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Properties  improvement  of  paper  mill  sludge  (PMS)  based  granular  activated  carbon  fillers  for  fluidized-
bed bioreactor  (FBBR)  was  investigated  in this  study.  Bentonite  (Na)  powders  were  blended  in the
dewatered  paper  mill  sludge  powders  to  strengthen  the  abrasion  resistance  strength  of  the  fillers.  Dif-
ferent acid  washing  treatments  were  studied  to produce  FBBR  fillers  with  optimum  performance.  The
results indicated  that  granulation  was  easy  and  the  abrasion  resistance  strength  of  the  fillers  increased  by
vailable online 17 September 2011

eywords:
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ranular activated carbon
iller

15% with  8 wt%  of bentonite  (Na)  added.  Acid  washing  treatment  prior  to activation  had  a  better  effect  on
the  removal  of  Fe  than  post-activation  acid  washing  treatment.  HCl  was  the  most  appropriate  acid  during
the acid  washing  treatment.  The  optimum  acid  washing  treatment  was  carried  out  prior  to  activation
with  2  M HCl  soaking  for 6  h.  After  acid  washing  treatment,  the  fillers  with  grain  density  of  1170  kg/m3,
specific  surface  area  of  176  m2/g were  obtained.
cid washing

. Introduction

Fluidized-bed bioreactor (FBBR) is an advanced wastewater
reatment system, which has proven superior to traditional of reac-
ors [1–5]. The FBBR has a variety advantages, such as high biomass
oncentration, very short hydraulic retention time (HRT) with high
reatment efficiency and larger surface area for nutrient transfer
6–8]. It has been successfully applied to the treatment of several
inds of wastewater, such as coke oven wastewater, ammonium-
ich wastewater and phenolic wastewater [9–13]. The selection of
ppropriate fillers is a core issue in FBBR system. Appropriate grain
ensity and developed porous structure are the main characteris-
ics required for the fillers. A variety of support particles have been
sed in the FBBR system such as granular activated carbon (GAC),
and, perlite, zeolite, lava rocks and sponge [14–16].  Among the
articles, GAC with developed porosity is a perfect particle for its
asy fluidization characteristics and suitability for the proliferation
f bacteria. Most of the GAC used as fillers were commercial GAC.
he high cost of granular activated carbon products restricts its
pplication as filler in the fluidized-bed bioreactor.

At present, wood and coal are the most common raw material in

he production of granular activated carbon, but they are expensive,
on-renewable or not readily available [17]. Thus many alternative
aterials are used as the raw materials to produce granular acti-

∗ Corresponding author. Tel.: +86 531 88365258; fax: +86 531 88364513.
E-mail address: qyyue58@yahoo.com.cn (Q. Yue).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

vated carbon, such as oil palm, fruit stones, nutshells, waste walnut
shell and sludge [18–20].  Of the above alternatives, the manufac-
turing of paper mill sludge (PMS) into carbon adsorbents has been
studied by some researchers, such as Bagreev [21]. According to
Khalili [22], ZnCl2 was used in the chemical activation process and
HF was  used to produce pure activated carbon without any min-
eral substrate, but this method involved a high cost and HF was
harmful to the environment. In this study, steam was used in the
physical activation process and HCl washing treatment was used
to improve the characteristics of the PMS-based activation car-
bon fillers for FBBR, which reduced the cost and the environmental
pollution compared to the former.

More and more PMS  are produced with the development of
pulp and paper industry. The PMS  with high contents of organic
components can be used as a raw material in the production of
activated carbon. At the same time, the production of PMS  based
activated carbon solves the problem of sludge treatment. In the
present study, the paper mill sludge based activated carbon was
mostly used as an adsorbent to dispose of the pollutants in the
gas and the wastewater. There is hardly any research on the use
of paper mill sludge-based granular activated carbon as fillers for
FBBR.

In the previous experiment by the author, the preparation
of paper mill sludge-based granular activated carbon fillers for

fluidized-bed bioreactor was  studied. Through steam activation,
granular activated carbon fillers with developed pore structure
were obtained. But there were some problems related to the pro-
duction. There was  a large amount of tiny plant fibers, which

dx.doi.org/10.1016/j.jhazmat.2011.09.050
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:qyyue58@yahoo.com.cn
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mass. It was  found that granulation was  easy when the additive
amount of bentonite (Na) was 8 wt%.

Table 1 presented the comparison of GAC and BGAC. The abra-
sion resistance strength of the fillers also became better with the

Table 1
Comparison of GAC and BGAC.

Abrasion resistance
strength (%)

Ash content (%) Grain density
(kg/m3)

SBET (m2/g)

GAC 84.07 ± 1.25a 73.82 ± 0.26 1340 ± 14 130 ± 7
4 Y. Li et al. / Journal of Hazar

ontributed to the high content of organic components in the dewa-
ered paper mill sludge (DPMS), but the plant fibers caused the poor
iscosity between the DPMS powders. It was difficult to granulate
he DPMS powders into pellets. Even with the above-mentioned
dhesive, the abrasion resistance strength of GAC fillers did not
each a satisfactory level. Meanwhile, the ash content of the PMS
sed in this study was 38.82% with chemical composition of 14.92%
l2O3, 22.08% CaO, 15.35% Fe2O3, a high content Fe, Al and Ca
ere harmful to the propagation of microorganisms and led to the

ncrease of the grain density of the fillers to some extent. Thus, some
easures were needed to solve these problems. In this study, prop-

rty improvement of paper mill sludge-based granular activated
arbon fillers for fluidized-bed bioreactor (FBBR) was  investigated.
entonite (Na) with strong bonding effect was blended in the dewa-
ered paper mill sludge powders to solve the problem that the
ewatered PMS powders were not easily granulated into pellets
uring the granulation process. Different acid washing treatment
ethods were studied to improve the characteristic of FBBR fillers.

. Materials and methods

.1. Production of GAC fillers from paper mill sludge

DPMS was obtained from the biologic treatment of the waste
aters of the mill in Dezhou Chenming Paperboard Factory, Shan-
ong Province, China. The sludge was dried at 105 ◦C for 4 h,
nd then was crushed with an electromagnetic pulverizer to pass
hrough 100 mesh (the diameter of mesh was 0.154 mm). The
rganic material content of the dried paper mill sludge was  58.00%
nd the ash content was 38.63%.

Raw pellets with diameter of 0.4–1.0 mm was produced by a
elletizer (DZ-20 equipment) and 0.5 wt% of polyvinyl alcohol and
.5 wt% of carboxymethylcellulose sodium (NaCMC) mixed solu-
ion was used as the adhesive in the granulation process. Then the
aw pellets were dried at 105 ◦C for 2 h. The raw bentonite used in
his study was Na+-exchanged form of bentonite (Na–bentonite)
btained from Weifang Bentonite Co., Shandong, China, without
ny further purification. It contained about 95% montmorillonite
ith chemical composition of 69.32% SiO2, 14.27% Al2O3, 1.99%
aO, 2.69% MgO, 1.84% Fe2O3, 1.85% Na2O, and 1.38% K2O.

.1.1. The carbonization treatment
The carbonization process was carried out in an electric furnace

KSY-D-16, made in China). The dried raw pellets were sent into the
eated zone of the electric tube furnace and preheated for 50 min
t 450 ◦C. Then the pellets were transferred to an iron sealed con-
ainer until they cooled to room temperature. In the carbonization
rocess, the electric tube furnace was sealed to prevent air infil-
ration. The experiment was conducted in triplicate to obtain three
atches of samples.

.1.2. The activation treatment
The steam activation process was carried out in the same electric

ube furnace. The steam was produced by a steam generator (HY-
-5D). The carbonized pellets were kept in the heated zone at the
emperature of 800 ◦C for 60 min, with a steam flow rate of 6 L/min.
hen the products were transferred to an iron sealed container until
hey cooled to room temperature. The experiment was conducted
n triplicate to obtain three batches of samples.
.2. The acid washing treatment

The acid washing treatment was carried out in a 500 ml  beaker.
n the acid washing treatment, 50 g pellets were placed in the
aterials 197 (2011) 33– 39

beaker with 100 ml  acid solution added. The experiment was  con-
ducted in triplicate to obtain three batches of samples.

2.3. Characterization

The content of ash was measured according to the process as
follows: approximately 1 g of oven-dried sample was  weighed and
placed in a cylindrical silica crucible. The crucible was heated in a
muffle furnace at 815 ◦C for 2 h. The remaining ash was weighed
when the crucible cooled to room temperature in a desiccator. The
ash content was calculated on the basis of the original samples
mass.

Bulk density and grain density were measured in this research.
Before the tests, the samples were settled into an oven (105 ◦C) for
4 h. After cooling down to the room temperature, 100 g of samples
was settled in a measuring cylinder (500 ml)  with certain volume
of water. Grain density of the samples was calculated according to
Eq. (1).

Grain density = Mass of dried pellets
Change of the water volume

Kg m−3 (1)

Fluidization conditions were simulated in a 250 ml  measur-
ing cylinder with a micropore aerator in the bottom and 50 g
fillers were added in the measuring cylinder. The aeration rate was
changed to make the fillers fluidized. After running continuously
for two days, the fillers were removed from the measuring cylinder
and dried in an oven (105 ◦C) for 4 h, then weighted. The abrasion
resistance strength of the fillers was  calculated by using Eq. (2)

Abrasion resistance strength = Mass of dry residual fillers
Mass of the initial fillers

× 100% (2)

The iodine adsorption value was evaluated by Na2S2O3 titration
according to GB/T7702.7-2008 [23].

All the above measurements of each sample were determined
in three replicates.

The surface area of GAC fillers was determined according to the
BET method with nitrogen adsorption/desorption isotherms that
were performed at 77 K using a ST-08A4 (Beijing, China) surface
area analyzer.

The chemical components of GAC fillers were determined by
energy dispersive X-ray fluorescence spectrometer (EDX) and sur-
face physical morphology of GAC was observed by a scanning
microscopy (Hitachi S-520).

3. Results and discussion

3.1. Bentonite (Na) added during the granulation process

To improve the abrasion resistance strength of GAC fillers, ben-
tonite (Na), which had strong bonding effect was  mixed with DPMS
during the granulation process. In this experiment, the additive
amount of bentonite (Na) varied from 2 wt% to 10 wt% of the total
BGAC 95.12 ± 2.10 74.61 ± 0.43 1376 ± 20 122 ± 7

a All experiments were replicated three times and only mean values were pre-
sented. Data were presented as the mean of replicated samples ± standard deviation
(n = 3).
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ment of the BGAC fillers.
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Fig. 1. EDX measure

entonite (Na) added. The abrasion resistance strength of bentonite
Na) with added GAC (BGAC) fillers increased by 15% compared to
he GAC fillers. But with the bentonite (Na) added, there was no
bvious change to the grain density and specific surface area of
GAC compared to GAC.

.2. The acid washing treatment

EDX was a good approximation for the elemental composition
n materials analysis [24]. In this experiment, EDX was  used to
nvestigate the elemental changes of fillers after acid washing treat-

ent. Four to five measurements were conducted to determine the
verage compositions of the BGAC fillers.

Fig. 1 showed the EDX measurement of the BGAC fillers. It could
e found that calcium oxide, aluminum sesquioxide, and silicon
ioxide were the most abundant oxides in the BGAC fillers. The
lemental contents of Fe and Al were at a high level, which were
armful to the propagation of microorganisms. And the leaching
olution of the BGAC fillers was alkalescent due to the high content
f Ca. The inorganic components were removed by the acid washing
reatment and the grain density of the fillers was smaller at the
ame time.

In the previous study, Fitzmorris et al. and Ros et al. have both
nvestigated HCl washing. It could be observed that the BET surface
reas of the fillers increased by HCl washing and the ash contents
ere reduced [25–27].  In this study, in order to obtain fillers with

etter properties for FBBR, acid treatment was used to reduce the
ontent of Fe, Al and Ca and different acid washing treatment meth-
ds were used to investigate the appropriate practices.

.2.1. Acid washing treatment in different processes
In this section, acid washing treatments were carried out prior

o and after the activation stage, respectively. 2 M HCl was used and
he soaking time was set to 6 h. The grain density and the specific
urface area of the BGAC fillers with acid washing treatment were
ested to determine the superior acid washing methods.

Table 2 presented the grain density and the specific surface area

f the fillers with different acid washing processes. As shown in
able 2, the grain density of the BGAC fillers with the acid washing
reatment prior to activation (BGACA) was smaller than the BGAC
llers with post-activation acid washing treatment (BGACB), and

able 2
he grain density, specific surface area and ash content of different fillers.

BGAC BGACA BGACB

Grain density (kg/m3) 1376 ± 20a 1170 ± 35 1240
SBET (m2/g) 122 ± 7 176 ± 8 160
Ash  content (%) 74.61 ± 0.43 69.18 ± 0.064 70.42

a All experiments were replicated three times and only mean values were presented. D
Fig. 2. EDX measurement of the BGACA (a) and BGACB (b) fillers.

the specific surface area of BGACA was  slightly bigger than BGACB.
This difference could be explained by the analysis of EDX.

The EDX measurements of the BGACA and BGACB fillers were
shown in Fig. 2a and b, respectively. During the acid washing treat-
ment, a large amount of Fe, Al and Ca were removed. The acid
washing treatment reduced the inorganic content through releas-
ing the partial dissolution of the inorganic fraction [28].

In the acidic conditions, SiO3
2− reacted with the H+ to generate

H2SiO3 as the reaction product and H2SiO3 was  insoluble in water
(Eq. (3)). In this experiment, there was no visible deposit in the
acid solution after the acid washing treatment. It indicated that
there was no significant removal of silicon during the acid washing
treatment. So the silicon content could be used as a background
value to evaluate the removal efficiency of Ca, Si and Al.

2H+ + SiO3
2− ∼ H2SiO3 (3)

As shown in Table 3, the ratio of Ca:Si and Al:Si in BGACA was
similar to that in BGACB. But the ratio of Si:Fe in BGACA was 10:1.34,

compared to 10:3.30 in BGACB. It proved that the removal efficiency
of Fe in BGACA was much better than BGACB. The temperature
was up to 800 ◦C during the activation process. It was  possible that
Fe was encapsulated by carbon phase and mineral-like compound

 BGACAHCl BGACAH2SO4 BGACAHNO3

 ± 28 1170 ± 35 1430 ± 27 1184 ± 15
 ± 9 176 ± 8 167 ± 5 174 ± 10

 ± 0.14 69.18 ± 0.064 73.82 ± 0.17 68.85 ± 1.43

ata were presented as the mean of replicated samples ± standard deviation (n = 3).
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Table  3
Raito of Si:Ca:Al:Fe of the different fillers.

BGAC BGACA BGACB

Si:Ca 10:(15.32 ± 0.63a) 10:(0.52 ± 0.051) 10:(0.93 ± 0.045)
Si:Al 10:(7.9 ± 0.22) 10:(1.33 ± 0.043) 10:(1.77 ± 0.025)
Si:Fe 10:(9.43 ±0.059) 10:(1.34 ± 0.10) 10:(3.30 ± 0.16)
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Table 4
Ratio of Si:Ca:Al:Fe of the different fillers.

BGACAHCl BGACAH2SO4 BGACAHNO3

Si:Ca 10:0.52 10:14.5 10:0.519
a All experiments were replicated three times and only mean values were pre-
ented. Data were presented as the mean of replicated samples ± standard deviation
n = 3).

ormatted at such a high temperature, which led to the poor
emoval efficiency of Fe in the post activation acid washing treat-
ent [29]. Previous studies also had the same view, but more

xtensive studies need to be done obtain more definite conclusions.
t could be found that the removal efficiency of Fe had little effect on
he specific surface area of BGAC fillers, but the higher Fe removal
fficiency led to the decrease of the density.

The acid washing treatment prior to activation had a better
ffect on the performance of the fillers, so this method was selected.

.2.2. Different acids used in acid washing treatment
Three conventional acids (HCl, H2SO4 and HNO3) were used to

nvestigate the effect of different acids on the acid washing treat-
ent. Table 1 showed the grain density and the specific surface

rea of the BGACA fillers with different acids used in acid washing
reatment. The acid washing treatment was carried out prior to acti-
ation process and 2 M H+ existed in all of the acid solutions (HCl

 M,  H2SO4 1 M,  HNO3 2 M).  As shown in Table 2, the grain den-
ity and the specific surface area were almost the same between
he BGACA fillers with HCl treatment (BGACAHCl) and BGACA fillers
ith HNO3 treatment (BGACAHNO3 ). But a slightly smaller specific

urface area and an obviously increased grain density existed in the

GACA fillers with H2SO4 (BGACAH2SO4 ) compared to the former
wo. This difference could be explained by the analysis of EDX.

Fig. 3 shows the EDX measurements of BGACAHCl, BGACAH2SO4
nd BGACAHNO3 , respectively. As shown in Fig. 3 the residual ratio

ig. 3. EDX measurement of the BGACAHCl (a) and BGACAH2SO4 (b) and BGACAHNO3

c).
Si:Al 10:1.33 10:1.56 10:1.09
Si:Fe 10:1.34 10:3.46 10:2.06

of Ca:Si in BGACAH2SO4 was much bigger than BGACAHCl, and mean-
while the content of sulfur was much bigger in BGACAH2SO4 than the
others. It indicated that HCl and HNO3 had a better Ca removal effi-
ciency than H2SO4. Some white substances appeared in the surface
of BGACAH2SO4 , which was CaSO4 as a reaction product in the acid
washing treatment. CaSO4 was slightly soluble in water and for-
matted precipitation, which caused the obvious increase in grain
density of BGACAH2SO4 . The ash content of BGACAH2SO4 was  bigger
than BGACAHCl and BGACAHNO3 , which also confirmed this point.
On the basis of the above findings, H2SO4 was  inappropriate to be
used in this experiment.

According to Fig. 3 and Table 4, the residual ratio of Si:Ca:Fe:Al
and the grain density and the specific surface area of BGACAHCl
were almost the same as those of BGACAHNO3 . Thus, HCl had almost
the same effect on acid washing treatment as HNO3 with the same
concentration. Taking into account the cost and the impact on the
environment, HCL was  used in the acid washing treatment.

3.2.3. Effect of initial concentration
The effect of initial concentration of HCl in acid washing treat-

ment was  investigated in this section and the HCl solution ranged
from 0 to 3 M (the soaking solution was H2O when the initial con-
centration was 0). The soaking time was  selected as 6 h to make the
reaction complete and the results were shown in Fig. 4.

It was  shown in Fig. 4 that the specific surface area of the
BGACAHCl fillers became bigger with the increase of the initial con-
centration of HCl, while the grain density of the BGACAHCl fillers
showed the opposite trend.

When the initial concentration of HCl was 2 M,  the grain density
of BGACAHCl fillers was 1170 kg/m3. There was  no obvious change
in the grain density of the fillers when the concentration of acid
increased. The low cost of BGACAHCl fillers with PMS as raw mate-
rials was a main advantage compared to the chemical activation
carbon. During the acid washing treatment, higher initial concen-
tration of HCl had a better effect on the specific surface area and the

grain density of the BGACAHCl fillers, but it inevitability increased
the costs. Thus, a balanced initial concentration of HCl should be
adopted.
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When the initial concentration of HCl was 2 M, the specific sur-
ace area of BGACAHCl reached 176 m2/g and most of the Fe and
l were removed. Compared to the perlite with SBET of 7.030 m2/g
sed as fillers in FBBR [14], the BGACAHCl had a much bigger specific
rea than the traditional fillers used in FBBR, and BGACAHCl fillers
ad a suitable grain density for FBBR.

Thus, considering the costs and the effect of acid washing treat-
ent, 2 M HCL was appropriate in the acid washing treatment prior

o activation.

.2.4. Effect of soak time
Experimental series were conducted in order to investigate the

ffect of HCl soaking time on the characteristic of the BGACAHCl
llers. During the experiment, the initial concentration of HCl was
elected as 2 M based on Section 3.2.3. The soaking time varied from

 h to 24 h with a 3-h interval.
Experimental data series were shown in Fig. 5. The grain den-

ity of the BGACAHCl was gradually smaller during the first 9 h, but
here was no more obvious change afterwards. At the same time,
he specific surface area increased in the first 6 h but showed a small
ecline with time. The changes of the grain density were mainly due

o the reduction of the inorganic components, which were removed
n the initial phase. It could be deduced that some organic compo-
ents reacted with the acid solution, which led to the decrease of
he specific surface area of the BGACAHCl fillers [30].

Fig. 6. SEM images of the BGAC (a1 × 1.00k, a2 × 7.00
Fig. 5. Effect of soaking time on the specific surface area and grain density of the
BGACAHCl fillers.

Considering these two  aspects, it could be found that soaking
time of 6 h was  optimum to produce BGACAHCl fillers when the
initial concentration of HCl was  2 M.
3.2.5. The reaction consideration of the acid washing treatment
According to the above discussion, acid washing treatment was

carried out prior to the activation stage with 2 M HCl soaking 6 h.

k) and BGACAHCl (b1 × 1.00k, b2 × 7.00k) fillers.
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Table  5
Comparison of BGACAHCl and GAC fillers.

Grain density (kg/m3) Iodine adsorption
value (mg/g)

SBET (m2/g)

BGACAHCl 1170 ± 35a 218 ± 6 176 ± 8
GAC 1340 ± 14 137 ± 7 130 ± 7
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All experiments were replicated three times and only mean values were pre-
ented. Data were presented as the mean of replicated samples ± standard deviation
n = 3).

The organic components played the most important role in the
evelopment of the pore structures. The ash level neither has an
ffect on the activation process nor on the porous development
nd it only acted as an inert material, which did not contribute to
he porosity [31].

Regardless the impact of ash yield, the specific surface area could
e recalculated by using Eq. (4)

SBET = SBET

1 − ash yield%/100
(4)

According to Table 2, the specific surface area of BGAC and
GACAHCl could be recalculated as 481 m2/g and 572 m2/g, respec-
ively. An obvious increase of recalculated specific surface area
ccurred in the BGACAHCl compared to the untreated BGAC. It indi-
ated that the increase was not only due to the removal of the
norganic matters in the BGAC, but also might be due to the better
ccessibility to the remaining carbon in the carbonized particles.
he reaction between the remaining carbon and the steam easily
ccurred due to removal of the inorganic matters [32].

.3. Characterization of the BGAC fillers with acid washing
reatment

Fig. 6 shows the SEM images of the BGAC fillers and BGACAHCl
llers. As shown in Fig. 6a1 and a2, there was a mass of impuri-
ies filled in the pore structures of the BGAC fillers. Fig. 6b1 and b2
howed the pore structures of the BGACAHCl fillers. The inert mate-
ials between the pore were greatly reduced and the pore structures
ecame well developed in BGACAHCl fillers. The impurities in BGCA
ere inorganic components rich in Fe, Al, Si and Ca, which limited

he development of the pores. After the acid washing treatment,
he impurities reacted with HCl and were removed. In this process,
he reaction between the impurities and HCl led to the formation
f some pores and provided better activation conditions.

During the steam activation, mesopores (2 nm < d < 50 nm)  were
eveloped on the surface and inside the fillers [33–37],  which
as suitable for the proliferation of bacteria and the formation of

iofilm. Iodine number is considered as a simple and quick test
or evaluating the surface area of activated carbon associated with
ores with d > 1 nm,  so it can be used as a reference standard to
valuate the appropriateness of the fillers for FBBR. As presented in
able 5, the iodine number of BGACAHCl was 218 mg/g, which had

 more significant growth than that of GAC fillers (137 mg/g). So
t indicated that BGACAHCl fillers were more appropriate for FBBR
han GAC fillers.

Some characterizations of the GAC and GACAHCl fillers were pre-
ented in Table 5. The GACAHCl fillers were resistant to mechanical
amage [38] and had excellent biomass retention owing to the
xtensive surface area [39] after acid washing treatment.

. Conclusions
In this study, properties improvement of paper mill sludge-
ased granular activated carbon fillers for fluidized-bed bioreactor
FBBR) was investigated.
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(1) The granular activated carbon fillers with 8 wt%  of bentonite
(Na) added had a good performance in the granulation and the
abrasion resistance strength of BGAC fillers increased by 15%
compared to the GAC fillers.

(2) The acid washing treatment prior to activation had a better
effect on the removal of Fe. BGAC fillers with smaller grain
density and higher specific surface area were produced by this
method.

(3) HCl was the most appropriate acid during the acid washing
treatment.

(4) The optimum HCl concentration was  2 M HCl and the soaking
time was  selected as 6 h.

(5) After the acid washing treatment, the grain density, specific sur-
face area and iodine number of BGACAHCl were 1170 kg/m3,
176 m2/g and 218 mg/g, respectively. It had a better perfor-
mance than GAC fillers.
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