Also the diffusion of the species to the electrode due to the
existence of a concentration gradient, and the migration of species under the influence of a

potential gradient, may influence the mass transport.

In general in the electrochemical reactivation of GAC, the electrolyte flow velocity may be
important for several reasons. A high flow velocity may result in the following beneficial
characteristics: (a) a high rate of mass transport of the desorbed contaminant from the
surface of the GAC particles to the surface of the oxidizing electrode; and (b) assistance in
the removal of electrogenerated gases, which would affect the electrolyte conductivity.
However, a high value of electrolyte velocity may have the following disadvantages: (a) it
will increase the energy consumption required in electrolyte pumping because of the
increased pressure drop in the bed; and (b) it may reduce the desorption rate of the adsorbed

contaminant from the GAC by lowering the pH near the cathode, where the GAC is located.

122



gBulk 2

4

GA Desorption

from GAC

1 = OBuik

Mass transport
of products ¢

Mass transport
of organics

¢ Electron transfer
OElectrode

PElectrode 3

- Electrode

ne

O = Organic contaminant

P = Products (oxidized organic contaminant)

Fig. 5.8 Steps involved in the overall anodic process.

123



To investigate the effect of electrolyte mixing on reactivation efficiency, GAC reactivation
was carried out in the new undivided batch reactor (F ig. 3.3). This reactor held one layer of
the preloaded GAC (1.2 g) on top of a platinum wire mesh electrode and the electrolyte was
continuously re-circulated with a pump to provide electrolyte mixing. Different electrolyte
flow rates provided different degrees of mixing. The influence of forced mixing on the
oxidation of phenol, cell voltage, and reactivation efficiencies are discussed in the next
sections.

$.4.2 Effect of Electrolyte Flow on the Oxidation of Phenol and 2NP

One of the potential advantages of GAC electrochemical reactivation over other methods of
reactivation is the oxidation of contaminants desorbed from the GAC during the
reactivation process. Thus, not only is the GAC reactivated but also the organic
contaminant(s) is potentially oxidized to H,O, CO,, and intermediates. As oxidation is
expected to occur primarily at the anode and the contaminant-loaded GAC is normally at
the cathode, it is important that the effect of electrolyte mixing on the oxidation of the

contaminant be investigated.

The electrochemical reactor without GAC was used to study the phenol oxidation kinetics.
One liter of 50 mg/L phenol solution was used in this study. A 50 mg/L concentration was
chosen because it was the maximum phenol concentration measured during the GAC
reactivation at 50 mA current. Flow rates of 1 L/min (with a theoretical retention time of 1
min) and 0.2 L/min (with a theoretical retention time of 5 min) were used in this study. Fig.
5.9 shows the kinetics of the oxidation of phenol at different flow rates and a current of 50

mA. It demonstrates that the oxidation rate of phenol was slow and about 20 to 30 hours
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Fig. 5.9 Oxidation of phenol at different electrolyte flowrates (I = 50 mA, undivided
reactor, no GAC).
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were needed to reduce the phenol concentration to the detection limit. The phenol oxidation
rate followed a first-order electrochemical reaction and this is in agreement with the results
of Azzam et al. (1999), Murphy, et al. (1992), and Smith De Sucre and Watkinson (1981).
The first-order coefficients were determined by a non-linear regression routine in
STATGRAPHICS PLUS (Manugistics, Inc., Rockville, Maryland, USA) and are shown as
lines in Fig. 5.9. The experimental data were defined by first-order expressions:

C =Cq(exp(-0.18*1)) (5-2)
and

C = Co(exp(-0.23*1)) (5-3)
for flow rates of 1 L/min and 0.2 L/min, respectively, where C, is the initial phenol
concentration (mg/L) and t is the time (h). The oxidation rate at a flow rate of 0.2 L/min was
slightly higher than the oxidation rate at 1 L/min. This shows that the oxidation of phenol
was not mass transport controlled, so it must be electrochemical transformation limited.
This is consistent with the findings of Smith De Sucre and Watkinson (1981). They studied
the effect of electrolyte flow rate on the anodic oxidation of phenol in a single pass through
an undivided-cell using lead dioxide anodes. They observed that single pass phenol

conversion decreased with increasing flow rate.

Fig. 5.10 shows the kinetics of oxidation of 2NP at different flow rates and a current of 50
mA. A 70 mg/L concentration was chosen because it was the maximum 2NP concentration
measured during the 2NP loaded GAC reactivation at 50 mA current. Fig. 5.10

demonstrates that the oxidation rate of 2NP is also slow and more than 10 hours are needed
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Fig. 5.10 Oxidation of 2NP at different electrolyte flowrates (I = 50 mA, undivided
reactor, no GAC).
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to reduce the 2NP concentration to the detection limit. The experimental data were defined
by the first order expressions:

C = Co(exp(-0.055*1)) 54)
and

C = Co(exp(-0.5*1)) (5-5)
for flow rates of 1 L/min and 0.2 L/min, respectively. Fig. 5.10 shows that the oxidation
rate of 2NP at a flow rate of 1 L/min was lower than that at a flow rate of 0.2 L/min. This
also demonstrates that the oxidation of 2NP was not mass transport controlled, but was

electrochemical transformation limited.

5.4.3 Effect of the Electrolyte Flow on the Cell Voltage

The reactivation of phenol-loaded F-400 was carried out with a 50 mA current and various
electrolyte flow rates. The corresponding cell potential varied with the degree of mixing.
The cell potential measurements for two different electrolyte (0.1 M NaCl) flow rates are
presented in Fig. 5.11. It shows that there was an increase in the cell potential during the
first 10 hours of operations after which it remained almost constant for longer periods of
time. The concentration of ions derived from the solutes (desorbed organics and NaCl)
decreased with the reactions at the electrodes. For example, the concentration of CI” ions
decreased with time as chlorine gas was released at the anode. The decrease in
concentration of ions lowers the electrolyte conductivity. Thus, the cell potential increased
correspondingly to maintain a constant current. However. when certain aqueous solutions
are electrolyzed, the principal electrode reactions involve the water-generated ions rather

than the ions derived from the solutes (Mortimer, 1979) and this will keep the potential
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Fig. 5.11 Cell voltage versus time (I = 50 mA, 1.2 g of phenol-loaded F-400).



almost constant over an extended period of time. For the applied flow rate of 1 L/min, the
cell potentials were about 10% lower than the potentials at 0 flow rate (no forced mixing). It
is believed that the mixing assisted in the removal of electro-generated gases, which would

affect the electrolyte conductivity, and lower the cell potential.

In the electrochemical reactivation process a major operational cost is the electricity
consumption that is calculated by:

Electrical Energy = (voltage) *(current) *(time) (5-6)
A decrease in the cell potential due to mixing decreases the operational cost. However, one
also has to consider the increase in the energy consumption required in electrolyte pumping
and examine the reactivation efficiency of both systems. This has been studied in the

following section.

5.4.4 Effect of Electrolyte Flow on the Reactivation Efficiency

Three electrolyte flow rates (and reactivation times up to 10 hours) were used to investigate
the effect of mixing on cathodic reactivation efficiency of a monolayer (1.2 g) preloaded F-
400 GAC (Fig. 5.12). This figure shows a decrease in reactivation efficiency with increasing
electrolyte flow rates and this is evident for all reactivation times. Fig. 5.12 also shows that

for the three flow rates the reactivation efficiency increased with increasing time.

To determine if the GAC location (upper mesh, or lower mesh) and/or the electrolyte flow
mode (up-flow or down-flow) affected the results, a series of experiments was conducted.
Fig. 5.13 presents the results of applying two electrolyte flow modes of up-flow and down-

flow, and phenol-loaded F-400 particles located on the upper mesh or lower mesh for the
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cathodic reactivation at a current of 50 mA. It shows lower reactivation efficiency at the
higher electrolyte flow rates for all flow modes and GAC locations. This demonstrates that
GAC location and the electrolyte flow mode did not affect the reactor performance. Thus it
is unlikely that the differences in reactivation efficiency observed at different flow rates
were caused by differences in flow patterns. Accordingly it was hypothesized that this
phenomenon was caused by the variation of the local pH at the electrodes. To prove this

hypothesis, the experiments in the following sections were conducted.

5.4.5 pH Variation Within the Reactor Compartments:

The pH variations within the reactor compartments during electrochemical reactivation with
both modes of operations (with and without electrolyte mixing) were studied. The pH
variation in the catholyte and anolyte when there was no electrolyte mixing (and no
electrode separation) versus reactivation time are shown in Fig. 5.14. The pH of the
catholyte was measured 2.5 cm below the cathode (lower mesh) and that of the anolyte was
measured 2.5 cm above the anode (upper mesh). The pH of the solution between the two
electrodes could not be measured due to the effect of the electrical field on the pH meter. In
the case of electrolyte mixing, the pH of the re-circulated line was measured as the pH of

the mixed solution.

As was expected, the catholyte yielded high pHs and the anolyte showed low pHs. This can
be explained by the reactions at the cathode and anode, respectively.
2H>0 + 2 ~—eeeeeeee-> H> +~ 20H (5-7)

2H0 o> Oy + 4H + 2€ (5-8)



Time (h)

[—E— Not Mixed Catholyte pH . 4 - NotMixedAnciyte pH @ Mixad Soiution_pH

Fig. 5.14 pH variation within the reactivation reactor (I = S0 mA, undivided reactor).



The cathode is the reducing electrode and it generates OH" ions (eq. 5-7) which increase the
local pH at the cathode and its surrounding electrolyte (catholyte). The anode is the
oxidizing electrode and it generates H' ions (eq. 5-8) which decrease the local pH at the

anode and its surrounding anolyte.

Fig. 5.14 also shows that the pH of the mixed electrolyte at a flow rate of | L/min (HRT =1
min) decreased to 3.5. As equations 5-7 and 5-8 show for each OH" ion generated there are
2H" ions generated and the pH of the mixed solution was expected to decrease. The forced
electrolyte flow minimizes the variation of the electrolyte pH throughout the reactor. Thus
with mixing, the pH at the electrodes where the GAC particles reside will be close to the
mixed electrolyte pH rather than the extreme values associated with the electrodes. Fig. 5.14
also shows that the change in pH was greatest for the catholyte, and that the mixing reduced
the catholyte pH from about 12 to 3.5 while it increased the anolyte pH from 2 to 3.5. This
suggests that the effect of mixing on the anodic reactivation efficiency of GAC should be

less than the effect of mixing on the cathodic reactivation.

Since the pH measurements showed that the pH of the electrolyte solution was 2 and 12
under anodic and cathodic conditions, respectively, it was necessary to establish the
relationship between pH and reactivation efficiency. The following sections examine the
effect of pH on adsorption and desorption of phenol on/from GAC at pHs 2, 3.5, and 12

which will help to establish a relation between pH and reactivation efficiency.



5.4.6 Effect of pH on Adsorption and Desorption:

All of these tests were conducted in triplicate using a single mass of 1.2 g F400 GAC.
Buffered phenol (300 mg/L) or 2NP (500 mg/L) solutions were used to load the GAC (via
the bottle point method) at pH 2, 3.5, and 12. Fig. 5.15 demonstrates that the adsorption
capacity of both 2NP and phenol on F-400 were similarly affected by pH. Adsorption of
phenol and 2NP was higher at PHs 2 and 3.5 and was far less at PH 12. Note that the pK,s
of phenol and 2NP are 9.99 and 7.23, respectively. The dissociation of compounds at pH
higher than the pK, results in lower adsorption. Similar results were reported by Snoeyink

(1968), Seidel and Radeke (1990) and Karimi-Jashni (1994).

To study the effect of pH on desorption at pHs 2, 3.5. and 12, batch desorption experiments
were conducted with preloaded F-400 GAC (at a single solid phase concentration) and
buffered distilled water. To have the same phenolic loading on the GAC within all bottles
prior to desorption, the GACs were loaded with solutions of undissociated phenol and 2NP
at pH 5.5. The results of phenol and 2NP desorption from GACs at pHs 2, 3.5. and 12 are
plotted in Fig. 5.16. The percentage of desorption was calculated by dividing the mass of
contaminant desorbed into the desorption solution by the initial mass of adsorbed
contaminant on the virgin GAC. Fig. 5.16 shows that higher desorption of both phenol and
2NP occurred at pH 12 and desorption decreased dramatically at pHs 2 and 3.5. This pattern
was expected, given the impact of pH on adsorption shown in Fig. 5.15. Knowing that the
PKas of 2NP and phenol are 7.23 and 9.99, respectively, it is evident from F ig. 5.16 that the

dissociated form of phenol and 2NP desorb much more than the undissociated form.
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Fig. 5.16 also shows that the extent of desorption of 2NP (60% at pH 12 and 28% at pH 2)
was higher than the extent of desorption of the phenol (45% at PH 12 and 15% at pH 2)
from F-400. This is consistent with the full reversibility of the 2NP from F-400 (Karimi-
Jashni, 1994; Vidic er al., 1993) and the partial reversibility of phenol from F-400 (Narbaitz

and Cen, 1994; Yonge et al., 1985).

The higher desorption of contaminants at high pH and the high pH of the catholyte (Fig.
5.14) during cathodic reactivation suggests that the reactivation efficiencies will be higher
when the GAC is placed on the cathode (cathodic reactivation) than when the GAC is

placed on the anode (anodic reactivation). This has been investigated in the next section.

5.4.7 Cathodic Versus Anodic Reactivation:

Reactivation tests were conducted in the undivided reactor with a monolayer (1.2 g) of
preloaded F-400 GAC placed on the cathode (cathodic reactivation) or on the anode (anodic
reactivation). Anodic versus cathodic reactivation was achieved by reversing the leads on
the power supply while the GAC was placed on top of the lower mesh. Fig. 5.17 shows the
cathodic and anodic reactivation results of applying five electrolyte flow rates for a
reactivation time of 2.5 hours and a fixed electrical current of 50 mA. For cathodic
reactivation, the higher the electrolyte flow rate, the lower the reactivation efficiency.
Increasing the electrolyte flow rate from 0 to 1 L/min caused a decrease in the reactivation
efficiency from 62 to 45%. This decrease in the reactivation efficiency is consistent with the
decrease of pH from 12 to 3.5 (Fig. 5.14) and the corresponding decrease in desorption from
45 to 15% (Fig. 5.16). The anodic reactivation efficiency was independent of the electrolyte

flow rate. This is consistent with the small changes in the pH of the anolyte from 2 to 3.5 at
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the different flow rates (Fig. 5.14). A comparison of the results shows that cathodic
reactivation was more efficient than anodic reactivation. The superiority of cathodic over
anodic reactivation was 20% when there was no forced flow, and decreased with increasing
flow rate to the point that the difference was negligible at the flow rate of 1 L/min. The
decrease in superiority of cathodic over anodic reactivation is consistent with the change in
PH in the catholyte from 12 at no mixing to 3.5 with mixing (Fig. 5.14). Thus, this pH
variation affects the adsorption capacity of the GAC (Fig. 5.14) and the amount of the
contaminant desorbing from it (Fig. 5.16) and thus, the reactivation efficiency (Figs. 5.12

and 5.17).

5.4.8 Cathodic Reactivation of Two GACs:

As GAC performance depends on both the carbonaceous raw material and the
manufacturing process. the influence of electrolyte mixing was investigated using both F-
400 and WV-B GACs. The results of cathodic reactivation of phenol loaded F-400 and
WYV-B are shown on Fig. 5.18. It shows that both GACs were similarly impacted by the

electrolyte flow rates. This is consistent with the effect of pH on the desorption of phenol

(Fig 5.16).

Fig. 5.18 also shows that the reactivation efficiencies for both GACs at all the conditions
tested were approximately the same. Because the adsorption of phenol on F-400 is partially
irreversible (Narbaitz and Cen. 1994) and adsorption of phenol on WV-B is fully reversible
(Vidic er al., 1993), higher reactivation efficiencies were expected for WV-B. The
irreversibility of phenol adsorption occurs because under oxic conditions the phenolics
polymerize on the surface of certain activated carbons, forming more strongly adsorbed
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species (Vidic ef al., 1993). Thus, the fact that the reactivation was equally effective for both
GACs may indicate that electrochemical reactivation can also remove these species from

the surface of the GAC.

5.5 Discussion

In general, for similarly loaded GACs there was much greater desorption at pH 12 (where
phenol is in its dissociated form) than at pH 2 (where phenol is in its undissociated form)
(Fig. 5.14). This suggests that the extent of dissociation of adsorbate influences the extent of
its desorption. At pH 12 the dissociation of adsorbed phenol (i.e., the phenate ions) and
activated carbon surface functional groups will increase negative repulsive forces between
individual anionic adsorbed species and between the adsorbed species and the GAC surface
functional groups (Summers and Roberts 1988, Cooney and Wijaya. 1987). These repulsive
forces and/or the competition with OH", generated at the cathode. for active sites on the

GAC will result in higher desorption of phenol/2NP from GAC (Fig. 5.14).

During cathodic reactivation, the pH of the catholyte increases (Fig. 5.12) above the pK, of
the phenol (pH 9.99) and stabilizes to pH 12, which resuits in higher desorption of

phenol/2NP from GAC and higher cathodic reactivation efficiencies (Fig. 5.15).

Adsorption of phenol and 2NP was much higher at pH 2 than at pH 12 (Fig. 5.13). The
surface of GAC is negatively charged in the neutral pH ranges as a result of the dissociation
of surface carboxylic groups. A reduction in pH can be expected to improve adsorption
since the protonation of carboxylic functional groups on both the organic acids in solution

and the GAC surface reduces electrostatic repulsion forces (Semmens er al., 1986), thereby
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promoting a greater degree of adsorption. A reduction in pH, which is caused by forced

mixing (Fig. 5.12), can be expected to improve the adsorption and lower the reactivation

efficiency at the higher flow rates.

8.6 Conclusions

A comparison of the different reactors proved that the new reactor is more efficient than
the column reactor and the reactor used by Narbaitz and Cen (1994).

Reactivation of multilayer phenol-loaded GACs showed that the reactivation efficiency
decreased by about 40% as the mass of GAC increased from 1.2 to 19.2 g(ltolé
layers). It was concluded that such a decrease in reactivation efficiency can be due to a
need for direct contact between GAC particles and the electrode surface.

The reactivation efficiency increased with increasing reactivation time.

Electrochemical reactivation experiments showed that cathodic reactivation is more
efficient than anodic reactivation and increasing the degree of electrolyte mixing
resulted in a decrease in the cathodic reactivation efficiencies, while there were no
significant changes in the anodic reactivation efficiencies.

Both GACs (F-400 & WV-B) were similarly impacted by electrolyte mixing. Higher
degrees of electrolyte mixing decreased the local pH at the cathode and consequently
reduced the desorption driving force, thereby reducing the reactivation efficiency.
Mixing lowered the cell voltage, however this advantage could not overcome the
increase in energy consumption (required in electrolyte pumping), the reduction in the
reactivation efficiencies of approximately 20%. and the decrease in the phenol/2NP

oxidation rates. Thus, mixing is not recommended.
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CHAPTER 6

PROCESS APPLICABILITY AND OPERATING CONDITIONS

6.1 Introduction

One of the most important questions that needs to be addressed is how applicable is
electrochemical reactivation of GAC? To answer this question, experiments were
conducted with different types of GACs loaded with different contaminants using the new
undivided reactor. In each case reactivation was conducted using different currents and
reactivation times, to assess the influence of GAC type and pollutant type on these key
process variables. In this chapter the impact of the following variables was studied: GAC
type; the adsorbate (contaminant) type; reactor operating conditions (reactivation time,
current, pH); and the effect of loading and loading time on the reactivation. Also the virgin
and reactivated GAC isotherm; different methods for evaluation of reactivation efficiencies.
reactivation efficiency calculation based on TOC and phenol/2NP, and -electro-gas

generation were investigated.

6.2 Operating Conditions

6.2.1 Effect of Current and Time

As designed, the power source supplied a constant current to the electrochemical reactor.
The current is used instead of current density because of its simplicity. The reactivation of
GACs was carried out at various currents. and the corresponding cell potential varied with
current and time. The cell potential measurements for two different currents (50 mA and

100 mA) in 0.1 M NaCl electrolyte are given in Fig. 6.1. There was an increase in the cell
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Fig. 6.1 Voltage versus reactivation time (0.1 M NaCl, 1.2 g of phenol-loaded F-400, no
mixing).



potential during the first few hours of operation, and it then remained almost constant
over longer periods of time. As discussed in section 5.4.3, the concentration of ions
derived from the solutes (desorbed organics and NaCl) decreased with the reactions at the
electrodes for the first few hours. The decrease in concentration of ions lowered the
electrolyte conductivity. Thus, the cell potential increased correspondingly to maintain a
constant current. However, over an extended period of time. the principal electrode
reactions involve water-generated ions rather ions derived from the solutes (Mortimer,
1979) and this will keep the potential almost constant. For applied currents of 50 and 100
mA, the cell potentials were slightly different.

Figs. 6.2 and 6.3 show the reactivation efficiencies of single layer GACs (F-400 and WV-
B) loaded with phenol at various currents and durations. Both figures show relatively high
efficiencies at time = 0. This was due to the RE3 method used to calculate the efficiencies
for all the conditions tested. As discussed by Narbaitz and Cen (1997) the RE3 method
overestimates the efficiencies of control samples (i.e., time = 0 or current = 0) and the RE4
method is the method of choice for the evaluation of control samples. In the cases of control
samples. the RE4 method would result in efficiencies of less than 10%. However, for

consistency the RE3 method was used for all the conditions.

The reactivation efficiency (RE%) could be increased to about 80% by increasing the
current and/or time. The effect of current was very marked from 10 to 50 mA and more
gradual from 50 to 100 mA. A higher current might have rapidly accelerated the
contaminant desorption due to rapid pH changes and/or polarization of the GAC surface.
Also, a higher current might have rapidly oxidized the desorbed contaminant and increased

the desorption driving force. However, applying a very high current may alter or deteriorate
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GAC adsorption sites. Therefore, applying a lower current and long reactivation time may

achieve higher coulombic efficiency.

The effect of time showed a similar pattern to that of the current in Figs. 6.2 and 6.3. The
RE% increased rapidly with increasing reactivation time in the first few hours, followed
by a more gradual increase for longer times. The longer reactivation time might have
increased the GAC reactivation efficiency in two ways. First, one key step in GAC
reactivation is the desorption of contaminant from the surface of the GAC. Since desorption
is a time dependent phenomenon, longer reactivation times increased the extent of
desorption. Second, with increased time more of the desorbed contaminant is oxidized
resulting in lower contaminant concentrations in the electrolyte and an increased desorption

driving force. This leads to greater desorption and a higher reactivation efficiency.

However, the longer reactivation time will also have some disadvantages. It will increase
the energy consumption required in GAC electrochemical reactivation. The surface of the
GAC may be altered by exposure to high currents for long periods. Another problem with
longer reactivation time is that as the time passes there will be depletion in reactants and a
potential accumulation of reaction products on the electrode surface. This may cause
electrode fouling and as a result there will be changes in the level of electrode polarization,
due to kinetic and mass transfer effects, consequently a decrease in the current efficiency.

Therefore, it is important to use the optimum reactivation time.

Since high current and long reactivation time may contribute to the destruction of all the
desorbed contaminant as well as oxidation of by-products, one could possibly drain the

reactivated GAC and use another reactor (and possibly different electrode) for an extended
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time at a much higher current to electrochemically oxidize the desorbed contaminants in the

electrolyte before discharge or reuse.

Figs 6.4 and 6.5 represent the same reactivation current and time data in terms of RE%
versus the charge (in coulombs) passed instead of the reactivation time. The charge was
calculated by multiplying the current (in A) by time (in sec.). Figs 6.4 and 6.5 show that
all currents produced almost the same RE% per charge passed. Therefore, the coulombic
efficiency for GAC reactivation is independent of the current/time applied. However, a
higher current can rapidly oxidize the phenol, but it may also alter or deteriorate the
adsorption sites. Thus in general, a lower current may be more appealing. A similar

conclusion was reached by Cen (1994).

6.2.2 Effect of pH

Cathodic reactivation tests at 50 mA were conducted at two extreme pHs (2 and 12) by
using buffered electrolytes and reactivation times up to 45 hours. Fig. 6.6 shows the %RE
versus time for F-400 loaded with phenol. This figure shows that reactivation was far
higher at pH 12 than at pH 2. Similar results were obtained for 2NP-loaded F- 400. This
is consistent with the higher desorption of phenol at pH 12 (Fig. 5.14). Although cathodic
reactivation at 50 mA was used for both pH 2 and 12, the electrolyte pH controlled the
contaminant desorption and consequently resulted in the different reactivation

efficiencies. Therefore pH is critical to cathodic reactivation.

6.3 Process Applicability
The nature of the adsorbate and the surface chemistry of the activated carbon determine

the adsorption capacity and consequently the ability to reactivate. Thus, the process
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applicability was investigated by reactivating different types of commercial GACs (F-400,

WYV-B, Darco) loaded with phenol and 2-nitrophenol, and F-300 loaded with NOM.

6.3.1 Comparison of the GACs

Three commercial GACs (F-400, WV-B, and Norit Darco) were studied. As mentioned
previously, GACs were loaded at the same initial conditions and reactivated similarly. The
ideal approach for determining the effects of GAC type on reactivation is to determine the
GAC performance after reactivation compared to the corresponding virgin GAC. Figs. 6.7
and 6.8 evaluate the GACs reactivation efficiency at different reactivation periods of time
and constant current (50 mA). Considering the experimental error, a comparison of the
percent reactivation in these figures shows that F-400 and WV-B performed essentially the
same for the conditions tested. In Fig. 6.7 phenol-loaded-Darco showed almost the same
performance at lower reactivation times and lower performance at higher reactivation times.
The similarity of the F-400 and WV-B performance was also reflected in the reactivation of

GACs under different current densities (10, 30, and 100 mA) shown in Fig. 6.9.

Because adsorption of phenol on F-400 is partially irreversible and adsorption of phenol on
WV-B is fully reversible. higher reactivation efficiencies were expected for WV-B.
However. the reactivation efficiencies for all the conditions in Figs. 6.7, 6.8, and 6.9 were
essentially the same for both F-400 and WV-B. There are two possible explanations. First, it
may indicate that electrochemical reactivation could remove both the reversible and
irreversible (polymerized) adsorbed species from the surface of the GAC. Second, because

the maximum achieved reactivation efficiency was about 75%. it may be that the
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electrochemical reactivation affected only the reversible portion of the adsorbed
contaminant and further reactivation (either longer reactivation time and/or higher current)
would prove if electrochemical reactivation could remove the irreversible species from the

surface of F-400. To deal with the second hypothesis further experiments were conducted.

The GAC’s performance was compared after 5 hours of reactivation by applying different
currents. The results are shown in Figs. 6.10 and 6.11. These figures show that a trend
developed for the reactivation efficiency of Darco, showing lower performance at higher
currents. This indicates that the surface of Darco may have been altered at high currents due
to its lower conductivity. Fig. 6.10 shows that at higher currents the F-400 had slightly
lower reactivation efficiencies than WV-B. This is consistent with partial reversibility of
phenol sorbed on F-400 and full reversibility of phenol sorbed on WV-B. This seems to
prove that the second hypothesis in the previous paragraph was correct. However Fig. 6.9
contradicts the difference observed in 6.10 for most conditions and does not support the
second hypothesis. Fig. 6.11 indicates that the reactivation of 2NP preloaded F-400 and
WV-B was comparable and this was consistent with the fully reversible adsorption of 2NP

on both F-400 and WV-B.

6.3.2 Impact of the adsorbed contaminant

6.3.2.1 Phenol and 2NP

The nature of phenol and 2NP adsorption on GAC may have a significant impact on the
reactivation efficiencies. To determine whether 2NP and phenol behave similarly, the

reactivation efficiencies of F-400 (loaded with these contaminants) versus time is plotted in
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Fig. 6.12. It shows that 2NP and phenol behaved similarly in that reactivation efficiencies
increased with increasing reactivation time. The reactivation efficiencies of 2NP-loaded F-
400 were 20 to 30% lower than the reactivation efficiencies of phenol-loaded F-400.
However, higher reactivation efficiencies were expected for F-400 loaded with 2NP given
that the adsorption of 2NP on F-400 is fully reversible while phenol adsorption on F-400 is
partially reversible. Similar results were obtained for the reactivation of WV-B and Darco

loaded with 2NP and phenol.

Comparison of the reactivation efficiencies of F-400 loaded with 2NP and phenol at
different reactivation currents (after 5 hours of reactivation) is shown in Fig. 6.13. It shows
a similar pattern, but phenol-loaded F-400 showed higher reactivation efficiencies than
2NP-loaded F-400. Both Figs. 6.12 and 6.13 are not consistent with the full reversibility of
2NP from F-400 and the partial reversibility of phenol from F-400. Similar results were
obtained for the reactivation of WV-B and Darco loaded with 2NP and phenol at different
reactivation currents after 5 hours of reactivation (Appendix Al to A4). A full investigation
and discussion of this matter is presented in Chapter 7, which explains the reasons for the

lack of consistency.

6.3.2.2 Natural Organic Matter (NOM)
To evaluate the applicability of the electrochemical reactivation of GAC technology to the
drinking water industry, the reactivation of F-300 loaded with NOM at the pilot-scale

facilities of the Regional Municipality of Ottawa-Carleton was investigated.
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Fig. 6.14 shows the impact of time on the reactivation of F-300 loaded with NOM at 50 mA
current. Reactivation efficiencies were calculated by the iodine number method. As Fig.
6.14 shows, there was a linear relation between the reactivation efficiency and reactivation
time; reactivation increased to 80% as the reactivation time increased to 25 hours. Fig. 6.14
also shows that the capacity of virgin F-300 subjected to 50 mA current for 25 hours was
reduced by 2%. This decrease in performance may be caused by changes in GAC surface

chemistry (Mehta and Flora, 1997) or may be an experimental error.

Fig. 6.15 also shows the impact of current on the reactivation of F-300 loaded with NOM
after 5 hours of reactivation. Fig. 6.15 shows that the higher the reactivation current, the
slightly higher the reactivation efficiency. Both Figs. 6.14 and 6.15 show that the F-300
loaded with NOM followed a similar pattern as the other GACs loaded with phenol and
2NP. A direct comparison between the reactivation efficiencies of phenol-loaded GACs
and NOM-loaded GAC was not possible, as two different methods for the calculation of
reactivation efficiencies were employed, but an indirect comparison was possible. The
reactivation of 5 g of phenol-loaded F-400 showed a 47% RE3 after 5 hours reactivation
at 50 mA (Fig. 5.6) while NOM-loaded F-300 showed 75% reactivation for the same
conditions (Fig. 6.15). The higher reactivation of NOM-loaded GAC over phenol-loaded
GAC is of interest because NOM adsorption is less reversible (about 10%) than phenol
adsorption (Narbaitz, 1985) and lower reactivation efficiencies for NOM-loaded GAC are
expected. Although the higher efficiency of NOM-loaded GAC reactivation may be
partially a matter of the different way of measuring the reactivation efficiency, it may also

indicate that electrochemical reactivation can also remove irreversible adsorbed species
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from the surface of the GAC. This suggests that the electrochemical reactivation
technology may be applicable in the drinking water industry, because the GAC are mostly

loaded with partially irreversible NOM.

6.4 Effect of Loading and Loading time

Kinetic studies (Fig. 4.1 and 4.2) showed that adsorption apparently occurs at two different
rates. The initial part of the adsorption was fairly fast, while the later adsorption was much
slower. The slow rate of adsorption, which has been called a slow adsorption phenomenon,
has been hypothesized to be caused by chemical or pore size limitations (Peel and Benedek,

1980a, b) and polymerization reactions (Vidic er al., 1993).

The fraction of the slow adsorption in the adsorption processes has been found to be
proportional to the molecular size of the adsorbate (Peel and Benedek.1980b). Peel and
Benedek (1980b) used the following explanations for such behaviour. They assumed that a
GAC particle can be divided into two regions loosly defined as: macropore and micropore.
Macropores are those pores in which the pore radii are several times greater than the radii of
the diffusing species. In these pores it can be assumed that transport occurs by either pore or
surface diffusion. These larger pores can be assumed to be homogeneously distributed
through the particle and provide access channels to the interior part of the GAC particles. It
can be assumed that the rapid initial uptake of substrate takes place within this region.
Similarly it can be speculated that an initial rapid desorption and consequently an initial

rapid reactivation will be due to this region.
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Micropores (or slow adsorbing and desorbing pores) are those pores that have radii of
comparable size to the diffusing species and include all the remaining pores available for
adsorption. It can be assumed that within these pores transport rates are strongly hindered,
either by stearic constraints of the walls or by the restraining effect of the sorbate-sorbent
interactive forces.. It is in these small pores that the slow adsorption that follows the initial
rapid uptake occurs. It can be speculated that a slow desorption and consequently a slow
reactivation will be due to this region. Vidic et al. (1993) attributed the slow adsorption to

polymerization reactions.

Adsorption studies show that longer-term kinetic tests are needed to observe both slow and
rapid adsorption. It was hypothesised that if the adsorption is limited to macropore adsorption
(by lowering the loading time and/or the amount of loading), then there may be higher
desorption (and consequently higher reactivation efficiencies) in a lower reactivation time. To
test this hypothesis the reactivation of samples with the same dose of GAC and different

loading timse was conducted using F-400.

Fig. 6.16 shows the effect of loading and reloading time on reactivation of F-400 loaded with
phenol at 50 mA cathodic reactivation after 2.5 hours. Since the RE3 method used the virgin
isotherm equation (which represents equilibrium conditions), the RE3 method could not be
used for the evaluation of reactivation efficiency because the loading and reloading batch
samples were not in equilibrium. The RE2 method was therefore used to evaluate the
reactivation efficiencies. Fig. 6.16 indicates that there appears to be no significant difference

among the various loadings and reloading times. Also the GAC reactivation efficiency is
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plotted against the solid phase concentration of phenol in Fig. 6.17. Different solid phase
concentrations were achieved by loading the same doses of the GAC with the same phenol
solution (300 mg/L), using different loading times. Fig. 6.17 shows that while the solid phase
concentrations of phenol on the GAC ranged between 20 to 120 mg/g, the reactivation
efficiencies were not significantly different. Narbaitz and Cen (1994) reported a slightly

decreasing trend for the reactivation efficiencies with increasing GAC loading.

The 2NP-loaded GAC was also used to investigate the effect of loading time and loading on
the reactivation efficiencies. The reactivation efficiencies are plotted versus the loading time in
Fig. 6.18. Similarly to the phenol-loaded GAC there was no significant difference between the
reactivation efficiencies. The reactivation efficiency increased slightly from 56 to 63% by
increasing the loading and reloading time to 11 hours. Further increase in loading and
reloading time did not significantly affect the reactivation efficiencies. Reactivation efficiency
versus 2NP loading is plotted in Fig. 6.19. Different loadings were achieved by loading
different doses of the GAC with the same 2NP solution (500 mg/L) using different loading
umes. Fig. 6.19 also shows that the reactivation efficiencies were essentially the same for the
solid phase concentration from 30 to 480 mg of 2NP/g of GAC. This refutes the hypothesis
that if one limits the adsorption to macropores adsorption (by lowering the loading time or
perhaps the amount of loading) one may get a higher reactivation efficiency. Therefore the
reactivation of GAC does not follow the Peel and Benedek (1980b) interpretation of dual rate

adsorption.
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6.5 Comparison of the Virgin and Reactivated Isotherms

The adsorptive capacity of activated carbon is usually measured utilizing adsorption
equilibrium tests conducted at a constant temperature (i.e., isotherm tests). In order to
investigate the feasibility of the electrochemical reactivation process, differences between the
virgin and reactivated GAC isotherms were evaluated. Experiments were performed by
contacting phenol or 2NP solutions in a series of bottles with different masses of GAC. After
equilibrium was reached, the GAC and solution were separated, the GAC samples were
reactivated and then reloaded with the same solutions until equilibrium was again established.
The virgin and reactivated GAC adsorption isotherms were obtained and are shown in Figs.
6.20 and 6.21. Note that the solid phase concentrations for the reactivated GAC assume that
there was no residual contaminant on the reactivated GAC. This assumption was made
because determining the residual contaminant concentration on the reactivated GAC is an
inexact and very complicated process. As expected, based on reactivation efficiencies of less
than 100%, for the same liquid phase concentrations the solid phase concentrations (loading
capacity) for the reactivated GAC isotherm were less than those for the virgin GAC isotherm
(Figs. 6.20 and 6.21). This demonstrates the need for improvements to the electrochemical

reactivation process.

6.6 Comparison of the Reactivation Efficiencies

As mentioned earlier. associated with reactivation is the potential of producing by-
products from the materials or organics adsorbed on the GAC (i.e.. oxidation of organics
to by-products). These by-products may adsorb onto the GAC during the reactivation

process. The adsorbed by-products may desorb, due to competitive adsorption between
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at 50 mA for 5 hours).

168



the reloaded contaminant and the by-products, into the reloading solution. Since the
reactivation efficiencies are evaluated based on the liquid-phase equilibrium
concentration of the reloaded solutions (i.e., phenol or 2NP solutions), there is a
possibility that the method of measuring the concentration of reloaded solution (i.e. using
the HPLC or TOC analyzer) may influence the final results. The HPLC will only monitor
the concentration of phenol or 2NP while the TOC will monitor the total TOC (TOC due
to phenol/2NP plus the TOC of the potential desorbed by-products). If there is no
desorption of the by-products materials, the reactivation efficiencies calculated by both
HPLC and TOC results will be the same. If there is a desorption of by-products, the total
TOC will be higher than the TOC due to phenol or 2NP and consequently the reactivation

efficiency will be lower.

Fig. 6.22 compares the reactivation efficiencies of WV-B loaded with phenol using both
TOC and HPLC results. Fig. 6.22 shows that there was no significant difference between
the two plotted results. Similar results were obtained for the 2NP experiments as well.
However, in practical applications (for example drinking water applications) there is a

need to monitor desorption of possible regenerated by-products.

6.7 Comparison of the Different Methods for Evaluation of Reactivation Efficiency

The alternative methods for evaluation of reactivation efficiencies were compared using
HPLC-based data from reactivation of phenol loaded F-400 at S0 mA after 5 hours of
reactivation. Fig. 6. 23 presents the reactivation efficiencies of the four alternative methods:

REI. RE2, RE3. and RE4 described by Narbaitz and Cen (1997). The method RE2, which
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requires less experimental effort, shows the highest reactivation efficiency (74%). As
discussed in chapter 3, RE2 is not a representative measure of reactivation, as it does not
calculate the ratio of loading and reloading for the same liquid-phase concentration. The
RE2 method overestimates the reactivation efficiencies and should be avoided. Method
RE4 shows the lowest reactivation efficiency of 50%. This method was developed to model
partial or ineffective reactivation and is useful in describing the results of control
experiments (Narbaitz and Cen, 1997). This method underestimates the efficiencies of

effective reactivation and does not represent the true reactivation efficiencies.

The REI and RE3 methods show reactivation efficiencies of 65 and 60%, respectively (Fig.
6.23). This is in agreement with the findings of Narbaitz and Cen (1997). Narbaitz and Cen
(1997), during a sensitivity analysis, showed that in many situations the RE] and RE3

methods yielded similar values.

6.8 Conclusions

e The reactivation efficiency could be increased to a maximum by increasing the current
and/or time. The reactivation efficiency increases rapidly with increasing reactivation
time in the first few hours followed by a more gradual increase for longer times. Also
the effect of current was very marked from 10 to 50 mA and more gradual from 50 to
100 mA. However, the coulombic efficiency for the GAC reactivation was independent

of the current/time applied.
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e Cathodic reactivation of phenol-loaded F-400 and 2NP-loaded F-400 at pHs of 2 and
12, showed that electrolyte pH controlled the contaminant desorption and
consequently the reactivation efficiency.

® A comparison of the percent reactivation of GACs showed that 2NP-loaded F-400 and
2NP-loaded WV-B performed essentially the same for the tested conditions. However,
phenol-loaded WV-B showed slightly better performance than phenol-loaded F-400 at
higher currents. The observed results were in agreement with fully reversible or partially
irreversible adsorption phenomena. Darco GAC showed slightly better performance at
lower reactivation times and/or higher currents and lower performance at higher
reactivation times and/or currents. It is possible that the surface chemistry of Darco
GAC changed over the longer reactivation times and/or higher currents due to its lower
conductivity (higher electrical resistance).

e Comparison of the reactivation efficiencies of F-400 loaded with 2NP and phenol at
different reactivation currents and times showed similar patterns. However. phenol-
loaded F-400 showed higher reactivation efficiencies than 2NP-loaded F-400. This is
not consistent with the fully reversible adsorption of 2NP on F-400 and partially
reversible phenol adsorption on F-400. (Further investigation of this matter is presented
in chapter 7).

e Reactivation of GAC loaded with NOM showed that there was a linear relation
between the reactivation efficiency and reactivation time; reactivation increases to 80%

as the reactivation time increases to 25 hours.
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® Loading and loading time did not significantly affect the reactivation efficiencies of
phenol-loaded-F400 and 2NP-loaded-F400.

e The calculated reactivation efficiencies using the TOC and HPLC results were almost
the same. However, a reactivation efficiency of less than 100% demonstrates the need

for improvements to the electrochemical reactivation process.
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CHAPTER 7

RE-EVALUATION OF THE PREVIOUS RESULTS

7.1 Introduction
In the previous chapters there were a number of results that did not seem logical. This
chapter outlines these cases, describes potential reasons for the results, tests these hypothesis

and finally re-evaluates the principal results in light of these findings.

7.2 Review of Questionable Results

One questionable result presented in section 6.3.2.1 was that the reactivation efficiency of
2NP-loaded F-400 was 20 to 30% lower than that for phenol-loaded F-400 (Figs. 6.12 and
6.13). This was unexpected because 2NP adsorption on F-400 is fully reversible while

phenol adsorption is partially irreversible.

Another questionable resuit was the comparison of the cathodic and anodic reactivation of
2NP-loaded F-400 (Fig. 7.1). Fig. 7.1 shows that the anodic reactivation was slightly more
efficient than the cathodic reactivation. This is not in agreement with expectations and
carlier results. Based on the high pH of the catholyte (Fig. 5.14) and the higher desorption of
the 2NP from GAC at high pHs (Fig. 5.16). one would expect higher cathodic reactivation

than anodic reactivation.

Fig. 7.2 also presents another questionable result, the impact of electrolyte mixing on the

reactivation efficiency of 2NP-loaded F-400. It shows that electrolyte mixing did not affect
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the reactivation efficiency. This is not consistent with the previous findings of the impact
of electrolyte mixing on the reactivation efficiency (section 5.4.4). As discussed in section
5.4.5, electrolyte mixing reduced the high pH of the catholyte (pH = 12) to about 3.5 (Fig.

5.14), and hence higher reactivation efficiency was expected when there was no electrolyte

mixing.

In addition to these questionable results, it was also observed that in some samples the
colour of 2NP reloading solution changed from the initial yellow to orange after the addition
of reactivated GAC. Also the colourless phenol solutions became brownish in some cases.
The change in colour could be either due to desorption of the by-products from the surface
of the reactivated GAC or/and due to variations in pH. 2NP solutions possess different
colours at different pHs; they are red at low pHs, yellow in the mid pH range, and orange at
high pHs. Phenol solutions are colourless at all pHs. Hence it was decided to monitor the pH

of the reloading solutions before and after reloading of the reactivated GAC.

7.3 Hypothesis

It was hypothesized that the questionable results arose from the impact of residual high-pH
water within the pores of the electrochemical reactivated GAC on the reloading step. The
high pH would account for both the leaching and the reduced adsorption during the
reloading. To test this hypothesis a number of reactivation experiments were followed by

reloading using buffered and unbuffered solutions.

Table 7.1 presents the changes in colour and pH that occurred during both the loading step

and the reloading step. The table shows that there was no colour variation for the loading
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solutions but the pHs changed slightly. The magnitudes of the changes of colour of the
reloaded samples were proportional to the reactivation current and time. At low current
and/or short reactivation time the changes of colour were not noticeable, while at higher

current and/or longer reactivation times the colour changes were very noticeable.

As Table 7.1 shows, with larger reactivation times the reloaded phenol solutions became
brownish. Knowing that phenol solution was colourless at all the pHs, it can be concluded
that desorption of by-products from reactivated GAC to the reloaded solutions was the cause
of the colour variation. Since the 2NP solution had different colours at different pHs, the
colour variation in 2NP reloaded solutions may have been due to both pH variation and

desorption of by-products.

The pH variation in Table 7.1 demonstrates an important point. The pHs of the loading
solutions before and after the loading process were less than the pK.s of 2NP (pH=7.2) and
of phenol (pH = 9.9). However, the pHs of the reloading solutions after the reloading
process were higher than the pK,s of 2NP and of phenol. This indicates that either the GAC
surface became more basic due to the reactivation process (Mehta et al., 1997), and/or the
high pH of the liquid within the pores of the GAC (i.e., remaining from the reactivation
process) increased the pH of the unbuffered reloading solutions. The high pH (higher than
the pKas of the compounds) of the reloading solution reduces the adsorption capacity
(Karimi-Jashni. 1994) of the reloaded GAC and consequently lowers the reactivation
efficiency. The differences between the final pH of the reloading solution (ie., after
reloading) and the pK, were higher for 2NP than those of phenol. This suggests that the

effect of pH variation on the 2NP results would be greater than that on the phenol results.
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This explains the unexpected 2NP results in section 7.2, while those for phenol followed a
more logical trend. To verify this conclusion the experiments described in Table 7.2 were
repeated with 3% phosphate buffered 2NP and phenol solutions to eliminate the effect of the

pH variation.

Table 7.2 shows that pH of the reloading solutions was well below the pKas of the
compounds and there were no colour variations of the reloaded solutions. This demonstrates
that desorption of the colour-causing by-products had been prevented by the relatively low

pH of the reloaded solutions.

7.4 Re-evaluation of Principal Results

Based on the above findings of the impact of pH upon reloading a number of key
experiments were repeated using buffered solutions for reloading. These experiments looked
at the impact of cathodic versus anodic reactivation, phenol versus 2NP, electrolyte mixing,

current and reactivation time, electrolyte volume, electrolyte concentration, etc.

7.4.1 Cathedic Versus Anodic Reactivation

7.4.1.1 Undivided-Cell Reactor

Figs. 7.3 and 7.4 compare the cathodic reactivation results of the buffered and unbuffered
solutions and as well as cathodic versus anodic reactivation. Both figures demonstrate that
the buffered solutions resulted in higher reactivation efficiencies. As expected, the
difference between the reactivation efficiencies with buffered and unbuffered solutions were
higher for 2NP-loaded GAC. Buffering the 2NP solutions resulted in about 60% higher

reactivation efficiencies after 10 hours (Fig. 7.3), while buffered phenol solutions resulted in
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about 10% higher reactivation efficiencies than the unbuffered solution (Fig. 7.4). The
higher variation in the reactivation of 2NP-loaded GAC was consistent with the higher
change in pH during the reloading with the 2NP solution (Table 7.1). This proves that the
increase of pH of the unbuffered reloaded solution beyond the pK, of the compound had
reduced the reloading capacity of the GAC and consequently resulted in lower reactivation

efficiencies.

Figs. 7.3 and 7.4 also show the impact of cathodic versus anodic reactivation of F-400
loaded with phenol and 2NP, respectively. They show that as the reactivation time increased
the reactivation efficiency increased. For a reactivation time of 10 hours the cathodic
reactivation efficiency increased to 82% for phenol and to 100% for 2NP. This increase in
the cathodic reactivation efficiency was consistent with the increase of pH from 5.5 10 12
(Fig. 5.14) and the higher desorption at pH 12 (Fig. 5.16). The increases in anodic
reactivation efficiencies were gradual and they reached 42% for phenol and 45% for 2NP
after 10 hours. The lower anodic reactivation efficiencies were consistent with the lower

desorption of contaminants (Fig. 5.16) at the low pHs of the anolyte (pH = 2) (Fig. 5.14).

Comparison of the results shows that cathodic reactivation was more efficient than anodic
reactivation for both compounds. This discredits the results of Fig. 7.1. The superiority of
cathodic over anodic reactivation increased to 30% for phenol and 55% for 2NP as the
reactivation time increased to 10 hours. The increase in superiority of cathodic over anodic
reactivation was consistent with the variation of pH in the catholyte from 5.5 to 12 (Fig.

5.14). As discussed in chapter 5 this pH variation affects the amount of contaminant
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desorption (Fig. 5.16) and thus, the reactivation efficiency (Figs. 7.3 and 7.4). Given the

large impact of buffering, most earlier results need to be reassessed.

7.4.1.2 Divided-Cell Reactor

A number of tests were conducted with the divided-cell reactor (F ig 3.4) to answer questions
such as: Are there different mechanisms prevalent at the anode and the cathode? Is direct
oxidation of the contaminant at the surface of the GAC responsible for the reactivation or is
accelerated desorption and anodic contaminant destruction responsible for the reactivation?
The cells were separated by cation or anion exchange membranes to investigate their

possible effect on the reactivation efficiency.

As mentioned earlier, ion-exchange membranes can be used to stop, selectively, either
anions or cations from moving from one cell compartment to the other and to allow
electrolysis to be carried out under close pH control. The electrodes were separated by a
cation exchange membrane and the pHs of the catholyte and anolyte were measured at the
end of each experiment by a pH meter and are shown in Fig. 7.5. Similar to the undivided
reactor without mixing, the pHs of the catholyte and anolyte tend to asymptotes at 12 and 2,

respectively.

Figs. 7.6 and 7.7 show the cathodic and anodic reactivation of F-400 within the divided cell
reactor at 50 mA. From this point on, unless it is otherwise stated, the reloading tests used to
calculate the reactivation efficiency were conducted with buffered solutions. As mentioned
earlier for consistency reasons, the RE3 method was used to calculate the efficiencies for all

the conditions tested and the relatively high reactivation efficiency at time=0 was due to the
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RE3 method which overestimates the efficiency at this time. As discussed by Narbaitz and
Cen (1997) the RE4 method is the method of choice for the evaluation of control samples
(i.e., ime = 0 or current = 0) which in these cases would result in reactivation efficiencies of

less than 10%.

Fig. 7.6 shows the cathodic and anodic reactivation of 2NP-loaded F-400. This figure shows
that reactivation at the cathode was far higher than that at the anode. The cathodic
reactivation efficiency reached 100% after about 6 hours, while the anodic reactivation was
40 to 45% for the same time period. A maximum cathodic reactivation of 108% was
achieved after 10 hours of reactivation. The higher pH of the catholyte (pH = 12) accelerated

the 2NP desorption from the F-400 and resulted in higher reactivation efficiencies.

The reactivation of phenol-loaded F-400 at the cathode and at the anode of the divided-cell
reactor at 50 mA is shown in Fig.7.7. Similar to 2NP-loaded GAC, the cathodic reactivation
was higher than the anodic reactivation. Cathodic reactivation reached a maximum of 89%

after 22 hours while anodic reactivation was about 55% after 22 hours.

Comparison of Figs. 7.6 and 7.7 demonstrates that the anodic reactivation of F-400 loaded
with phenol was higher than that of 2NP. This is consistent with the lower phenol adsorption
capacity of F-400 at low pHs as compared to neutral pHs (Karimi-Jashni, 1994). Both
membranes resulted in almost the same reactivation efficiencies. It was expected that the
cation membrane would prevent the diffusion of negative ions such as phenate and
hydroxide from the catholyte into the anolyte, which would result in a high pH at the

catholyte. The higher pH of the catholyte would then be responsible for the acceleration of
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the phenolic desorption from GAC. This was observed. The anion-exchange membrane was
expected to allow the diffusion of phenate and hydroxide ions from the catholyte into the
anolyte that would lower the pH and reduce the phenolic desorption into the catholyte. Then
the lower concentration of phenolics in the catholyte would be responsible for the
acceleration of the desorption of phenolics from the GAC. It was expected that the two

different mechanisms may affect the reactivation efficiency differently.

PH measurements of the catholyte showed pH = 12 for both sets of experiments. This
raised the question: “have the anions diffused through the anion-membrane™? To answer
this question the diffusion of phenate through both membranes was measured and is
shown in Fig. 7.8. The conditions were set to those in electrochemical reactivation. The
cathode compartment was filled with 2NP solution. The initial 2NP concentration at the
catholyte was 70 mg/L and its pH was 12. The catholyte was separated from the anolyte
with ion exchange membranes. The anode compartment was filled with distilled water.
The initial concentration of 2NP in the anolyte was zero and its pH was 2. Fig. 7.8 shows
that the cation and anion membranes performed similarly and there was almost no
difference between their effects. Similar results were obtained when phenol diffusion was
tested. This demonstrates that the chosen anion membrane did not serve its purpose and

the diffusion of phenates had been limited perhaps by the pore size of the membrane.
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7.4.2 Phenol versus 2NP

The reactivation of F-400 loaded with 2NP and phenol versus time is plotted in Fig. 7.9.
This figure shows that 2NP and phenol followed a similar pattern, and increasing the
reactivation time increased the reactivation efficiencies. Contrary to Fig. 6.12, the
reactivation efficiencies of F-400 loaded with 2NP was up to 20% higher than the
reactivation efficiencies of F-400 loaded with phenol. This was consistent with the full
reversibility of adsorption of 2NP on F-400 and the partial reversibility of phenol adsorption
on F-400. At lower reactivation times both compounds behaved almost the same and their
difference appeared at higher reactivation times. This suggests that the reversible portion of

the adsorbed phenol is removed from the GAC surface in the early stages of reactivation.

Comparison of the reactivation efficiencies of F-400 loaded with 2NP and phenol after 1
hour of reactivation at different reactivation currents is shown in Fig. 7.10. This figure
shows that the results were almost the same and, as expected, higher currents resulted in
higher reactivation efficiencies. Similar to Fig. 7.9, Fig. 7.10 shows that in the early stages
of reactivation the GAC surface, which adsorbed the partially irreversible phenol, was

reactivated and its reactivation was as effective as that adsorbed by fully reversible 2NP.

7.4.3 Impact of Electrolyte Mixing on the Reactivation Efficiency

Fig. 7.11 shows the cathodic reactivation of a monolayer of 2NP-loaded F-400 for
different electrolyte flow rates after 2.5 hours of reactivation at 50 mA. Contrary to Fig.
7.2. Fig. 7.11 demonstrates that electrolyte mixing did influence the cathodic reactivation
efficiency. The reactivation efficiency decreased with increasing electrolyte flow rates

and this was consistent with the previous findings for the phenol solution (Figs. 5.12 and
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5.17). It was proven in section 5.3 that this phenomenon was caused by the variation of
the local pHs at the electrodes. Comparison of Figs. 7.2 and 7.11 shows that buffering of
the reloaded 2NP solution did matter, i.e. buffering had eliminated the impact of pH

variation of the reloaded solution.

7.4.4 Effect of Current and Time

Experiments on the effect of current and time on the reactivation of GAC were repeated
using buffered phenol solutions (pH = 4.5) in the reloading. Fig. 7.12 shows the
reactivation efficiencies of phenol-loaded F-400 at various currents and durations. The
reactivation efficiency (RE%) could be increased to above 90% by increasing the current
and/or time. The effect of current was very marked from 10 to 100 mA but there was no
significant difference between 100 and 250 mA. The effect of time shows a similar
pattern for the three currents. The RE% increased rapidly with increasing reactivation
time in the first 5 hours followed by a more gradual increase for longer times in the cases
of 10 and 50 mA. For 100 and 250 mA the reactivation efficiency increased to 92%
between 5 and 10 hours of reactivation time, however, for longer reactivation times there
was a slight decrease in the reactivation efficiencies. This shows that the surface of the
GAC may have been altered at high currents by the longer reactivation times. The
maximum 92% reactivation achieved in this study was slightly more than the maximum
88% reported for phenol-loaded GAC with thermal reactivation (Chiang er al., 1997). This
shows that electrochemical reactivation can be as effective as thermal reactivation in

reactivating phenol-loaded GAC. Considering that thermal reactivation also involves the
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loss of 5-15% GAC per cycle of reactivation, electrochemical reactivation technology seems

to be more promising.

Fig. 7.13 represents the RE% versus the number of coulombs applied. It shows that for
the first 500 coulombs, 10 mA produced a higher RE% for the same number of coulombs
passed. In addition, all currents resulted in almost the same RE% for the coulombs passed
beyond the first 500. However, reactivation at 10 mA (the lowest current tested) yielded
only a maximum RE% of 82 after 24 hours (Fig. 7.12). On the other hand, the 10 mA
current and up to 15 hours reactivation time could achieve higher coulombic efficiency,
that is, with slightly lower energy consumption than other currents. Therefore, the
coulombic efficiency for the GAC reactivation was initially dependent on the
current/time applied. However, as mentioned earlier a higher current can rapidly oxidize

the desorbed contaminant, but it may also alter or reduce the number of adsorption sites.

7.4.5 Effect of Catholyte Volume

One of the mechanisms of electrochemical reactivation of GAC was desorption of the
adsorbed contaminant(s). Given that oxidation of the phenolics was not very fast, at the
beginning of the experiment there is a temporary accumulation of phenolics in the liquid
phase. Increasing the volume of the catholyte in a cathodic reactivation should decrease the
phenolic concentration within the catholyte and thus will increase the desorption driving
force. To investigate this hypothesis. experiments with different catholyte volumes were
conducted. Fig. 7.14 shows the cathodic reactivation efficiency of phenol-loaded F-400 at 50
mA and three different catholyte volumes. This figure indicates that there was no significant

difference caused by increasing the catholyte volume. In other words, Fig. 7.14 indicates that
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the desorbed contaminant concentration and/or the by-product concentration of the catholyte
does not affect the extent of contaminant desorption, and consequently does not significantly
affect the ultimate reactivation efficiency. This shows that the desorption (and consequently
the reactivation) is controlled by interior diffusion within the GAC pores rather than by a

desorption driving force at the interface.

7.4.6 Effect of NaCl Concentration

The effect of the NaCl concentration on reactivation efficiency was investigated and is
shown in Fig. 7.15. The results show that the reactivation increased to 90% when the
NaCl concentration increased to 0.5 M (29.25 g/L), but further increases in the NaCl
concentration did not improve the reactivation efficiency. However, a further increase in
NaCl concentration decreased the 2NP-TOC. non-2NP-TOC, and total-TOC residual
concentrations. A possible explanation for these results is that the higher NaCl levels
result in the formation of Cly(g) which partially dissolves to yield higher levels of HOCI,
and OCYT’, which oxidize and/or transform more of the desorbed 2NP. The higher NaCl
levels had its disadvantages. The NaCl solution results in the generation of chlorine at the
anode. The chlorine reactions with organics may result in production of other toxic
compounds such as trihalomethanes (THMs). Hence. one should use a lower NaCl
concentration and try to minimize the reactions of chlorine with the organics that may

lead to production of other toxic compounds.

7.4.7 Alternative Method to Buffering the Reloaded Solution
From the above experiments it can be concluded that the buffered reloaded solutions

resulted in higher reactivation efficiencies than the unbuffered reloaded solutions. This
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was due to the pH change of the unbuffered reloaded solutions to levels above the pK,s

of the compound, while the buffered reloaded solutions limited the pH variation to below

the pKs of the compound. Since buffering of the solution in full-scale applications is not
always practical or cost effective, alternative methods need to be investigated. The

following alternative methods for the reactivation of 2NP-loaded F-400 at 50 mA for 5

hours were investigated (Fig. 7.16):

A) No treatments were conducted on the reactivated GAC and the reloaded solution was
not buffered. The pH of the reloaded solution changed from 5 to 8.5 and the yellow
colour of the solution changed to yellow-orange. The reactivation efficiency was
about 36%, the lowest among the alternatives investigated.

B) The reactivated GAC particles were soaked in distilled water (DW) for 72 hours and
then reloaded with unbuffered solution. The pH of the soaking DW changed from 6.7
to 11.1. The pH of reloaded solution changed from 5 to 7 and the colour of the
solution changed slightly from yellow to yellow-orange. The reactivation efficiency
was about 57%, about 20% more than the untreated reactivated GAC.

C) No treatments were conducted on the reactivated GAC but the reloaded solution was
buffered with 3% phosphate. The pH of the reloaded solution changed slightly from
4.5 t0 4.7 and the colour of the solution did not change. The reactivation efficiency
was 85%, about 50% more than the untreated reactivated GAC.

D) The reactivated GAC particles were soaked in buffered water, with 3% phosphate
(3%-BW), for one hour and then reloaded with unbuffered solution. The pH of the
soaking 3%-BW changed from 4.5 to 4.8. The pH of the reloaded solution changed

from 5 to 5.85 and the colour of the reloaded solution did not change. The reactivation
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efficiency was about 84.5%, almost the same as the GAC reloaded with the buffered
solution. Further soaking of the reactivated GAC in the 3% buffered water for 24 and
48 hours did not improve the results.

E) The reactivated GAC particles were soaked in 1% buffered water (1%-BW) for 1 hour
and then reloaded with unbuffered solution. The PH of the soaking 1%-BW changed
from 4.7 to 5.3. The pH of the reloaded solution changed from S to 6 and the colour of
the reloaded solution did not change. The reactivation efficiency was about 84%,
almost the same as the GAC treated with 3%-BW and the GAC reloaded with buffered

solution.

Fig. 7.16 demonstrates that soaking of reactivated GAC in 1% buffered water for as little
as 1 hour can result in a reactivation efficiency as high as those obtained by buffering the
reloaded solution. This proves that one alternative method to buffering the reloaded
solution is the treatment of reactivated GAC before the reloading process by soaking it in

buffered water.

7.5 Conclusions

® Some questionable results were described, and the potential reasons were investigated. It
was proved that the residual high pH water within the pores of the electrochemically
reactivated GAC raised the pH of the reloading solution beyond the pK, of the
contaminants and consequently affected the reloading capacity of GAC and the
associated reactivation efficiency. Buffering of the reloaded solution eliminated the

impact of pH variation of the reloaded solutions.



The key experiments that were repeated with buffered reloading solutions resulted in
higher reactivation efficiencies than those using unbuffered reloading solutions.
Comparison of the results showed that cathodic reactivation was more efficient than
anodic reactivation. It was also observed that the reactivation of 2NP-loaded GAC was
higher than the phenol-loaded GAC. Maximum reactivation of 2NP-loaded F-400 was
108% and that of phenol-loaded F-400 was 90%.

The electrolyte flowrate decreased the reactivation efficiency of 2NP-loaded F-400 by
30%.

The tested electrolyte volume did not significantly affect the reactivation efficiencies.
Thus it appears that the resulting lower liquid phase concentrations did not seem to have
a significant impact on the extent of desorption and reactivation.

Increases in the NaCl electrolyte concentration to 0.5 M increased the reactivation
efficiency but further increases in NaCl concentration did not significantly affect the
results. Alternative methods to buffering of the reloading solution were investigated.

It was shown that soaking the reactivated GAC in buffered water for a period of one

hour is a good alternative to buffering the reloading solution.
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CHAPTER 8

ELECTROLYTE POST-TREATMENT

8.1 Introduction

Associated with the electrochemical reactivation of GAC is desorption of contaminant from
the loaded GAC and the potential for producing by-products from the desorbed organics.
These by-products could be different depending on the organics available for reaction in the
reactivation reactor. To avoid environmental pollution, the desorbed contaminant and its by-
products must be destroyed before the discharge or reuse of the electrolyte. Thus, the

contaminated electrolyte must be treated to reach a minimal TOC.

In this chapter the concentration of desorbed contaminants during the electrochemical
reactivation of GAC was studied. Also the feasibility of the destruction of phenol and 2NP
(without GAC) in the undivided reactor, and in the anolyte and catholyte of the divided-cell
reactor was studied. Kinetics of the destruction at both electrodes were measured and the
rates of contaminant destruction at the electrodes were determined for possible use in

modelling.

8.2 Monitoring of Desorbed Contaminants

8.2.1 Aesthetic Observations and pH measurements

Tables 8.1. 8.2, and 8.3 present the observations during the cathodic reactivation of GAC
loaded with phenol, 2NP. and NOM, respectively. A chlorine odour was produced during
the experiments. Reactivation caused the electrolyte in both compartments to change

colour during the reactivation process. The colour and its intensity were proportional to
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Table 8.1 Observations during cathodic reactivation of 1.2 g of F-400 loaded with phenol.

| Reactivation | NaCl | Electrolyte Av Anolyte Catholyte Mixed
(mA) Time (h) (Mole) | Flow Rate | (Voits) Electrolyte
(L/min)
pH Color pH Color pH Color
10 1.2 0.1 0 2.1 3.5 colorless 6 colorless 3.7 colorless
10 10.3 0.1 0 2.8 29 very light 10.7 very light 33 very light
yellow brown yellow
10 25 0.1 0 2.8 25 light 11.9 lightbrown | 3.2 | light brown
brownish
50 23 0.1 0 33 2.7 | lightyellow { 11.5 colorless 32 very light
yellow
50 24 0.1 0 34 2.6 yellow 11.8 brown 3.7 brown
50 5 0.5 0 3.1 2.4 yellow 12 light brown | 3.3 brown
50 5 0.1 0 3 3.1 yellow- 10 dark brown | 3.8 | dark brown
brownish
with I cm
white foam
on top
50 5 0.1 0.5 2.8 NA colorless NA colorless 3.5 Colorless
50 5 0.1 1 2.3 NA colorless NA colorless 3.5 Colorless
100 1 0.1 0 3.5 2.6 very light 1.3 very light 3.3 very light
yellow brown vellow-
brownish
100 5.5 0.1 0 3.6 2.6 yellow- 114 brown 3 light brown
brownish
100 10.6 0.1 0 3.8 2.6 yellow 11.25 brown 3.6 | light brown
brownish
100 41 0.1 0 4 2.7 coloriess 12.1 5.5 | light brown
250 1 0.1 0 4.5 2.6 colorless 11.4 | lightbrown | 3.1 | light brown
250 5.75 0.1 0 4.6 2.5 | lightbrown | 11.75 | darkbrown | 3.1 brown
250 10.75 0.1 1] 4.3 24 very light 12 dark brown | 3.3 brown
white-
vellowish
with2.5cm
white foam
on top
250 25 0.1 0 4.3 6.1 colorless 12.2 colorless 9.6 colorless
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Table 8.2 Observations during cathodic reactivation of 1 g of F-400 loaded with 2NP.

I Reactivation | NaCl | Electrolyte Av Anolyte Catholyte Mixed
(mA) Time (h) (Mole) | Flow Rate | (Volts) Electrolyte
(L/min)
pH Color pH Color pH Color
50 0 0.1 0 3 5.6 yellow- 5.6 vellow- 5.6 yellow-
__greenish greenish greenish
50 0.5 0.1 0 3 32 yellow 8 yellow 4.5 yellow-
orange
50 2 0.1 1] 3 28 yellow- 1.3 yellow 4.2 yellow-
orange orange
50 35 0.1 0 3 25 yellow- 11.S yellow 4 orange
orange
50 6.5 0.1 0 3 2.2 yellow- 11.8 yellow- 3.9 | dark orange
orange _greenish
50 10 0.1 0 3 2.1 orange 1L.7 yellow- 3.8 | dark orange
greenish
50 18 0.1 0 3 2 red 11.8 green 3.7 dark red
50 23 0.1 0 3 2 orange 11.8 dark green | 3.7 Light red
50 26 0.1 (] 3 2 yetlow- 119 dark green | 3.7 Light red
orange
50 31 0.1 0 3 2 yellow 11.9 dark green 3.5 yellow
50 44 0.1 0 3 2 vellow- 12 dark green 3.5 yellow
50 53 0.1 0 3 2 colorless 12 green- 3.4 | light yellow
yellow
50 67 0.1 0 3 2 colorless 12 light yellow | 3.4 | light yellow
50 79 0.1 0 3 2 colorless 12.1 very light 3.3 very light
yellow yellow
50 90 0.1 0 3 2 colorless 12.1 colorless 3.3 colorless




Table 8.3 Observations during cathodic reactivation of 5 g of F-400 loaded with 2NP.

| | Reactivation | NaCl | Electrolyte Av Anolyte Catholyte Mixed
(mA) Time (h) (Mole) | Flow Rate | (Voits) Electrolyte
(L/min)
pH Color pH Color pH Color
50 5 0.1 0 3.35 2 colorless 114 light yellow 3 slightly
turbid
50 10 0.1 0 33 1.9 | colorless 11.7 | yellow with | 3.4 slightly
some visible turbid, some
white visible white
particulate, particulates,
some GAC some GAC
particles particles
turned turned
brown brown
50 18 0.1 0 34 1.9 | colorless 119 yellow with | 5.3 | turbid, some
5 a few visible white
visible white particulates,
particulates, some GAC
some GAC particles
particles turned
turned brown
brown
50 25 0.1 0 3.4 1.9 | colorless 11.95 | yellow with | 6.8 | turbid, some
some visible visible white
white particulates,
particulates, some GAC
some GAC particles
particles turned
turned brown
brown
10 16 0.1 0 28 2.4 | colorless 8.1 slightly 2.6 slightly
turbid. very turbid, very
small visible small visible
white white
particulates particulates
100 5 0.1 0 3.8 22 | colorless 11.7 | yellow with | 3.7 | turbid, some
some visible visible white
white particulates,
particulates, some GAC
some GAC particles
particles turned
turned brown
brown
200 7 0.1 0 4.5 33 colorless 12.1 Very light 7.1 | turbid. some
vellow, visible white
some visible particulates,
white some GAC
particulates particles
turned
brown




the applied current and time. With longer reactivation times and/or higher currents the
colour eventually disappeared. As Table 8.1 shows with a 250 mA current, the electrolyte
was colourless after 25 hours. Cathodic reactivation of virgin carbon did not yield a
coloured electrolyte. Hence, the colour was presumably due to the by-product compounds
(such as, possibly, catechol, p-benzoquinone, hydroquinone, ...) formed during the

oxidation of desorbed contaminants (phenol, 2NP, or NOM)..

Cen (1994) observed a similar phenomenon during the electrochemical reactivation of F-
400 loaded with phenol. Owen and Barry (1972) also observed a similar phenomenon for
a brine solution electrolyte; it became a dark red-brown colour. and slightly opaque. An
attempt was made to identify the by-products. Several samples were sent to the GCMS
laboratory of the Department of Chemistry of the University of Ottawa for analysis.

Unfortunately the analysis could not identify the by-products.

It was observed that the desorbed contaminants and their by-products were adsorbed on
the surfaces of the electrodes. Usually a thin layer of brownish material covered the
surface of the electrodes. The amount of adsorption of the contaminants and their by-
products onto the surfaces of the electrodes was proportional to the applied current and
time. At low currents and/or short reactivation times (i.e.. current <30 mA, time<5h) the
adsorption of the contaminants and their by-products on the surfaces of the electrodes
was not noticeable. At moderate currents and/or medium reactivation times (i.e., current
of 50 mA and 100 mA, 5<time<I5h) the adsorption of materials on the surfaces of both
electrodes was visible. At higher currents and/or longer times (i.e., current of 200 mA and

higher. time>15h), the adsorption of materials on the anode surface was not visible while
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their adsorption on the surface of the cathode was more noticeable. To avoid the possible
impact of the adsorbed material on the reactivation efficiency, i.e., fouling, the electrodes

were acid washed prior to each experiment.

The variation of pH of the catholyte and anolyte, as well as the pH of the mixed electrolyte, is
shown in Tables 8.1, 8.2, and 8.3. The pH and its variation were proportional to the applied
current and time. The pH of the catholyte increased to about 12 and that of the anolyte
decreased to about 2. The pH of the final mixed electrolyte varied between 3 and 4. In
practical application of the electrochemical technology, the pH of the mixed electrolyte

would have to be adjusted before discharge or reuse of the electrolyte.

8.2.2 Residual Concentration in the Electrolyte

Fig. 8.1 shows the effect of time and current on the concentration of the residual phenol
during cathodic reactivation of phenol-loaded WV-B in an undivided reactor without
mixing. The concentrations were measured at the end of each experiment. For all the
currents, the phenol concentration increased over time until it reached a peak and then
decreased over time. The rising part of the curves shows that the rate of phenol
desorption from loaded-GAC was higher than the rate of destruction of phenol. while the
falling part of the curve shows that the rate of phenol desorption was lower than the rate
of phenol destruction. Fig. 8.1 also shows that the time required to reach the maximum
phenol concentration decreased as the current density increased. This was consistent with
the fast pH increase of electrolyte at high current (Table 8.1) and the higher oxidizing

power of higher current densities.
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Fig. 8.1 Effect of reactivation time and current on residual phenol during cathodic
reactivation of phenol-loaded WV-B (unmixed, undivided reactor).
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Fig. 8.2 shows the effect of time and current on the concentration of residuals as total
TOC (including phenol) during cathodic reactivation of phenoi-loaded WV-B in an
undivided reactor without mixing. Similar to phenol, the TOC concentration increased
over time until it reached a peak and then decreased over time. However the rate of TOC
destruction was much slower than the rate of phenol destruction and the times of the

peaks appeared to lag behind those for phenol.

The most effective residual destruction was observed during the 100 mA tests. Fig. 8.3
shows the residual concentration as total-TOC, phenol-TOC, and the non-phenol-TOC
versus time. During the cathodic reactivation of phenol-loaded WV-B the concentration
of the residual phenol TOC increased from O to 20 mg/L in the first hour of the
reactivation because the rate of desorption of phenol from GAC was higher than its rate
of destruction. After the first hour the concentration of phenol-TOC decreased which
shows that the rate of phenol destruction was higher than its rate of desorption. Fig. 8.3
also shows that longer reactivation times reduced the phenol residual in the electrolyte to
undetectable levels (<0.1 mg/L) after 24 hours. At this point all the residual phenol had
been transformed to by-products and the concentration of non-phenol-TOC equaled the
total-TOC concentration. As Fig. 8.3 indicates the rate of complete oxidation of by-
products to CO- was very slow and a higher current and/or longer times were needed to

bring the total TOC concentration to zero.

Results of different current experiments after 7.5 hours of cathodic reactivation of
phenol-loaded F-400 within the undivided-cell reactor (not mixed) are presented in Fig.

8.4. Increasing the current to 100 mA enhanced the reactivation efficiencies. Increasing
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Fig. 8.2 Effect of reactivation time and current on residual TOC during cathodic
reactivation of phenol-loaded WV-B (unmixed, undivided reactor).
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Fig. 8.3 Residuals concentration versus reactivation time during cathodic reactivation of

phenol-loaded WV-B at 100 mA (unmixed, undivided reactor).
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the current to 30 mA increased the residual phenol and total residual TOC. This implies
that rate of desorption of phenol from GAC was higher than its rate of destruction. For
currents more than 30 mA the concentration of residual phenol decreased but the total
TOC concentration did not change. This shows that the rate of phenol destruction was
higher than its rate of desorption and the rate of total TOC destruction is almost the same
as total TOC production. Thus high currents were more efficient at destroying phenol in
the electrolyte than low currents. This is attributable to the high oxidizing power of
higher currents. It can be observed from Fig 8.4 that to destroy all of the residual phenol,
the current has to be significantly larger or longer reactivation times need to be used. Fig.
8.4 also shows that increasing the currents increased the non-phenol TOC. This shows
that the rate of phenol transformation to by-products is more than the rate of by-products
destruction. Thus the rate of complete oxidation of by-products to CO, was very slow and

higher currents and/or longer times were needed to bring the TOC concentrations to zero.

Fig. 8.5 presents analogous results for 2NP-loaded F-400. The 2NP-TOC, non-2NP-TOC
and total-TOC curves followed similar patterns to those in Fig. 8.3. The concentration of
residual 2NP-TOC increased from 0 to 35 mg/L in the first S hours of reactivation
because the desorption rate of 2NP from GAC was higher than its rate of destruction.
After 5 hours the concentration of 2NP TOC decreased which shows that the rate of 2NP
oxidation was higher than its rate of desorption. Fig. 8.5 also shows that longer
reactivation times reduced the 2NP residual in the electrolyte to about 15 mg/L after 30
hours. At this point most of the residual 2NP has been transformed to by-products, the

concentration of non-2NP-TOC was about 70 mg/L and the total TOC has decreased to
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85 mg/L. As Fig. 8.5 indicates the rate of oxidation of by-products to CO, was very slow

and a longer time and/or higher current are needed to convert all the TOC to CO,.

Fig. 8.6 shows the residuals concentration at different currents after 1 hour of
reactivation. Increasing the current to 100 mA increased the residual concentration which
means that the rate of 2NP desorption was higher than the rate of its transformation to by-
products. At 250 mA the 2NP-TOC concentration decreased to about 17 mg/L, the non-
2NP-TOC increased to about 42 mg/L, and the total TOC concentration decreased
slightly. This implies that the rate of 2NP destruction/transformation was higher than the
rate of its desorption and a higher current and/or longer times are needed to bring the total

TOC concentration to zero.

Since high currents and long reactivation times contribute to the destruction of all the
residual phenol/2NP and oxidation of by-products, one could possibly take the
reactivated GAC out of the reactor. and then increase the current for a certain period to
electrochemically oxidize the contaminated electrolyte before discharge or reuse. This

hypothesis is investigated in section 8.3.2.

8.2.4 Gas Production

Gas production during the 50 mA cathodic reactivation of 1.1 g of F-400, WV-B, and
Darco loaded with phenol was measured and is plotted in Fig. 8.7. Gas generation was
highest for WV-B and lowest for F-400 reactivation. Fig. 8.8 shows the gas generation of
the different masses of GAC after 5 hours of reactivation at 50 mA. As the GAC mass
increased the gas generation decreased. Increasing the mass of GAC results in higher

GAC surface area and consequently lowers the current density (current/surface area) at
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Fig. 8.6 Effect of current on residuals concentration during cathodic reactivation of 2NP-
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the cathode. Lower current density decreases the side reactions responsible for gas

generation.

An attempt was made to analyze the gas generated within the electrochemical reactor.
Gas samples were collected from both electrodes after 5 hours of reactivation at 50 mA
and were analyzed for CO;, N3, and CHs. Only N, was detectable. It is possible that the
low current (50 mA), applied in most of the tests within the current study, was the reason

for the incomplete phenol oxidation and undetectable CO, level.

Although O,, H; and Cl, gases were produced because of the side reactions at the
electrodes, their concentrations were not measured in this investigation due to time and

equipment limitations.

8.3 Feasibility of Contaminant Destruction

The following presents the oxidation of phenol and 2NP without the presence of GAC.

8.3.1 Destruction of Phenol

Fig. 8.9 shows the disappearance of phenol and TOC from a phenol solution (without GAC)
in the full reactor (undivided-reactor and electrolyte flow rate of 0.2 L/min) at 50 mA
current in a 0.1 M NaCl electrolyte as a function of time. The TOC measurements coupled
with phenol analysis provide an indication of the extent of oxidation beyond phenol removal
without the need to analyze for the many possible partially oxidized species (products).
Fully oxidized carbon would be either expelled from the electrolyte as CO, under acidic
conditions or be measured as inorganic carbon under alkaline conditions (Smith De Sucre

and Watkinson, 1981). Fig. 8.9 shows that the TOC concentration decreased gradually with
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Fig. 8.9 Destruction of phenol in undivided-cells reactor without GAC at 50 mA
(electrolyte flow rate = 0.2 L/min).



time but the concentration of phenol decreased at a faster rate. While the phenol
concentration was reduced to the detection limit (0.1 mg/L) after 20 to 25 hours, the TOC
concentration decreased by only 20%. The fact that TOC was partially eliminated, indicates

that phenol was partially oxidized to CO,.

The experimental data were curve fitted (shown by lines in Fig. 8.9) by a one-parameter
model, a first-order reaction rate expression:
C = Coexp(-bt) (8.1)

Other researchers also found that phenol oxidation followed a first-order reaction (Azzam
et al., 1999; Murphy, et al., 1992; Smith De Sucre and Watkinson, 1981). The
coefficients were determined by a non-linear regression routine in STATGRAPHICS
PLUS (Manugistics, Inc., Rockville, Maryland, USA) and are shown in the related graphs.
Visually, as well as based on the correlation coefficients and the low standard errors (less

than 4%), the fits were very good for the presented data.

The divided-cell reactor was also used to monitor the disappearance of phenol and TOC
originating from phenol in each electrode compartment. The two electrodes were
separated with a cationic membrane. Fig. 8.10 presents the change in the phenol and TOC
concentration in the anolyte as a function of time. Anodic destruction of phenol was
relatively fast and the phenol concentration decreased to the detection limit of 0.1 mg/L
in about 15 to 20 hours, while the TOC concentration decreased gradually. The slight
increase of the phenol concentration in the anolyte observed after 25 hours of operation
may have been due to phenol diffusion from the catholyte. The anodic destruction of

phenol was well defined by a first-order reaction expression. For example, the solid line
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in Fig. 8.10 represents the fitted first-order reaction to the anodic destruction of phenol
when the anode was used as the working electrode and the electrolyte flow rate was 0.2

L/min.

The concentration of phenol in the catholyte only changed slightly (Fig. 8.11). The slight
decrease in the phenol concentration is due to phenol diffusion through the membrane to
the anolyte or the reduction of phenol at the cathode. Although electrochemical
destruction of organics can involve either reduction at the cathode or oxidation at the
anode, Figs. 8.10 and 8.11 demonstrate that phenol was oxidized at the anode but the

phenol reduction at the cathode seems to be minimal.

The effect of current density on the destruction of phenol and TOC originating from the
phenol was investigated (Figs. 8.12 and 8.13) using the undivided-reactor. As expected, the
mass of phenol oxidized increased with time and the rate of destruction increased with
increasing current. Increasing current also decreased the time required to achieve full
oxidation. The phenol concentration disappeared in about 1.5, 6, and 19 hours for 500, 250,
and 50 mA, respectively. Current changes had a similar effect on TOC oxidation. Fig. 8.13
shows that after 24 hours 75, 50. and 15% of the TOC was eliminated at 500, 250, and 50
mA. respectively. Thus, both figures show that phenol and TOC removal increased with an
increase in current. This was attributed to an increase of ionic transport which increases the
rate of electrode reactions responsible for the removal process. The aforementioned results

agree with previous findings (Awad and Abuzaid, 1999. Comninellis and Nerini, 1995).
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The performance of the undivided-cell reactor (with electrolyte flow of 0.2 L/min) and the
anode compartment of the divided-cell reactor under similar conditions is compared in Fig.
8.14. The anolyte of the divided-cell reactor gave similar results to the undivided-cell in
terms of phenol and TOC destruction. This is in agreement with results of Figs. 8.10 and
8.11 for the divided-cell reactor in which the phenol destruction occurred mainly at the

anode and its reduction at the cathode was minimal.

In Fig. 8.15, the phenol and TOC oxidized are plotted versus charge passed (consumed) for
three different current densities. It shows that the removal of the phenol and TOC is a
function of the amount of charge passed and is independent of the current densities. The
phenol was oxidized fairly rapidly, and virtually no phenol (< 0.1 mg/L) remained after
about 5000 coloumbs. However, even after the complete disappearance of phenol, about
70% of the original total organic carbon remained in solution. The complete removal of
TOC required a much greater -charge. This is in agreement with the results of Smith De
Sucre and Watkinson (1981) and Kirk er al. (1985). They found that while phenol was
readily oxidized on lead dioxide anodes. decreasing the TOC of the wastewater was much
more difficult. This is of great concern from a toxicity point of view because the
intermediate products. mostly quinones, are more hazardous than phenol; the original
contaminant in the wastewater (Anders. 1985). Accordingly, complete oxidation of phenol

to CO; should be achieved to guarantee environmentally safe discharges.

8.3.2 Destruction of 2NP
Fig. 8.16 shows the destruction of 2NP as a function of time at 50 mA in the undivided-

reactor with a 0.1 M NaCl electrolyte recirculation of 0.2 L/min. The initial 2NP
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concentration was 68 mg/L. Fig. 8.16 shows that the rate of destruction of 2NP was
relatively fast and the 2NP concentration decreased to the detection limit of 0.1 mg/L
after about 10 hours. It was also observed that, similar to the phenol experiments, the
TOC concentration decreased very slowly with time. The TOC concentration decreased

only about 10% after 10 hours, while there was no 2NP left in the solution.

Fig. 8.17 shows that after applying 30 hours of 50 mA, the total-TOC concentration
decreased from 35 mg/L to 28 mg/L (20% reduction). Changing the current to 1,000 mA
after 30 hours accelerated the by-product oxidation and about 50% of the 30 mg/L of
TOC were oxidized in only 5 hours. Finally the TOC concentration reached the zero level
after 40 hours of applying 1,000 mA of current. This proves that total oxidation of the by-
products was achievable. This also supports the hypothesis that one could possibly take
reactivated GAC out of the reactor. then increase the current for a certain period to

electrochemically oxidize the contaminated electrolyte before discharge or reuse.

The divided-cell reactor was also used to investigate the destruction of 2NP in each
electrode compartment. The two electrodes were separated with a cationic membrane. Fig.
8.18 demonstrates the changes in the concentration of 2NP in the anolyte (volume ~ 650
mL) and catholyte (volume ~625 mL). Anodic destruction of 2NP was rapid and the 2NP
concentration decreased to the detection limit (0.1 mg/L) in about 15 hours. Fig. 8.18 shows
that the concentration of 2NP in the catholvte decreased with time. but at a slower rate than
in the anode compartment. The data were well fitted by a first-order expression (shown as
lines in Fig. 8.18) of C.exp(-0.15t) and C,exp(-0.25t) for the catholyte and anolyte,

respectively. The decrease in the catholyte 2NP concentration was likely due to 2NP
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Fig. 8.17 Destruction of 2NP and TOC in undivided-cells reactor without GAC at 50
and 1000 mA (electrolyte flow rate = 0.2 L/min).
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reduction in the catholyte. As mentioned earlier, electrochemical destruction of organics can
involve either reduction at the cathode or oxidation at the anode. Figs. 8.17 and 8.18
demonstrate that oxidation of 2NP at the anode and its reduction at the cathode is possible.
The observed change in the colour of the catholyte during the experiment also indicated that
electrochemical reaction(s) was (were) occurring within the cathode compartment. This is in
agreement with the results of Sasaki er al. (1983) which showed that reduction of p-
nitrophenol and p-chlorophenol was possible and the rate of reduction was much higher than
phenol reduction. They found that for p-nitrophenol and p-chlorophenol the reduction
occurs mainly at the nitro group. Schmal er al. (1986) also showed that the reduction of a
chlorinated phenol involved sequential dechlorination of p-chlorophenol at a carbon fibre

cathode.

Comparison of the 2NP destruction within the undivided-cells (with electrolyte flow of 0.2
L/min) and the anolyte of the divided reactors under similar conditions is shown in Fig.
8.19. Unlike the phenol results, the undivided-cell reactor performed slightly better than the
divided-cell reactor for the destruction of 2NP. The better performance of the undivided-cell
reactor may be explained in terms of both 2NP oxidation at the anode and 2NP reduction at
the cathode being possible. while in the anolyte of the divided-cells reactor only 2NP
oxidation is being presented in the graph. Overall it can be concluded that the undivided cell

configuration provided greater 2NP destruction.

8.4 Conclusions
¢ Desorbed phenol and 2NP react to form a number of reaction by-products that are

eventually oxidized to CO» and H-O.
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The phenol and 2NP conversion reactions were relatively rapid, and they followed
first-order kinetics.

Destruction of the phenol and 2NP by-products, measured as the non-phenol-TOC
and non-2NP-TOC, was very slow.

The rate of phenol, 2NP, and TOC destruction could be increased by increasing the
applied current, but the coulombic efficiency was approximately the same for all the
currents.

It was proved that total oxidation of the by-products is achievable at higher charges.
For the total elimination of TOC a proper anode material and an optimized
electrochemical reactor design are recommended.

Phenol and 2NP were oxidized at the anode and 2NP was reduced at the cathode.
However, phenol reduction at the cathode was minimal.

It is recommended that the GAC electrochemical reactivation shouid be a three step
process. First, the GAC is reactivated with a relatively low current to minimize
potential alterations of the GAC surface. Second. the GAC is drained and rinsed with
a buffered solution. Finally, the electrolyte is treated electrochemically for an
extended time at a much higher current (and possibly a different electrode) to reduce

the electrolyte’s TOC so that it may be reused or discharged.



CHAPTER 9

REACTIVATION MECHANISMS AND MODELLING

9.1 Introduction

To investigate the mechanisms of electrochemical reactivation, the results of selected earlier
experiments were analyzed in conjunction with those of some new experiments (desorption
studies). First, the extent and kinetics of the contaminant desorption from preloaded GAC in
the reactor without current were studied and modelled. Second, the extent and kinetics of
contaminant desorption from preloaded GAC in the reactor with current were studied and
modelled. Third, the desorption rate constants from the first and second steps along with the
destruction rate constant of the contaminant from chapter 8 and the reactivation results with
loaded GAC from chapter 7 were used to model the process and predict the extent of
reactivation. Two alternative methods were evaluated for the simulation of the reactivation
process: the homogeneous solid surface diffusion model (HSSD) and an exponential

expression.

9.2 Modelling of the Reactivation Process Using the HSSD model

The HSSD, which is one of most common models in GAC adsorption modelling
(Crittenden and Weber, 1978), was evaluated for modelling the reactivation process. The
HSSD or surface diffusion model, treats the carbon particle as a solid and assumes that the
adsorbate adsorbs at the surface of the particle and migrates along the pore walls to the
interior of the particle by surface diffusion (for further details refer to Sontheimer er al.,

1988).



The first model evaluated in this study consisted of the HSSD model modified to
incorporate two assumed mass transfer mechanisms. The first was enhanced desorption due
to polarization (charging of the GAC surface). The second was that the adsorbate would
only be oxidized once it desorbed into solution and not directly on the GAC surface. Three
sets of experiments (desorption without current, desorption with current, and oxidation of
contaminant (without GAC)) were conducted to calibrate the model which was then used to

predict the performance of the regeneration process.

As the first step in modelling a modified version of a computer program originally
developed by Narbaitz (1985), which solves the HSSD model equations via orthogonal
collocation. was used to predict desorption kinetics. Two modifications were made to the
program developed by Narbaitz (1985). First, the program was modified for desorption
prediction from its original use for adsorption prediction. Second, because the program uses
the Freundlich isotherm which is pH dependent, modifications were incorporated to account

for the changes of the catholyte pH from 5 to 12.

The pH variation of the catholyte at 50 mA over time was modelled and is shown in Fig.
9.1. Because the values of the Freundlich isotherm are pH dependent (Karimi-Jashni 1994),
Freundlich isotherm parameters were modelied to reflect the pH variation over time. The pH
dependency of the Freundlich isotherm parameters is illustrated in Figs. 9.2 and 9.3. The
modelled pH variations and the pH dependency of the Freundlich isotherm parameters were
used in the computer program to predict desorption kinetics. In most cases the program was

unable to give a satisfactory prediction of desorption kinetics (Appendix A9) and further
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Fig. 9.1 Catholyte pH variation versus cathodic reactivation time at 50 mA.
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evaluation of the model was not possible. Therefore it was decided to use an alternative

method to model the reactivation process.

9.3 Modelling of the Reactivation Process Using an Exponential Expression

9.3.1 Desorption Studies with No Current

The first step in identifying the reactivation mechanisms was a study on the extent and
kinetics of the contaminant desorption from preloaded GAC in the reactor without current at
pHs of 2 and 12 to determine the impact of pH on contaminant desorption. pHs 2 and 12
were chosen because the tests showed that the pHs of the anolyte and catholyte tend to these
PH values, respectively. The GAC used to determine the desorption kinetics at these pHs
was preloaded at pH 5. The results of these desorption tests and the regressed curves were
plotted in Figs. 9.4 and 9.5. The regressed mathematical expression was in the format of
a*(1-exp(-b*1)), where ¢ is time in hours and a and b are coefficients. The coefficients were
determined by a non-linear regression routine in STATGRAPHICS PLUS (Manugistics,
Inc., Rockville, Maryland. USA) and are shown in Table 9.1. Visually as well as based on
the low standard errors (generally less than 3%) the model fits the experimental data very

well.

Figs. 9.4 and 9.5 also demonstrate the pH dependence of desorption of phenol and 2NP
from activated carbon. Given that the pK,s of phenol and 2NP are 9.9 and 7.23,
respectively, the maximum extent of desorption occurs for the dissociated form of the
molecule (pH = 12) and there was significantly less desorption for pH 2 (pH less than the
PK,). Greater desorption of phenol and 2NP from F-400 at pH 12 is the reason for higher
cathodic reactivation efficiencies than anodic reactivation efficiencies observed in
previous chapters.
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Fig. 9.4 Desorption of 2NP from F-400 at pHs 2 and 12 without current.

100

-]
o
]

% of Desorption

[x pH=2 C pH812|

xxx - -"xxX X - --X X X
10 20 30 40 50
Time (h)

Fig. 9.5 Desorption of phenol from F-400 at pHs 2 and 12 without current.
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Table 9.1 Regressed coefficients for the simple desorption model for desorption without

current.
pH I Contaminant Constant (a) Exponent (b)
(mA) (unitless) (1/h)
Desorption 2 0 2NP 27.36+0.28* 0.143+0.005*
Desorption 12 0 2NP 58.44+1.23 0.610+0.045
Desorption 2 0 phenol 10.06+0.37 0.196+0.030
Desorption 12 0 phenol 45.90+0.92 0.519+0.046

* = standard errors.
Equation: % desorption = a*(l-e

~b() .

243




9.3.2 Desorption Studies with Current

The second step studied the extent and kinetics of contaminant desorption from preloaded
GAC in the reactor with a 50 mA current at pHs 2 and 12. A cation exchange membrane
was installed to separate the two electrodes and create a divided-cell reactor, to prevent the
oxidation of the contaminant at the anode. The GAC was placed on top of the cathode which
also was the working electrode. Hence these results can be called cathodic desorption. The
results are plotted in Figs. 9.6 and 9.7. These figures show that desorption with current
followed a similar pattern to that without current (F igs. 9.4 and 9.5). However, they
demonstrate that the extent of desorption in the presence of current was higher than the
extent of desorption without current. Similar exponential expressions to the ones used for
desorption without current were used for curve fitting purposes. The model fit the

experimental data well and the regressed coefficients are shown in Table 9.2.

Comparison of 2NP desorption at pH 12 with and without current (Fig. 9.8) demonstrates
that the extent of desorption of 2NP from GAC with the applied 50 mA was about 50%
greater than that without current. Given that in the case of 2NP there were reducing
reactions at the cathode, the actual amount of 2NP desorbed was somewhat higher. A
similar result was also obtained for desorption of 2NP at pH 2. Although the results for pH
2 were not really relevant in modelling the cathodic electrochemical reactivation, they show

that even at pH 2 the current had a beneficial impact on desorption.

Comparison of phenol desorption at pH 12 with and without current (Fig. 9.9) shows that
the extent of desorption of phenol from GAC with the applied 50 mA was about 35%

greater than that without current. This demonstrates that electrochemical reactivation of



100

80
= R
2
e 60+t
g
a

———eei . A

% 40- e aAA A A
X A
° A

04 M4 [ j

s A pH=2 88 pH=12
0 10 20 30 40 50

Time (h)

Fig. 9.6 Cathodic desorption of 2NP from F-400 at pHs 2 and 12 at 50 mA within the
divided-cell reactor.
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Table 9.2 Regressed coefficients for the simple desorption model for desorption with

current.
pH | | Contaminant Constant (a.) Exponent (b.)
(mA) (Unitless) (1/h)
Desorption 2 50 2NP 40.95+0.54* 0.167+0.007*
Desorption 12 50 2NP 88.62+0.97 0.431+0.019
Desorption 2 50 phenol 12.23+0.62 0.649+0.162
Desorption 12 S50 phenol 66.48+0.30 0.537+0.015

* = standard errors.
Equation: % desorption = ac*(1-e).
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Fig. 9.8 Comparison of 2NP desorption from F-400 at 50 mA and without current.
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GAC was more efficient than chemical reactivation (i.e., desorption into a high pH solution)
of GAC. The greater impact of the electrical current on 2NP desorption over phenol
desorption is consistent with the full-reversibility of 2NP from F-400 and the partial

irreversibility of phenol from F-400.

The difference between desorption with and without current indicates the impact of GAC
surface polarization (charging) due to current on the contaminant desorption. Kastening et
al. (1985) investigated the electrochemical polarization of powdered activated carbon. A
powdered activated carbon suspension in aqueous dilute sulphuric acid exhibited large
charge capacities of about 150 F/g. From various considerations Kastening et al. (1985)
concluded that this charge capacity represents the ordinary double-layer behaviour of the
huge pore surface rather than a property of the particle’s external surface. After polarization
at a charging electrode, the particles maintained the potential forced upon them over long
periods (typical rate of discharge = 107V/s). The behaviour of the polarization process
(charging current) was attributed to the charge transfer mechanism during the collision
between a single particle and the charging electrode (Kastening er al. (1985)). Replacement
of dilute sulphuric acid by dilute potassium hydroxide solutions (pH 13) resulted in the same
capacity data. Therefore. the higher desorption with current in Figs. 9.8 and 9.9 are likely
caused by polarization (charging) of the GAC surface. The repulsive forces between the
charged surface and the adsorbed contaminant(s) may have increased the extent of

desorption of contaminant(s) from the GAC.



9.3.3 Extent of Reactivation

Figs. 9.10 and 9.11 show the reactivations of 2NP/phenol-loaded F-400 at 50 mA in the
undivided-cell reactor (not mixed). These figures show the total cathodic reactivation, the
reactivation due to desorption (desorption with current), and the reactivation due to
oxidation. These figures show that the total reactivation efficiency was higher than
reactivation predicted via desorption alone and the difference could be due to the destruction
of the contaminant and its reaction by-products. As discussed earlier the surface of the GAC
is polarized by contact with electrodes and this polarization can lead to electrochemical
reactions at the surface of GAC. These reactions may totally oxidize the contaminant (2NP
or phenol) to water and CO; and eventually more GAC sites reactivate through this process.
Also the possible reactions on the surface of GAC may transfer the contaminant (2NP or
phenol) to by-products which then may desorb to the bulk solution and reactivate more
GAC sites. Desorption of by-products is a function of the concentration of contaminant
(2NP or phenol) and their by-products on the surface of the GAC and in the bulk solution.

The exponential expressions in Table 9.2 were used to model desorption.

The difference between the reactivation data and the desorption was defined by an
exponential expression which is:
Reactivation due to oxidation = (REmax — DeS.max)*(1 — exp(-b,*t)) 9-1)

Where the RE . is the maximum reactivation efficiency for each case (103% for 2NP
and 83% for phenol-loaded F-400). Des.max is the maximum desorption (with current) for
each case (88.6% for 2NP and 66.5% for phenol-loaded F-400), b, is the coefficient and ¢
is the reactivation time in hours. The reactivation due to oxidation is also shown in Figs.
9.10 and 9.11. The b, coefficient for 2NP was 0.4 and that of phenol was 1.0.

249



120
~ -
S 1001 —
2 _ Reactivation due to desorption
S st S
2 -
Reactivation due to Oxidation
L 60
S ] A
‘§ 40 - Reactivation DATA
S i
g 209 Total Reactivation
- ea
E 3 //
0 " .
0 10 20 30 40 50

Reactivation Efficiency (%)

Reactivation Time (h)

Fig. 9.10 Cathodic reactivation of 2NP-loaded F-400 at 50 mA and undivided-cell

reactor.
100

80 1 Reactivation due to desorption
60 - -

Reactivation due {0 oxidation
40 A

Reactivation - DATA
20 -4- _ B aE——

TOTAL Reactivation

(1] 10 20 30 40 50

Time (h)

Fig. 9.11 Cathodic reactivation of phenol-loaded F-400 at 50 mA and undivided-cell
reactor. '



The total reactivation efficiency was calculated as the sum of the reactivation due to
desorption (with current) and the reactivation due to oxidation. This summation is shown as
a thick line in Figs. 9.10 and 9.11 that is in agreement with the experimental data. From
these discussions it can be concluded that the main portion of reactivation was due to
desorption. The reactivation due to desorption at high pH (without current) was about 50-
60%, the reactivation due to the charging effect (the difference between the desorption with
and without current) was about 25-30%, and the reactivation due to oxidation/reduction of

the contaminant was about 10-20% of the total reactivation.

Electrochemical reactivation is a complicated process and may include different
mechanisms. During the electrochemical reactivation of GAC loaded with a contaminant the
following mechanisms may be involved: desorption of contaminant from the GAC surface,
destruction of the desorbed contaminant at the liquid phase and/or electrode surface,
destruction of the contaminant at the surface of the GAC, adsorption of by-products from
the liquid phase by GAC surfaces, transformation of the contaminant to by-products at the
surface of GAC, and desorption of by-products from GAC surfaces. These mechanisms

occur simultaneously and affect the reactivation efficiency.

Fig. 9.12 represents a schematic of mechanisms involved in the electrochemical reactivation
process.
A) Liquid-phase changes include:
1- Contaminant concentration changes: due to desorption of the contaminant, the
contaminant concentration increases for some time until it reaches a peak and then

decreases. eventually reaching zero. The peak will occur if the rate of contaminant
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desorption is more than the rate of the contaminant destruction or transformation to
by-products.

2- By-products concentration: due to destruction of the contaminant in the liquid-phase
or at the surface of electrodes and desorption of by-products from the GAC surface,
the by-products concentration increases until it reaches a peak and decreases
eventually to zero.

B) Solid-phase changes include: The total solid-phase concentration can be defined as:
Quowt = Qcontamumant + Qby-product (9-2)
At the start, Qpy-producss = 0 and Qioeal = Qcontaminant- AS time passes Qconaminame deCreases

due to desorption of the contaminant from the GAC surface to the liquid-phase until it

reaches a minimum. As time passes and the contaminant is transformed to by-products

either in the liquid-phase or at the GAC surface, the Qpy.producis CONcentration increases
due to adsorption of by-products from the liquid-phase or due to transformation of the
contaminant to by-products at the GAC surface. As the contaminant and its by-products
continue to be destroyed over time, the by-product concentration in the liquid-phase
decreases and this causes the desorption of by-products from the surface of the GAC.
Hence the solid-phase by-products decrease to a minimum level. Eventually there may
be some Qresiguat due to residual contaminant and its by-products on the GAC surface.
C) Reactivation efficiency changes: the reactivation efficiency increases over time as

sites on the GAC surface become available due to desorption of the contaminant,

desorption of byproducts, and complete oxidation of the contaminant on the GAC

surface. The reactivation efficiency can be defined as:

RE% = 100*(Quotar~ Qresiduat)/(Qrotal) (9-3)
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The amount of Qresiquat depends on the reversibility, current density, and reactivation
time. If the Qresiguas = O then the reactivation efficiency will be

100%.

9.4 Conclusions

® A model based on a modified version of the HSSD adsorption model was evaluated,
however it failed to model desorption experiments well so it was abandoned.

e Exponential expressions described desorption and the reactivation results very well.

e It was found that the main portion of reactivation was due to desorption. The
reactivation due to desorption at high pH (without current) was about 50-60%, the
reactivation due to current enhanced desorption (the difference between the
desorption with and without current) was about 25-30%. and the reactivation due to
oxidation/reduction of contaminant is about 10-20% of the total reactivation. A
conceptual model of the solid and liquid-phase concentrations during electrochemical

reactivation was presented.
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CHAPTER 10

SCALE-UP AND COMPARISON OF

ELECTROCHEMICAL AND THERMAL REACTIVATION

10.1 Intreduction
This chapter presents a discussion on process scale-up and compares the conventional
activated carbon reactivation technology (thermal reactivation) with electrochemical

reactivation.

10.2 Scale-up

As shown in previous chapters high reactivation efficiencies were achieved for a single
layer of GAC but the multi-layer reactivation efficiencies were low. However multi-layer
experiments did not use post reactivation buffering, which may improve performance. As
direct contact between the GAC particles and the electrode appears to be necessary for
high reactivation efficiencies. alternate reactor configurations such as pulse-beds and
fluidized-beds, need to be evaluated. Thus, scale-up calculations of electrochemical

reactivation at this point are premature.

10.3 Comparison of Electrochemical and Thermal Reactivation.
As there are no full-scale electrochemical GAC reactivation facilities, it is too early to
establish capital and maintenance costs of the process. Only two simplified comparisons

with thermal reactivation can be made: comparison of efficiency and energy costs.
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10.3.1 Comparison of Long-Term Adsorption Efficiency

Although thermal methods result in 90 to 100% reactivation efficiencies for general
applications, the maximum first-cycle thermal reactivation efficiency reported for phenol-
loaded GAC is 88% (Chiang er al., 1997). The maximum first-cycle electrochemical
reactivation efficiencies reported for phenol-loaded and 2NP-loaded GAC in this study
are 92 and 108%, respectively. This shows that electrochemical reactivation is as efficient
as thermal reactivation and further optimization of the electrochemical operating

parameters could result in higher efficiencies for electrochemical reactivation.

Other key elements in this type of comparison are the reactivation efficiency beyond the
first cycle (multiple reactivations) and the GAC mass loss. Narbaitz and Cen (1994)
showed that the electrochemical reactivation of phenol-loaded F-400 declined 2% per
additional cycle of reactivation and there was no GAC loss. Although no reports of
multiple cycles of thermal reactivation of phenol-loaded GAC were identified in the
literature, a GAC mass loss of 5 to 15% per cycle of reactivation has been reported for
thermal reactivation (Adams er al., 1988). The loss of GAC could be due to transport or
due to furnace losses. Transport losses are fairly constant at 2-3% and in-furnace losses
vary widely and depend on the type of GAC used. The lost GAC needs to be replaced
with virgin GAC. Clark and Lykins (1989) have shown that the cost of purchasing
replacement GAC can be up to four times greater than the energy cost for thermal
reactivation systems.

To compare the efficiency of both process. a simple set of calculations was made using
the following assumptions:

_ 1- thermal reactivation results in 5% GAC mass loss.
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2- the reactivation efficiency for the first thermal reactivation cycle is 90% and it
remains constant for multiple reactivation cycles.

3- electrochemical reactivation results in no GAC mass loss.

4- the reactivation efficiency for the first electrochemical reactivation cycle is 80%
(efficiency at SOmA and 5 hours of reactivation for phenol-loaded F-400) and
there is a decline of 2% efficiency per cycle for each additional cycle of
reactivation.

5- the long term adsorption efficiency is measured as the product of the reactivation
efficiency multiplied by the fraction of the GAC mass remaining after the
reactivation.

The results of these calculations are presented in Fig. 10.1 and Appendix B17. Fig. 10.1
shows that thermal reactivation initially has higher efficiencies than electrochemical
reactivation but the long-term efficiencies reach the same level at the third reactivation

cycle. Thereafter the electrochemical alternative is superior.

10.3.2 Energy Costs
The energy costs of the two methods were compared for plants of various sizes. The
following assumptions were made:
1- conditions of chosen waste and unit costs
a) the wastewater treated with GAC has a phenol concentration of 300 mg/L.
b) the GAC adsorption characteristics were modeled based on the results of
isotherm experiments from Chapter 4 of this study.
c) the cost of electricity was assumed to be $0.06/kw.hr.

d) the cost of natural gas was assumed to be $0.0035/scf.
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e) the price of GAC was assumed to be $1.0/1b.
2- for electrochemical reactivation
a) only electrical inputs were considered.
3- for thermal reactivation
a) the energy costs consist of the electricity costs and the natural gas/fuel costs.
b) The reactivation was conducted in:
a. a multiple hearth furnace with a loading rate of 50 Ib/ft*/d.
b. a fluid bed furnace
c. an infrared furnace
c) The costs were calculated based on the data and equations presented in Clark
and Lykins (1989), Adams er al. (1988). and Koffskey and Lykins (1990)
which are presented in Table 10.1.
d) The required natural gas and electricity for the multiple hearth process are
calculated from the following equations:
Natural gas (scf/year) = 1.864355*10°%* (hearth area)®**'®’

Electrical energy (kw.hr/year) = 92,617.48*(hearth area)®**%'¢

The results of the evaluation are presented in Fig. 10.2 and Appendix B18. Fig. 10.2
shows that the electrochemical reactivation has lower energy costs than the fluid bed and
infrared thermal reactivation for all sizes of treatment facilities. However electrochemical
reactivation has lower energy costs than multiple hearth thermal reactivation for small
treatment facilities. For treatment facilities with a wastewater flow rate greater than 3.500

m?’/d the multiple hearth thermal reactivation has lower energy costs.
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Table 10.1 Costs of energy consumption for thermal and electrochemical reactivation.

Item Thermal Thermal Thermal Electrochemical®
multiple fluid bed? Infrared’
hearth' ($/kg of GAC) | (S/kg of GAC) | ($/kg of GAC)
Natural gas $0.0035/scft - -— —
Electricity $0.06/kw.hr 0.011 0.13 0.04
Fuel oil — 0.0492 - -—
Total 0.036 t0 0.226 0.0602 0.13 0.04
(8/kg of GAC)

! Source: Clark and Lykins (1989) - The total cost is calculated for flowrates of 4,000 to
, 250 m’/d, respectively.
~ Source: Adams er al. (1988)

3 Source: Koffskey and Lykins (1990)
* Based on $0.06/kw.hr
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Energy costs are an important part of the reactivation operating and maintenance cost.
However, according to Clark and Lykins (1989) in water treatment applications it is only
about 1/3 of the cost of purchasing replacement GAC to make up for the losses in thermal
reactivation. Thus the energy cost for thermal reactivation of GAC used in water
treatment applications is not as important as the long-term adsorption efficiency which

includes the GAC losses.

Fig. 10.3 compares the cost of energy plus the cost of purchasing new GAC to replace
that destroyed in the reactivation. It was assumed that the GAC mass loss for thermal
reactivation is 5% and there is no mass loss for electrochemical reactivation. Fig. 10.3
shows that electrochemical reactivation has a lower cost than multiple hearth thermal
reactivation for all sizes of treatment facilities. This is due to the high cost of GAC

replacement.

10.4 Discussion and Conclusion

The above are three simplistic comparisons. A more realistic comparison would also need
to introduce the fact that: a) electrochemical technology would need to reactivate more
frequently because of the lower reactivation efficiency; and b) the labor cost for thermal
reactivation is more than that for electrochemical reactivation. The GAC replacement
costs are expected to be higher than the costs for more frequent electrochemical
reactivation. Labor costs for thermal reactivation are more than double that for
electrochemical reactivation (Owen and Barry, 1972). Hence by including the GAC
replacement and labor costs, the electrochemical reactivation will be more economical

even for larger sized treatment plants.

[
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Furthermore these costs comparison are based on the results for unoptimized
electrochemical reactivation systems. For example, once the electrochemical reactor is
optimized to reactivate multi-layers of GAC with relatively high reactivation efficiency

the electrochemical reactivation will be even more economical.



CHAPTER 11

CONCLUSIONS AND RESEARCH RECOMMENDATIONS

11.1 Conclusions
1- Electrochemical reactivation has been shown to be feasible as reactivation efficiencies

of up to 108% were reached.

2- Comparison of electrochemical and thermal reactivation showed that electrochemical
reactivation has a higher long-term efficiency. Also electrochemical reactivation has less

energy and GAC replacement costs and it seems to be more economical.

3- Based on studies conducted with a single layer phenol-loaded or 2NP-loaded F-400 at
50 mA, the main mechanisms responsible for electrochemical reactivation are: high-pH
induced desorption at the cathode, desorption due to presence of charge on the GAC
surface, and oxidation of phenolics. High-pH induced desorption at the cathode accounts
for approximately 50-60% of the total reactivation, the presence of charge on the GAC
particles results in an additional 25-30% reactivation, and oxidation/reduction of the

phenolics accomplished about 10-20% of the total reactivation.

4- The changes in pH that occur within the electrochemical reactivation reactors are
fundamental to electrochemical reactivation. Experiments showed that cathodic
reactivation is more efficient than anodic reactivation due to high local pH near/at the
cathode. The high pH increased the desorption driving force and resulted in higher

desorption and consequently higher reactivation efficiencies.



§- Electrolyte mixing resulted in a decrease in the cathodic reactivation efficiencies,
while there was no significant change in the anodic reactivation. Higher degrees of
electrolyte mixing decreased the local pH at the cathode and consequently reduced the
desorption driving force and therefore reduced the reactivation efficiency. Thus

electrolyte mixing is not recommended.

6- Experiments on the reactivation of different numbers of layers of GAC particles showed a
significant decrease in the reactivation efficiency with increasing number of layers. It was
demonstrated that the decrease in reactivation efficiency was due to a need for direct contact

between GAC particles and the electrode and not due to local variations in pH.

7- The reactivation efficiency (RE%) could be increased by increasing the current and/or
reactivation time. The RE% increases rapidly with increasing reactivation time in the first
few hours followed by a more gradual increase for longer times. Also the effect of current

was very marked from 10 to 50 mA and gradual from 50 to 250 mA.

8- It was concluded that electrochemical reactivation of GAC is contaminant dependent.
Comparison of the reactivation efficiencies of 2NP-loaded F-400 with phenol-loaded F-400
at different reactivation currents and times showed a similar pattern. However, 2NP-loaded
F-400 showed higher reactivation efficiencies (maximum 108%) than phenol-loaded F-400
(maximum 92%). This is consistent with the full reversibility of 2NP from F-400 and partial
reversibility of phenol from F-400. Reactivation of GAC loaded with NOM showed that
there was a linear relation between the reactivation efficiency and reactivation time; the
reactivation efficiency increased to 80% as the reactivation time increased to 25 hours.

Given these results and the crucial role of desorption, the efficiency of electrochemical
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reactivation of GAC loaded with different adsorbates is expected to be a function of the

reversibility of the adsorbate’s sorption.

9- A comparison of the reactivation of GACs showed that F-400 and WV-B performed
essentially the same for the conditions tested. Darco GAC showed lower performance at
higher reactivation times and/or currents. These results were in agreement with GACs
conductivities. Darco GAC, which had lower conductivity comparing to F-400 and WV-B,
had lower performance at higher reactivation times and/or currents. Thus, if electrochemical
reactivation is considered, the selection of the GAC is important. GACs with a resistance in
air as high as 13 Q/4cm bed GAC performed well while the GAC with a resistance in air of

124 Y/4cm bed GAC did not perform well for long reactivation times or high currents.

10- Residual high pH water within the pores of reactivated GAC particles greatly impacts
the adsorption within the reloading step. It was proven that the residual high pH water
within the pores of the electrochemically reactivated GAC particles raised the pH of the
reloading solution beyond the pK, of the contaminants and consequently affected the
reloading capacity of the GAC and thus the calculated reactivation efficiency. Buffering of
the reloaded solutions eliminated the impact of pH variation of the reloaded solutions.
Experiments with buffered solutions resulted in higher reactivation efficiencies than
unbuffered solutions. It was demonstrated that one alternative method to buffering the
reloaded solution is the treatment of reactivated GAC before the reloading process by

soaking it in buffered water for one hour.

11- Total destruction of desorbed contaminants and their by-products to CO. and H,O

were possible. The phenol and 2NP conversion reactions were relatively rapid and

267



followed first-order kinetics. Destruction of the phenol and 2NP by-products, measured
as the non-phenol-TOC and non-2NP-TOC, was very slow. The rate of phenol, 2NP, and
TOC destruction could be increased by increasing the applied current. It was shown that

total oxidation of the by-products is only achievable at higher charges.

12- It is recommended that the GAC electrochemical reactivation should be a three step
process. First, the GAC is reactivated with a relatively low current to minimize potential
alterations of the GAC surface. Second, the GAC is drained and rinsed with a buffered
solution. Finally, the electrolyte is treated electrochemically for an extended time at a much
higher current (and possibly a different electrode) to reduce the electrolyte’s TOC so that it

may be reused or discharged.

10.2 Recommendations for Future Research

1

Investigate the effect of current and reactivation time on the activated carbon

surface properties (surface area, pore volume, surface chemistry).

(]
'

Study the reactivation of activated carbon loaded with organics whose adsorption

and desorption are pH independent.

3- Re-evaluate the multi-layer reactivation of activated carbon by buffering the
reloading solutions to eliminate the possible impact of pH variation.

4- Investigate the need for direct contact between the activated carbon particles and
electrodes by using a fluidized bed or a pulsed bed reactor.

5- Investigate other electrode materials and their impact on the reactivation
efficiencies and contaminant and its by-products destruction.

6- Conduct multi-cycle electrochemical GAC reactivation tests to confirm the GAC

mass loss rates and reactivation efficiency.
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Adsorption Kinetics

Co=300 mg/L

Time(h) Time(d)

0.00
0.01
0.03
0.06
0.08
0.13
0.17
0.21
0.25

.29
0.33
0.38
042

0.5
0.75

—

VOOV EWUN W~

Phenol’'WV-B
Time(d) Ce(mg/L) reduced Concentration

0
0.0125
0.025
0.05
0.1
0.25

300
225
180
165
141
135
129
126
124.5
123
120
120
117
114
14
114
114

Phenol/F400
Ce(mg/L) reduced Concentration

300
190
150
105
98
80
75
73
73
67
67
65
66
65
62
60
55
53
51
51
51
50
51
50
S0
50
49
48
50
49

1
0.75
0.6
0.55
0.47
0.45
0.43
0.42
0415
0.41
04
0.4
0.39
0.38
038
0.38
0.38

1.000
0.633
0.500
0.350
0.327
0.267
0.250
0.243
0.243
0.223

Appendix Bl

0223

0.217
0.220
0.217
0.207
0.200
0.183
0.177
0.170
0.170
0.170
0.167
0.170
0.167
0.167
0.167
0.163
0.160
0.167
0.163

Phenol Isotherms

Co=300 mg/L
Feb, 23, 2000
Phenol’WV-B Isotherm (not buffered)
# Volume(ml GAC(g) Ce(mg/L)
i1 478 0.207 244
12 534.6 04 206.7
17 535.8 0.604 174.6
18 519 0.825 149
20 472 1.015 113.3
21 477.5 1.203 93.4
2 478 1.204 93
23 474 1.514 732
NoV. 18,99
Phenol/Darco Isotherm
# GAC(g) Vol Ce(mg/1)

2 0.23 475 236
3 0.42 528 200
4 0.62 477 150.8
5 0.807 519 120.1
6 1.017 477 79.8
7 1.21 477 70.3
9 1.205 501 70.1
10 1.49 535 49.6

Phenol/F-400 Isotherm

# GAC(g) Volume(mL) Ce(mg/l)

102 0.203 480.23 2233
103 0.403 476.05 164.5
104 0.404 480.36 165.9
105 0.6015 493.73 117.5
106 0.8015 535351 97.9
107 1 481.25 57.5
108 1.2 475.66 36.6
109 1.2 476.6 36.6
110 1.2 470.12 32.6

qe(mg/g)
12931
124.70
11124
94.99
86.82
82.00
82.18
71.01

qe(mg/g)
132.17
125.71
114.79
115.70
103.28
90.55
95.58
89.91

qe(mg/g)
181.45

160.06
159.45
149.80
134.98
116.70
104.41
104.61
104.76
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Adsorprtion Kinetics (2-nitrophenol on Granular Activated carbons)

Time (h)

0
0.08
0.16
0.32
0.75

1

2

4

7.5
11
16
22

235
48
78
168
336

Darco

Darco

Ce(mg/L) Reduced

500 I
267 0.534
256 0.512
218 0.436

176.7 0.3534
155.6 0.3112
11396 022792

86 0.172
40 0.08
I 0.022

7 0.014
4.5 001
22 0.01
2 0.01
0.02 0.01
o 0.01

0 0.01

2NP, Isotherms
initial Co= 500 mg/L
2NP/F400 not buffered at 20 Dec, 99
Volume(ml) GAC(g) Ce(HPLC) (mg/L)

#

123
124
125
126
127
129

209
210
211
212
213
214
215
216

502
471
481
469
497.6
480

2NP/F400 buffered at pH=5 with %3 solution Jan, 2000

Time (h)

0.21
0.403

0.6

0.808

1.002

1.202

0
0.5

LN -

4.5

10
12
15
18
25.5
28.7
36
48

F-400
Ce(mg’L)
500
235
145
55
30
25
16
13
11
10

NN NN 00O

303
130.7
35
29.1
15.2
7.7

F-400

Reduced
1
047
0.29
0.11
0.06
0.05
0.032
0.026
0.022
0.02
0.018
0.016
0.014
0.014
0.014
0.018
0.014

qe(mg/g)
470.92
431.61
372.78
273.33
240.75
196.59

Volume(ml) GAC(g) Ce(HPLC)Xmg/l) qe(mg/g)

477
4775
472
471
478
475.5
470
477

0.21
0.408
0.63
0.815
1

1

1
1.108

280
128
55.2
27
12.1
12.1
14
9.7

2NP/Darco not buffered at NOV, 99
Volume(mh GAC(g) Ce(HPLC)Ymg/L)

528
527
524
525
525
524
524
527

0.228
0.401
0.625
0.812
1.002
1.005
1.213
1.512

548
2326
159
86.2
552
554
23.1
86
291

499.71
435.37
334.75
274.03
233.22
232.00
228.42
211.08

qe(mg/g)
332.uv
35142
285.89
267.54
234.10
231.81
206.01
171.28

Time(h)
0
0.5
1
2
3.1
4.1

12
16.15
18

1}

23.5
30
36.75
44.75
50

wWV-B
Ce(mg/L)
500
195
135
85
47
43
42
41
41
41
40
40
40
40
40
39
38

wv-B

Reduced
1
0.39
0.27
0.17
0.094
0.086
0.084
0.082
0.082
0.082
0.08
0.08
0.08
0.08
0.08
0.078
0.076



FLOW(L/min)

For F-400
RE time (h)

25
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For WV-B
FLOW(L/min)

Appendix B3

Impact of flow on the reactivation of GACs loaded with phenol

RE time (h)
2.5
2.5
2.5
2.5
25
25
2.5
25
2.5
2.5

Flow=0
54
62
64
66
69

RE time (h)
25
25
25
2.5
25
25
25
25
2.5

Anodic

Downflow,

GAC between

meshes-F400
46.8
42.5
48.1

42.5
473
44.2

439
44.2

Flow=0.2 L/min
42
48
52
53.5
55

RE (%)
59
51.2
509
46.4

46.2

Cathodic Cathodic

DownFlow, DownFlow,
GAC on lower GAC onupper GAC on Lower
Mesh-F-400 Mesh - F400

61.7
66.8

60
494

45.3

44

Flow = 0.5 L/min
40
45
48
50
53

58
61

54.5

476

493
44.2

Mesh - F400

61.7
66.8

63
60.5
48.6
47.3
50.8

43



Appendix B4

Impact of time and current on the reactivation of F-400 loaded with phenol.

Time(th) 100mA 50mA 30mA 10 mA #Coulombs

0 35 0

1 SL.1 360
2.5 60 900
5 65 1800
7.5 71.7 2700
10 73.2 3600
18.5 75.8 6660
0 35 0

1 53 180
2.5 57 450
) 59.9 900

5 61.7 900
7.5 65 1350
10 69.2 1800
11 74 1980
18 75 3240
244 76.7 4392
0 :5 0
1.15 48 124.2
2.5 53 270
5 54.4 540
7.5 61.1 810
10 60.9 1080
16.8 63 18144
24.5 65 2646
0 35 0

l 40.3 36
25 50.6 90
5 50.6 180
7.5 523 270
10 537 360
16.5 57 594
24.8 599 892.8
37.8 76 1360.8



Appendix BS

Imapct of Reactivation Time and Current on the Reactivation of WV-B loaded with Phenol.

Time(h) I00mA SO0mA 30mA 10mA #Coulombs
0 41 0
1.1 512 396
2.5 65 900
s 70 1800
7.5 70.3 2700
10.7 72.4 3852
16 76 5760
235 789 8460
0 41 0
1.1 46 198
25 579 450
55 634 990
7.5 66.7 1350
10.8 68.9 1944
16.5 73.5 2970
24.5 76.7 4410
0 41 0
1.1 41.6 118.8
2.5 504 270
5 5§54 540
7.5 6l1.6 810
11.9 60.9 1285.2
16.1 64.8 1738.8
25.1 65.8 2710.8
] 41 0
1.1 39.6 39.6
2.5 43.3 90
5 49.6 180
7.5 47.6 270
10.7 55 385.2
16.3 56.5 . 586.8
29 62.3 1044
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Reactivation of 2NP-loaded F-400, Buffered solutions

68
72
82.88

Ce (RE)
79

68

37

30.8

35

9.1
8
11.7

12.7

16.1

19

96.8
78.7
92.9

84.96
81.60
84.19

TOC(L) TOC(RL TOC(RE RE3%

10
9.1

7.8

9.2

19.9
12.7

21.1

87
96.8
95
87.8

82.25
84.96
90.07
89.92

96.17

Ce (RE) TOC(L) TOC(RL TOC(RE RE3%

40.00
41.00
42.00
43.69
44.00
43.54

Effect of Catholyte Volume
Volume(ml) GAC(g) I (mA) Time (h) NaCl(M) Flow(L/min) Ce(L) Ce(RL) Ce (RE) TOC(L) TOC(RL TOC(RE RE3%
475 1 50 5 0.1 0 202 223
475 1 50 5 0.1 0 148 253
520 1 50 5 0.1 0 196 30.3
Effect of NaCl Concentration
Volume(ml) GAC(g) [ (mA) Time (h) NaCIl(M) Flow(L/min) Ce(L) Ce(RL)
518 | 50 5 0.02 0 18.8 32.1
475 1 50 5 0.1 0 20.2 223
475 1 50 5 0.5 0 18.5
475 1 50 5 1 0 16.6 18.6
471 1 50 5.3 0.5 16.9 14.5
Anodic regeneration of 2NP-F400 in Full-Reactor- I= 50 (mA)
Volume(ml) GAC(g) Time(h) NaCl Flow Ce(L) Ce(RL)
50 0 0.1
475 I 50 1 0.1 o 1.2 140.6
50 2.5 0.1
475 1 50 5 0.1 0 095 116.3
50 0.1
475 1 50 10.5 0.1 0 1 117
475 1 50 24 0.1 0 12 102.5

Anodic Regeneration of 2NP-F400 at divided cell reactor. using cation Raipor membrane

Volume (ml) GAC(g) Curren Time (h) NaCl Flow

475 50 0 0.1 135
475 1 50 1 0.1 0 11 135.4
475 50 2.5 0.1 129
475 1 50 52 0.1 0 1 128.2
475 1 50 10.4 0.1 0 o038 128.4
475 1 50 24 0.1 0 Il 95.1

Anodic Regeneration of 2NP-F400 at divided cell reactor. using Anion Raipor membrane

Volume (ml) GAC(g) Curren Time (h)

475 50 0 0.1 135
4723 1 50 I 0.1 0 2 1354
475 50 25 0.1 130
478.3 1 50 5.4 0.1 0 25 124.8
4775 1 50 12.7 0.1 o 18 109.3
474.17 I 50 28.7 0.1 0 9 89.8

295

62

57
51
54

0

0.2
0.4
0.05

46.83

Ce(L) Ce(RL) Ce(RE) TOC(L) TOC(RL TOC(RE RE3%

39.92
39.85
41.08
41.24
41.20
48.68

Ce(L) Ce(RL) Ce (RE) TOC(L) TOC(RL TOC(RE RE3%

39.92
39.62
40.88
4221
45.48
50.00
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Reactivation of 2NP-loaded F-400, Buffered solutions

Effect of Electrolyte flow (undivided reactor)
Volume(ml) GAC(g) I (mA) Time (h) NaCI(M) Flow(L/min; Ce(L) Ce(RL) Ce (RE) TOC(L) TOC(RL RE3%

475 1 50 5 0.1 0 202 23 68 9.1 127 8496
477.26 1 50 5 0.1 0.5 13.5 70.2 26 8.5 368 5635
475 I 50 5.6 0.1 1 15.6 98.9 14.6 7.8 408 47.72

Divided cell, Cation membrane, cathodic

Volume(mi) GAC(g) | (mA)

Time (h) NaCl(M) Flow(L/min; Ce(L) Ce(RL) Ce (RE) TOC(L) TOC(RL RE3%

475 1 0 0 0.1 0 167 132.2 8.7 40.46
535.2 I 50 1 0.1 0 196 87.3 1.7 57.21
475 50 2.5 27 79.89
533.2 1 50 5.5 0.1 0 19 17.9 11 102.14
475.2 1 50 1025 0.1 0 119 31.7 7.7 108.00
535.7 1 50 18 0.1 0 8 14.7 10.1 108.94

Divided cell, Anion membrane, cathodic

Volume(ml) GAC(g) I (mA)

Time (h) NaCl(M) Flow(L/min; Ce(L) Ce(RL) Ce (RE) TOC(L) TOC(RL RE3%

475 1 0 0.1 0 167 132.2 8 57 4046
475 1 50 l 0.1 0 124 81 7.7 48  52.61
475 25 32 75.50
473 1 50 S 0.1 0 13.1 13.5 6.5 8.1 98.67
530 \ 50 10 0.1 0 1438 15.7 10.8 10.8 105.66
475 1 50 19 0.1 0 143 11 7.3 6.7 10526

Impact of Current (undivided-unmixed)
Volume(ml) GAC(g) I (mA)}

Time (h) NaCl(M) Flow(L/min; Ce(L) Ce(RL) Ce (RE) TOC(L) TOC(RL RE3%

475 1 0 0 0.1 0 le.7 122.2 1 8 57 4046
473.1 1 10 1 0.1 0 128 111 1.5 8.7 564 4465
475 1 50 1 0.1 0 16 75 45 7.6 354 5448
475 1 100 1 0.1 0 lé62 41.5 67.7 7.6 179  68.96
475 1 250 1 0.1 0 141 32 34 84 21 80.00

296
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Reactivation of F-400 loaded with phenol, Buffered reloading Solutions, divided-Cell Reactor

Divided Cell Reactor-Chatodic-Cation Membrane(phenol/F400)
Volume(ml) GAC(g) [(mA) "Time (h) NaCl(M) Flow(L/min) Ce-RL(mg/L) RE3 (%)

475 1.2 50 0 0.1 0 175 2948
485 1.2 50 1 0.1 0 84 65.23
475 1.2 50 2.5 0.1 0 70 7196
542 1.2 50 5.6 0.1 0 78  76.65
542 1.2 50 10 0.1 0 67 8431
489 1.2 50 22 0.1 0 522 8738

Divided Cell Reactor-Chatodic-Anion Membrane(Phenol/F400)
Volume(ml) GAC(g) [(mA) 'Time (h) NaCIl(M) Flow(L/min) Ce-RL(mg/L) RE3 (%)
0

475 1.2 0.1 0 175 2948
542 1.2 50 1.15 0.1 0 120 5441
475 1.2 50 25 0.1 0 73 70.11
542 1.2 50 5 0.1 0 67.5 8394
526 1.2 50 11.25 0.1 0 59 88.02
480 1.2 50 225 0.1 0 522 8577

Anodic Regeneration of phenol-F400 at divided cell reactor. using cation Raipor membrane
Volume(ml) GAC(g) [(mA) "Time (h) NaCl(M) Flow(l/min) Ce-RL(mg/L) RE3 (%)

475 1.2 50 0 0.1 0 175 2948
519.3 1.2 50 1.2 0.1 ] 176.8  31.66
475 1.2 50 2.5 0.1 0 164 32.72
528 1.2 50 5 0.1 0 1684 3491
5189 1.2 50 12 0.1 0 120 52.09
4746 1.2 50 30 0.1 0 108 52.50

Anodic Regeneration of Phenol-F400 at divided cell reactor, using Anion Raipor membrane

Volume (mi' GAC-F4( Current ( "Time (h) NaCl Flow Ce-RL(mg/L) RE3 (%)
475 1.2 50 0 0.1 0 175 2948

4773 1.2 50 I.1 0.1 0 165  32.57

475 1.2 50 25 0.1 0 157 34.87

4779 1.2 50 53 0.1 0 145.7 38.74
4756 1.2 50 12 0.1 0 1143  50.00
4731 1.2 50 233 0.1 0 100.5 55.60



Appendix B9

Reactivation of F-400 loaded with phenol. Buffered reloading Solutions, Undivided-Cell Reactor

Volume(ml) GAC(g)

475
4380
475
475
476
517
475
5353
546
538.6
4746
546
474.6
475
467
475
494
480
530
475
476
475
535
481
537

1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
12
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2

[(mA) Time (h) NaCl(M) Flow(L/min) Ce-RL(mg/L) RE3 (%)

10
10
10
10
10
10
50
50
50
50
50
50
50
100
100
100
100
100
100
250
250
250
250
250
250

0
L.15S
2.5
5
10.3
25
0

1
2.5
5

10
24
27.7
0

I
25
5.6
10.7
41

0

1
2.5
5.75
10.75
25

298

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

o

cocoooooo000

COO0OO0O0O0O0CO0OO0OO0OO0OCOOOOOOOOO0O0O0O

174.83
122.56
91.58
82.33
61.42
73.54
174.83
114.24
81.96
71.60
58.28
69.84
55.50
174.83
65.68
174.83
48.93
58.28
69.65
174.83
54.85
53.19
64.75
45.70
65.86

29.53
47.19
60.02
64.78
77.88
75.95
29.53
56.31
74.69
80.47
79.96
82.83
82.11
29.53
73.51
29.53
91.24
80.87
80.54
29.53
82.87
84.05
84.92
91.90
84.39



Appendix B10

Destruction of phenol in divided-cell reactor.

Anodic destruction of phenol in divided-Cell
Time(h) I(mA) Phenol (mg/L) TOC (mg/L)
0

50 48 37.8

0.9 50 413 36.7
3.6 50 275 353
8 50 7.1 35.4
18.5 50 0.23 32.7
246 50 0.01 30.6
286 50 0.45 30.8
36 50 1.3 31.6
47 50 1.3 30.5

Cathodic destruction of phenol in divided-Cell
Time(h) I(mA) Phenol (mg/L) TOC (mg/L)
0

50 48 38

1.05 50 47 38.2
3.13 50 45 37.8
7.5 50 4.5 375
19 50 44.5 37
25.5 50 45.1 36
43 50 418 35
61 50 40.1 35



Appendix B11

Anodic destruction of phenol in undivided-cell reactor
Time (min) Time(h)

0
30
80

120
165
270
335
480
690
1157
1500
1610
1710
1860
2580
2700
2880
5580

0
10
32
73

100
135
180
345
330
460
520
750
1380
1605
1830
2140
2880
3285
4200
4800

15
35
55
70
97
140
173
210
270
315
375
570
620
795
1095
1330
1440
1680
1920

0.00
0.50
1.33
2.00
2.75
4.50
5.58
8.00
11.50
19.28
25.00
26.83
28.50
31.00
43.00
45.00
48.00
93.00
0.00
0.17
0.53
1.22
1.67
225
3.00
5.75
5.50
7.67
8.67
12.50
23.00
26.75
30.50
35.67
48.00
54.75
70.00
80.00
0.00
0.12
0.25
0.58
0.92
1.17
1.62
2.33
2.838
3.50
4.50
525
6.25
9.50
10.33
13.25
1825
22.17
24.00
28.00
32.00

I (mA) Phenol (m
50

50
50
50
50
50
50
50
50
50
50
50
50
S0
50
50
50
50

250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
306do
500
500

g/L) TOC (mg/L)

45.7
386
349
29.1
249
16.8

13

1.

COO0OO0OO0OOOO O MWK

NN -N-E-E-E-E- - E-E=-X

394
39.2
388
373
36.8
359
353

34
33.6
32.2
31.7
312
304

30
28.3
284
27.1

20
42.7
419
413

41

41

40
39.7

35

34

33
28.2
239
213
20.6
20.1
19.6
18.7
16.7
14.4
12.7
40.1
387
39.1
38.1
38.1

35
304
23.6
22.6
226
215
223
21.7
18.7
19.7
17.5

14.9
12
10.94
94

92



Appendix B12

Destruction of 2NP

Destruction of 2NP in undivided-cell reactor

Time (min) Time(h)  I(mA) 2NP (mg/L) TOC (mg/L)
5 0.08 50 67 36
70 1.17 50 34.6 35.6
125 2.08 50 26.3 34.9
200 3.33 50 12.6 34.5
315 5.25 50 3.2 34
440 7.33 50 0.9 33.8
540 9.00 50 0.4 33.3
765 12.75 50 0 32.5
1380 23.00 50 0 31
1580 26.33 50 0 30
1800 30.00 50 0 28.5

Destruction of 2NP in divided-cell reactor
Time (min) Time(h) [(mA) Anolyte 2NP mg/L) Catholyte (2NP mg/L)

0 0.00 50 70
30 0.50 50 66.5
130 2.17 50 50
210 3.50 50 38
330 5.50 50 15.5
610 10.17 S0 25
1080 18.00 50 0.1
1770 29.50 50 0
2640 44.00 50 0
3180 53.00 50 0
4020 67.00 50 0
4740 79.00 50 0
5580 93.00 50 0
0 0.00 50 70
30 0.50 50 65
130 217 50 55
210 3.50 50 40
330 5.50 50 28
610 10.17 50 21
1080 18.00 50 5
1770 29.50 50 0.2
2640 44.00 50 02
3180 53.00 50 0.04
4020 67.00 50 0
4740 79.00 50 0
5580 93.00 50 0



Time(h)
0
0.15
0.6
1.5
2.5
39
5.15
6.15
12
25
27
31
47.8

Time(h)
0
0.2
1.1
2.6
4
6.5
925
20.75
35
41
48
54
73
91
110

I (mA) Loading(mg TOC/L) TOC(mg/L

OCO0OO0OO0O0CO0O0O0OO0COOCOO

I (mA)
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50

Appendix B13

Desorption of phenol from F-400 at pH =12

95.38
95.38
95.38
95.38
95.38
95.38
95.38
95.38
95.38
95.38
95.38
95.38
95.38

Loading (mg TOC/L)
95.285
95.285
95.285
95.285
95.285
95.285
95.285
95.285
95.285
95.285
95.285
95.285
95.285
95.285
95.285

)
0
10.3
25.2
36.7
453
53.7
56.8
59.8
65.3

65
60.7

67
67.3

TOC(mg/L)
0

(2]

12.1
41.2
72.6
80.5
89.6
94.4
92.6
93.9
94.6
94.1
93.6
94.6
93.6
95.6

%desorption  45.9*(1-exp(-0.519°%t))

0.00

7.29
16.42
25.97
32.06
38.00
40.20
42.32
46.21
46.00
42.96
47.42
47.63

%desorption
0.00
8.57

29.19
51.45
57.03
63.47
66.87
65.60
66.52
67.01
66.66
66.31
67.01
66.31
67.72

0.00

3.44
12.28
24.83
33.36
39.84
42.73
44.02
45.81
45.90
45.90
45.90
45.90

66.481*(1-exp(-0.537*1)

0.00

6.77
29.65
50.02
58.72
64.45
66.02
66.48
66.48
66.48
66.48
66.48
66.48
66.48
66.48



Appendix B14
Desotption of Phenol From F-400 at pH =2

Time(h) I(mA) Loading (mg TOC/L) TOC(mg/L) %desorption 10.062*(1-exp(-0.196*t)

0 0 98.4 0 0.00 0.00
0.2 0 98.4 0 0.00 0.39
0.5 0 98.4 0.6 041 0.94

1.25 0 98.4 4.8 3.29 2.19
23 0 98.4 6.8 4.67 3.65
5.2 0 98.4 12 8.23 6.43

1.75 0 98.4 11 7.55 7.86
9.8 0 98.4 1.9 8.17 8.59

20.6 0 98.4 12.2 837 9.88

23.6 0 98.4 12.8 8.78 9.96

27.7 0 98.4 14.6 10.02 10.02

35 0 98.4 15.5 10.64 10.05
40 0 98.4 16 10.98 10.06
48 0 98.4 16.1 11.05 10.06

Time(h) [(mA) Loading (mg TOC/L) TOC(mg/L) °edesorption  12.226*(1-exp(-0.649%1)

0 50 99.0 0 0.00 0.00
0.15 50 99.0 4.8 3.27 1.13
0.5 50 99.0 7.5 5.11 3.39
1.3 50 99.0 9.9 6.75 6.97
23 50 99.0 15.2 9.00 9.48
5 50 99.0 15 10.23 11.75
5.75 50 99.0 14.8 10.09 11.93
14 50 99.0 16.6 11.32 12.22
17.75 50 99.0 17.6 12.00 12.22
22 50 99.0 I8 12.27 12.22
41 50 99.0 20 13.64 12.22
45 50 99.0 22 15.00 12.22



Time (mir Time(h) I (mA)

0

11 0.1833
16 0.2667
22 0.3667
30 0.5
45 0.75
60 1
90 1.5
130 2.1667
160 2.6667
220 3.6667
340 5.6667
705 1175
1120 18.667
1560 26
35

48

Time (mir Time(h)
0 0

i1 0.1833
15 0.25
25 04167
40 0.6667
50 0.8333
60 1
90 1.5
130 2.1667
150 25
210 3.5
240 4
280 4.6667
330 5.5
430 7.1667
600 10
900 15
1260 21
1330 22.167
1500 25
1620 27
1650 275
33

40

[ (mA)

Appendix B15

Desorption of 2NP from F-400 at pH =12

O o000 O0CO0OO0OO0CO0CO0OO0OOO0O OO

50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50

Loading (mg TOC(mg/L)
110.01 0
110.01 15.9
110.01 19.6
110.01 24.1
110.01 32.6
110.01 40.3
110.01 48.1
110.01 59
110.01 64.1
110.01 67.4
110.01 795
110.01 91.3
110.01 96.2
11001 96.5
110.01 97.1
110.01 98
110.01 98.5

Loading (mg TOC(mg/L)

108.0625 0
108.0625 15.35
108.0625 19.54
108.0625 30.52
108.0625 42.52
108.0625 45.11
108.0625 52.37
108.0625 70.79
108.0625 91.3
108.0625 94.8
108.0625 109.1
108.0625 1113
108.0625 1124
108.0625 1214
108.0625 1259
108.0625 1359
108.0625 140.9
108.0625 147.3
108.0625 144.9
108.0625 1449
108.0625 1449
108.0625 145.7
108.0625 15.8
108.0625 159

304

%desor

%odesor

0.00

9.76
12.03
14.79
20.00
24.73
29.51
36.20
39.33
41.36
48.78
56.02
59.03
59.21
59.58
60.13
60.44

0.00

9.59
12.21
19.06
26.56
28.18
32.71
44.22
57.03
59.22
68.15
69.52
70.21
75.83
78.64
84.89
88.01
92.0%
90.51
90.51
90.51
91.01

9.87
91.13

58.443*(1-exp(-0.61*1))
0.00
6.18
8.77
.71
15.36
21.46
26.69
35.04
42.86
46.95
52.20
56.60
58.40
58.44
58.44
58.44
58.44

88.62*(1-exp(-0.432"))
0.00
6.75
9.07
14.60
22.18
26.79
31.09
42.26
53.86
58.53
69.08
72.88
76.82
80.39
84.61
87.44
88.48
88.61
88.61
88.62
88.62
88.62
88.62
88.62



Appendix B16

Desorption of 2NP from F-400 at pH =2

Time (mir Time(h) | (mA)
o 0.00 0
5 0.08 0
10 0.17 0
20 0.33 0
30 0.50 0
50 0.83 0
70 1.17 0
90 1.50 0
120 2.00 0
150 2.50 0
300 5.00 0
500 8.33 0
00 11.67 0
900 15.00 0
1185 19.7§ 0
1350 22.50 0
1680 28.00 0
2580 43.00 0
2970 49.00 0

Time (mir Time(h) | (mA)
0 0.00 50
10 0.17 50
20 0.33 50
30 0.50 50
45 0.78 50
60 1.00 50
90 1.50 50
125 2.08 50
205 3.42 50
250 4.17 50
285 4.75 50
340 5.67 50
435 7.25 50
465 7.75 50
610 10.17 50
900 15.00 50
1130 18.83 50
1250 20.85 50
22.75 50
26.00 50
28.25 50
31.00 50
48.00 50

Loading (mg TOC(mg/L)
116.4 0
116.4 0351
116.4 0.75
116.4 1.2
116.4 1.9
116.4 3.7
116.4 6.4
116.4 84
116.4 114
116.4 14.1
116.4 259
116.4 33.7
116.4 389
116.4 414
116.4 424
116.4 453
116.4 46.8
116.4 47.3
116.4 47.7

Loading (mg TOC(mg/L)
110.2 0
110.2 2
110.2 4
110.2 8
110.2 10
110.2 13
110.2 17
110.2 23
110.2 30
110.2 35
110.2 37
110.2 40
110.2 45
110.2 47
110.2 52
110.2 60
110.2 63
110.2 65
110.2 67
110.2 68
110.2 69
110.2 69
110.2 70

(72
W

Desorption (%)
0.00
0.18
043
0.70
1.10
2.15
3.71
4.87
6.61
8.18

15.02
19.54
22.56
24.01
24.59
26.27
27.14
2743
27.66

Desorption (%)
0.00
1.23
245
4.90
6.13
7.96

10.41
14.09
18.38
21.44
22.66
24.50
27.56
28.79
31.85
36.75
38.59
39.81
41.04
41.65
42.26
4226
42.88

27.36*(1-exp(-0.1434°t))
0.00
0.33
0.65
1.28
1.89
3.08
4.21
5.30
6.82
8.24
14.00
19.08
22.22
24.18
25.75
26.27
26.87
27.30
27.34

40.95*(1-exp(-0.167*1))

0.00

1.12

222

3.28

4.82

6.30

9.07
12.03
17.81
20.53
2243
25.05
28.75
29.73
33.45
37.61
39.19
39.69
40.03
4042
40.58
40.72
40.94



cycle #

DOV EWN—=~O

Thermal
efficiency(%)

90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90

90
90
90
90
90
90

Appendix B17

Thermal and electrochemical Long term adsorption efficiency

Thermal
GAC mass
1.00
0.95
0.90
0.86
0.81
0.77
0.74
0.70
0.66
0.63
0.60
0.57
0.54
0.51
0.49
0.46
0.44
0.42
0.40
0.38
0.36
0.34
0.32
0.31
0.29
0.28
0.26
0.25
0.24
0.23
0.21
0.20
0.19
0.18
0.17
0.17
0.16
0.15
0.14
0.14
0.13
0.12
0.12
0.11
0.10

0.10
0.09
0.09
0.09
0.08
0.08

Thermal Electrochemical
long term efficiency (%) efficiency(%)

85.50 80.00
81.22 78.40
77.16 76.83
73.31 75.30
69.64 73.79
66.16 72.31
62.85 70.87
59.71 69.45
56.72 68.06
53.89 66.70
51.19 65.37
48.63 64.06
46.20 62.78
43.89 61.52
41.70 60.29
39.61 59.09
37.63 57.90
35.75 56.75
33.96 55.61
32.26 54.50
30.65 53.41
20.12 52.34
27.66 51.29
26.28 50.27
24.97 49.26
23.72 48.28
22.55 47.31
21.40 46.37
20.33 4544
19.32 44.53
18.35 43.64
17.43 42.77
16.56 4191
15.73 41.07
14.95 40.25
14.20 39.45
13.49 38.66
12.82 37.88
12.17 37.13
11.57 36.38
10.99 35.66
10.44 3494

9.92 34.24

942 33.56

8.95 32.89

8.50 32.23

8.08 31.59

7.67 30.95

7.29 30.33

6.95 306 29.73

Electrochemical
GAC mass
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1.00
.00

Electrochemical
long term efficiency (%)

80.00
78.40
76.83
75.30
75.79
7231
70.87
69.45
68.06
66.70
65.37
64.06
62.78
61.52
60.29
59.09
57.90
56.75
55.61
54.50
53.41
52.34
51.29
50.27
4926
48.28
47.31
46.37
45.44
44.53
43.64
422.77
41.91
41.07
40.25
3945
38.66
37.88
37.13
36.38
35.66
34.94
3424
33.56
32.89
32.23
31.59
30.95
30.33
29.73



Appendix B18

Enery cost comparison of thermal and electrochemical reactivation

compound:

Concentration (mg/L): 300
k 342
Im 0.306
Qo (mg/g of GAC) 1959
Flowrate (m*/d) 250
Flowrate (ft/d)

carbon usage rate (g/d) 38284839
carbon usage rate (kg/d) 382.85
carbon usage rate (1b/d) 844.03
Hearth loading rate(lb/ft*/d) 50
hearth area (ft%) 16.88
Electrical energy (kw.hr/year) 24184276
Natural gas (10° scf/year) 4.90
Cost of electricity ($/kw.hr) 0.0600
Cost of natural gas ($/scft) 0.0035
Annual electricity cost ($) 14510.57
Annual natural gas cost ($) 17138.88
Total annual energy cost ($) 31649.44
GAC cost (3/Ib) 1.00
Annual GAC cost (8) 5% lost 15403.50
TOTAL cost (Energy + GAC lost) 47052.95
Annual energy cost’kg 0.23
Electrochemical cost($/kg) 0.04
Electrochemical annual cost(S) 5589.59
Thermal Fluid bed ($/kg) 0.0602

Thermal Fluid bed annual cost(S/kg)  8412.33

Thermal infrared ($/kg) 0.1300
Thermal infrared annual cost($/kg) 18166.16

Phenol

500

765696.78
765.70
1688.06

50
33.76

306032.61
6.21

0.0600
0.0035

18361.96
21719.08

40081.03
1.00
30807.01
70888.04
0.14

0.04
11179.17

0.0602
16824.66

0.1300
36332.31

1000

1531393.57
1531.39
3376.11

50
67.52

387259.70
7.86

0.0600
0.0035

23235.58
27523.29

50758.87
1.00
61614.01
112372.88
0.09

0.04
22358.35

0.0602
33649.31

0.1300
72664.62

307

1500

2297090.35
2297.09
5064.17

50
101.28

444432.40
9.03

0.0600
0.0035

26665.94
31613.23

58279.18
1.00
92421.02
150700.19
0.07

0.04
33537.52

0.0602
50473.97

0.1300
108996.94

2000

3062787.14
3062.79
6752.22

50
135.04

490046.06
9.97

0.0600
0.0035

29402.76
34878.61

64281.38
1.00
123228.02
187509.40
0.06

0.04
44716.69

0.0602
67298.62

0.1300
145329.25

2500

3828483.92
3828.48
8440.28

50
168.81

528626.70
10.75

0.0600
0.0035

31717.60
37641.97

69359.58
1.00
154035.03
223394.61
0.05

0.04
55895.87

0.0602
84123.28

0.1300
181661.56

3000

4594180.70
4594.18
10128.33

50
202.57

562393.53
11.45

0.0600
0.0035

33745.61
40061.56

73805.17
1.00
184842.04
258647.21
0.04

0.04
67075.04

0.0602
100947.93

0.1300
217993.87





