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Abstract

Textile sludge—sawdust chemically produced activated carbon (SSAC) was used in equilibrium and dynamics adsorption of
malachite green (MG). The effects of concentration in equilibrium, and influent flow rate (15-30 mL/min), initial concentration
(20-80 mg/L) and bed height (2-6 cm) in dynamics mode were investigated. SSAC with surface area of 979 m?/g shows an
outstanding maximum capacity of malachite green at 530 mg/g. In adsorption dynamics, the breakthrough time and bed capacity
increased with increasing bed height, and decreasing flow rate and influent dye concentration. Bohart-Adams, Thomas, Yoon-
Nelson and Clark models were applied to describe the column breakthrough, dynamics behaviour and adsorption mechanisms.
The breakthrough curves were best fitted by Yoon-Nelson model at the experimental conditions. The maximum bed capacity was
reported to be 565 mg/g. SSAC is an effective adsorbent for MG removal from aqueous phase.

Keywords Activated carbon - Adsorption - Sawdust - Textile sludge - Malachite green - Wastewater treatment

1 Introduction

Malachite green (MG), a blueish green cationic dye, has been
widely used to impart colour in paper and fabric industries. MG
is soluble in water, toxic and recalcitrant to biological degrada-
tion. It deteriorates water quality and impedes sunlight penetra-
tion in streams. This consequently impairs the photosynthetic
activities, hence decreasing the dissolved oxygen levels for res-
piration of aquatic living creatures. Eventually, the whole aquat-
ic ecosystem and food chain will be compromised. Amongst
other wastewater treatment strategies, MG can be effectively
removed through adsorption using activated carbon [8, 26].
Adsorption is a simple and cost-competitive process in
terms of design, operation and maintenance. However, the
costly commercial activated carbon prompts tremendous
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endeavours to develop cheaper substitutes, especially from
biomass and industrial waste such as waste Elaeagnus stone
[23], wood [52], cactus cladodes [15], waste printed circuit
boards [29], coal fly ash and waste aluminium foil [12].
Sawdust and textile sludge are examples of freely and abun-
dantly available promising materials for activated carbon
preparation. In this work, textile sludge—sawdust chemically
produced activated carbon (SSAC) in granular was evaluated
for MG removal in batch and column adsorption systems.

Batch adsorption is crucial in understanding the interaction
on activated carbon surface in relation to its surrounding dye
concentration at equilibrium [38]. Column adsorption, on the
other hand, is useful to shed further insight into industrial
applications [25]. Unlike batch mode, the dynamics operation
mainly relies upon bed saturation which is less likely to run
under equilibrium [25, 57]. Precise modelling of dynamics
pattern based on fundamental mass transport mechanism (sur-
face, pore and film diffusion) is therefore indispensable in
designing a continuous adsorption process.

This work was aimed to evaluate the equilibrium and dy-
namics of MG adsorption by SSAC. Isotherm models, namely
Langmuir, Freundlich, Temkin and Redlich-Peterson, were
used to interpret the equilibrium data and possible mecha-
nisms governing the removal of MG. In dynamics mode, ki-
netic models, i.e. Bohart-Adams, Thomas, Yoon-Nelson and
Clark models, were employed to describe the breakthrough
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curves. The effects of initial concentration, influent flow rate
and bed height on the bed capacity and dynamics behaviour
were evaluated and discussed.

2 Material and methods

Textile sludge was obtained from textile factory, while saw-
dust was supplied by wood production factory, both located in
Johor state of Malaysia. Hydrochloric acid (30%), phosphoric
acid (85%), potassium hydroxide and malachite green were
obtained from R&M Marketing, Essex, UK. Sodium hydrox-
ide (96%) was purchased from Bendosen and potassium io-
dide was supplied by QRec (Asia). All chemicals are reagent
grade, and were used without further purification.

2.1 Preparation of activated carbon granule (SSAC)

Based on previous works, the ratio of 0.7:0.3:1 (KI:KOH:TS)
produced high surface area AC with the best MG adsorption
capacity [48], while the ratio of 1.7:1 (H3;PO,4: sawdust) pro-
duced pellets with high surface area, MG adsorption and com-
pression strength [49]. In this work, textile sludge (TS) was
dried at 110 °C for 48 h, crushed and sieved to a size of
178 wm. It was mixed with chemical solution at mass
ratio of 0.7:0.3:1 (KI:KOH:TS), followed by heating at
90 °C for 1.5 h. The impregnated sample was activated
at 700 °C for 1 h. The activated carbon powder (la-
belled as AC) was soaked in HCI, and rinsed using distilled
water until the solution pH is constant. After that, it was oven-
dried at 110 °C.

Sawdust was mixed with 60 wt% H;PO, solution at mass
ratio of 1.7:1 (H3PO,4:sawdust). Then, AC was added at mass
ratio of 1:0.4 (sawdust:AC). The mixture was stirred at 85 °C
for 1 h. A 3 g of'solid from the mixture was separately pressed
into a 10 mm inner diameter cylindrical mould. Then, the
sample was heated at 560 °C for 3 h. The resultant pellets
were washed with distilled water to remove excess H3POy,
and dried in a desiccator at room temperature for 26 h.
Finally, it was reduced to a uniform granule size of 0.5 mm
(labelled as SSAC).

2.2 Characterization of SSAC

The textural properties of activated carbons were determined
by N, gas adsorption at 77 K in a pressure range of 107> to
0.995 using a MicroActive analyser. The carbon material was
initially degassed at 300 °C for 24 h. The Brunauer-Emmett-
Teller (BET) model was applied to calculate the surface area
and mesopore volume of SSAC. The surface morphology was
obtained by scanning electron microscope (model SEM-50,
Philips, Holland). Boehm titration and pH,,. were carried
out to investigate the surface functional groups and net surface
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charge of SSAC. In Boehm titration, 0.3 g of pellet was added
into 15 mL of 0.1 M NaHCOs3, 0.05 M Na,CO3, 0.1 M NaOH
and 0.1 M HCI solutions. The mixture was shaken for 48 h to
achieve equilibrium. A 5 mL of the supernatant was pipetted,
and back-titrated with 0.05 M HCI or 0.1 M NaOH, respec-
tively. Phenolphthalein and methyl red were used as pH col-
our indicators. Back titration was performed for each reaction
basses due to the difficult removal of CO, from solutions [24,
37]. The pH,,,. was elicited by pH drift method. The pellet was
added into 50 mL of 0.1 M NaCl solution of varying pH (2 to
12), wherein the pH was adjusted using 0.1 M HCl and 0.1 M
NaOH. The mixture was agitated for 24 h, and the final pH
was measured and recorded. The point where the initial pH is
equal to final pH is the value of pH,,..

2.3 Adsorption studies

A 0.05 g of SSAC was added into 50 mL of MG dye solution
of varying concentrations. The solid-solution mixture was ag-
itated in a shaker at 120 rpm and room temperature for
72 h. Subsequently, the final concentration was mea-
sured using a visible spectrophotometer (Spectrumlab
752Pro) at Apa.x =650 nm. The adsorption capacity, ¢,
(mg/g), was computed as,

4 (1)

where C, and C, (mg/L) are the initial concentration and equi-
librium concentration of dye solution, respectively, V (L) is
the volume of dye solution and W (g) is the mass of SSAC.

A fixed quantity of SSAC was loaded into a fabricated
acrylic column (56 cm height and 0.7 cm inner diameter) to
get the required adsorbent bed height. Then, a stainless-steel
wool was placed at the top and bottom of adsorbent bed to
secure the close packed arrangement and prevent loss of ad-
sorbent. Both column ends were closed with threaded caps,
connecting them to a peristaltic pump to feed the influent MG
solution at a desired upward flow rate through the vertical
column. The MG feed solution was injected in an upward flow
to avert channelling due to gravity. The setup of fixed-bed
adsorption is shown in Fig. 1. A series of tests were performed
to investigate the effects of operating parameters such as flow
rate (F=15, 20, 30 mL/min), bed height (H =2, 4, 6 cm) and
inlet concentration (C, =20, 50, 80 mg/L) on the dynamics
behaviour and volumetric adsorption capacity of MG by
SSAC adsorbent. The natural pH of MG solution was main-
tained in the range of 3 to 5. The samples were collected at
regular intervals and the concentrations were measured ac-
cordingly. When the effluent concentration exceeded a value
0199.5% of its initial concentration, the column operation was
halted.
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The breakthrough (C,/C,) was plotted against time, ¢, where
C, (mg/L) is the influent concentration, C, (mg/L) is the efflu-
ent concentration at service time, ¢. The breakthrough time, ¢,
is defined as the time at which the effluent concentration
reached approximately 10% of the influent concentration (C/
C;=0.1)[9, 21] to assess the breakthrough curves. The break-
through and saturation points corresponding to the influent
concentration were set at 10 and 95%, respectively. The total
volume of treated effluent, V,;(mL) was determined as,

Vrg{f = Qttotal (2)

where Q and ¢, represent the volumetric flow rate (mL/
min) and the total flow time (min), respectively. The total
amount of MG adsorbed, ¢t (Mmg) Was obtained by reckon-
ing the area, A under the curve of concentration of adsorbed
MG, C,, (mg/L) at time ¢, which is C,;= C,-C; versus time ¢
(min). The mathematical expression is shown below [47].

The equilibrium MG uptake or adsorption capacity,
q. (mg/g) was computed as,

Ytotal

qe = 7 (4)

where m (g) is the mass of SSAC in the column. The mass
transfer zone (MTZ) is section inside the column where the
MG concentration decreased from 90 to 10% of the inlet con-
centration. It is where most of the mass transfer or adsorption
happens and it moves from zero (front or inlet) to saturation
(back end) [35]. The length of MTZ or the unused bed length,
Hyy (cm) was computed as,

Hoy = H (1—2’) (5)

s

where H (cm) is the total bed height, ¢, (min) is the time at
breakthrough and #; (min) is the saturation time. The total
amount of MG fed to the column, W, (mg) was calculated

_ OA O p=torl .
Goul = 7000 = 1000 [y Cuadt (3)  from the equation,
Fig. 1 The fixed-bed adsorption 1 cm
setup : :
10.7 ey
|
@ Effluent
Adsorbent H 56 cm
bed
Peristaltic
pump
Influent

Sample
collector
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Co Qt total

Wiotal = 1000 (6)

The total MG removal, R (%) was computed from the ratio
of the total amount MG adsorbed, g to the total amount of
MG fed to the column, Wy, as expressed below.

R (%) = -Loul 100 (7)

total

In this work, three mathematical models—Bohart-Adams,
Thomas, Yoon-Nelson and Clark models—were used to pre-
dict the column breakthrough curves of adsorbent and explain
the mechanisms of continuous adsorption. Microsoft Excel
solver was utilized for data processing for non-linear regres-
sion analysis. The mathematical expressions and the assump-
tions are summarized in Table 1.

3 Results and discussion
3.1 Reaction mechanism of SSAC

Textile sludge was activated with KOH at 700 °C following
the reaction mechanism below [53],

Thus, H,, CO, and CO are released, and porous activated
carbon is formed.

The activated carbon powder is then converted into gran-
ules by mixing with H;PO, and sawdust. According to Li
et al. [30], dehydration of H3;PO,4 occurs at temperature of
100 to 400 °C.

nH3PO4—H,, 1 ,P,03,:1 + (n—l)HQO (17)

At temperature 0of 400 to 700 °C, H,, , ,P,,05,, , 1 dehydrates
into P40 and it reacts with carbon, creating new pores, en-
larging the existing pores and releasing CO, [30].

H,12P,03,41—P4010 + 3H,0 (18)
P40, + C—P4,05 + CO, (19)

3.2 Characteristics of SSAC

Table 2 shows the yield, textural properties and pH of SSAC
prepared at 560 °C and 3 h. The mass of the sample decreased
after carbonisation with 59% yield due to the gasification of
carbon into CO and CO,, devolatilization and carbon-chemical
reaction. These reactions caused multiple pores to develop and
consequently increase the surface area and other textural prop-
erties of the SSAC as shown in Table 2. The high Szz7, Vrand
PD,,, of SSAC facilitates greatly in the removal capacity of

6KOH + 2C—2K + 3H, + 2K,CO3 (12) MG dye molecules. MG has a molecular diameter of 1.26 nm
K,CO3—K,0 + CO, (13) [51], hence the’ average pore diameter of the adsorbent should
be at least 2 times [34] of the MG molecules (2.5 nm) for
€O, +C-2C0 (14)  smooth pore diffusion. SSAC has a PD,y, of 2.77 nm, making
K,CO;3 + 2C—2K + 3CO (15)  itadvantageous for the adsorption of MG. Figure 2 displays the
ore size distribution graph of SSAC with two peaks at 2 nm
K>0 + C—2K + CO (16) P 1o 8rab 1 : P
and 3.8 nm, denoting that it is predominantly mesoporous (pore
width in the range of 2 nm to 5 nm).
Table 1 Column adsorption models [11, 17, 50, 54, 56, 58]
Dynamics model Assumption Equation
T
Clark model The shape of the mass-transfer zone is constant and all the adsorbates Gc,= (ﬁ) " 8)
are removed at the end of the column.
Freundlich isotherm defines the sorption behaviour of adsorbate.
The sorption rate is determined by the outer mass transfer step.
Thomas model Assumes the second-order reversible reaction kinetics and the Gc,= e% qon»: Cot+109)
Langmuir isotherm.
Plug flow manner in adsorbent bed.
Bohart-Adams model The uptake rate of adsorbate is proportional to the concentration of the G C, = ekm 5&1 N, %*1 + ke Cot (10)
adsorbate existing in the bulk fluid and the residual adsorptive capacity
of adsorbent.
The reaction is not immediate as the model is based on the theory of
surface reaction.
Y oon-Nelson model The rate of decrease in the probability of adsorption for each adsorbate Sc o = m (11

molecule is proportional to the probability of its adsorption and

breakthrough on the adsorbent.
Applicable for single component system.
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Table 2 Yield, textural

properties and pH of Yield (%) 58.6

SSAC N (mz/ 2) 979
Mic. (%) 15.8
Vr (cm’/g) 0.678
D,y (nm) 2.77
pH 32
gm (mg/g) 530

Szer BET surface area, V7 pore volume,
D¢ average pore diameter

Figure 3 shows the scanning electron microscopy (SEM)
images of SSAC. Irregular cavities and minimal crevices can
be seen on the external morphology of SSAC surface which is
caused by the evaporation of phosphoric acid and decompo-
sition of organic matters during carbonisation. The white par-
ticles can be attributed to the leftover phosphate or other metal
compounds on activated carbon [5]. H3PO4-modified coconut
shell AC [5] and H3POj4-activated rice husk char [2] exhibited
similar morphology with SSAC. The addition of AC mini-
mizes the aggregation of the glutinous tar [49] which may
block the pores, resulting in better adsorption of MG.

The surface functionality analysis via Boehm titration
showed that SSAC contains 1.6 mmol/g of acidic groups
and 0.123 mmol/g of basic groups. The greater amount of
acidic functional groups reduces the pH,,. and pH of the
SSAC, revealing a negatively charged surface in solution.
On the other hand, the presence of the basic groups resulted
from the indirect alteration of the surface functionality by H,O
and CO, released during carbonisation.

Figure 4 illustrates the deduction of pH,,. of the SSAC
using pH drift method. It can be seen that the pHipiga/PHfinal
plots levelled off at pH range of 4 to 10 and the pH,,. was
approximately 2.1, whereas the pH is 3.2. The low pH,, of
SSAC is attributed to its higher amount of acidic functional
groups and only some basic groups were present. The acidic
and basic surface functional groups of the SSAC are influ-
enced by the activation technique and the type of precursor

1.4

1.2 r
1.0 r
0.8

0.6

Pore volume (cm?/g)

04 r
02 r

0.0 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

Pore width (nm)
g.2 Pore size distribution of SSAC

Fi

(sawdust and TS) used. In this study, the solution pH is greater
than the pH,,., signifying that the negatively charged surface
of SSAC creates greater affinity towards MG cations. The
SSAC is a L-type AC as their pH is greater than pH,,.. In
other words, it is hydrophilic and generates negative charges
in aqueous solution [14].

3.3 Equilibrium isotherm

Figure 5 shows that the experimental data and the Langmuir
plot of the SSAC performed at initial concentration of 50—
900 mg/L and 25 °C for 72 h. It can be seen that the equilib-
rium adsorption capacity, g, with increasing concentration
with a decreasing gradient until an equilibrium was attained,
signifying the saturation point. The g, is small at low concen-
trations as the amount of MG molecules available for adsorp-
tion sites is the limiting factor. At high concentrations, the
active sites for adsorption quickly become saturated until the
equilibrium is achieved and no further adsorption occurs. The
excellent MG adsorption capacity of SSAC was ascribed to its
higher surface area, large average pore diameter (with respect
to MG molecules) and the negatively charged surface. These
physicochemical properties of SSAC maximize the utilization
of the adsorption sites, making the adsorption intense and
rapid. The high of MG towards SSAC was also evident
through the 90° Langmuir plot, whereby the plot is close to
the ordinate.

Langmuir, Freundlich, Redlich-Peterson and Temkin iso-
therms were selected for the fitting of the equilibrium data.
The respective equations are given as follows.

q.,bC.

— An2%e 20
9« =1 b, (20)
g =KrC./s (21)

KzC.

—_ SRCe 2

9o =17 anCe (22)
RT

4. = ——In(A;C,) (23)
br

The fitting results are summarized in Table 3. The
Langmuir isotherm equation provided an excellent fit with
high R? value of 0.915 and low root mean square error
(RMSE) compared to other isotherms, indicating the adsorp-
tion of MG onto the SSAC is monolayer. Langmuir constant b
is related to the affinity between MG and SSAC. As shown in
Fig. 5, the adsorption curve is closer to the g, axis of the graph
at lower concentrations, implying that the adsorption process
is more favourable or spontaneous due to greater affinity at
these conditions.

The Freundlich isotherm is the least appropriate model,
implying that the multilayer formation of MG onto a

@ Springer
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Fig. 3 SEM images of SSAC at
different magnifications

(b)

heterogeneous surface is improbable. n and K- are associated
with the sorption intensity and sorption capacity of the adsor-
bent [27]. The n value for SSAC is 5.14, with the 1/n
value below one, indicating a standard Langmuir isotherm
[40]. This finding confirmed that the Langmuir isotherm is a
good fit.

The Temkin isotherm yielded satisfactory R* and RMSE
values. Among the Temkin constants, R is the universal gas

12

10

pH (final)
o

0 2 4 6 8 10 12 14
pH (initial)
Fig. 4 pH,,. of SSAC by pH drift method
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constant (8.314 J/mol K), Az is equilibrium binding constant
related to the maximum binding energy and B is related to the
heat of sorption, in which B = RT/b7. The B, by and A7 values
were tabulated in Table 3. The B value is less than 97 J/mol,
suggesting that the adsorption of MG onto SSAC is a
physisorption [41].

Redlich-Peterson (R-P) is a three-parameter empirical
equation which merges the Langmuir and Freundlich models
[42]. g, ag and Ky are the Redlich-Peterson constants and their
values can be found in Table 3. The g value of SSAC 1. When

600

500 YA
400

300

e (mg/g)

200

100
N

0
0 100 200 300 400 500 600
C. (mg/L)
Fig. 5 Equilibrium adsorption of MG by SSAC (data were fitted using
Langmuir model)
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Table 3 Isotherm parameters for

MG adsorption onto SSAC Langmuir Freundlich Temkin Redlich-Peterson
qm (mg/g) 530 n 5.14 B (J/mol) 80.1 Kr (L/g) 65.8
b (L/mg) 0.124 K, (mg/g) (L/mg)"”" 173 br 31.5 agp (L/mg)* 0.124
R? 0915 R 0.687 Ay (Llg) 271 g 1.00
RMSE 54.3 RMSE 100 R? 0.778 R? 0.915
RMSE 84 RMSE 54.3

g =1, the R-P equation is simplified to the Langmuir equation,
whereby Ky (R-P) represents ¢,,b (Langmuir), and az (R-P) is
similar to b (Langmuir) [6, 55]. The Langmuir constants were
consistent with the R-P constants as exhibited in Table 3.
According to Wu and co-workers, the value of g is nearly
unity in the adsorption of large molecules especially dyes
owing to the solid hindrance between pores and adsorbate
molecules [55]. Both Langmuir and R-P models provided
excellent fitting with the best R? values and lowest RMSE,
thus confirming the single layer MG formation on SSAC as
the predominant adsorption equilibrium mechanism.

3.4 Adsorption dynamics

Continuous fixed-bed column study was carried out to give
further practical and operational information for the industrial
scaling up purposes. The effects of design process parameters
including bed height, influent flow rate and dye concentration
on the breakthrough curves (BTCs) were studied using SSAC.
The experimental data were fitted into Thomas, Yoon-Nelson,
Bohart-Adams and Clark kinetics models, and the dynamics
parameters were determined under various process conditions.

The effect of influent of MG concentration (20, 50,
80 mg/L) on the BTCs was studied at fixed flow rate of
20 mL/min and bed height of 2 cm. As can be seen from

1.0
0.8
. 0.6
L
>
0.4
02 —o—80 mg/L
’ ——50 mg/L
—-20 mg/L
0.0
0 200 400 600 800

time (min)

Fig. 6 BTCs at different influent MG concentrations (flow rate =20 mL/
min, bed height=2 cm (0.318 g), temperature =25 °C)

Fig. 6, the shape of the BTC becomes steeper as influent
concentration increased from 20 to 80 mg/L signifying that
the MTZ is small and the adsorption is mainly governed by the
slow intraparticle diffusion [1, 13, 21]. A higher concentration
gradient supplies a greater driving force in assisting the mi-
gration process to overpower the mass transfer resistance, thus
facilitating the film diffusion.

Table 4 shows the BTC parameters for MG adsorption onto
SSAC at different conditions. Higher influent concentrations
reduce the breakthrough and saturation time, treated volume
of effluent and the percentage of MG removal, while the equi-
librium uptake augments. Since the bed height or mass of
adsorbent is fixed, the limited active binding sites can only
adsorb a fixed amount of MG. Consequently, the adsorbent
bed becomes saturated rapidly at higher concentration, where
more MG molecules are left unadsorbed, causing an earlier
breakthrough and saturation of adsorbent bed, and less puri-
fied effluent. The increase in adsorption uptake of MG is
attributed to the higher concentration gradient which boosts
the MG transport or diffusion rate [3, 7]. Similar trends were
also elicited from the removal of methylene blue dye using
Eucalyptus sheathiana bark biomass [1], adsorption of
tricaine methanesulfonate onto pyrolysed paper mill sludge
[21] and Cd (II) and Cu (II) ions adsorption onto palm oil
boiler mill fly ash [7].

The BTCs at different influent flow rates (15, 20 and
30 mg/L) and constant concentration (50 mg/L) and bed
height (2 cm or 0.318 g) are depicted in Fig. 7, while the
BTC parameters can be found in Table 4. As the flow rate
augments, the BTC becomes steeper with shorter break-
through and saturation time. At a high flow rate, the residence
time of MG dye molecules in the column is insufficient to
achieve equilibrium, wherein the front adsorption region or
MTZ moves swiftly to the end (or top) of the column, causing
the adsorbent bed to saturate faster [1, 21]. As a result, the MG
dye solution exits the column before the equilibrium happens,
which is characterized by the larger MTZ. This leads to the
lower equilibrium adsorption capacity and MG removal
efficiency as shown in Table 4. On the other hand, a
lower influent flow rate allows enough contact time between
MG dye molecules and the adsorbent bed, leading to a smaller
MTZ and higher equilibrium uptake and removal percentage
of MG.

@ Springer
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Table4 BTC parameters for the removal of MG using SSAC granules (0.5 mm) in fixed-bed column at different inlet concentrations, flow rates and

bed heights

C, (mg/L) O (mL/min) H (cm) Ve (mL) # (min) £, (min) Hyy (cm) Grota (M) q. (mg/g) R (%)

20 20 2 16,800 53 750 1.86 114 360 34

50 9000 34 469 1.86 150 472 33

80 7500 21 335 1.87 160 503 27

50 15 2 8100 44 497 1.82 171 538 42

20 9000 34 469 1.86 150 472 33

30 10,800 16 312 1.90 133 419 25

50 20 2 9000 34 469 1.86 150 472 33

12,600 142 541 295 317 504 50

6 19,600 327 918 3.86 539 565 55

The bed height affects the dynamics behaviour and quan-
tity of MG captured. The column adsorption experiments
were carried out at bed heights of 2, 4 and 6 cm (0.318,
0.636 and 0.954 g). The influent flow rate and concentration
were fixed at 20 mL/min and 50 mg/L. Figure 8 shows that as
the bed height increases, the BTC becomes slightly less steep
with significantly longer breakthrough and saturation time,
resulting in the larger volume of treated effluent, and increased
MG uptake and percentage removal (Table 4). This is because
a higher bed height prolongs the residence time of MG solu-
tion inside the column, broadens the MTZ and lengthens the
distance of MTZ, shifting from the front to the end of the bed
[3, 4]. Therefore, more MG dye molecules could diffuse
deeper into the internal pores of SSAC; consequently, a higher
MG removal efficiency is attained. Moreover, a higher bed
height or larger mass of SSAC also increases the contact sur-
face area, which enhances the availability of additional bind-
ing sites for the adsorption of MG molecules. Nevertheless,
axial dispersion controls the mass transfer at lower bed height,
causing not enough time for MG molecules to diffuse into the
adsorbent bed [1, 7]. As a result, the breakthrough occurred

1.0
0.8
. 06
Q
o
0.4
0.2 —-30 mL/min
—A—20 mL/min
—0— 15 mL/min
0.0
0 100 200 300 400 500 600
Time (min)

Fig. 7 BTCs at different influent flow rates (influent concentration =
50 mg/L, bed height=2 c¢m (0.318 g), temperature =25 °C)
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within a short time. This can also be justified through the
increase of MTZ region at higher bed heights as shown in
Table 4.

Modelling of column adsorption was performed to forecast
the dynamics operation of the fixed-bed column and predict
the kinetics coefficients. The model parameters were calculat-
ed by non-linear regression analysis, and the values are tabu-
lated in Table 5.

The Thomas model gave a good fitting with coefficient of
determination (R%) of up to 0.983 and low root mean square
error (RMSE), indicating insignificant radial and axial disper-
sion, constant void fraction, negligible temperature and pres-
sure change inside the fixed-bed column [22]. Besides, it is
also suggested that the intraparticle and external diffusion are
not the rate-limiting steps due to extremely small resistance [1,
10, 22]. The adsorption capacity of the bed (g, increased and
the Thomas rate constant £ decreased with decreasing flow
rate. This is because lower flow rate enables longer residence
time inside the column, allowing the MG dye molecules suf-
ficient time to diffuse into the pores of SSAC, therefore

1.0
0.8
o 0.6
)
04
—-2cm
0.2 ——4cm
—o—6cm
0.0
0 200 400 600 800 1000
Time (min)

Fig. 8 BTCs at different bed heights (flow rate =20 mL/min, influent
concentration = 50 mg/L, temperature =25 °C)
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Table 5 Thomas, Yoon Nelson, Bohart-Adams and Clark model parameters at various flow rates, influent concentrations and bed heights
Model Parameter C, (mg/L) QO (L/min) H (cm)
20 50 80 15 20 30 2 4 6
Thomas Geoxp (Mg/Q) 360 472 503 538 472 419 472 504 565
qo (mg/g) 299 437 220 483 437 224 437 424 520
k7 (mL/min.mg) 0.386 0.383 0.821 0.197 0.383 0.415 0.383 0.267 0.222
R’ 0.941 0.983 0.908 0.952 0.983 0.732 0.983 0.974 0.979
RMSE 0.090 0.053 0.146 0.083 0.053 0.152 0.053 0.073 0.068
Yoon Nelson t509 (Min) 180 139 32.7 156 139 22.7 139 198 388
7 (min) 214 142 41.5 177 142 432 142 242 432
kyy (1/min) 0.009 0.019 0.069 0.011 0.019 0.023 0.019 0.015 0.013
R’ 0.941 0.983 0.908 0.952 0.983 0.732 0.983 0.974 0.979
RMSE 0.090 0.053 0.146 0.083 0.053 0.152 0.053 0.073 0.068
Bohart Adams N,* 10™* (mg/L) 154 34.8 56.5 49.6 34.8 30.1 348 35.0 37.4
kpa x 10° (L/mg min) 18.40 7.15 5.02 497 7.15 8.34 7.15 6.68 4.46
R? 0911 0.921 0.695 0.909 0.921 0.643 0.921 0.906 0.879
RMSE 0.153 0.264 0.270 0.248 0.264 0.212 0.264 0.268 0.264
Clark A 1126 8908 25,501 2083 8908 77 8908 6.41x10° 1.34x 107
7 (1/min) 0.019 0.042 0.172 0.026 0.042 0.035 0.042 0.058 0.031
R? 0.907 0.958 0.885 0.924 0.958 0.678 0.958 0.972 0.968
RMSE 0.118 0.084 0.160 0.110 0.084 0.166 0.084 0.099 0.090

boosting the adsorption capacity. The g,, also increased, while
kr decreased as the influent concentration and bed height in-
creased. The higher influent concentration enhances the driv-
ing force, and the higher bed height provides more adsorption
sites, resulting in the greater bed capacity. The lower g, is
attributed to the surging competition between the MG dye
molecules as the adsorption sites on SSAC were slowly occu-
pied. The experimental g, and calculated ¢, did not differ
significantly except at high flow rate (30 mL/min) and high
influent concentration (80 mg/L) as the external diffusion re-
sistance may not be negligible at these conditions, therefore
breaking the assumption in the Thomas model. The values of
k7 (0.197-0.821 mL/min.mg) and ¢, (220-550 mg/g) in this
work were comparable with other studies. Ferreira and co-
workers (2017) reported the k7 values of 0.167—0.4 mL/
min mg and ¢, values between 85.6 and 108 mg/g for tricaine
methanesulfonate adsorption using pyrolysed paper mill
sludge at different column conditions (bed depth = 4.5, 9.0,
13.0 cm; influent concentration = 100, 250, 400 mg Lfl; flow
rate = 15, 27, 56 L/min). Furthermore, Jerold et al. [28] also
discovered kr values between 0.069 and 0.163 mL/min mg
and ¢, values of 328-565 mg/g for adsorption of malachite
green onto nano zerovalent iron algal biocomposite at various
bed height (3-9 cm), flow rate (5—15 mL/min) and initial MG
concentration (5-15 mg/L).

The Yoon-Nelson model also provides a good fit and the
R?* and RMSE values were coincidentally similar to that of the
Thomas model. Ferreira et al. [21] and Aziz et al. [7] also

reported the same observation for tricaine methanesulfonate
removal onto pyrolysed paper mill sludge, and column ad-
sorption of Cd(Il) and Cu(Il) ions onto palm oil boiler mill
fly ash, respectively. From Table 5, Yoon-Nelson rate con-
stant (kyy) increased with increasing influent flow rate and dye
concentration, but decreased with increasing bed height. The
rise in kyy values can be attributed to the greater force con-
trolling the mass transfer in the liquid phase at high influent
concentration and flow rate [31]. Meanwhile, the 50% break-
through time required (7) decreased with increasing flow rate
and influent concentration, but it increased with increasing
bed height. This is because at high influent flow rate and
concentration, more MG dye molecules are channelled to
the adsorbent bed with limited adsorption sites, causing rapid
exhaustion of the adsorbent and earlier 50% breakthrough (7),
while higher adsorbent bed height provides abundant adsorp-
tion sites available for adsorption of the MG molecules, there-
fore extending the 7. Such pattern in both &y, and 7 were also
widely noticed in other research [1, 7, 21, 22, 45]. The com-
puted and experimental values of 7 or #59¢, Were in close ap-
proximation. The high R? and low RMSE values implied that
the column adsorption behaviour of MG onto SSAC was well
illustrated by the Thomas and Yoon Nelson models.

The Bohart-Adams model is generally the least suitable
column adsorption model to describe the BTC owing to its
lowest R* and highest RMSE values. It is evident from Table 5
that the saturation concentration (/V,) decreased with increas-
ing flow rate, but increased with increasing influent
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Fig. 9 Adsorption mechanism in
a batch and b continuous
operations

Adsorption = Desorption
(Equilibrium)

Adsorption

Adsorbent

(a) Batch adsorption
o ®
@—
@—

Desorption

e &

‘ Adsorption # Desorption

._, (Non-equilibrium)

0‘@0.«&

Bulk solution
(batch system)

Q—
Q—

Influent flow
(continuous system)

esorption

J5 I

Adsorbent

(b) Continuous adsorption

concentration and bed height because insufficient residence
time at high flow rate deteriorates the adsorption efficiency,
while greater driving force caused by concentration gradient at
high influent concentration and plentiful free adsorption sites
at higher bed height improve the &,. On the other hand, the

}%

Bohart-Adams kinetic constant (kgz,) decreased with increas-
ing influent concentration and bed height, but increased with
increasing flow rate signifying external mass transfer governs
the overall system kinetics in the initial phase of the adsorp-
tion in the column [10, 22]. The increase of k4 at higher flow

Table 6 Surface area, bed capacity and breakthrough time of various adsorbents for continuous adsorption of cationic dyes

Adsorbent Dye Spgr(m*/g) C, (mg/L) Gexp GThomas (ME/E) 7, (min)  Best fit model Ref
Prosopis juliflora seed AC RB 1028 25-75 90.3 872 - Yoon Nelson [25]

Pine cone powder MB - 50-100 - 554 115 BDST [57]
Rubber leaf powder MB - - 96 99.2 167 Thomas [16]
Pineapple leaf powder MG - 50-200 - 82.5 600 Thomas [19]
Avena sativa (oat) hull MG 63 25-200 69.3 693 1170 Thomas 9]
Eucalyptus sheathiana bark biomass MB 6.55 50-100 453 496 50 Thomas, Yoon Nelson [1]
Granular AC MG 1150 50-200 - 67.9 BDST model [32]

Nano zerovalent iron algal biocomposite MG — 5-15 0.56 0.57 8.5 Thomas, Yoon-Nelson [28]
SSAC MG 979 20-80 565 520 327 Thomas, Yoon-Nelson  This study

AC activated carbon, RB rhodamine-B, MB methylene blue, MG malachite green, ¢, breakthrough time
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rate is attributed to the stronger kinetic energy of the MG dye
molecules, while the closely packed MG molecules at higher
influent concentration and the greater amount of adsorbent at
higher bed height acts as a barrier to slow down the MG
molecules, leading to weaker kinetic energy and decreasing
kpa. Similar trends of kg4 and N, with correlation to flow rate,
influent concentration and bed height were reported in several
studies [22, 31, 39, 44]. In order to ensure better adsorption
capacity per unit volume, N, and smaller kinetic constant, kz,
(minimal resistance inside column) the flow rate ought
to be lower with higher influent concentration and ad-
sorbent bed height.

The Clark assumes that the adsorption dynamics fol-
lows the Freundlich isotherm and the outer mass trans-
fer dominates the sorption rate [33]. The Freundlich
constant (n) from the batch adsorption (n=5.04) was
used to calculate the parameters of the Clark model.
The R? and RMSE values of the Clark model were
found to be in the range of 0.68-0.97 and 0.08-0.17,
respectively, reflecting that the Clark model provides a
better fitting than the Bohart-Adams model, but is less
appropriate than that of the Thomas and Yoon Nelson
model. Table 5 shows that A decreased with increasing
flow rate and decreasing influent concentration and bed height
most likely due to the decline in adsorption efficiency at these
conditions as rapid flow rate minimize the residence time,
while low influent concentration limits the amount of MG
dye and shorter bed height lowers the number of free active
sites available for adsorption. On other hand, r increased with
increasing flow rate and influent concentration as the higher
flow rate reduces the external diffusion resistance and higher
concentration induces greater driving force (due to concentra-
tion gradient), thus enhancing the rate of mass transfer. The
same pattern was also reported in other studies [18, 36, 46].

3.5 Adsorption mechanisms

In this work, the maximum adsorption capacity of
SSAC in the batch system is 530 mg/g and it is com-
parable with that of the continuous fixed-bed system at
360-565 mg/g. The adsorption performance difference
between the batch and the fixed-bed systems is ascribed
to the equilibrium establishment. In batch adsorption,
the SSAC is in contact with a fixed amount of MG
dye molecules for a time period until equilibrium is
attained. In continuous fixed-bed adsorption, the MG
solution flows into the column and exits before equilib-
rium is achieved at any phase (Fig. 9). The service time
or the time where the MG molecules breakthrough re-
flects the adsorption efficiency in continuous fixed-bed
operations [39]. Several studies also reported the vary-
ing adsorption capacities in both batch and fixed-bed
operations [16, 20, 43].

3.6 Comparison with various cationic dyes adsorbents

Fixed-bed adsorption is the most common continuous column
process utilized in various industrial applications for wastewa-
ter treatment purposes. Table 6 exhibited the surface area,
breakthrough time and bed capacity of different adsorbents
in the adsorption of cationic dyes at room temperature
(30 °C) and natural solution pH. The highest bed capacity of
SSAC in the fixed-bed adsorption of MG is 565 mg/g (C, =
50 mg/L, O =20 mL/min, H=6 cm) and is highly superior
than other adsorbents like nano zerovalent iron algal bio-
composite (0.56 mg/g) [28], Avena sativa (oat) hull
(69.3 mg/g) [9] and pineapple leaf powder (85 mg/g) [19] as
shown in Table 6. This signifies the powerful adsorptivity of
SSAC in the continuous fixed-bed adsorption operation,
which can be an excellent substitute for the commercial
coal-based AC.

In short, it was found that high initial adsorbate concentra-
tion in influent, low flow rate and high bed height or depth
were more favourable to ensure maximum bed adsorption
capacity. Besides the operating parameters, the inherent phys-
icochemical properties of the adsorbent also influence the per-
formance of the adsorption column. It is proposed that the
adsorbent should have large surface area and average pore
diameter of more than 2 times that of the adsorbate to ensure
easy and unrestricted mass transfer. Because of the dynamics
behaviour and the insufficient time to achieve equilibrium in
continuous mode, the adsorbent bed with opposite surface
charge of the adsorbate is more desirable as the electrostatic
attraction may improve the diffusion rate of adsorbate into the
internal pores of the adsorbent.

4 Conclusion

The textile sludge—sawdust chemically produced activat-
ed carbon (SSAC) was produced for malachite green
(MG) adsorption. The activated carbon has a surface
area of 979 m%/g and yields a capacity of 530 mg/g at
equilibrium. The column experiments showed that the
bed capacity increased from 360 to 565 mg/g with de-
creasing flow rate (15-30 mL/min) and increasing influ-
ent concentration (20—80 mg/L) and bed height (2—
6 cm). The highest bed capacity of 565 mg/g was
achieved at initial concentration, flow rate and bed
height of 50 mg/L, 20 mL/min and 6 cm (0.954 g),
respectively. The dynamics behaviour was best illustrat-
ed by Yoon-Nelson models. In conclusion, SSAC is an
excellent adsorbent for the treatment of MG in batch
(equilibrium) and dynamics mode. The findings in this
work are expected to contribute further understanding
on dye wastewater treatment and waste utilization espe-
cially textile sludge and sawdust.
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