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Abstract

The potential use of wastewater sludge as a biosorbent for removing various metals and
metalloids from aqueous solutions was examined. The sludge was immobilized by chitosan
into rods to enhance the sorption capacity and solid-liquid separation ability. An optimum
condition of rod-type chitosan-immobilized sludge (RCS) was selected from possibility of
produced biosorbent and the removal efficiency of As(V). The optimal sludge and chitosan

content and RCS thickness was 6.0%, 4.0% and 0.2-0.3 mm, respectively. The experiments

targeted cations(Cd(ll)) and anions(As(V), Cr(VI), and Mn(VI1I1)). Pseudo-first-order and

pseudo-second-order models adequately described kinetics models and Langmuir and
Freundlich models described isotherm models for RCS, which showed higher adsorption
ability for anionic metals over cationic metals. The results indicate that electrostatic attraction
or ion exchange is the most important mechanism for metal/metalloid adsorption, except in

the case of Mn(VI1), for which an adsorption-coupled reduction mechanism is suggested.
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1. Introduction

During the development of industry, the presence of toxic heavy metal contamination of
the environment is a source of serious concern. Due to their harmful effects on human health,
finding methods to remove heavy metals is of great importance. Chemical precipitation, ion
exchange, evaporation, electroplating and membrane processes are common commercial
methods for removing excessive concentrations of heavy metals from aqueous solutions [1,
2]. However, these methods can be expensive and inefficient and generate chemical sludge.
New environmentally friendly technologies for removing heavy metal ions from wastewater
are urgently needed.

Recently, biosorption has been suggested as a possible alternative to conventional
methods of heavy metal removal [3]. The main advantages of biosorption are reusability, low
operating costs, and no production of toxic secondary compounds. Biosorbents, the
adsorbents used in biosorption, are prepared from various biomasses such as algae, aquatic
plants, moss, and bacteria, all of which can be difficult to produce in large quantities. Many
researches have been carried out to produce biosorbent using wastewater sludge which has no
limitation on the production amount [4-7]. The use of wastewater sludge for biosorbent
offered not the naturally abundant but also no requirement of nutrients, and easy availability.
Even though it has merits, it often suffers several drawbacks using raw wastewater sludge.
The most important limitations include solid-liquid separation problems, possible biomass
swelling and inability to regenerate/reuse [3, 8]. To overcome this drawback, wastewater
sludge therefore needs to be immobilized. Chitosan, sodium alginate, polysulfone,
polyacrylamide, and polyurethane have been used as matrix materials for immobilization of
biosorbents [9, 10]. Special attention has been given to polysaccharides and natural polymers
such as chitosan, which is an emerging matrix materials for immobilizing biomass [11].

In this study, sewage-sludge waste was used as a raw material for the manufacture of
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biosorbents for the removal of heavy metals from aqueous solutions by batch biosorption
experiments. To facilitate sold-liquid separation, sludge was immobilized by chitosan, which
is known as a common, inexpensive, and environmentally friendly matrix material. Fourier-
transform infrared spectroscopy (FTIR) analysis and total organic carbon (TOC)
measurements were taken to confirm immobilization strength and characteristics. Kinetic and
isotherm experiments were conducted to evaluate biosorption rates and the capacity of the

biosorbent to remove various metals.

2. Materials

2.1. Preparation of the rod-type biosorbent

The raw material used in the experiments was a biochemical sludge from a biological
wastewater treatment plant in Yonsei University, Korea. Average sludge comprised 15 + 5%
total solids and 70 = 5% volatile solids/total solids. The immobilization process began with
2—6% (w/v) activated sludge (ignoring moisture) stirred in distilled water. After mixing, a 3—
6% (w/v) solution of chitosan and 5% acetic acid (v/v) was added by continuous stirring with
a mechanical stirrer at 160 rpm for 24 h. The mixture was extruded through syringes (0.2-0.3
mm, 0.5-0.6 mm, 0.8-0.9 mm and 1.0-1.2 mm diameter) into 2 M sodium hydroxide. The
resultant rod-type biosorbent was kept in a polymerizing medium for 4 h. To compare
biosorbent types, we also produced bead-type biosorbents with the same process. Biosorbents
were washed in distilled and deionized water to leach out excess solvents and then freeze-

dried. The dried biosorbent rods were stored in a desiccator until used in the experiments.

2.2. Reagents
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Chitosan (75-85% acetylation degree, molecular weight: 200—800 kDa) was supplied by
Sigma-Aldrich (USA). Acetic acid (purity > 99%) was purchased from Duksan (Korea). Pure

analytical grade As(V), Cd(ll), Cr(VI1), and Mn(VI1I1) solutions were prepared by dissolving

solid NazHAsOs7H20 (Sigma-Aldrich, USA), Cd(NOs)2/4H20 (Sigma-Aldrich, USA),

K2Cr207 (Junsei, Japan), and KMnO4 (Samchun, Korea) in distilled water. All chemicals
used in this study were of analytical grade. The pH of the solutions was adjusted by adding

sodium hydroxide (Samchun, Korea) or hydrogen chloride (Samchun, Korea) solutions.

2.3. Batch adsorption studies

The kinetics and isothermal removal of As(V), Cd(ll), Cr(VI), and Mn(VII) from
aqueous solutions by biosorbent rods was observed in 230 mL plastic bottles. The
equilibration (shaking) time was 6 h in contact with 200 mL of the wastewater. The bottles
were agitated in a shaker at 200 rpm at room temperature. In the Kinetics experiment, 2.0 g/L
of each biosorbent was put into contact with 50 mg/L of each metal or metalloid solution. All
solutions were adjusted to pH 5.5. Isotherm experiments were carried out at various metal
concentrations, ranging from 50 mg/L to 1500 mg/L. In all batch experiments, the solution
pH was maintained at the desired value using 1 M HCl and 1 M NaOH solutions. The amount
of metal or metalloid adsorbed on the biosorbent, g (mg/g), was calculated using the mass

balance equation

(Co—Ce)V

q (mg/g) =~—— 1)

where Co and Ce are the initial and equilibrium concentrations (mg/L), respectively, V is the

working volume (L), and m is the weight of the biomass (g). All biosorption experiments
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were performed in triplicate, with an error rate of less than 5%. Mean values were used for

kinetic and isotherm experimental data.

2.5. Analytical methods

TOC of the solution was measured using a TOC analyzer (TOC-VCPH/CPN,
SHIMADZU, Japan). Total nitrogen (TN) and total phosphorous (TP) were determined using
a test kit (C-MAC. Co., Korea). An infrared spectrum of the biosorbent with an FTIR
spectrometer (Vertex 70, Bruker, USA). An inductively coupled plasma-optical emission
spectrometer (ICP/IRIS, Thermo Jarrell Ash Co., USA) was used to analyze total metals after
being filtered through a 0.20 pm membrane. The Cr(VI) concentration was determined by
spectrophotometric analysis at 540 nm according to a standard method using 1,5-
diphenylcarbazide. The pink color of Mn(VIIl) was analyzed at 525 nm to measure its

concentration.

3. Results and discussion

3.1. Characteristics of chitosan-immobilized biosorbent

Because the activated sludge was composed of bacteria and protozoa, a biosorbent made
directly from the sludge may unintentionally contaminate a water system [12]. An
immobilization technique can address this problem. In this study, biosorbents were prepared
by an immobilization technique using chitosan. While much research in recent years has
focused on immobilization using chitosan, few studies have attempted to evaluate
immobilization performance. We tested the performance of immobilization through analysis
of TOC released from the biosorbent during pretreatment with deionized and distilled water.

TOC released from immobilized biosorbents was much lower than TOC released from raw
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biosorbent. In addition, TN and TP, which are indicators of pollution, were also found to be
less eluted (Table 1), suggesting that immobilization can alter the properties of a biosorbent,
including surface functional groups. In particular, a fuctional groups on the surface often
changes after immobilization. To determine the nature of functional group change, raw
biosorbents and chitosan-immobilized biosorbents were examined using FTIR analysis (Sl
Fig. 1). The spectra of the raw biosorbent and chitosan-immobilized biosorbents displayed
many absorption peaks. A broad and strong band in the 3600-3200 cm™ region was
associated with N-H and O-H stretching vibrations in amine and hydroxyl groups [13]. Two
spectra also displayed absorption peaks at 1650 cm™ and 1750 cm™* relevant to the stretching
band of the carboxyl double bond in the carboxyl functional group [14]. The phosphate group
also observed everything (1150 cm™ [=O stretching] and 1050 cm™ [POH stretching and/or
POC stretching]) [15]. After the chitosan immobilized the biomass, the FTIR spectrum
showed some peak changes (Sl Fig. 1). The band at 3378 cm™ broadened because of the
large number of amine groups in chitosan. Amine group biosorption sites played the most
significant role in anionic metal removal [16]. The FTIR results show that chitosan-
immobilized biomass was expected to remove anionic metal more effectively than raw

biomass [17].

3.2. Optimization of rod-type biosorbent modification conditions
The biosorbent shape, sludge content, chitosan content, and diameter of the biosorbent

were manipulated to optimize biosorbent preparation.

3.2.1 Effect of biosorbent shape
A kinetics study was conducted to determine the effect of immobilization and biosorbent
shape on adsorption. Experiments using raw sludge (RS), bead-type of chitosan-immobilized

v
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sludge (BCS), and rod-type chitosan-immobilized sludge (RCS) were performed to evaluate
the contact time required to reach equilibrium. Chitosan is a biopolymer with a high nitrogen
content that confers an adsorption ability for anionic metal ions. As(V) was used to evaluate
the performance of each biosorbent. Figure 1(a) exhibits the As(V) removal of RS, BCS, and
RCS as a function of contact time at a pH of 5.5. BCS and RCS delivered an As(V) removal
efficiency that was 2-3 times higher than that of RS. This result can be attributed to the

presence of amine groups on the biosorbent [18].

3.2.2 Effect of material content in biosorbent

The amounts of sludge and chitosan were important variables affecting sorption
performance. Figure 1(b) shows the effects of sludge on As(V) removal onto RCS. The
sludge content influenced the biomass surface, affecting the capacity of the biomass for
As(V) biosorption. For finer details, we compared adsorption results through pseudo-first-
order and pseudo-second-order Kinetics modeling. These models were employed to
investigate the adsorption dynamics of pollutants onto the biosorbents in relation to time and
to estimate the rate of the process. They can also shed light on biosorption mechanisms and
potential rate-controlling steps, which may include mass transport and chemical reaction

processes [19]. The pseudo-first-order equation is:

qr = q.(1 —e™b) ()

where e is the amount of adsorbate adsorbed (mg/g) at equilibrium, q: is the amount of
adsorbate adsorbed (mg/g) at time t (min) and ki (min?) is the rate constant.

The pseudo-second-order equation is usually associated with the situation in which the
rate of direct adsorption or desorption controls the overall sorption kinetics, and typically

8
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describes the removal behavior of metals [20, 21]. An integrated form of the pseudo-second-

order equation can be expressed as:

t 1 t

@ e ®)
or
Y= (4)

where h (g/mg-h) is the initial sorption rate and k> (g/mg-h) is the rate constant. From the
equations of the different obtained the equilibrium metal sorption, values for the rate constant,
initial sorption rate, and coefficients were calculated and are presented in Table 2. In the case
of equilibrium uptake, ge, removal increases with increasing sludge ratio in RCS. When
comparing the rate constant and initial sorption rate, RCS with 4.0% sludge shows the fastest
rate. From these results, it can be seen that 4.0% was satisfied in terms of speed, but 6.0%
was the optimal adsorption amount. To increase adsorption, we attempted to produce an
adsorbent containing more than 6.0% sludge. However, producing the biosorbent in this
manner proved problematic. We therefore set the optimum sludge content at 6.0% of RCS,
which showed the maximum amount and has the benefit environmental load.

The effect of the chitosan content in RCS on biosorption of As(V) is shown in Fig. 1(c).
The data used in Equations 2—4 are presented in Table 2. A chitosan content of 6.0% in RCS
showed higher removal of As(V) compared with other RCS. The higher removal may be due
to the effect of As(V) on the chitosan amine group in RCS. Comparing correlation
coefficients (R?), the pseudo-second-order kinetic model was a better fit in describing the
biosorption kinetics of studied heavy metals onto RCS. It was assumed that the As(V)

adsorption process was chemisorption involving valency forces through sharing or the
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exchange of electrons between the RCS and As(V) as covalent forces [22]. This facilitated
the electrostatic attraction of As(V) ions toward RCS, leading to an increase in biosorption.
However, when the equilibrium uptake, rate constant, and initial sorption rate values of As(V)
were examined, the effect of chitosan in RCS was not as dramatic, considering the
economical manufacture of biosorbent focuses on RCS with sludge and chitosan contents of

6.0% and 4.0%, respectively.

3.2.3 Effect of biosobent size

Biosorbent diameter size is an important controlling parameter of the biosorption
process. The effect of RCS diameter size on As(V) biosorption was studied using samples of
four biosorbents with average diameters of 0.2-0.3, 0.5-0.6, 0.8-0.9 and 1.0-1.2 mm, and
sludge and chitosan contents of 6.0% and 4.0%. The results are presented in Fig. 1(d).
Equilibrium uptake values showed similar values (Table 2). However, the rate constant and
initial sorption rate decreased when the biosorbent diameter increased from 0.2-0.3 to 1.0-
1.2 mm. The higher biosorption with smaller RCS diameters may be attributed to the fact that
RCS with smaller diameter has greater surface area. Therefore, an RCS diameter size of 0.2—

0.3 mm was selected for experimental purposes.

3.3. Adsorption study
3.3.1 Kinetics

Figure 2 shows the kinetics of metalloid/metal adsorption onto RCS by batch contact
time. Equilibrium times were different among the metalloids/metals. For Cd(ll) ions,
equilibrium states were reached after 1 h. The As(V) and Cr(VI) sorptions were achieved
after 3 and hours of contact time, respectively. The Mn(VI1) sorptions were finished after 6 h.
Table 3 shows that the pseudo-second-order equation, which agrees that chemisorption is the

10
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rate-controlling mechanism, was able to better describe the adsorption of As(V), Cd(ll),
Cr(VI) and Mn(VI1) onto RCS. By comparing the amount of metals adsorbed at equilibrium,
the following order was obtained: Mn(VI1I) > Cr(VI1) > As(V) > Cd(ll). While Mn(VI1) was
completely removed, sorption of Mn(VIIl) did not fit the kinetics models. The Mn(VII)
removal mechanism is recognized to differ from that of other metals. To examine the
Mn(VII) removal characteristics of RCS, total Mn concentrations were investigated (S Fig.
2). After complete Mn(VII) removal, Mn remained in the aqueous phase. It can therefore be
concluded that the Mn(V11) removed from aqueous phase was reduced to other species of Mn
[23]. Despite the fact that Cd(ll) ions, as representative metal cations, were more weakly
adsorbed than the other metals, their removal showed the fastest kinetics. It appears that
Cd(Il) reacted strongly with other functional groups. In general, it is known that the carboxyl
group is involved in the adsorption of Cd (I1) [24, 25]. The adsorption of Cd (II) was weakly
adsorbed because it was decreased carboxyl group in the RCS compared the raw sludge (SI

Fig. 1).

3.3.2 Isotherms

Biosorption isotherms can represent the interaction between a biosorbate and biosorbent,
and provide information about the distribution of the biosorbate between the liquid and solid
phases at several equilibrium concentrations. Isotherm modeling is therefore important for
biosorption data interpretation and prediction [7, 26]. In this study, isotherm models of
Freundlich and Langmuir were used to evaluate biosorption equilibrium data. Freundlich and

Langmuir isotherm equations are in the forms of:

g = KpCJ" (5)
and
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__ QmaxbCe
14bC, (6)

where Kt and n are constants incorporating all parameters affecting the biosorption process in
the Freundlich equation and b is the constant related to affinity of the binding sites in the
Langmuir equation. In the Freundlich equation, Kr (L/mg)*"™ and n (dimensionless) are
constants. On average, a favorable adsorption tends to have a n between 1 and 10. In the
Langmuir equation, gmax IS the maximum adsorption capacity (mg/g) and b (L/g) is the
isotherm constant.

Langmuir and Freundlich isotherm models were used to interpret the experimental
isotherm data of RCS. Model parameters and R? values are summarized in Table 3. The
sorption experimental data and respective Langmuir and Freundlich isotherms are plotted
in Fig. 3(a), (b), (c) and (d) respectively. A linear regression of the experimental results for
As(V) and Cr(VI) proved a better fit in Langmuir isotherms. This result can be attributed to
the fact that As(V) and Cr(V1) biosorption of RCS was assumed by sorbate, and the equation
describing the reaction rate allows for simultaneous adsorption and desorption [27]. When
comparing Langmuir parameters values obtained for As(V) and Cr(VI), Omax Was
approximately 42.25 mg As(V) or 70.79 mg Cr(VI) per g of RCS. The values for As(V) from
the present study are comparable or considerably greater than other reported sludge sorbents
(Table 4). The other metals, Cd(Il) and Mn(VI1), were well described by the Freundlich
equation based on R2 This difference may be explained by the presence of an operating
mechanism other than basic ion exchange, such as specific adsorption-complexation reactions
taking place in the adsorption process [28]. As mentioned above, the biosorption mechanism

of Mn(VI1) was suggested by an adsorption-coupled reduction mechanism.
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4. Conclusions

The aim of the present study was to develop a high-performance biosorbent of non-
living activated sludge. The incorporation of immobilizing chitosan, which was confirmed by
the release of TOC, TN, and TP from the biosorbent during pretreatment with deionized-
distilled water wash, may offer an effective method of decreasing metal and metalloid
concentrations in wastewater. Comparing experiments for adsorption of As(V), the optimal
conditions for biosorption were a rod shape, 4.0% chitosan, and a biosorbent diameter of 0.2—
0.3 mm, in contact with 6.0% dried sludge. An investigation of the removal rates of various
cationic and anionic heavy metals found that RCS had adsorbed anionic metals more
effectively than cationic metals. The maximum biosorption capacities of RCS were
determined to be 42.25 mg/g for As(V), 28.69 mg/g for Cd(Il), 70.79 mg/g for Cr(VI), and
284.11 mg/g for Mn(VIl). The model-fitting results indicate that adsorption-coupled
reduction and ion exchange must be involved in the adsorption of the Mn(VII), while ion
exchange or electrostatic attraction is the most important mechanism for other metals and

metalloids.
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Figure legends

Figure 1. Effect of (a) biosorbent shape, (b) chitosan content, (c) sludge content and (d)
biosorbent size on adsorption of As(V) on the sludge chitosan (biosorbent dosage = 2 g/L,
agitation rate = 200 rpm, contact time = 6 h, temperature = 25 °C, Vw = 200mL, pH non

shift(pH 5.5)).

Figure 2. Kinetics of metalloid/metal adsorption (As(V), Cd(ll), Cr(VI), and Mn(VI1)) onto
the sludge chitosan. (biomass dosage = 2 g/L, agitation rate = 200 rpm, contact time = 6 h,

temperature = 25 °C, Vw = 200mL, pH non shift(pH 5.5)).

Figure 3. Adsorption isotherms of (a) As(V), (b) Cd(ll), (c) Cr(VI1) and (d) Mn(VII) by the
rod-type biosorbent. The continuous lines were predicted by the Langmuir model; the dotted
lines were produced by the Freundlich model. (biomass dosage = 2 g/L, agitation rate = 200

rpm, temperature = 25 °C, Vw = 200mL, pH non shift(pH 5.5))

19



432 Kim et al Figure 1 (a)

433
50
40
=
P
< 30
&
E
20
=
I0 —0— Faw shdzz
—1— Bead-tpe
—&— Foad-tvpe
ﬂ T T T T T T
/] 1 2 3 4 5 ]
434 Time (h)
435

20



Figure 1 (b)

Kim et al

436

437

T T _
=] [t o o
*F oy oy

(/T W eI ey sy

T
=]
by

£y

£

Time (h)

438

439

440

21



441 Kim et al Figure 1 (c)

442
—— 3%
—_1 4%
—&— 3%
- —x— 6%
¥
g . -
E T
= - -
=
I 1
IS' I I 1 I I I
o I 2 3 4 5 ]
443 Time (b
444
445

22



446

447

448
449

450

457

As conce nitation (mg/1L)

Kim et al Figure 1 (d)
a0
—— 0.2~0.3 nom
—1 05006 mem
40 4 —i— L8~0.% mm
—7— 10~12 mm
30 A
20 1 7
I0
ﬂ T T T T
] 2 3 h) ]

Time (1)

23




452 Kim et al Figure 2

453

g

;

=

f I 2 3 4 5 'i]

454 Time ()
455
456

24



457 Kim et al Figure 3 (a)

458
50
40
&)
g 30 -
(]
X
<
e
2 20 -
<
10 '/ @} Experimental data
Langmuir
— — —  Freundlich
O T T T T
0 100 200 300 400 500
459 Equilibrium As concentration (mg/L)
460

25



461

462

463
464

465

466

40

30

Cd uptake (mg/g)
N
o

10

Kim et al

Figure 3 (b)

Equilibrium Cd concentration (mg/L)

26

/ (¢} Experimental data
—  Langmuir
— — —  Freundlich
0 100 200 300 400



467 Kim et al Figure 3 (c)

468
80
60 -
=
E
£ 40
8
Q
>
)
20 -
/ (©) Experimental data
——  Langmuir
— — —  Freundlich
O T T T
0 100 200 300 400
469 Equilibrium Cr concentration (mg/L)
470
471
472
473
474

27



475

476

477
478

479

Mn uptake (mg/g)

Kim et al

500

400

300

200

100

Figure 3 (d)

Experimental data
Langmuir
Freundlich

300

450

600

750

Equilibrium Mn concentration (mg/L)

28

900



480

481 Table 1. Values of TN, TP, TOC and TC released from raw sludge and sludge chitosan.

482
Biosorbent type
Raw sludge Sludge Chitosan

TN (mg-N/L) 30.46 3.60

TP (mg-P/L) 11.63 1.28

TOC (mg-C/L) 26.66 5.02

TC (mg-C/L) 43.77 6.72
483
484
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486

487  Table 2. Comparison of Pseudo-first-order model and Pseudo-second-order model parameter

488  values for different sludge, chitosan content and diameter of the biosorbent

489
Sludge  Chitosan . Pseudo first order Pseudo second order
content  content D'(?Ir]"ni;er K o R K g R? H
®)  ® (Wh) (mglg) () (@mgh) (Mg () (mglgh)
2.0 4.0 02-03 096 009 09889 0.13 1464 0.9995 28.65
4.0 4.0 02-03 113 008 09855 0.4 14.84 0.9995 29.94
6.0 4.0 02-03 079 009 09636 011 16.08 0.9990 27.33
6.0 3.0 02-03 084 012 09395 019 1369 0.9996 3555
6.0 4.0 02-03 158 006 09422 0.0 16.66 0.9956 27.63
6.0 5.0 02-03 128 006 09628 007 16.16 0.9963 18.48
6.0 6.0 02-03 078 0.08 09475 006 16.69 0.9931 16.55
6.0 4.0 02-03 081 009 09759 009 1578 0.9984 22.42
6.0 4.0 0506 163 004 09192 006 16.82 0.9916 16.13
6.0 4.0 0809 095 008 09969 008 1547 0.9971 19.47
6.0 4.0 1.0-1.2 064 008 09911 006 1570 0.9992 14.84
490
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492

493  Table 3. Kinetic and isotherm constants for the biosorption of As(V), Cd(Il), Cr(VI) and

494  Mn(VI1) by RCA

495
Pseudo first order Pseudo second order
Metals K, Ge R2 K, O R? h
(I/h)  (mglg) () (g/mg-h) (mg/g) () (mg/g-h)
Kinetic As(V) 0.85 8.64 0.9924 0.18 16.21  0.9996 47.68
Cd(n 0.51 291 0.8452 0.80 1496 0.9999 178.06
Cr(VI) 1.33 38.27 0.9840 0.06 19.94 0.9974 23.06
Mn(VII) 1.02 34.94 0.9642 0.01 3475  0.9645 14.66
Langmuir Freundlich
Metals ™ Qe b R? Kr . R?
(mg/g) (L/mg) ) (mg/g) ()
As(V) 42.25 0.0241 0.9711 6.3703 3.18 0.8643
Isotherm
Cd( 28.69 0.0398 0.8030 4.5064 2.94 0.9048
Cr(VI) 70.79 0.0201 0.9648 7.0609 2.57 0.8447
Mn(VII) 275.43 0.0163 0.8948 14.1749 1.98 0.9766
496
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498

499  Table 4. Maximum uptakes of As(V) by various biosorbents manufactured from sludge

500
Uptake Experimental
Sorbent type (mala) condition Reference
Pyrolysed sludge i
(Insustry) 0.07 pH 3.0-3.5,48 h [29]
Biochar sewage sludge i
(Domestic) 13.42 pH 6.7-7, 24 h [30]
Acid mine drainage sludge
(Industry) 21.50 pH 7,24 h [31]
Acid mine drainage sludge
alginate bead 21.79 pH 5,96 h [32]
(Industry)
Magnetic
sludge composite 21.3 pH 2.6,5h [33]
(Domestic)
Sludge Chitosan .
(Domestic) 42.25 pH5.5,6h This study
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