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Abstract: Adsorption is an effective wastewater treatmeghméue which has been widely used in various
industrial applications. However, the high openatimst involving commercial activated carbon in ustlial
processes is the main drawback. Sewage sludgeasispicious precursor of activated carbon owindstdigh
carbon content, rich functional groups, low cosghhavailability and abundance. This research wawea to
establish the feasibility of converting yarn praieg sludge into activated carbon by Kl + KOH aation and
char at 700C for 1 h. The effect of preparation strategiest@nproperties of sludge-based adsorbents (SBA) was
reviewed. The applications of SBAs in the removadyes and model pollutants were discussed. Thétsefsom

this study proved that the preparation of yarn @ssing sludge-based activated carbon via Kl + K@tivation is
feasible and effective in the adsorption of dyeisTaper provides further insight on the preparatieethods of
sludge-based adsorbents and dye wastewater treaisieg these adsorbents.
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I ntroduction

Over the years, water pollution control has beesulgject of great interest. In most
developing countries, the wide commercializatioryaifn, fabrics and textiles due to high
demand has led to establishment of more factoriéstn processing and textile
manufacturing are among the largest sectors produleazardous chemical wastewater;
responsible for nearly 22 % of the overall volunfeirwustrial effluent generated [1].
However, the inadequate treatment of dye-contaieiifigent often results in dyes finding
their ways into water streams. Dyes in water impéuoe penetration of sunlight for
photosynthesis process, thereby reducing solublgjeox for respiration. They are also
stable to light, heat and oxidizing agents anddgimally non-degradable. In addition, dyes
can induce microtoxicity to aquatic creatures threréherefore, the removal of dyes from
effluent is essential before it enters the watetidm
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Adsorption is a preferable dye removal techniqueabse the process is cheap, simple
and easy to operate, requires less maintenancesgaxk, robust and can produce high
removal efficiency depending on the types of adsorb[2, 3]. Due to expensive
commercial activated carbon, i.e., the commonlydusdsorbent in wastewater treatment
industry, attempt has been made in this work tolagpyarn processing sludge as
a sustainable and promising candidate of activamdbon. The production of sewage
sludge, alongside with its handling and disposa bacome a subject of environmental
concern in many countries worldwide. These bringuatihe motivation to carry out this
research work. Sewage sludge is normally disposedneineration and landfilling, but
neither of these are inexpensive, environmentaignélly and sustainable methods. Hence,
the use of yarn sludge as a precursor of activedeoon is a smart strategy to minimize the
associated pollution in the environment.

In practice, the preparation of AC can be carriedeither through chemical activation
or physical activation. Chemical activation presailver physical activation because the
process can be performed at short activation tintelaw activation temperature, and can
offer better yield, and higher pore volume and atefarea of AC. Thus, this work was
aimed at evaluating the AC produced from yarn pssicey sludge by Kl + KOH activation
ratio of 1.5 : 0.5 : 1 (KI : KOH : TS) at 700 °Crfd h. The present work reports the
isotherm studies of malachite green removal by deeved activated carbon and the
possible interaction mechanisms governing the adisor.

Materials and methods

Materials

Yarn processing sludge was obtained from AmericarEféd (Johor, Malaysia).
Hydrochloric acid (HCI, 30 %), potassium hydroxifl¢OH) pellets and malachite green
(MG, CI 42000) were purchased from R&M Marketing<.\UPotassium iodide (KI) was
obtained from QREC (ASIA), Malaysia. Sodium hyddsi(NaOH, 96 %) was supplied by
Bendosen, Malaysia. All chemicals are of analyticedgent grade and were used as
received without further purification.

Preparation of yarn processing sludge-based activated carbon (TSAC) and char

About 75 g of granular sludge (TS) was dried at i@ @or 24 h, crushed and sieved to
a desired particle size of 0.36 mm using a mechsieve. A composite of KOH + K| was
selected as the activating agent. The chemicaladimin of dried sludge was performed at
impregnation ratio of 1.5 : 0.5 : 1 (KI : KOH : T,Sjctivation temperature of 700 °C for
1 h. First, the impregnation was carried out at°@for 1.5 h, and the mixture was
oven-dried overnight. Subsequently, the impregnai@aiple was pyrolyzed in a muffle
furnace, and later cooled to room temperature befowas washed sequentially with HCI
solution and distilled water. Finally, the TSAC wdsed at 110 °C overnight and kept in
a desiccator. Similarly, char was prepared at W@nid 1 h without any activating agent.
The yields of the resultant TSAC and char wereutated asrfym,) - 100, wheren [g] is
the mass of the activated carbon amdg] is the mass of the raw sludge.

Batch adsor ption

Malachite green (MG) dye was dissolved in deionianeder to prepare stock solution
of 1000 mg/dri The dye stock solution was diluted to preparetim with different dye
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concentrations. The batch adsorption experimentoaased out by adding 0.05 g of TSAC
into 0.05 dm of dye solution with desired concentration. Thidssolution mixtures were
kept in an orbital shaker (SASTEC ST-WSZ100A) amitaded at 120 rpm and room
temperature for 72 h. The pH of the solution isuahb2.1. The concentration of MG was
measured using a visible spectrophotometer (Draigh8200) atl .« = 640 nm. The dye
solution in the absence of TSAC was prepared asraral for reference purpose.
The adsorption capacity was calculatedegss (C, — Co)V/W, whereC, and C, [mg/dnT]
are the initial concentration and equilibrium camtcation of dye solution respectively,
V [dm?] is the volume of dye solution and [g] is the mass of activated carbon which
is 0.05 g.

Results and discussion

Characteristics of dudge-based activated carbon

In this work, yarn processing sludge is a scheddelii waste from a biological
wastewater treatment process in a textile indudthe sludge is mainly made up of fiber,
slurry, dyeing aid, dyestuff, akali or acid andng@nic compounds [4]. It has a high carbon
content of 42.3 %, 5.5 % hydrogen, 45.7 % oxygeh,% nitrogen and 1.43 % sulphur.
However, its ash content is also high (16 %), iatlig the presence of inorganic matter
like calcium carbonate, kaolin and dolomite.

Although KOH activation is widely applied in the gmaration of AC, certain
limitations still exist including low product yieldhighly microporous AC (less effective for
macro-pollutants removal) and toxicity of KOH [g]he novel KI + KOH activating agent
produces microporous sludge-based activated cgfB®AC) with a superior surface area
of 984 ni/g and 64 % microporosity as shown in Table 1.dnt@st to KOH, KI + KOH
enhances the yield and textural properties of TSiA@icating the integrated effect of Ki
and KOH [3]. Kl is a mild salt with fire retardaptoperty, whereas KOH is a strong base
which stimulates gasification. By combining Kl ak®H, the stable iodide from Kl binds
to the thin pore walls and strengthens them, wihite metallic potassium intercalates into
the carbon matrices for further pore drilling anutg formation process. In other words,
Kl + KOH composite promotes strong carbon netwdrkcture. Moreover, Kl and KOH
are also dehydrating agents which hinder tar faomaind production of volatile substance
during pyrolysis, therefore reducing the extentsample burnt-off and enhance the final
product yield. As a result, the yield and textupabperties of TSAC are improved as
compared to that of char (Table 1). Without thespree of Kl and KOH, the collapse of
fragile pore walls and high ash content in sludgaynhinder the development of
micropores and mesopores, resulting in lower sarfaea. The physicochemical properties
of TSAC-based activated carbons have been desogibedhere [3, 6].

Table 1
Yield and textural properties of char and TSAC

Sample Char TSAC

Yield [%] 15 224

BET surface area [ffy] 11.9 984

Average pore diameter [nm] - 2.44

Pore volume [crig] - 0.554

Micropore volume [criig] - 0.352

Microporosity [%] - 63.6
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Effect of initial dye concentration

Figure 1 shows the relationship between the eqiuilib adsorption ;) of MG onto
TSAC and the equilibrium concentratiog). The adsorption capacity at equilibrium
escalates with increasing concentration until arssibn point of 156 mg/g was achieved,
indicating the maximum adsorption capacity. At lo@ncentrationsg. is dependent on the
amount of MG molecules as it is a limiting factlor other words, the number of active sites
for adsorption is more than the quantity of MG neoles. Adsorption occurs rapidly due to
the high affinity between TSAC and dye molecules.the MG concentration increases,
also increases up to a certain point where it slatdbilizes at 156 mg/g (saturation point).
The greater adsorption capacity at high conceotrati attributed to the increasing driving
force of MG mass transfer from the bulk solutionoothe TSAC surface. Generally, the
number of accessible adsorption sites becomesirthitng factor at high concentration,
whereas the amount of adsorbate available is gigating factor at low concentration.
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Fig. 1. Adsorption isotherm of MG on TSAC (experittad conditions:C, = 30-500 mg/drf) contact
time = 72 ht = 25 °C, agitation speed = 120 rpm)

Equilibrium isotherm

Generally, an adsorption isotherm is a pivotal euiilustrating the occurrence
governing the mass transfer of an adsorbate frambtiik liquid phase to a solid-phase
at a constant pH and temperature [7]. In this woklangmuir, Freundlich and
Redlich-Peterson (R-P) models were used to desthibeadsorption data, and they are
represented by the following equations, respegtivel

_ qmbC, )
9= 151 b,
1
ge=ki(C.)n (2)
kRCe
o= 3
7= 1+ anc? )

where g. [mg/g] is the adsorption capacity at equilibrium[dm®mg] is the Langmuir
constant,C, [mg/dn?] is the residue concentration at equilibriugp, [mg/g] is the
maximum monolayer adsorption capacitg: [(mg/g)(dni/mg)”" is the Freundlich
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isotherm constant related to the adsorption capacis the empirical parameter related to
adsorption intensity that changes with the hetareifg of TSAC, kg [dm’/g] and
a [(dm*/mg)g] are the R-P constants.

The curve fitting is shown in Figure 1, while thalwes of the isotherm parameters are
tabulated in Table & is the determination coefficient, wherd@dSE refers to root mean
square error. The Freundlich isotherm displays ar i, suggesting that multilayer
adsorption may not predominate. The value of Frecimd&onstantn is 5.52, corresponds
to 1h of 0.18 that is in the range of 0 to 1, signifyiagfavourable ideal Langmuir
adsorption and chemisorption [2, 7]. Furthermora,id a measure of surface heterogeneity
or adsorption intensity, in which the surface beesmmore heterogeneous as 1/
approaches zero. Thenlvalue of 0.18 (close to zero) implies that thefaer of TSAC is
heterogeneous.

From Figure 1 and Table 2, Langmuir isotherm exhkilihe best fit, suggesting
a monolayer adsorption of MG onto TSAC. The sepamatactor R ), a dimensionless
constant of Langmuir isotherm was used to deterrtiaefavourability or practicability of
the adsorption process. The mathematical express$ignis given as follows:

1
R= 1+5C, @)

R_ describes the selective nature of adsorption vendtie adsorption is unfavourable
whenR_ > 1, linear wherR_ = 1, favourable when 0 R_ < 1 or irreversible aR_ = 0.
TheR_ values ranging between 0.01 and 0.096 at the otrati®ns studied are in the range
of 0 to 1, indicating that the MG adsorption ontS8AC is favourable. Redlich-Peterson
(R-P) model is a hybrid three-parameter empiricplagion incorporating both Langmuir
and Freundlich models [7]. The R-P isotherm yieldedood fit to the adsorption data.
The value of R-P constamt is 1, revealing an ideal Langmuir adsorption, tlfugher
confirms the good applicability of Langmuir isotherThe value ofy is usually near to 1 in
the adsorption of large molecules due to the solidtruction prevailing between the
adsorbate and the pores of adsorbent. It can belumted that the Langmuir and R-P
models are suitable to describe the equilibriunoguton of MG onto TSAC.

Table 2
Parameters of isotherm models
Langmuir Freundlich Redlich-Peter son
Or 156.1 n 66.01 ke 43.4
b 0.28 Ke 5.9 aR 0.28
R 0.775 R 0.564 g 1.00
RMSE 25 RMSE 34.5 R 0.775
RMSE 25

Comparison with other SBAs

As can be seen from Table 3, sewage sludge fronousrorigins possess high
composition of carbon of up to 68.7 %, thus makimgm a suitable precursor for activated
carbon (AC). The high carbon content of the premucan improve the textural properties,
surface area and yield of AC. Although most of sgavaludge are high in carbon content
and rich in surface functional groups, the high eshtent (> 16 %) may impede the pore
development during activation [2, 3, 8]. The presemf inorganic materials renders
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difficult ignition, consequently retards carbonipat or pyrolysis. Inorganic matters may
also clog the pores, so decreasing the surfaceohssorbent.

KOH and ZnC} are mainly used in the chemical activation of SBAging to the
process that offers higher yield, lower pyrolyssnperature, shorter activation time and
microporous AC. Generally, SBAs have surface asrmjing from ~5 to 1832 7ty as
shown in Table 3.

Table 3
Preparation of sludge-based adsorbents (SBA) aidatisorption performances
CC [%] — . . vr
Type of Activation |Yield | Sger |Mic. 3 Qe
sludge | RM | AC AA IR procedure [%] |[m%g]|[%] [Cg]] /| Pollutant [malg] Ref.
98 | KOH Pyrolysis N, - 920 | 61 | 0.59 Contami- 8880
Sewage 98 | K,COz| 1:1 | 400°C,2h; - 800 | 58 | 0.7 -
sludge 69 95 P Activation N, 5 | 20| 002 nalg_trscf(r;om 2l
HPO, 800°C,05h| " : -
- Kl 1:1 43.7| 123| 31.20.17 36.9
Textile o - KOH | 1:1 Activation 14.7| 301} 36.70.37 | Malachite 108 3]
sludge Kl, 0.7: 500 °C,1h green
- KOH |03:1 25 | 481| 43| 0.49 167
Textile Kl, 0.7: Activation Methylene
sludge| *2| ~ | koH |03:1| 700°c,1h | 18 | 1180|565/ 0.78| " " 382 | [6]
Textile Industrial | 8.54
. 4 Activation N, ) ) _|textile dyeg (RSB),
SS?L\JAéa%e 23| 75| KOH| 05:1 700 °C, 45 min 336 (RSB, 54 [8]
9 P2RFL) |(P2RFL)
. Activation N,
- KOH | 3:1 750°C,05h| 1832|67.6| 1.11 363
Sewage Activation 4-chloro-
sludge Q- €O, ) 800°C,2h | ~ 94 | -] 004 phenol 412 | [9]
. Activation
- Air - 400°C, 2 h - 92 - 0.06 263
Carbonization
Sewage . N,, 400 °C, 2 h Dibenzo-
sludge 69 - | KOH | 121 1 Activation N, | 629 - | 048 thiophene 555 | 111
600 °C,1h
Hydro-
WWTP| ) Activation N, ) ) phobic )
sludge ZnCh | 5M 500 °C,2h 35 | 72l organic [12]
compound
Biologic R
. Activation N, Crystal
al 15| - | zZnCh| 1:1 800 °C. 1 h 20 | 632 - | 0.51 violet 538 | [13]
sludge
Textile | ,5 | . K, 1.5: | Activation | 22.4| 984 |63.6| 0.55 | Malachite| .o |This
sludge KOH |05:1] 700°C,1h green study|

AA: activating agent, RM: raw material, AC: actigdt carbon, CC: carbon conte®er: BET surface area,
Mic.: microporosity,vr: total pore volume, WWTP: wastewater treatmentiplRTCG: pre-treated crude glycerol,
RSB: Synozol Blue reactive, P2RFL: Setapers YelBrawn, Q.: maximum adsorption capacity

A study conducted by Monsalvo et al. [9] showed tie physical activation using
CO, and air produce AC with surface area lesser tHat rif/g. The high amount of
inorganic matter in sludge severely inhibits thenfation of pores during physical
activation such as partial gasification of £&hd air. On the other hand, KOH activation at
750 °C, 0.5 h gives an extremely high surface afea832 ni/g and microporosity of
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68 %, but at the expense of high impregnation rafi&d : 1. A higher mass ratio of
activating agent signifies a greater productiontcasd a lower yield, which are
unfavourable in industrial applications. The adsiorpcapacities for 4-chlorophenol were
found to be quite close despite the consideralffgréint surface area, indicating that the
surface chemistry may have a substantial effethénadsorption of phenolic compounds.
The presence of basic oxygen-containing groupssarfdce oxygen, nitrogen and sulphur
complexes are beneficial for the removal of pheff@ls

Chemical activation is a single stage process, e@herboth carbonization and
activation occur simultaneously [10]. Neverthelessarbonization step can be done before
chemical activation to produce char with rudimeynttextural properties, which is more
prone to chemical reaction [5]. As a result, theed@ment of micropores and mesopores
are maximized, leading to porous SBAs with highfae area. Overall, the two-step or
char-impregnated chemical activation produces SB#Is higher surface area compared to
direct chemical activation (Table 3). Hunsom andtianit [2] also reported the SBA with
high surface area and microporosity of 928gnand 61 %, respectively through a two-step
process, i.e., carbonization at 400 °C for 2 h activation at 800 °C for 0.5 h. The same
method was performed using®0; and concentrated JR0,. KOH and KCO; activation
produce porous ACs thansPiO, activation because at temperatures above 450MC, t
phosphate and polyphosphate linkages continueliibaspl cause a decrease in crosslink
density. As a result, the polyaromatic clustersagamd align, forming a closely compacted
structure with a lower surface area [2].

Direct chemical activation using KOH generates S®#h a greater surface area
compared to ZnGlactivation, but the yield is only about 15 % anis ioften overlooked in
most studies. It was discovered that by mixing Kt &OH at certain mass ratio during
chemical activation, the yield and textural prosrtof the TSAC could be enhanced
(Table 3). In this study, the composite, KI + KOttigation was performed at 700 °C with
impregnation ratio of 1.5 : 0.5 : 1 (KI : KOH : T.Syom which the resultant TSAC with
a 984 Mg surface area and 64 % microporosity was obtaifiéis showed that the
Kl + KOH activating agent possesses the pore dgllbility in ashy precursors without
sacrificing the yield, and surface area and micropity of TSAC. Despite being carried
out in acidic conditions (pH: 2.1), the adsorption capacity of TSAC (984/gh was
comparable to the sludge AC (481%g), indicating good versatility in lower pH.
Therefore, the future studies could be focused br KOH activation of ashy materials,
stability and regeneration of SBAs and applicatmthe real wastewater.

Conclusion

The conversion of sludge into adsorbent can oveectita expensive sludge disposal
problem and alleviate the environmental pollutian a result of landfilling and sludge
incineration. The Kl + KOH activating agent impravihe yield and textural properties of
TSAC, thus increasing the MG adsorption capacityis Wwork showed that the preparation
of TSAC via Kl + KOH activation is feasible. Hendejs proposed that certain areas such
as Kl + KOH activation of various precursor, stapiland regeneration of sludge-based
activated carbon and its application to the reaktexsater can be explored for future
studies.
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