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DEVELOPMENT OF COAL MAGNETIC ACTIVATED CARBON
FOR Cd(ll) REMOVAL: ADSORPTION ISOTHERM
AND KINETIC MODELLING

Abstract: The metal coating process produces wastes camgaliréavy metals such as cadmium that are harmful
to health. One method to remove cadmium is adswrpfrhis research developed an adsorber, spetifical
magnetic activated carbon derived from coal (CMAjtivated carbon is modified with a & composite to
make it magnetic and reusable. The objective af ithvestigation is to optimise the key parametéractivator
concentration and thermal activation conditions fitre fabrication of high-quality activated carbon.
The investigation will evaluate the characteristiésthe resulting carbon and its cadmium removétiehcy.
The experimental adsorption data were fitted tdltbé Freundlich and Langmuir isotherm models araduated
using kinetic equations. Chemical activators weseduin a mixture of phosphoric and hydrochloridddi: 1) at
concentrations of 0.5 M - 1.25 M. Physical actieativas carried out at (873 - 1173) K. The optinaivation
temperatures were identified as 1123 K and 1173Ttke CMAC removal percentage for Cd was 98.10 %.
The Freundlich isothermal adsorption equation shows 0.4530 andKr = 3.9823 mg/g withR?2 = 0.9691.
The adsorption data were well-fitted by the Langmmbdel, which yielded a maximum monolayer adsorpti
capacityg, of 238.10 mg/g and an affinity constakit of 0.0787 L/mg, supported by a high coefficient of
determination R = 0.9082). Furthermore, the adsorption kineticgleh yielded a pseudo-second-order equation.
The regeneration test over five cycles showed dsesein Cd removal efficiency of 97.04 %, 81.8H%75 %,
13.83 %, and 9.71 %, respectively, indicating ledistability of the adsorbent after repeated use.
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Introduction

Metal plating is widely used for the manufacturevafious goods and products. Metal
plating is applied to enhance corrosion resistanod improve surface appearance.
However, the proliferation of the metal coating ustty contributes to water pollution
through waste generated. Metal-coated industriadtevaontains several heavy metals,
including cadmium, which is highly toxic. Duringayth, humans do not require cadmium
(Cd) because it is highly poisonous. Exposure tpr€sulting in acute poisoning, can have
an impact on gastrointestinal symptoms and kidneglth. The clinical symptoms of
cadmium poisoning are similar to those of commoanmrulonephritis, and only in
advanced stages, multiple softening and fracturéiseospine can be found. Industrial metal
plating waste contains cadmium because a cadmilumisois used in the electroplating
process [1-3]. Because cadmium in wastewater posemificant threat to human health, it
is necessary to reduce its levels before dischiatgevater bodies.
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Due to the environmental and health risks posedadnmium, a variety of treatment
methods have been developed to remove it from waste streams, including
electrocoagulation [4], electrodialysis, and elegkidation [5, 6]. Purification was
achieved through a series of physical and chempicalesses, including filtration [7, 8], ion
exchange, and adsorption [9-11]. Among the sevaitdrnative treatment methods,
adsorption is quite inexpensive and easy to opefaisorbents can be made from natural
or artificial materials [12-17]. As a highly efféo¢ adsorbent, activated carbon is widely
used in wastewater treatment [18-21]. It is derifredh organic materials with high carbon
content. Among these potential precursors, coaldesirable option for Indonesia due to its
local abundance.

The production of activated carbon from a diveesgge of precursor materials, such as
coal, is a thoroughly documented and mature areasai¢ntific inquiry [22-24].
The utilisation of low-grade bituminous coal hasoyan highly effective, producing
activated carbon with a significant specific suefaarea of 31.930 gy [11-16]. It also
exhibited an exceptional iodine uptake of 1.243gngl.259 mg/g [9]. While bituminous
coal produces activated carbon with substantiafasar area, lignite coal has yielded
material with a specific surface area of 343 mZg][ Beyond low- and medium-grade
coal, high-grade variants such as anthracite h#aeelseen investigated as precursors for
activated carbon. Notably, the activated carbontt®sised from anthracite coal, exhibited
an exceptional specific surface area of 3,136.8@,ntorresponding to methane (QH
The material exhibited a high adsorption capadity®31 mmol/g [26]. These studies have
successfully produced activated carbon that mdetsSINI 06-3730-1995 standard and
effectively removes heavy metals. However, activatarbon can be used only once and
creates waste that accumulates. This study bugda previous research by introducing the
novel use of R, composite in the manufacture of activated carleoapling the creation
of magnetic, reusable activated carbon.

Materials and methods

Materials and tools

This investigation utilised a range of analyticehde chemicals and standard
laboratory apparatus. The key chemicals comprisat] EkPO, 85 % pro analyses (Merck,
Germany), HCI 32 % pro analyses (Merck, GermanyjON pro analyses (Merck,
Germany), FeGlI6H,0 pro analyses (Merck, Germany), FeS®,0, NH,OH 25 % pro
analyses (Merck, Germany), amylum pro analyses ¢MeBermany), iodine pro analyses
(Merck, Germany), N&O; pro analyses (Merck, Germany), Ced®b.99 % pro analyses
(Merck, Germany), and distilled water (aguadesthe Tprimary equipment employed
included hammers, scrapers, an analytical balavaemetric flasks, burettes, a muffle
furnace, beakers, Erlenmeyer flasks, funnels,rfiiaper, pipettes, clamps, measuring
cylinders, and aluminium foil.

Coal raw material testing

One kg of coal is crushed and sifted with a 60-m&ske. Furthermore, the coal is
tested using proximate analysis to determine ifgetyThe proximate analysis was
conducted by determining the water cont&ht [%], following ASTM D-3173-87 [27],
the volatile matter conter,MC [%], as per BS 1016-104.3 (Coal and Coke Anal\j&i8),
and the ash contenfC [%], in accordance with ASTM D3174-12 [29]. Fix&hrbon
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Content,FCC [%], is determined indirectly through the proximatnalysis method based
on ASTM D3172-13 [30]. The fixed carbon content veabsequently derived using the
equation:

FCC =100 - WC+ VMC+ AQ) 1)

Manufacture of activated carbon magnetic coal

This study outlines a comprehensive procedure fodyrcing activated carbon from
coal, which is divided into two main phases: rawtemial preparation and activation.
The preparatory stage involves crushing the cadihwed by sieving through a 60-mesh
screen. The fraction passing through the sieveasliscted as the precursor for activated
carbon. The production phase commenced with suimgirfjor 2 days, followed by
carbonisation at 823 K for 2 hours, and then cheahdctivation. In this chemical step, the
carbonised coal was impregnated with a mixed prarépiydrochloric acid activator at
varying concentrations (0.5 M, 0.75 M, 1.0 M, an@5LM, corresponding to Samples A
through D). The resulting material was then neigeal with 0.1 M sodium hydroxide and
distilled water, and the solid residue was sepdraie filter paper. Subsequent physical
activation was conducted by heating the sampleerperatures ranging from 873 K to
1173 K (in 50 K intervals for Samples A1-D7). Figalmagnetic activation was achieved
by immersing the product in a 1:2 molar/1:1 volumexture of FeCJ-6H,0 and
FeSQ-6H,0 for 30 minutes, concluding with a 4-hour heatstgp in a furnace at 373 K.
The characterisation of the activated carbon imeivseveral analytical techniques:
proximate analysis (following the standard procedufor coal), iodine number
measurement (ASTM D-4607-94) [31], BET surface aaealysis, and SEM-EDX for
elemental composition.

Testing of CMAC's ability to remove cadmium in synhetic wastewater

The test of CMAC's ability to adsorb Cd(ll) ions isynthetic wastewater was
conducted using cadmium concentration and contmoe tas variables. A test with
a variable concentration was carried out by insgrfi g of CMAC into 1 L of cadmium
solution with a concentration of 350 mg/L (Cdl_lmgde), 325 mg/L (Cdl_2 sample),
300 mg/L (Cdl_3 sample), 275 mg/L (CdI_4 sampla)d 250 mg/L (Cdl_5 sample),
stirred at 120 rpm for 1 hour, then the sample segmarated from CMAC and analysed for
cadmium content using the AAS method. Testing wihable contact time was carried out
by inserting 1 g of CMAC into 1 L of cadmium solui with a concentration of 350 mg/L,
stirred at 120 rpm for 1 minute (Cdk_1 sample), @utes (Cdk_2 sample), 5 minutes
(Cdk_3 sample), 30 minutes (Cdk_4 sample), 60 reamCdk 5 sample), 75 minutes
(Cdk_6 sample), 90 minutes (sample Cdk_ 7). Theptesnwere separated from CMAC
and analysed for cadmium content using the AAS awe{iStandard Number 6989.16:2009
of the Indonesian National Standardisation syst@&). The cadmium removal efficiency
demonstrated by the CMAC method was notably higd mnexpressed as the % of
cadmium removal (Rcg) in equation (2).

%Rcq = (Ci—CJC)) - 100 % 2
where:C; and C, - initial and final Cd concentration in wastewdi@ig/L].
The Freundlich isothermal adsorption equation ésftilowing [10]:

log ge = logKr + (1h) - logce 3)



25C Esthi Kusdarini, Defri Apriliyanto and Agus Budiant

whereqe is the mass of adsorbed Cd(ll) ions per unit mdsSEMAC [mg/g], Kk is the
Freundlich constanty is an empirical parameter, aogis the concentration of dissolved
cadmium ions under equilibrium conditions [mg/LfoR equation (2) and the results of
the AAS test, the constaris andn can be determined.

Next, the Langmuir isothermal adsorption equatthé following [10]:

(C/0e) = (C/am) + 1/ KL - Om) 4)
where the constant§, [L/mg], indicative of the adsorption affinity, argl, representing
the maximum monolayer adsorption capacity, weresagbently determined by applying
the linear form of the Langmuir isotherm model (&@ipn (3)) to the experimental data
obtained from AAS measurements.

This study involved a comprehensive kinetic assessrby fitting the experimental
adsorption data to a suite of reaction-based mpdtettuding zero-order (equation (5)),
first-order (equation (6)), second-order (equafit)), pseudo-first-order (equation (8)), and
pseudo-second-order equations (equation (9)). Btermlination of which order equation
to use is based on t& value obtained from the linear regression equafidhe equation
used is the one with tH& value closest to 1.

Ci=Co—kot (5)

INnC =InCy—kyt (6)

1/C = 1/Cy + kp-t @)

log (e —0t) = logge — (ky/2.303) -t (8)
/g = (1k; - qez) +1/0e 9

Cyclic regeneration test of coal magnetic activatedarbon

A regeneration test was conducted to evaluate ¢hsability of magnetic activated
carbon in adsorbing Cd(ll) ions. The Cd(ll) solatithad an initial concentration of
250 mg/L. In the first cycle, 1 g/L CMAC was addedthe CMAC solution, which was
stirred at 120 rpm using a magnetic stirrer for rBlutes at room temperature. After
adsorption, the CMAC was separated from the soiutising filter paper. The residual
CMAC concentration in the solution was analysedtmymic absorption spectrophotometry
(AAS), and the CMAC removal efficiency was calcelhtas the difference between the
initial and final concentrations.

The used adsorbent was then regenerated by immgergrCMAC ina 0.1 M HCI and
0.05 M EDTA solution for 60 minutes to desorb thBIAC ions. After desorption, the
CMAC was washed with distilled water until the ptasvneutral, then dried at 378 K for
12 hours. The regenerated adsorbent was then remsied the same adsorption conditions
for cycles 2-5. The regeneration test was conduatefive consecutive cycles under
identical operating conditions. All experiments weperformed in triplicate (n = 3).
Regeneration performance was evaluated based otl) Geéfnoval efficiency and
adsorption capacity in each cycle.

The results of the CMAC cyclic regeneration reskatest were then statistically
analysed using the Ryan-Joiner test to assess fhigrmehis matter was followed by
a Levene’s test to evaluate data homogeneityelféisearch data were normally distributed
and homogeneous, the ANOVA test was used. If saamt differences were found, the
Tukey or Duncan test was usedat 0.05 to determine whether the group means differ
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Results and discussions

Coal parameter test results

The coal to be used to make activated carbon ideerand sifted through a 60-mesh
sieve (Fig. 1). Furthermore, coal is tested proxéra determine its parameters. Table 1
summarises the proximate analysis results of thed sample. As detailed in Table 1,
the feedstock coal used in the CMAC production esscis bituminous. Concurrently, the
parametric analysis of the resulting activated earbnvestigated across varying activator
concentrations and activation temperatures, isepted in Figures 2 through 6.

a) b)

- -
Fig. 1. Physical appearance of coal: a) beforedgoeimded, b) after being eroded and sifted through
a 60 mesh size

Table 1
Coal proximate test results
Parameter Up to [%)] Test method
wC 18 ASTM D3173-87 [27]
VMC 20 BS 1016-104.3 [28]
AC 6 ASTM D-3174-12 [29]
FCC 56 -

As detailed in Table 1, the feedstock coal usethen CMAC production process is
bituminous. Concurrently, the parametric analysfstlee resulting activated carbon,
investigated across varying activator concentratiand activation temperatures, is
presented in Figures 2 and 3.

Analysis of activated carbon characteristics
Water content

An analysis of the activated carbon revealed iteliant moisture content, ranging
from 1.31 % to 4.48 %, which complies with SNI 0B3B-1995, which stipulates
a maximum allowable limit of 15 % (Fig. 2a). Thencentration of the phosphoric
acid-hydrochloric acid activator had no significaffect on the resultant water content.
In contrast, the activation temperature had anmpaffect: a higher temperature range of
898 K - 1023 K yielded activated carbon with a loweerage water content than activation
at 873 K. The moisture content of the synthesis#giyated carbon was lower than that of
several other precursors and activators reportékititerature [9].

Ash composition

The ash content of the activated carbon, a pararkatavn for its volatility, ranged
from 1.02 % to 8.47 % (Fig. 2b). Despite this véoia, the values consistently comply with
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SNI 06-3730-1995, which stipulates a maximum allbl@aash content of 10 9%.
As illustrated in Figure 3, there is a direct ctaten between activation temperature
and ash content. The observed ash parameter isr Ithan that of ammonium
phosphate-activated bituminous coal [9].
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Fig. 2. Characteristic of CMAC on various variabtéH;PO,-HCI activator concentration and physical
activation temperature: a) water content, b) astiect

Physical activation temperature [K]

Volatile content

The volatile content of CMAC, as illustrated in &ig 3a, ranges from 10.87 % to
20.46 %. This result complies with SNI 06-3730-199%hich stipulates a maximum
allowable limit of 25 %. This activated carbon lsacacterised by a relatively low volatile
matter content, below levels found in carbons pecedufrom sub-bituminous coal of lower
grade and from agricultural waste products, speadiff coir and the shells of young
coconuts. In contrast, its volatile matter is ngddentical to that of activated carbon
derived fromSalacca zalaccaeeds [10].

Fixed carbon

The activated carbon exhibited a fixed carbon auntégthin the range of 68.76 % to
81.99 % (Fig. 3b). Analysis indicated that the @mcation of chemical activators did not
significantly affect this parameter. In contrashysgical activation temperature exerted
a considerable influence. A sharp increase in fisatbon content was observed at 1048 K
and 1148 K, elevating the values to meet the Sahdard minimum requirement of 65 %
at these specific temperatures. The fixed carbanposition of activated carbon is the
primary determinant of its porous structure, ane tiverall adsorption capacity derived
from low-grade bituminous coal is comparatively Idw contrast, while materials such as
Salacca zalaccaseeds yield higher fixed carbon content, convealidixed activated
carbon shows an intermediate value between theseeso[10].

lodine number

The iodine uptake capacity of the produced CMAC wdetermined to be
1230.93 mg/g - 1256.31 mg/g. As illustrated in Fé8c, this result not only meets but also
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significantly exceeds the minimum requirement o® 78g/g stipulated by the Indonesian
National Standard (SNI 06-3730-1995). Furthermdine, material's performance exceeds
that of activated carbons derived from alternafivecursors, such as salacca zalacca seeds
and low-grade bituminous coal [9, 10].
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Fig. 3. Characteristic of CMAC on various variabtéH;PO,-HCI activator concentration and physical
activation temperature: a) volatile matter, b) fx@arbon; c¢) iodine number of CMAC activated
with HsPQO-HCI concentration of 1 M at various physical aatien temperatures
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CMAC parameter test results

Proximate analysis of the CMAC sample revealed mpmsition of 7.22 % moisture,
8.45 % ash, 17.12 % volatile matter, and 67.21x&dficarbon. Furthermore, its adsorption
capacity, as indicated by the iodine number, waasme=d at 1262.66 mg/g. The surface
characteristics, including specific surface ared pare volume of the CMAC adsorbent,
were ascertained through Brunauer-Emmett-TellefT(Bahalysis performed on a 0.0729 g
specimen. The test was conducted using adsorptidrdasorption methods with nitrogen
adsorbent. The test was carried out for 3 hours2@ad minutes at 77.3 K. BET test results,
utilising the adsorption method, showed that CMA® h surface area of 177.183grand
a pore volume of 15.3101-38.5131 cc/g. CMAC exhibitsuperior surface area and pore
volume (31.930 ffig and 0.011 cc/g, respectively) compared to afiVaarbon derived
from the same precursor but treated with ammonibosphate [9]. Pore volume of CMAC
is also higher than that of active carbon from bodiwn coal (1.2 cc/g) and bituminous coal
(0.487 ccl/g) [25, 32].

SEM-EDX

The results of the SEM-EDX test on coal and CMAE@ aresented in Figure 4.
The figure shows that pores are already presenbah, and their size increases when it
becomes CMAC. In CMAC, there is a porous surfacataining micro-, meso-, and
macropores, so that the pore volume varies frofB11H. cc/g to 38.5131 cc/g. These pores
are formed due to chemical and physical activatpyocesses. These pores provide
a relatively high specific surface area of CMAC,iethis 177.183 fig. In CMAC, carbon
fragments are irregularly shaped due to calcinatiod activation processes. There are
areas with large pores (cracks) and areas withl groeds (micropores).

Furthermore, the analytical findings from the miafés elemental composition and
surface morphology were characterised using ScgriBiectron Microscopy coupled with
Energy-Dispersive X-ray Spectroscopy (SEM-EDX) e CMAC sample (Fig. 4c), which
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shows white granules adhering to the surface oeriwgt the pore cavity. The white
granules are Fe-oxide particles that are lighteroilour than the carbon matrix. The results
of the SEM-EDX show that coal contains 45.30 %223 % C, 22.60 % O, 4.23 % Na,
1.56 % Mo, and the remaining elements Mg, Al, 8d &€a. The presence of the Fe element
is due to the addition of E®, composites to activated carbon.

Fig. 4. SEM EDX photo: a) coal (1500 x), b) CMA®QD x), c) CMAC (10000 x)

Cadmium removal

The testing of CMAC's ability to remove cadmium weamnducted by varying the
cadmium concentration in the solution and the CM#&Gtact time.

Cadmium concentration variables

The percentage of cadmium removal in the samplds1Cw Cdl_5 after 1 hour of
contact with CMAC is shown in Figure 5, ranging fro097.43 % to 97.85 %.
The percentage of CMAC removal of Cd(ll) is hightan the percentage of Cr(VI)
removal by activated carbon from non-magneticalGtivated coal, which is about
37 % - 53 % [9]. As illustrated in Figure 5, thesathtion capacity of the material reaches
its peak when the initial Cd(Il) concentration lretaqueous solution is between 250 mg/L
and 350 mg/L. The lower the cadmium concentrationtie solution, the lower the
percentage of cadmium removed. However, the changthe removal percentage is
minimal. This incident is likely due to adsorptioh Cd(ll) at concentrations of 250 mg/L
to 350 mg/L, which is close to the saturation poiasulting in an almost constant increase
in cadmium removal percentage.
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Fig. 5. Diagram of cadmium removal with: a) cadmicomcentration variables, b) contact time variables
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Contact time variables

The percentage of cadmium removal in samples Cd& Cdk_7 after contact with
CMAC, with time variables ranging from 1 to 90 mies and an initial Cd(ll)
concentration of 50 mg/L, is presented in Figur@e graph shows that after 60 minutes
of contact time, CMAC’s adsorption capacity for oadm is nearly constant. This is
because the adsorption of cadmium after 60 mirigtese to equilibrium conditions, and
the maximum cadmium adsorption by CMAC has beereseh.

Model adsorption isothermal

The adsorption capacity of CMAC for Cd(ll) ionssnlution was modelled using the
Langmuir and the Freundlich isotherms, as illustlain Figure 6. The isothermal
adsorption equations are presented in equationgFtéundlich) and (11) (Langmuir):

log ge = log 3.9823 + 1/0.4530 - lay (20)
Co/Ge = (CJ/238.10) + (1/18.7381) (11)
Table 2
Freundlich and Langmuir equation constants
Adsorption model Freundlich Langmuir
Parameter R[] n[] Ke [mg/g] R[] K. [L/mg] Gm [Mg/g]
Parameter value 0.969]1 0.4530 3.9823 0.908 0.078§7 238.10
a) b)
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Fig. 6. Graph of the isothermal adsorption testhwi) the Freundlich equation, b) the Langmuir
equation

As presented in Table 2, the coefficient of deteation R? for the Freundlich
isotherm model is higher than that of the Langmmodel, with a value much closer to
unity. The Freundlich equation is better suitedd&scribe the adsorption of Cd(ll) by
CMAC, given its heterogeneous surface propertide pores of CMAC range in size,
including macropores, mesopores, and microporags(F-9). There are several functional
groups, for example, oxygen groups (-OH, —COOH, GC=and sulphur groups
(-SH, —S=0, —S&), which have different adsorption energies. Alsmakes the CMAC'’s
surface properties heterogeneous.



25€ Esthi Kusdarini, Defri Apriliyanto and Agus Budiant

Adsorption kinetics model

An adsorption kinetics model illustrates how CMA@dsorption capacity for Cd(ll)
ions changes over Time. The adsorption kinetics ehiglillustrated with the adsorption
kinetics equation from order O to pseudo-order @.(F). Table 3 shows that the most
suitable adsorption kinetics equation for the Qdfdsorption kinetics model by CMAC is
a pseudo-order 2 equation with @hvalue of 0.9997.
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Fig. 7. Adsorption kinetics model graph: a) order i) order 1, c) order 2, d) pseudo-order 1,

e) pseudo-order 2
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The constant of the kinetic equation of adsorption

Table 3

Adsorption kinetics Constant Constant value
Order 0 s [mgélz_- o) géggf
Order 1 oL 06015
Order 2 e [g/rgzg- i 0070802197

Pseudo-order 1 pSEUddsz /i Ooogéégl
Pseudo-order 2 pseudwzég/mg- ol 005?5578

Cyclic regeneration test of coal magnetic activatedarbon

The adsorption capacity test was performed usingACMover 5 cycles, with
3 repetitions per cycle. The test results are mtesein Table 4. Furthermore, the Cd

content data from the cyclic regeneration test vgelgected to statistical tests as presented

in Table 5.
Table 4
Cd removal in cyclic regeneration test
Cd levels in wastewater after contact with CMAC [mdL]
Regeneration | Expelrment - Mean Cd removal [%]

R1 7.6 7.2 74 74 97.04

R2 46.5 43.9 45.4 45.3 81.89

R3 143.6 144.5 141.3 143.1 42.75

R4 215.8 218.1 2124 2154 13.83

R5 228.1 2235 225.6 225.7 9.71

Based on Table 4, the Cd levels in wastewater afteitact with CMAC during
regenerations 1-5 increased. R1 produced the lo@estevels, averaging 7.4 mg/L.
In comparison, R5 produced the highest Cd levelsraaing 225.7 mg/L. The following
are the results of the normality assumption teistguhe Ryan-Joiner test statistic.

Table 5
Statistical test of Cd levels in the cyclic regetien test
Cd levels in wastewater after contact with CMAC [mdL]
95 % confidence
interval for mean
Regeneration N Mean SD eSrlEg.r tg\gﬁé ggﬁr?dr Min Max
R1 3 7.40 0.20 0.12 6.90 7.90 7.2( 7.6D
R2 3 45.3 1.3 0.8 42.0 48.5 43.9 46.5
R3 3 143.1 1.7 1.0 139.0 147.2 1413 144.5
R4 3 2154 2.9 1.7 208.3 222.6 21244 2181
R5 3 225.7 2.3 1.3 220.0 2315 2235 228.1
Total 15 127 91 24 77 178 7 228
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Table 6
Normality test results
. . Joint test
Variable Obs Pr(skewness) Pr(kurtosis) Adj chi?’2) Prob > ch?
Cd content [mg/L] 15 0.7036 0.0039 7.3 0.026

Based on Table 6, the normality test yields a pdéss than the significance level
(5 % or 0.05), indicating that the data on Cd IsVfjehg/L] are not normally distributed.
In this study, a logarithmic transformation wasdis€he following are the results of the
normality test after data transformation. Basedrlable 7, it is known that the normality
test produces a probability greater than the digantea (5 % or 0.05), so that the data
from the Cd levels that have been transformed logarithms are declared to be normally
distributed. Thus, the normality assumption is nietsting the homogeneity assumption
can be seen through Levene’s test (Table 8).

Table 7
Normality test results after transformation
. . Joint test
Variable Obs Pr(skewness) Pr(kurtosis) Adj chi?2) Probsch?
log Cd content [mg/ll] 15 0.0848 0.727 3.56 0.1685
Table 8
Homogeneity test results
Levene's Test Probability
0.986 0.458

Based on Table 8, the data homogeneity test yieldéevene statistic with
a p-value >a (5 %, or 0.05), indicating that the model has hgemeous variance.
Therefore, the homogeneity assumption is met. Bactlue assumptions of normality and
homogeneity are met, the analysis can proceed wittrway ANOVA. The CMAC
regeneration efficiency test on Cd levels [mg/L]swanducted using one-way ANOVA
with the following hypotheses: HO: There is no e@iffince in CMAC regeneration
efficiency on Cd levels [mg/L]; H1: At least oneipaf CMAC regenerations differs
significantly on Cd levels [mg/L]. The test criterstate that if the significance value is
< the level of significancex(= 5 % or 0.05), HO is rejected. Therefore, it banstated that
at least one pair of CMAC regenerations differsnigantly in Cd levels [mg/L].
The results of the CMAC regeneration efficiencyt tas Cd Levels [mg/L] are presented in
Table 9.

Table 9
One-way ANOVA test results
Sum of squareg df Mean square F Sig.
Between groups  25.095 4 6.274 15831.182 0.000
Within groups .004 10 0.000
Total 25.099 14

Based on Table 9, the test statistic is 15831.48th a significance value of 0.000.
The data show that thgvalue is < the significance level (5 % or 0.0%),H0 is rejected.
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Therefore, it can be stated that at least one phicoal magnetic activated carbon
regeneration processes is significantly differen€d levels [mg/L]. To determine whether
the regeneration groups differ significantly, a @ukest was conducted. The results of the
Tukey analysis are shown in Table 10.

Table 10
Tukey analysis results
. Subset fora = 0.05
Regeneration N 1 > 3 2
R1 3 2.0012
R2 3 3.8123
R3 3 4.9637
R4 3 5.3726
R5 3 5.4193
Sig. 1.000 1.000 1.000 0.095

Based on the Tukey analysis, R5 showed the higB@estevels [mg/L] and was
significantly different from R1, R2, and R3. Howeyeét did not show a significant
difference from R4. The analysis results show tR&t is the most effective magnetic
activated carbon regeneration in increasing Cdl¢eudowever, its effectiveness is still
relatively similar to R4.

The adsorbent’s regeneration efficiency and cyclistability

Regeneration cycle tests were conducted to evaltlate stability of adsorption
performance and the durability of coal magnetiécvatéd carbon (CMAC) during repeated
use for adsorbing G8ions. Regeneration was carried out over five cy¢R1-R5), with
the residual Cd concentration after adsorption omeas and the removal percentage
calculated.

The experimental results showed that in the figstlee (R1), the magnetic activated
carbon still exhibited very high adsorption perfamoe, as indicated by a final Cd
concentration of 7.4 mg/L and a removal efficiemfy97.04 %. This value indicates that
active sites on the carbon surface, including oryfgectional groups (—OH, —COOH), and
the magnetic F©, particles, remained optimally available to bind(lQdvia physical and
chemical adsorption mechanisms.

In the second regeneration cycle (R2), the remeffadiency decreased to 81.89%,
and the Cd content increased to 45.27 mg/L. Thisedese indicates that some active sites
are beginning to lose adsorption capacity, possibig to incomplete release of Cibns
during regeneration or changes in the adsorbefastructure.

The decline in adsorption performance was more qaooed in the third cycle (R3),
where the removal efficiency reached only 42.75%e relatively high residual Cd content
(143.13 mg/L) indicates that most active sites haeen permanently saturated, possibly
leading to pore blocking and damage to the micrepstructure due to repeated
regeneration treatments.

In the fourth (R4) and fifth (R5) cycles, the rerabefficiency decreased drastically to
13.83 % and 9.71 %, respectively. This conditiodidates that magnetic activated carbon
has lost most of its adsorption capacity. Repeaggneration processes may degrade
surface functional groups, causing this phenomehwaversible adsorption of strongly
bound Cd(Il) on active sites and damage to the gtrecture also reduce the adsorption
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capacity. The decrease in effective surface aeayedl as the potential for agglomeration
of F&O, magnetic particles, also reduces pore accesgib@iverall, the regeneration test
results showed that CMAC remained effective aftgo tregeneration cycles, with Cd
removal efficiencies above 80 %. After the thirdcley the adsorbent’s performance
declined significantly, making it less effectiver favater treatment applications requiring
high efficiency.

These findings indicate that although magneticvatdid carbon offers the advantage
of ease of separation using magnetic fields, ogation of the regeneration method
(e.g., regenerant type, temperature, and regeaertie) is still needed to improve cyclic
stability and extend the adsorbent’s lifespan [33-3

Conclusion

The results of the study showed that chemicallwattd CMAC using a mixture of
HsPO,—~HCI solution at 0.5 M - 1.25 M and physically aetied at 873 K - 1023 K met the
SNI 06-3730-1995 activated charcoal standard. Thexipate analysis and iodine
adsorption capacity of CMAC revealed a moisturetenhof 7.22 %, 8.45 % ash, 17.12 %
volatile matter, 67.21 % fixed carbon, and an inspiee iodine number of 1262.66 mg/g.
CMAC has a surface area of 177,183grand a pore volume of 15.3101 - 38.513%/gm
CMAC contains Fe at 45.30 %, C at 24.23 %, O ab 22, Na at 4.23 %, Mo at 1.56 %,
and the remaining elements, including Mg, Al, Sid&a. CMAC has also been shown to
remove Cd(ll) ions under laboratory conditions, iaeing up to 97.85 % removal.
Isothermal adsorption analysis of Cd(ll) onto CMAghowed a better fit with the
Freundlich model than with the Langmuir equatiohisTphenomenon can be attributed to
the non-uniform pore-size distribution on the CMAGrface and the presence of several
types of groups on the CMAC, which cause their guttan power to differ.

This research can be conducted under variable pidittons in the cadmium solution,
allowing determination of the optimal pH for thesacdption process. The study also found
that although magnetic activated carbon offers ddgantage of easy separation using
a magnetic field, CMAC can be used effectively irregyeneration cycles, with Cd(ll)
removal exceeding 80 %. Research is needed to isptithe regeneration method by
selecting the appropriate regenerant agent, tereraand regeneration time to improve
cyclic stability and extend CMAC service life.
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