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Abstract

FeGAC/HO, process was developed and employed in this research for the treatment of acid back 24. The removal efficiencies of five
treatment processes (GAC, FeGAG® GAC/H,0,, and FeGAC/HO,) were studied in this research. The adsorption capacity of granular
activated carbon (GAC) was greatly improved by the coating of iron oxide on GAC surface (FeGAC). The preses0g sifjhificantly
improved the removal abilities of FeGAC and GAC. For instance, at solution pH 2, the removal efficiency of FeGAGHC/H,0,, H,O,,

FeGAC, and GAC were 76, 74,59, 11, and 7%, respectively. The possible removal mechanisms of &l peess were proposed in this
research. When treating the actual dye contaminated wastewater, the removal efficiencies of L&z AGdBE AC/H O, were approximately
six times greater than that of,®, process.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction contents from wastewater, however, the removal of color
to the desired level remained difficult. Chemical coagula-

Dyeing and finishing processes in textile industries pro- tion process removes dye reasonably well, but produces
duce large volumes of wastewater. The removal of dyes froma large amount of sludg¢?]. Similarly, activated car-
industrial effluent is a major concern in the textile indus- bons can remove dye from wastewater effectively; how-
try, with the increase in stringent legislation. For example, to ever, the cost of activated carbons and subsequent treatment
comply with Taiwan’s environmental regulations, wastewater of spent carbons is expensiy&,3—-6] Therefore, a num-
that is produced from dye manufacturers and dyeing indus- ber of researchers tried to employ various processes, such
tries has to adhere to COD < 100 mg/L and ADMI (American as Fenton reactiofv,8], TiO2/UV [9,10], UV/H,0, [11],
Dye Manufacturers Institute) colour value <550. Colour in and HO,/UV/Fe?* [12] processes to treat dye-contaminated
dyeing wastewater is the most noticeable contaminant even awvastewater with fairy well removal efficiencies. However,
very low concentrationd]. Due to the difficulty of removing  the production of large amounts of sludge occurred in these
colour from wastewater, the present standard was modifiedprocesses, and this resulted in high disposal cost in Tai-
from 1998s ADMI colour value <400. Even with the present wan. Therefore, more efficient and economical technolo-
standard (ADMI colour value <550), many manufacturers gies with which to treat dye-contaminated wastewater are
still had difficulty in complying with this regulation. required.

Current treatment methods, such as biological processes, The purpose of this research is to develop an alterna-
were commonly employed in the industry to remove organic tive treatment process (FeGAG/H,) to overcome the

limitations cited above and to solve the obstacles that

mpondmg author. Tel.: +886 4 26318652x4105: Taiwan’s dyeing industries are curren.tly encountering. The
fax: +886 4 26525245, FeGAC/HO, processes developed in this research was

E-mail address: fan@sunrise.hk.edu.tw (H.-J. Fan). tried to combine both advantages of iron oxide coated
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granular activated carbon (FeGAC) and®4. FeGAC Table 1
has high adsorption Capacity of dyes due to GAC surface Experimental condition for the various treatment processes for the removal
and the coating of iron oxides. In addition, the oxidation °facidblack24

ability of H,O, was enhanced by the catalytic properties Process Test conditions

of FeGAC. GAC(g/L) FeGAC(g/L) HO, (mL/L) pH
(1) GAC 2 - - 2,4,6
(2) FeGAC - 2 - 2,4,6

2. Experimental (3) H202 - - 0.1 2,4,6
(4) GACIH0, 2 - 0.1 2,4,6
(5) FeGACIHO, - 2 0.1 2,4,6

Hydrogen peroxide (35%) and acid black 24 (C.l. No.
26370, GgH23NsNap0sS,) were purchased from Fluka Dye initial concentration =120 mg/L, contact time 3 h.
Chemical Co. and Aldrich Chemical Co., respectively. Acid
black 24 was not purified prior to use. Dye concentra- Mg of dye adsorbed/g of absorbent) was determined using
tion was measured at 572nm through spectrophotometricthe following relationships:
method (Hitachi U-2000). Granular activated carbon (GAC) %
employed herein was from Calgon Carbon Corporation Adsorption capacity, ge = (Ci — Ct) x — 1)
(F400), which was provided courtesy of the manufacturer. m
F400 had a total N2 BET surface area of 800-96fynan where C; and C; are the initial and final concentrations of
apparent bulk density of 0.54 g/éma particle density of  dye, respectivelyy the reaction volume, and the mass of
0.78 g/cnd, and a pore volume fraction of 0.82. Prior to use adsorbent added (GAC or FeGAC).
in this study the GAC was sieved between 425 and 600 mm,
baked in an oven at 20@ for 2 days, and washed several 2.2. Treatment efficiency
times with deionized water via tumbling in a roller for a day.
This GAC slurry was filtered, dried completely inanovenat  The removal efficiencies of five treatment processes
110°C, cooled in adesiccator, and stored at room temperature(GAC, FeGAC, B0, GAC/H,02, and FeGAC/HO,) were
in a covered glass container until further use. All the other studied in this research in a batch reactor. A known amount
chemicals used in this study were reagent grade and doubleof adsorbent (GAC or FeGAC) and/orpB, was added into
distilled water was employed for preparing all the solutions a sealed 1L reactor filled with known concentrations of dye

and reagents. wastewater with the pH adjusted to the desired value. Samples
The iron oxide coated granular activated carbon (FeGAC) were collected and analyzed at predetermined time frames.
was prepared as follows. A known amount of Fe@\§3olid The various experimental conditions are givenTable 1

was dissolved in deionized water, then mixed with GAC. The Blanks containing no GAC or FeGAC were used for each

applied iron dosage in this research was about 40 mg Fe(lll)/g series of experiments as controls.

GAC. This suspension was mixed for 12 h before dried in an

oven at 90C for 3 days. The resulting mixture was cooled

to room temperature, and washed several times with double3. Results and discussion

distilled water to remove detachable iron oxide. The resulting

FeGAC composite adsorbent was dried in the oven atC05  3.1. Adsorption capacity

foranother 3 days and stored at room temperature in a covered

glass container until needed. To better understand the adsorption properties of the
The amount of Fe oxide coating on the FeGAC surface FeGAC, the adsorption isotherms studies were performed in

was measured by extracting the composite FeGAC in a boil- this work. The adsorption capacities of GAC and FeGAC

ing, concentrated (10%) HN{solution for 12 h. The total ~ were investigated at three different solution pHs in this

iron in the extraction solution was measured by flame atomic research. The amount of Fe oxide coating on the FeGAC

absorption spectrophotometry (AAS). surface was approximately 37 mg Fe/g of GAC. The experi-
mental results of GAC and FeGAC are showrkig. la and
2.1. Adsorption isotherm studies b, respectively. Comparing with adsorption onto uncoated

GAC, the Fe oxide coating on GAC significantly increased

Adsorption capacities of FeGAC and GAC were deter- adsorption capacities of acid black 24. The experimental
mined from adsorption isotherm tests. A known amount of results indicated that the adsorption capacities of GAC and

adsorbent was added into a series of 250 mL bottles that con-eGAC were greatly influenced by solution pH as well. In
tained known concentrations of dyes adjusted to desired pHgeneral, the adsorption capacities of GAC and FeGAC were
values (pH 2, 4, and 6). These bottles were rotated for 5 daysboth increased with decreasing solution pH as shown in
in a shaker and pH was repeatedly adjusted to the desired pH-ig. 1a and b, respectively. This was probably due to the neg-
value throughout the experimental period by adding either ative charge of acid black 24. Because at lower pH solution,
1M HNOj3 or 1 M NaOH solution. Adsorption capacity the surface of GAC had more positive adsorption sites that
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Fig. 1. The adsorption capacities of acid black 24 onto (a) GAC and (b) FeGAC at various initial pH.

could attract negative adsorbate. For example, the adsorptiorimum surface coverage corresponding to complete mono-
capacities of GAC at pH 6, 4, and 2 were about 40, 52, and layer coverage (mg adsorbate/g adsorbentlie Langmuir
62 mg/g, respectively, as indicatedrig. 1. The adsorption isotherm constant related to the enthalpy of adsorpticthg
capacities of FeGAC were approximately 60, 80, 120 mg/g at concentrations of dye in solution (mg/djm
solution pH 6, 4, and 2, respectively. Similar observationwas  Isotherm constants, n, Qp, andb, were estimated by
reported by Al-Dges et a]1]. The author studied the adsorp- fitting a set of experimental data to isotherm models (Egs.
tion of methylene blue dye (cationic dye) on to GAC. The (2) and (3) by using nonlinear regression meth@dis].
author indicated that the adsorption capacity of cationic dye  Parameters for both isotherms are showiiable 2 The
was increased with increasing pH due to the negative chargeLangmuir isotherms with highet? (between 0.96 and 0.99)
carboxylate anionic surface functional groups on carbon sur- seemed to better describe both GAC and FeGAC adsorption
face. On the other hand, the negative charge of anionic dyebehaviours than Freundlich isotherms dif petween 0.90
would be attracted to the adsorbent surface at low pH. and 0.98). These results could be further demonstrated in
The capacity of an adsorbent can usually be describedFig. 2 The Langmuir isotherms for both GAC and FeGAC
using an adsorption isotherm, which is an expression of dis- were better fit the experimental data at pH ranged tested (2, 4,
tribution of an adsorbate between the adsorbed phase and thand 6). In general, Freundlich isotherms were under predicted
solute phase under equilibrium conditions and constant tem-the adsorption capacities at low solution dye concentration
perature. Two commonly used adsorption isotherms are theranges and over predicted the adsorption capacities at the
Freundlich and Langmuir isotherms were employed in this higher dye concentrations. This result indicated that the dye
researchl13,14] adsorbed onto GAC and FeGAC were likely monolayer. The
The Freundlich isotherm assumes that adsorption is a
physical process and has the form:

Table 2
The Freundlich and Langmuir parameters of adsorption isotherms for acid

_ n
q=KC (2) black 24 at various pH
wherek is the Freundlich isotherm constant ((#mg)"); C Parameter  Adsorbent
the concentrations of dye in solution (mg/mn the Fre- GAC FeGAC
undlich isotherm exponent (dimensionlesg)the surface oH6 oH4  pH2 oH6 oH4  pH2
concentration (mg adsorbate/g adsorbent). _

The Langmuir isotherm was derived assuming a mono- " "eundlich 1591 2136 3016 3109 3045 4019
layer adsorption with a constant adsorption energy and adsor- , 461 490 579 648 451 4.08
bate that will not migrate on adsorbent surfaces. R2a 0.91 0.97 0.98 0.98 0.95 0.90

QobC Langmuir
q= 3) 0o 4511 59.82 7139 6174 9550  151.29
1+56C
b 0.18 0.15 0.14 0.36 0.09 0.07
R? 0.98 0.97 0.96 0.97 0.99 0.96

wheregq is the surface concentration (mg adsorbate/g adsor-
bent); Qo the Langmuir isotherm constant related to a max-

a R2: Correlation coefficient.
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Fig. 2. Adsorption isotherms of acid black 24 onto GAC and FeGAC at various pH: (a) GAC pH 6; (b) GAC pH 4; (c) GAC pH 2; (d) FeGAC pH 6; (e) FeGAC
pH 4; (f) FeGAC pH 2.
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Qo obtained in Langmuir isotherms indicated the maximum 1.0 95

UU <]
adsorption capacities of the GAC at pH 6, 4, 2 were about *t s T o . . GAC
45, 60, and 71 mg/g, respectively, and the maximum adsorp- 08 o FeGAC
tion capacities of FeGAC at pH 6, 4, 2 were about 62, 95, v H0e
: v GAC/H202

151 mg/g, respectively. s . FeGAGHzO2

O
3.2. Removal efficiency 8

04{vvwrw v A v v v
Five treatment processes (namely, GAC, FeGAD} Tov

GAC/H,05, and FeGAC/HO,) were investigated in this 02 L T
researchFig. 3a, b and c depict results of treating acid black
24 with these five treatment processes at initial pH 2, 4, and 0o

6, respectively. 0 20 40 60 80 100 120 140 160 180 200
3.2.1. Solution pH 6 (a) Time (min)

At solution pH 6, the removal efficiency sequence 10goee—es—e oo e
was FeGAC/HO;>FeGAC >GAC =GAC/HO; > H»0,. o & . GAC
At the end of 180 min of reaction time, the removal efficien- - ° o °o o o FeGAG
cies were approximately 60, 30, 15, 15, and Fig( ). ¢ v Hz02
Experimental results indicate that&, alone could only N S:gﬁgim
remove 5% of acid black 24. However, both GAC and 061, Y MR
GAC/H202 could remove roughly 15% of dye, which was
much less than either FeGAG/B, (60%) or FeGAC (30%) 0.4
removed. This indicated that within a neutral pH, the GAC
was not an appropriate catalyst forn®. The removal
efficiency of FeGAC/HO;, was two times higher than the
removal efficiency of FeGAC. Thus, FeGAC could catalyze
the oxidation of HO, and produce higher removal rates. 0.0
Furthermore, the removal efficiency of FeGAGMB) was
approximately four times faster than that of the GA@IH (b) Time (min)
process. The superior removal by FeGAQDH processes 1.0
was probably due to the catalytic reaction between coated °fE ¢ 4 Y Y v

; e * GAC
irons and HO.. 0 Y ' o FeGAG

0.8 o
° o v H202
© o v GAC/H202
= FeGAC/Hz02

44
44
4
<
<

C/Co
-

0.2

0O 20 40 60 80 100 120 140 160 180 200

3.2.2. Solution pH 4
When the solution pH decreased from 6 to 4, the 061
removal efficiency sequence was modified slightly, as fol-
lows: FEGAC/HO;2>H20,>GAC/H,02 > FeGAC > GAC 04| R R .
with discoloration removal efficiencies of 56, 43, 37, 18, and
13%, respectivelyHig. 3). FeGAC/HO, remained the best
method among these five processes. In terms of removal effi-
ciency HO,, GAC/H,O, and FeGAC are second, third and
fourth, respectively. BO, was more reactive at lower pH. 0.0

C/Co

0 20 40 60 80 100 120 140 160 180 200
3.2.3. Solution pH 2 (c) Time (min)

At pH 2, the removal efficiency sequence was altered
again. That is, the removal efficiencies for FeGAQIH,
GAC/H202, H202, FEGAC and GAC were 78, 74, 59, 11,
and 7, respectivelyHig. 3a). The catalytic property of GAC
was more significant in the lower pH ranges, which, due to ciencies for these processes under various solution pH. When
the acidic solution of the actual wastewater’s pH, benefited solution pH decreased from 6 to 2 following 3 h of reac-

Fig. 3. Removal of acid black 24 for various treatment processes at various
initial pH: (a) pH 2; (b) pH 4; (c) pH 6.

the GAC/HO; process. tion time, the removal efficiencies of GAC4B, increased
from 14 to 74%. Similarly, when pH decreased from 6 to
3.2.4. Effects of solution pH 2, the removal efficiency of FeGACHD, increased from

Solution pH was one of the major factors that affected the 62 to 78%. Among the five processes investigated herein,
final treatment resultdzig. 4 summarized the removal effi- FeGAC/HO2 had the best removal efficiency. Solution pH
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100 high pH, FeGAC/HO> could effectively remove dye from
e GAC wastewater. For example, at pH 6, the initial reaction rate of
O FeGAG FeGAC/HO, was 3, 10, and 13 times higher than FeGAC,
80 | —v— H202 GAC/H202, and H O, processes, respectively. Conversely,
e T oo GAC/H,0, can only effectively remove dye atlow pH ranges,
9 v\ N which is similar to BO, processes.
>
_% 01 ‘\\\" ™ -—— 3.4. Adsorption kinetics
2 NN
= AN A suitable model is needed to further assessing the con-
é 40 + \7\\ tribution of mechanisms of the mass transfer and chemical
8 N reaction in these reaction processes. Many mathematically
AN © complex models, such as the homogeneous surface diffusion
20 | model, the pore diffusion model and the heterogeneous diffu-
sion model, have been developed to describe the transport of
species inside the adsorbents in a batch reactor. However, due
o to the mathematically complexity nature of theses models,

these models were inconvenient for practical[i$g. There-
fore, more simplify models were applied in this research
for future practical applicationfl7]. Five commonly used
Fig. 4. Effect of initial pH on removal of acid black 24 by various processes kmg;}g?j:zzlj f:?SOtd(i_ljeV:Z;euglﬂsg:;S:Sdi;?otgéiézs&?fgnnan
(Co=120mg/L; 0.1 ml/L HO).

and Sundarari6]:

had a greater influence on GAG/6; and KO, processes 1 (Ka> <1) L1 @)
qe ge

whereg; is the amount of dye adsorbed (mg/L) at various
time ¢, ge the maximum adsorption capacity akig the first
order rate constant for the adsorption process (L/min). Maxi-
mum adsorption capacityd) was obtained through previous
isotherms tests.

Pseudo-first-order equati¢h7—19}

pH

than the other processes, such as FeGAO4IFeGAC and qr
GAC did.Fig. 4reveals that the catalytic abilities of GAC and
FeGAC were more effective under acidic conditions. How-
ever, the FeGAC/KD, still remained effective under neutral
pH conditions.

t

3.3. Initial reaction rate

Initial reaction rate for these treatment processes were dg;
also examined Table 3. The initial reaction rates at pH  g; — K1(ge —a1) (5)
2 for FeGAC/H0O,, GAC/H,O5, H20O,, FEGAC, and GAC
were approximately 8.71, 8.30, 7.05, 0.06, and 0.39 mg/min,
respectively. This experimental result was in agreement with | )= _x t 6
the overall removal rate displayed Fig. 4 At the pH 09(ge — 1) = l00ge 1% 5303 ®)
range tested herein, the reaction rate for GAC was less
than 0.6 mg/min. While the initial reaction rate for FeGAC
increased with an increase in pH, the initial reaction rate
of H,O,, GAC/H,0,, and FeGAC/HO, decreased with a  dg, 2
pH increase. Among these processes, FeGAO#had the o Ka(ge — a1) )
highest initial removal rate at the tested pH ranges. Even at

Through integration, the above equation becomes

wherekK is the pseudo-first-order rate constant.
Pseudo-second-order equat[a]:

The solution of the above equation is as follows:

Table 3 t 1 t
Initial reaction rate (mg/min) by various treatment processes under different — = Ko + — (8)
initial pH values 4 29e  qe
Processes Initial reaction rate (mg/min) wherek> is the pseudo-second-order rate constant.

oH 2 pH 4 bH 6 Intra-particle diffusion moddR0,21]
GAC 0.39 0.09 0.56 q = Kp x Y2 4 Cp 9)
FeGAC 0.06 0.01 1.92
H20, 7.05 3.52 0.54 whereg, is the amount of dye adsorbed at timek, the
GAC/H,0;, 8.30 3.22 0.66

intra-particle diffusion rate constant (mgntfig) and Cp

FeGAC/HO: 8.71 5.15 6.10 :
o, the intercept.
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Statistical results of the application of the kinetic equations and models for

GAC/HO, FeGAC/HO;

Two-box modelg§22,23} Table 4
C(r) = A + Brexp(—Dat) + Bz exp(—D2t) (10) various processes
where C(r) is the adsorbate concentration at timet the Parameters — pH = Frocesses
equilibrium adsorbate concentration in soluti@i,and B> GAC FeGAC
are parameters, .ariml andD; are parameters related to thg Generalized first order equation
physical properties of adsorbent, such as internal diffusion k, 2 503.7 5753.3
and external mass transfer of the metal ions. The difference 4 15427 17045.1
between the initial and equilibrium adsorbate concentration 6 1990 722
is equal to the sum a#; andB> [23]. The adsorption kinet-  Pseudo first order reactions
ics, two-box model, is approximated by a double-exponential X1 2 0.0004 0.0002
function. The above equation was to describe the adsorption ‘6‘ 8'882% 8'8822

processes that rapid adsorption occurs initially, followed by a

much slower phase, which takes from a few hours to severalPseudo second order reactions

12.0 39.7
37.7 39.2
174.3 15.3
0.0073 0.0029
0.0015 0.0034
0.0035 0.0067

; K2 2 8.03E-06 1.14E-06 2.46E-04 3.52E-05
weeks depending on the 'pre of the adsqrt[éﬁl. Thesg 4 313506 274606 L1304 66005
two-step processes were in agreement with our experimen- 6 441E-05 6.94E-05 5.03E-05 253E-04
tal observations. Therefore, the model was applied in this o
h as well Intra particle diffusion Model
researc - , Kp 2 019 034 0.27 0.36
Results of these models are showfTable 4 To evaluate Co 1.45 0.00 41.08 42.28
these models, the sum of error squares (SSE) was calculated &, 4 007 0.82 0.48 0.72
as follows: Cp 0.24 0.00 16.25 25.04
05 Kp 6 057 0.76 0.61 0.47
- : C 0.71 8.22 1.05 29.74
SSE= qcal — dexp (11) P
N Two-box model
) , B1 2 0.040 0.000 0.059 0.06
wheregca andqexpare model predicted and e>_<per|mental val-  p, 0.011 0.000 0.023 0.02
ues, respectively, andthe number of data points. Ingeneral, b, 0.206 0.008 0.530 2.27
a better model has a smaller SSE value. B 4 0.000 0.180 0.068 0.13
According to the results of SSE as listedTable 5 intra- gl 3-8(138 g-gég 8-2;: g-gg
pgrncle diffusion model seems to be the best fltt_ed model B 6 0126 0.139 0.122 0.088
with sma_llgst SSE (less than 0.971) among these five models 0.009 0.020 0.015 0.015
for describing GAC, FeGAC, GAC/4D,, and FeGAC/HO, D> 1.000 0.224 1.914 0.360
systems. The intra-particle diffusion model indicated that the
adsorbate species are most probably transported from the bulk
of the solution into the solid phase through intra-particle dif-
Table 5
Summary of sum of error squares (SSE) for various models
Processes Models
Generalized first order Pseudo-first order Pseudo-second order Intra particle diffusion Two-box model
GAC
pH 2 6.892 1.196 1.359 0.184 0.000
pH 4 2.843 0.469 1.639 0.754 0.925
pH 6 6.752 1.516 1.766 0.371 0.770
FeGAC
pH 2 0.551 0.423 0.561 0.971 0.988
pH 4 6.103 1.487 5.021 0.822 0.834
pH 6 14.252 5.746 0.865 0.515 0.269
GAC/H,0,
pH 2 15.803 21.102 4.677 0.300 0.293
pH 4 15.806 13.625 15.327 0.782 0.196
pH 6 6.802 4.880 7.853 0.495 0.549
FeGAC/H0;
pH 2 44.858 40.324 39.559 0.158 42.935
pH 4 25.815 26.868 28.044 0.734 24.461
pH 6 13.704 29.399 26.505 0.436 19.164
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Fig. 5. Proposed reaction pathways of acid black 24 oxidized 48,H

fusion/transport process and this process is probably the rateand arenas (single bonds). As a result, it is not easy to be
limiting step in these systems. Dye was first adsorbed ontoadsorbed by GAC or FeGAC. However, the resulting com-
the FeGAC surface, then oxidized by®, through catalytic pound ofFig. 5d hasw-electron stacking effect and it has a
reaction between FeGAC and,8,. Two-box model can  flat structure due to double bonds between nitrogen atoms
describe GAC, FeGAC and GACHA, fairly well. However, and arenas. Therefore, it is more readily adsorbed in the
it was unable to fit the FeGACHD, as indicated with SSE  pores of GAC and FeGAC. Since FeGAC has better cat-
between 19 and 42. The pseudo-first-order equation can fitalytic ability for H»O, and higher adsorption capacity for
GAC and FeGAC systems with reasonable accuracy, but wasacid black 24 than that of GAC. As aresult, the FeGAGDH
unable to explain the GACAD, and FeGAC/HO, systems. process has higher removal ability than that of GAGH
Therefore, the intra-particle diffusion process might be used process.
in the future for this type of systems.

3.6. Treatment efficiency for actual wastewater

3.5. Removal mechanisms
Actual dye wastewater from one major dye manufacturer

The possible reaction pathways of the FeGA&DH and in northern Taiwan was tested in this stuéyg. 6 presents
GAC/H207 processes are proposed as showRigq 5. The that the removal efficiency for FeGAC#D,, GAC/H,0z,
acid black 24 is oxidized by $O5 to form the resulting com-  and HO, were 62, 60, and 12%, respectively. The adsorp-
pound as illustrated iRig. 5d. The structure of acid black 24  tion capacity of both GAC and FeGAC were negligible
is not a flat structure due to the rotation nature of the com- under the dosage employed herein. The experimental results
pound. The compound will rotate between nitrogen atoms demonstrate that the catalytic ability of GAC and FeGAC
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