Regeneration of Activated Carbons Used
in Waste-Water Treatment by a Moving-Bed

Regenerator

A method was developed for calculating the distributions of weight loss and
temperature of spent activated carbon in a moving-bed regenerator in which the
solid flow was regarded as being plug flow. A kinetic model developed earlier,
which was based on regeneration consisting of many first-order reactions each
with different frequency factors and different activation energies, was success-
fully applied to a design method for the regenerator. The flow pattern of the solid
particles and heat transfer characteristics in a small moving bed were clarified
experimentally, and the information obtained was used to calculate the distribu-
tions of weight loss of the spent carbon and temperature in the moving-bed
regenerator by means of the design method. The calculated results were in fairly
good agreement with the experimental data obtained in a small moving-bed
regenerator. The adsorption capacity of the regenerated carbon was comparable
to or greater than that of the virgin carbon.
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Activated carbon has been used in many adsorption process-
es for removal of toxic substances, recovery of valuable sub-
stances, separation of mixtures, and so on. Recently, the use of
activated carbon in advanced waste-water treatment has at-
tracted attention. For this treatment to be economical, the
spent activated carbon must be repeatedly regenerated and
reused.

The granular activated carbon used in waste-water treat-
ment can be regenerated thermally in a steam atmosphere.
The regenerator used is usually a moving-bed reactor, which
provides uniform regeneration and minimizes the loss due to
abrasion. The spent carbon fed into the regenerator is heated
from room temperature to almost 1,000°C, During the heating

process the spent carbon is regenerated through such reactions
as thermal desorption and pyrolysis of the adsorbates, and
gasification of the carbonized adsorbates and the activated
carbon itself. To design such a moving-bed regenerator, the
kinetics of the thermal regeneration reactions and the heat
transfer characteristics and flow pattern of the solid particles
in the regenerator must be investigated.

This paper aims to present a rational design method for a
moving-bed regenerator in which solid particles descend in a
plug flow, and to examine whether thermal regeneration in
the moving bed effectively restores the adsorption capacity of
the activated carbon.

CONCLUSIONS AND SIGNIFICANCE

A method was developed for calculating the distributions of
temperature and weight loss of spent carbon in a moving-bed
regenerator where the solid flow was assumed to be plug flow.
The kinetics of thermal regeneration was represented by a
distribution curve of the activation energy for pyrolysis and
the rate constant for gasification obtained by measurement of
thermogravimetric curves. The effective thermal conductivity
and the wall heat transfer coefficient were measured for the
same moving bed. The distributions of temperature and
weight loss in the moving-bed regenerator were calculated by
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applying the method developed to the data obtained. The
calculated distributions were in fairly good agreement with
the experimental data, indicating that the method is valid for
the practical design of a thermal regenerator for activated
carbon.

The adsorption capacity of the regenerated carbon was
comparable to or greater than that of the virgin carbon. This
indicated that the activated carbon used in waste-water treat-
ment was efficiently regenerated with steam in the moving-
bed reactor.
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INTRODUCTION

In recent years granular activated carbon has been widely used
for advanced waste-water treatment. Because it is expensive,
activated carbon must be repeatedly regenerated and reused. Of
several regeneration methods, thermal regeneration in a steam
atmosphere is now the most effective for regenerating the acti-
vated carbon used in waste-water treatment.

Several types of regenerators, such as the rotary kiln, the multi-
ple furnace, the moving bed, and the fluidized bed, have been
tested. The moving-bed type has been found to regenerate the
spent carbon uniformly and to minimize the loss of carbeon caused
by abrasion. The spent carbon fed into these regenerators is
heated gradually from room temperature to about 1,000°C. The
thermal regeneration processes in these regenerators consists of a
series of steps: drying (up to 100°C), thermal desorption (110 to
250°C), pyrolysis and carbonization (200 to 650°C), and gasifica-
tion in the high temperature region (650 to 1,000°C). To design
such regenerators rationally, the kinetics of the thermal regenera-
tion and the heat transfer characteristics and flow pattern of the
solid particles in the regenerators should be known. In a previous
paper (Hashimoto et al., 1982) we analyzed thermal regeneration
based on the assumption that it involves many first-order reac-
tions each with a different activation energy and frequency
factor.

In this work the kinetics of thermal regeneration was analyzed
by extending our previously developed model. The flow pattern
of the solid particles was ascertained experimentally to be plug
flow. The effective thermal conductivity and the wall heat trans-
fer coetficient in a small moving bed were measured. These data
were used to calculate the distributions of temperature and
weight loss of the spent carbon in the small moving-bed regenera-
tor, and the predictions were compared with the experimental
data obtained in the same regenerator. Finally, the physical
properties and the adsorption characteristics of the regenerated
carbon were measured to examine whether the regeneration in
the moving-bed reactor was effective.

THE KINETICS OF REGENERATION

The thermal regeneration of spent carbon in a steam atmo-
sphere involves pyrolysis of the adsorbed substances to yield
volatile matter and carbonized adsorbates, and the simultaneous
gasification of both the carbonized adsorbates and the activated
carbon itself. Previously, the authors have analyzed thermal re-
generation involving both pyrolysis and gasification by introduc-
ing a distribution function of the activation energy (Hashimoto et
al., 1982). This method was successfully used to predict the
weight change of activated carbon during thermal regeneration
in a thermobalance reactor. For designing a moving-bed regener-
ator, however, the rates of pyrolysis and gasification must be
known separately, because the temperature distribution in the
moving bed is affected by the heats of reaction, which are differ-
ent for the two reactions. To formulate separately the rates of
pyrolysis and gasification, two additional assumptions were intro-
duced into the earlier model:

1. The gasification rate of the carbonized adsorbate is equal to
that of the activated carbon.

2. The rate of weight change of the sample caused by the
gasification is proportional to the weight of the sample.

The activated carbon used in waste-water treatment usually
adsorbs various kinds of organic substances. It is first assumed
that the jth adsorbate is pyrolyzed to volatile matter and a car-
bonized adsorbate. Then the carbonized adsorbate and the active
carbon react with steam and are gasified. It is further assumed
that the carbonized adsorbate and the activated carbon give the
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same gaseous products. The following reaction stoichiometries
can then be formulated.

Pyrolysis:
Q; - ¢V, + 2
(jth adsorbate)

(volatile matter) (carbonized adsorbate)

Gasification of the carbonized adsorbate and the active carbon:
S, gG )

C - G
{active carbon)  (gaseous products)

®

The reaction between the carbonaceous material and steam is
often represented by first-order kinetics. In this case, the weight
change of each species is represented by

dg -
oy _ 5 (_do; )
dt gy dt

ds;, s dq _

bt FSUAS By n/ ) Eg/RT

dt " g ( T ) koge $; (6)

where the subscript j represents the jth adsorbed substance; the
subscript g represents gasification; q;, vj, and s; represent respec-
tively the weights of Q;, V;, and S; per initial unit weight of the
active carbon; s;* and v;* represent respectively the s; and v;
values at the completion of Reaction 1 in an inert atmosphere; ko
is the frequency factor; E is the activation energy.

Integrating Eq. 4 with the initial condition g; = g at ¢t = 0
gives

¢
4, = gy exp <_k0j L e-E’/RTdt> (7)

Equation 4 is rewritten by use of Eq. 7 as

dq; _ to_
d_tJ = —kye E’/Rquo exp (—kojL e E!/RTdt) 8

The activation energy and frequency factor for pyrolysis differ
for each of the adsorbed substances. The fraction of adsorbates
whose activation energy for pyrolysis lies between E; and E; +
AE is represented by f(E;)AE, namely,

a0 = 4of(E))AE ©

[ " HEME =1 (10)

0

By inserting Eq. 9 into Egs. 7 and 8 and summing up the equa-
tions for all species, the following equations are obtained.

9= 4=4 j “exp (_ko ] t e"”’”dt) AEME  (11)
0

0
dq dg; j ® . —E/RT
—_t = A - — k
dt Z ( dt o Fo
t
X exp (—ko f e‘E/RTdt) AE)E (12)
0
The frequency factor kg was correlated approximately by (Ha-
shimoto et al., 1982)

o= @ exp(BE), « = 1,000s7*, 8 = 0.043 mol/k]  (13)
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By assuming that the ratio v/*/s;* is constant (= v*/s*) irre-
spective of the species, Egs. 5 and 6 can be summed up directly
for all species to give

w-2(@)-ate) o

ds ds, s* dq ~E,/RT

== —L)==(-=1)—k G 15

o= S (@) () e 1
Here it is assumed that gg = s* + 0* based on the stoichiometry of

Eq. 1.
Equation 14 is readily integrated to give

0= 0,="(g— ) (16)

Since Eq. 15 is a differential equation of the type of dy/dx +
Q(x)y = P(x), it can be integrated as

s=Zsj
s* Y _E/RT ]'I:( dq)
="—exp|—k,| e "¢ dt -—
90 P( OgL ) o di

t
X exp (kog] e_EB/RTdt)] dt (17)
o

Thus the weight changes in the adsorbed substances were formu-
lated by Egs. 11, 16, and 17.

Activated carbon itself is also gasified by oxidant, and the
change in the active carbon weight W 4 was represented by first-
order kinetics as

dWA —E /RT
5= koW o (18)
t
W, =W, exp (—kggf e—Es/“Tdt) (19)
0

The total weight of the sample of Wr is obtained from the
definitions of g, s, and v as follows:

Wp=W,+W,g+s) (20)

The change in Wy is also given by use of Eqgs. 14, 15, and 20 as
dt 4% g0 \ dt
Dividing both sides of Eq. 21 by (=W ) gives

) - kOge—Eg/RT<WA T Wyes)  (21)

1 —E4/RT

+ W; koge (W, + Wyes) (22a)

The lefthand side of Eq. 22a represents the apparent rate of
decrease of total solid materials, and is designated by —ry. The
first term on the righthand side corresponds to the overall rate of
pyrolysis; the second term represents the gasification rate of both
carbonized adsorbates and activated carbon. Then Eq. 22a is
simply represented in terms of these reaction rates as

%

—rp=rptrg (22b)
90
where
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_ 1 [dWr
T WT( dt ) (23)
Wao dq
=_40f_ 249 24
"W, ( dt > @4
e = WL kOge_Eg/RT(WA + Wyes) (25)
T

Thus the rates of pyrolysis and gasification were separated.
Equations 11 to 25 indicate that 7p and r¢ can be represented as
functions of ¢, T and Wy when f(E) is determined and the ratio
v*/s* is known. The distribution curve f(E) can be obtained by
analyzing the thermogravimetric curve measured under a con-
stant heating rate in an inert atmosphere. The detailed procedure
to determine f(E) was presented in our previous paper (Hashi-
moto et al., 1982).

DESIGN EQUATION FOR A MOVING-BED REGENERATOR

A cylindrical type of moving-bed regenerator as shown in
Figure 1 was employed. The spent carbon particles fed to the top
of the regenerator descend at a constant linear velocity u, and
come into contact with a countercurrent gas stream while being
heated from the wall. The following assumptions were made in
deriving the design equations:

1. The temperature difference between the solid and the gas is
negligibly small.

2. Both the solid and the gas flows are represented by the plug
flow.

3. The effective radial thermal conductivity k, and the wall
heat transfer coefficient h,, are constant.

4. The amount of gas evolved by the regeneration reaction is
negligible. Therefore the steam pressure in the regenerator re-
mains constant.

With these assumptions the basic equations for a steady state
were derived.

The mass balance equations for the solid and the residual
amount adsorbed g can be represented by use of Egs. 22 and 25 as
follows:

oG *
——L=py(—ry) = (D— rp+ 'c) (26)
0z 4
ogq Gy 9q
G| —H)=—=_"52 [} = 27
AO( bz) 1+ g, <bz Pile @)

where G; is the mass velocity of the solid, subscript b is the packed
density and G4 is the mass velocity of the activated carbon at the
inlet of the regenerator.

The overall heat balance is given by

d(Ge, T 2
_—( p )+ke 9_T+l£
a2 r Or

9z
+p, [.‘éi rp(—AHp) + rc(—AHc)] =0 (28)
0

where AHp and AHg represent respectively the heat of the
pyrolysis reaction to form 1 kg of volatile matter and that of the
gasification reaction per 1 kg of carbon gasified. The term Ge,
represents

G.c (29)

Gey = Geps = Geyg

where ¢y, is the specific heat of the solid, ¢, is the averaged
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PHYSICAL PROPERTIES OF SPENT
ACTIVE CARBON

TABLE 1.

Bulk Density Particle  Particle Pore

of Bed Density Diameter Surface Area
Pb Pp dp Sper

kg/m? kg/m?® m m?/kg
465 751 1.45 X 1073 638 X 10°

specific heat of the gas mixture, and G, is the mass velocity of the
gas.

The boundary conditions for the above equations are given as
follows:

T=Tyr), G =Gzatz=0 (30)

oT _, m_
ko =T T,)

= 7} (T, — T,)/In(Ry/R,) at wall @1)
1
T _jatr=0 (32)
s
T,=T(z)for0<z <L (38)

where R) and R, are respectively the inner and the outer radii of
the regenerator, T, is the inside wall temperature, T, is the

Carbon in

g Thermo-
- couples

Wwater
jacket

Scraper

Batll
valves

Carbon out

Figure 1. The moving-bed regenerator used.
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Figure 2. Detalls of the set of thermocouples and gas inlets.

outside wall temperature, and X is the thermal conductivity in the
wall of the regenerator.

The basic equations were converted to finite-difference equa-
tions by the Crank-Nicolson scheme and solved numerically (see
Appendix). To solve the basic equations the rate of the thermal
regeneration, namely, f(E), ko, and Eg, the effective thermal
conductivity k,, and the wall heat transfer coefficient h,, must be
measured.

EXPERIMENTAL

Spent Activated Carbon

Activated Carbon (Takeda, Japan) used in the waste-water treatment
of a dye works was employed as a sample. The physical properties of the
spent carbon are given in Table 1.
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Figure 3. Thermogravimetric (TG) curve of the spent carbon
measured In a niirogen atmosphere.
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Figure 4. Distribution of activation energy for regeneration in
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Determination of A E), ko, and E,

A thermobalance reactor was used to measure the rate of thermal
regeneration. To obtain the distribution curve of the activation energy
f(E) of pyrolysis, the thermogravimetric curve (TG curve) of the spent
carbon was measured under a constant heating rate of 0.167 K/s in a
nitrogen atmosphere.

To determine kog and E,, a sample consisting of activated carbon and
carbonized adsorbate, which was prepared by heating spent carbon to
1,123 K in a nitrogen atmosphere, was gasified with steam in the thermo-
balance at several constant temperatures between 1,048 and 1,118 K.

Measurement of Solid Particle Flow Pattern

To check if the solid particles descend in a plug flow, the flow pattern
of the solid particles was measured at room temperature. A moving-bed
apparatus made of transparent acrylic resin was used for this measure-
ment. The moving bed was 1.00 m long and could be dismantled into four
sections of lengths 0.40, 0.20, 0.20, and 0.20 m by unfastening the flanges.
Particles of an activated carbon (Calgon Co.) were continuously fed to the
top of the moving bed and discharged onto a turning table at the bottom.
After a steady-state flow was attained, thin layers of tracer particles of
silica alumina were added at the top of the moving bed. When these
tracer particles reached the middle of one of the sections of the moving
bed, the turntable was stopped and the section was removed carefully. A
hot aqueous solution of agar-agar was poured into the section. After
cooling the section in a water bath, the coagulated mass of particles was
withdrawn and sliced vertically to observe the state of the tracer particles.

Measurement of k, and h,,

Figure 1 shows a schematic representation of the apparatus used for
measuring k, and h,, as well as for regenerating the spent carbon.

The reactor (moving bed) was made of stainless steel tube 1.20 m long
and 4.7 X 1072 m LD. The reactor was heated by an electric furnace of
0.80 m long, The furnace was divided into five equal sections, each of
which was connected to a temperature controller, which allowed the
longitudinal temperature distribution of the reactor wall to be changed.

Particles were fed to the top of the moving bed by means of a rotary
feeder. The level of particles was kept constant by maintaining an over-
flow of particles. The descending particles were discharged from the
reactor onto the turntable and, intermittently, to the surroundings by
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Figure 5. Gasification rates of carbonized adsorbates and
active carbon

opening the two ball valves. Nitrogen and steam were fed to three inlets in
the lower part of the moving bed.

The wall temperatures at different axial positions were measured with
11 thermocouples embedded in the reactor wall. Five of these were each
connected to a temperature controller. The radial temperature distribu-
tion at an arbitrary axial position was measured with a set of six thermo-
couples arranged in the shape of a fish spear, which was movable vertical-
ly. Figure 2 shows the details of the set of thermocouples and the gas
inlets.

The radial effective thermal conductivity k, and the wall heat transfer
coefficient h,, were measured at a constant wall temperature of about 673
K. Because it was impossible to keep the wall temperature constant over
the whole length of the reactor, a section 0.2 to 0.3 m in length located in
the middle of the furnace was employed for the measurement, during
which time its wall temperature was kept constant.

Regeneration of Spent Activated Carbon

In commercial moving-bed regenerators the wall temperature usually
varies in the axial direction. To realize this situation in the experimental
reactor, the wall temperature was controlled such that it varied from
room temperature at the top of the reactor to about 1,120 K in the middle,
in line with the temperature distribution in a commercial regenerator
(Loven, 1973).

The temperature distribution throughout the reactor was measured as
follows: The set of thermocouples was first lowered to the lower part of
the reactor and the radial temperatures were measured after the steady
state was attained, normally after 3 to 4 h. Then the thermocouples were
raised by about 0.04 to 0.05 m, and the temperatures were measured
again after 10 min. This procedure was repeated until the thermocouples
reached the top of the reactor. Thus the radial and the axial temperature
distributions throughout the reactor were measured.

The packed density pj, the particle density p,, the true density p,, the
particle diameter dy, the pore surface area Sper, and the pore volume
distribution of the regenerated carbon were measured. The adsorption
isotherm of aqueous p-nitrophenol solution on the regenerated carbon
was also measured to evaluate the degree of regeneration.

RESULTS AND DISCUSSION

Rate of Thermal Regeneration

Figure 3 shows the thermogravimetric (TG) curve of the spent
activated carbon measured in a nitrogen atmosphere at the heat-
ing rate of 0.167 K/s. From this TG curve the distribution curve
of the activation energy f(E) for pyrolysis was obtained, as shown
in Figure 4. The distribution curve f(E) covers the range of E =
50 to 200 kJ/mol. This indicates that various substances were
adsorbed on the spent activated carbon.

Gasification rates were measured at the steam pressure, Piy,0,
of 5.07 X 10 and 2.79 X 10% Pa. Figure 5 shows the changes in the
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Figure 6. Arrhenlus plot of the gaslfication rate constants.

relative weight of the activated carbon and carbonized adsor-
bates owing to gasification at temperatures of 1,079, 1,094, and
1,118 K. It reveals that the rate of weight decrease is proportional
to the weight of the sample, which supports the assumption made
in developing the rate equation.

To derive the design equation, the steam pressure in the mov-
ing bed was assumed to be constant, as stated earlier. This means
that kg is constant under given experimental conditions. To
apply the design equation to a wide range of experimental condi-
tions, however, the dependency of ko, on steam pressure, Py,0,
should be formulated. The method of least squares was used to
derive the following equation, although ko, was measured only at
two different steam pressures.

kog = 1.36 X 104(Py 5)°™[s™] (34)

The activation energy E, was obtained simultaneousty by the

method of least squares as

E, = 2.48 X 10°[J/mol] (35)

Figure 6 shows an Arrhenius plot of the experimental data and
the line calculated by use of ko, and E, thus obtained. It is evident
that this steam pressure dependency of kogand the value of E are
reasonable.

-

77 60 43

ELAPSED TIME (min)

Figure 7. Tracer particles within the moving bed of carbon
particles at different residence times.
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TABLE 2. EXPERIMENTAL CONDITIONS AND RESULTS OF HEAT

TRANSFER EXPERIMENTS
Proo Gg G, Tw ke hep
Run Pa kg/m?h kg/m%h K W/mK W/m2K
Hl 507 X104 107 536 674  0.297 49.4
H2 5.07 X104 92.2 598 678  0.195 63.1
H4 279X 10* 156 528 677  0.169 28.6

Flow Pattern of Solid Particles

Figure 7 is a photograph of the tracer particles within the
carbon particles at three different residence times. The tracer
particles hardly diffuse from the flat layers formed at the top of
the moving bed. This indicates that the assumption of the plug
flow is valid for the particles in the regenerator.

Effective Radlal Thermal Conductivity k, and Wall Heat Transter
Coefficient h,,

Based on similar assumptions to those employed for developing
the design equations, an equation representing the temperature
distributions in a moving bed which is heated from the wall of

constant temperature T, is given elsewhere (Carslaw and Jaeger,
1959) as follows:

T _22 —Kax hz

njo(any
+ a2) ]o(“ )]

1
X L YITo() = T lloens)dy  (36)

1T 1T 1T T T T T
z2/R =777 6.04 4.98
400 >

3 380

T

1.49

Z/R] j
7-77
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———— Calculated
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Figure 8. Temperature distributions calculated by use of k,

and h,, and experimental data (run H1).

December, 1985 Page 1991



TABLE 3. EXPERIMENTAL CONDITIONS FOR
THERMAL REGENERATION

P H20 cg GsO
Run Pa kg/m2h kg/m?%h
1 5.07 X 104 107 536
2 5.07 X 10* 92.2 598
3 5.07 X 10* 107 536
4 2.79 X 10* 156 528

where Jyand ], represent the Bessel functions of the Oth and first
orders, respectively. The dimensionless parameters including k,
and h,, are defined by

k= k,/(GyCpy — Gglpp) (37)
h=nh,R /k, (38)

The dimensionless axial length x and radial position y are defined
as x = z/R; and y = r/R), respectively. Ty(y) represents the
temperature distribution at the solid inlet (z = 0), and «,, is the
nth positive root of the following transcendental equation

a,J\(a,) = hjfa,) (39)

When «x > 0.2, the infinite series in Eq. 36 is approximated by
the first term, and Eq. 36 reduces to

T —T, = 2Ke ™% “_ﬂi"ﬁlo("‘i)z “0)
(h2+ a%)”{)(al)]
where
1
K= f W{Tow) = Tullolaw)dy (41)
Tl Jo
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Figure 9a. Predicted radial distributions of temperature and
experimental data (run 1)
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The values of k, and h,, were determined so that the tempera-
ture distributions calculated by Eqs. 40 and 41 might fit those
obtained experimentally. The heat capacity of the activated car-
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Figure 10a. Predicted radial distributions of temperature and
experimental data (run 2).
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bon ¢; was set at 1.2 k] /kg-K for the simulation. The experimental
conditions and the determined k, and h,, values are given in
Table 2. The requirement for Eq. 40 to be valid (kx > 0.2) was

T T T T
——— Measured

—— Calculated

900
800

:J 700

[

T
wn [e2]
[®)] o
o o

n
Q
(@]

Temperature,

300

/R

o 0

200'— A |06 085 -0
1 1 | | ]
02 03 04 05 06 07 08

z {m]
Figure 11. Predicted axial distributions of T, ps, and g, and
experimental data (run 3).
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Figure 12. Predicted axial distributions of T, p,, and g, and
experimental data (run 4).

satisfied under the experimental conditions employed in this
work.

Figure 8 shows a comparison of the temperature distributions
calculated by use of the determined k. and k,, and the experimen-
tal data. The good agreement indicates that k, and h, were
correctly estimated.

Distribution of Weight Loss and Temperature in the Moving-Bed
Regenerator

Spent activated carbon was regenerated under four sets of
experimental conditions, which are given in Table 3. The tem-
perature distribution in the moving bed was measured in detail.
The packed density of the regenerated carbon was also measured.
Its value relative to that of the spent carbon pp/pyg, which is listed
for each run in the table, corresponds to G,/ Gy at the exit of the
moving bed, because the particle diameter changes little during
regeneration, as shown later.

The distributions of temperature, relative weight of spent car-
bon py/ pyo, and relative amount of residual adsorbate g/qq, were
calculated for each of the experimental conditions by use of the
rate data for thermal regeneration and &, and h,, obtained in the
previous sections.

The heat of gasification, AH¢, was equated to 7,500 k] /kg by
assuming that the overall gasification reaction is represented by

C + 2H,0 — CO, + 2H, (42)

The heat of pyrolysis, AHp, was not measured but was taken to be
420 k] /kg based on the work of Suzuki et al. (1978). They evalu-
ated the heats of adsorption of 13 organic substances on an
activated carbon at 38 to 146 kcal/kg. Therefore, AHp was as-
sumed to be 100 kcal/kg = 420 k] /kg.

The effect of the ratio s*/v* on the calculated results was
examined beforehand. No significant difference was found be-
tween calculated results even when the ratio was changed from 0
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TABLE 4. CHANGES IN THE PHYSICAL PROPERTIES
OF CARBON THROUGH REGENERATION

Pb Pp P d, X 10°  SpprXx 1075

Sample kg/m® kg/m® kg/m? m m?/kg
Virgin 451 812 1,730 1.58 9.61
Spent 465 751 — 1.45 6.38
Regenerated

Run 1 432 719 1,650 1.46 8.11

Run 2 422 712 1,620 1.44 8.12

Run 3 421 689 — — 8.17

Run 4 435 691 1,690 1.42 8.52

to 0.5. This is because the gasification rate was very small under
the experimental conditions employed in this work. The ratio
§*/v* for such organic substances as sucrose (Chihara et al,
1981), dodecylbenzenesulfonate (Hashimoto et al., 1982) and p-
nitrophenol are around 0.1 to 0.4. The ratio for p-nitrophenol was
determined in this work by measuring the TG curve of an activat-
ed carbon on which it was adsorbed. The ratio was assumed to be
0.25 for the calculation in this work, though the calculated results
vary little when the ratio lies between 0 and 0.5.

Figures 9a and 10a show the radial temperature distributions
for runs 1 and 2, respectively. Figures 9b, 10b, 11 and 12 show the
axial distributions of temperature, relative weight of spent car-
bon py/ pro, and relative amount of residual adsorbate g/qy, for all
runs. The values of p;, and ¢ were obtained by averaging pj, and g
over the radial direction in the regenerator. In these figures the
broken lines show the wall temperature distributions, which were
regulated by five temperature controllers. In each run fairly good
agreement was obtained between the calculated and experimen-
tally measured temperature distributions. The slight discrepan-
cies where the temperatures reached maxima are probably due to
the neglect of evolved gases in developing the design equations.
In each figure the calculated py/ppo value at the outlet is also
compared with the experimental value, which is shown by the
closed circle. These values are also in fairly good agreement.
These facts indicate that the temperature distribution in the
moving bed and the weight loss of the regenerated carbon can be
predicted well by the presented method.

Changes in Properties of Carbon Through Regeneration

Table 4 gives the packed density pp, the particle density p,, the
true density p, the particle diameter d,, and the pore surface area
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Figure 13. Pore volume distribution curves for spent and
regenerated carbons.
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Figure 14. Adsorption isotherms of aqueous p-nitrophenol
solution on virgin and regenerated carbons.

Szt of the virgin, the spent, and the regenerated carbons. Since
the spent activated carbon had been repeatedly used and regen-
erated, it differed greatly in such properties as particle density
and particle diameter from the virgin carbon. This renders com-
parisons of the physical properties of the virgin and regenerated
carbons meaningless. Therefore the spent and regenerated car-
bons were compared. The packed density and the particle densi-
ty decreased through regeneration, whereas the particle diame-
ter was almost unchanged. This seems to indicate that the ad-
sorbed substances are preferentially removed through
regeneration. The pore surface area increased considerably dur-
ing regeneration.

Figure 13 shows the pore volume distribution curves for spent
and regenerated carbons (runs 1, 2). It demonstrates that the pore
volume is restored over the whole range of pore radii by the
regenerating method employed in this work.

Finally, the adsorption isotherms of aqueous p-nitrophenol
solution on the virgin and regenerated carbons were measured.
The results are given in Figure 14. In all but run 4, the adsorption
capacity of regenerated carbon is comparable to or greater than
that of the virgin carbon.

These findings indicate that the regenerating method effec-
tively removes the adsorbed substances without changing the
particle diameter, and restores the adsorption capacity.
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NOTATION
C., = equilibrium concentration of p-nitrophenol, kg/m?
Cp = averaged specific heat defined by Eq. 29, J/kg-K

averaged specific heat of gas, J/kg:K

Cps = specific heat of solid, J/kg-K

particle diameter, m

= activation energy, J/mol, k] /mol

distribution curve of activation energy, mol/J, mol/kJ
mass velocity defined by Eq. 29, kg/m?h, kg/m?-s
mass velocity of gas, kg/m2h, kg/m?s

mass velocity of solid, kg/m2h, kg/m?2-s
dimensionless parameter defined by Eq. 37

wall heat transfer coefficient, W/m2.K

= dimensionless term defined by Eq. 41
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k. = effective radial thermal conductivity, W/m-K

ko = frequency factor, s}

q = amount of residual adsorbate per initial unit weight of
active carbon, kg/kg

q = q value averaged over radial direction in the moving-
bed regenerator, kg/kg

R = gas constant, 8.314 J/mol-K

R; = inner radius of the moving-bed regenerator, m

Ry = outer radius of the moving-bed regenerator, m

r = radial position in the moving bed, m

re = overall rate of gasification per unit weight of sample,
kg/kges

p = overall rate of pyrolysis per unit weight of sample,
kg/kg:s

T = gverall rate of weight decrease per unit weight of sam-

ple, kg/kg-s

Sper = pore surface area of active carbon, m?/kg

s = weight of the carbonized adsorbate per initial unit
weight of active carbon, kg/kg

s* = s value at the completion of carbonization, kg/kg

T = temperature, K, °C

T, = temperature at outer wall, K, °C

T, = temperature at inner wall, X, °C

t = time, s, h

U = linear velocity of solid, m/s, m/h

\% = pore volume of active carbon, m3/kg

v = weight of volatile matter per initial unit weight of ac-

tive carbon, kg/kg

o* = weight of volatile matter evolved at the completion of
pyrolysis, kg/kg

W, = weight of active carbon, kg

Wr = total weight of sample, kg

z = axial position in the moving bed (measured from the top
of the furnace), m

Greek Letters

o = constant in Eq. 12, s7!

B = constant in Eq. 13, mol/J, mol/k]

AHg = heat of reaction of the gasification reaction per 1 kg of
carbon gasified, J /kg, k] /kg

AHp = heat of reaction of the pyrolysis reaction to form 1 kg of
volatile matter, J/kg, kJ/kg

K = dimensionless parameter defined by Eq. 37

A = thermal conductivity in the wall of the moving bed
regenerator, W/m-K

£ = pore radius of active carbon, nm

b = bulk density of bed, kg/m?®

b = pp value averaged over radial direction in the moving-
bed regenerator, kg/m?

Pp = particle density, kg/m?

o = true density of the particle, kg/m?

®; = stoichiometric coefficient of the pyrolysis reaction

¥; = stoichiometric coefficient of the pyrolysis reaction

Subscripts

j = jth species of adsorbed substances

g = gasification

0 = initial value, value at the entrance of the moving bed

APPENDIX: METHOD OF SOLVING DESIGN EQUATIONS
To convert Eqgs. 26-33 into finite difference equations, the

indexes and increments in the radial and the axial directions in
the moving-bed regenerator were chosen as follows:

AIChE Joumal (Vol. 31, No. 12)

1. Radial direction: The index was represented by m =
0,1,2,. .., M. Here M = 20, namely Ar = 0.00235 m.

2. Axial direction: The index wasn = 0,1,2, . . . and the incre-
ment Az was chosen as 0.008 m.

Equation 28 was approximated by the following equation at m
=mandn=n+1/2.

~(Ge)n 2L 4k aT+l£ +5,=0 (Al
oz myﬂ+§ br r Or m,n+% av

where the subscript av indicates the averaged value between n
and (n + 1)th levels and the term §,, was equated to

o* og
8, =—Gul——) (—AH
av % A0 ( dz )av ( P)

kog -
+ g, EG/RT“K

GA>av + GAOsav] (A2)

s

By applying the Crank-Nicolson implicit formula, Egs. Al, 31,
and 32 were reduced to finite-difference equations as

=2+ Y Ton1 + 2T an

Az

8
(

) av

) m+1n+l1

= (2 - ‘yav)TOn 2T1n Yav =0 (AS)

Ge
1 1
E (1 - %)Tm—l,rﬁl =L+ 9,7, mat1 T <

1 1
= E (1 - EE) Tm—l,n + (l - ‘Yav)Tm,n -

— Az -
av (ch)av av (A4)
m=12 ... M-1)
”2—11\7
T —11+y+ —IT
M~1n+1 Y By(A, + 1) ma+l
1+ 511\7
= - +|1l=-y+—""—|T
Th-1n T Ba, )| M
1
1+ —
2M Az
BO(AO + 1)( s,ntl s,n) Yav (ch)av av ( )
where

Ge,), (An?

Y = ol (46)
kAz

h R R
Ap=—2Ln 2 (AT)

A R,

ke

B,= AR (A8)

The terms (—dq/dz)ay, {Ga)ay, and s,y in 8,, were represented

by

~9q = —E/RT,,
( az)av 2u, f koe (B u(E) + @, nr (ENF(E)E
(A9)
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1
(GA)av = GAO exp I:— E tXm,n + Xm,ﬂ+1)] (AlO)
Sav = % (Smn + Smns1) (All)
where
k. rz
P o(E) = exp (— = f e‘E/Rsz) (A12)
| us 0
ko (% _
X = —2 J e " dy (A13)
i §
%*
Smn = = XD~ X Wimn (Al4)
4}
Vmn = J exp[x(.2)] (- —gﬂ)dz (A15)
0 ¥4

The values of ®(E), x, s, and ¢ at n = n + 1 were calculated by

ky -
Q'm,rﬂ-l(E) = q’m,n(E) exp (_ 1,70 € E/RT“AZ) (A16)
]
[
Xm,n+1 = Xm,n + ;Og_ € EK/RT“AZ (A17)
(]

*
sm,n+l = :_ exp(—xm,n+l)‘pm,n+l (Als)

0

1 o]
\l/m,n+1 = \I/m,n + €Xp I:E (Xm,n + Xm.n+1)] (_ .b—(z]) Az (Alg)

By using Eqs. A9 to A19 the terms (—3q/z).y (G4)ay, and s,y
can be calculated when T, and the value of each term at n level

Page 1996 December, 1985

are known. The values of g and G, at the n + 1 level can be
calculated from

oq
Gt = Gnn (5;>“Az (A20)
(Cmnts = (GA)m,rH-l + CAO(Sm,n+] + qm,n+l) (A21)

The procedure for solving these equations can be summarized
as follows.

1. Assume Tpyp41 €quals Ty .

2. Caleulate Ty by Tay = (Trn + Tp+1)/2-

3. Calculate 8,, through Egs. A2 and A9 to A19.

4. Calculate (Gcyp),y by use of Eqs. 29 and A21.

5. Equations A3 to A5 constitute a tridiagonal form of simulta-
neous linear equations of dimension M + 1. These equations can
be solved to obtain Ty, ,41(m = 0, 1,...,M) by an appropriate
method. Here, the so-called Thomas method was employed.

6. Repeat steps 2 to 5 by use of the determined T, 4 until
T m.n+1 converges within allowable error.

7. Continue steps 1 to 6 until the exit of the moving bed.
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