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CHAPTER 1

Introduction

This chapter provides brief explanation about: acid mine drainage (AMD) and its
environmental impact; bentonite review, its challenge to optimize the modification using
milling technique, and the potential as AMD remediation material; batch and column
sorption test review. Objectives and research limitation are presented in the last section

of this chapter.

1.1 Background

Indonesia is one of top five coal producers in the world along with China, the
United States, India and Australia [1,2]. Hence, coal and mineral production is still one
of the largest non-tax revenues of Indonesia [3]. Most Indonesian coal mining company
apply open pit mining due to its effectiveness, safety, and lower cost. However, open pit
mining causes some environmental problem such as acid mine drainage (AMD), land
movement, soil erosion, sedimentation, and toxicity [4,5]. Acid mine drainage is
wastewater generated when the sulfide minerals (M), such as: pyrite (FeS>), Alabandite
(MnS), Galena (PbS), Sphalerite (ZnS), etc., are exposed with oxygen and water (Eq.
(1.1)). This wastewater typically has low or near neutral pH.

2(M)Sz + 702 + 2H20 = 2(M)?** + 4S04% + 4H" (1.1

The sulfide minerals are commonly present in coal bed formation as impurities.
When the overburden is excavated, the sulfide minerals in the coal bed are exposed to the
atmosphere and rainfall or groundwater (Fig. 1.1). Some metals such as iron, manganese,
aluminum, etc., and also other heavy metals with elevated concentration are possibly

containing in AMD [6]. The presence of metal types is not always together and depends



on geological condition.

Fig. 1. 1 Sulfide minerals in the coal bed which are exposed to the air and rainfall in open-pit

mining.

1.2 Indonesian AMD characterization (a field case study)

One of Indonesian coal mining company, PT. Jorong Barutama Greston which is
located in Jorong, Tanah Laut district, Province of South Kalimantan, Indonesia,
exhibited containing two metal types in the AMD: Mn and Fe [7]. The data was taken
from several voids (mining pit) and showed concentration range 1.7 — 27.2 mg/L for Mn
and 0.04 - 3.44 mg/L for Fe with pH 2.54 - 3.41 [7].

Indonesian government set the maximum limit of concentration in mining waste
is 4 mg/L for Mn and 7 mg/L for Fe [8,9]. These maximum limits are higher than the
quality standard for drinking water since the remediated mining waste usually only used
for such as irrigation, agricultural purpose, fish cultivation and not for drinking water.

The Fe concentration contained in AMD at PT. Jorong Barutama Greston coal
mining company is still below the maximum limit of standard quality. Meanwhile, the
Mn exceeded the quality standard. Manganese itself even though is not as ecotoxic as
other metals and one of essential elements for human body, but elevated concentration of

manganese can cause serious problem and diseases such as children hyperactive

2



syndrome, parkinson-like disorder, and neurological symptom due to chronic manganese

poisoning [10,11].

1.3 AMD treatment methods

Treatment of AMD mainly is divided into two types “active” method and “passive”
method, where both methods possibly involving physical, chemical, and biological
process, and either has same main purposes to decrease the metal toxic and raise the pH
[6].

Active treatment means the method always involves human assistance to add
reagent to neutralize the pH and remove the metal. Active treatment method requires fixed
plant to run the operation (Fig. 1.2). One common example of active method types is low-
density sludge (LDS) which involve three steps: mixing of reagent and dosing step;
reaction step; flocculation and clarification step (Fig. 1.3). [12].

Passive treatment, contrary to active, this method only needs occasionally human
assistance. In principle, the AMD is passed through to the passive system installation such
as anoxic/oxic limestone, and aerobic/anaerobic. Hence, this method does not need
continuous reagent addition [6,12,13]. One common example of passive method type is

limestone channel (Fig. 1.4).

Fig. 1. 2 Low density sludge fixed plant [12].
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Fig. 1. 4 Cross sectional side view of limestone channel in AMD passive treatment.

Passive treatment method is more economical compared to active treatment
method. However, passive method can only handle low volume and flow rate, low
concentration of metals, and mild acidity [12]. For instance, in carbonate-based system
not all metals can be removed due to maximum pH limitations that can be reached (e.g.
Manganese cannot be removed completely) [12]. While in aerobic wetlands system, even
though successfully precipitate Fe 60-95%, it can only precipitate Mn less than 10% [12].
Like other passive treatment methods, anaerobic wetlands can only remove limited Mn,

unless it is applied in very large areas [13].



1.4 Potential of natural clay bentonite

Bentonite, natural clay material that has been widely used as a low-cost sorbent is
selected as an alternative AMD remediation material in this research. General theory of
bentonite will be presented in this sub chapter. Before the bentonite explanation, brief

explanation about clay will be presented first.

1.4.1 Clay and clay minerals

The term “clay” is differentiated from “clay mineral”. Even though there are many
suggested definitions, in general term “clay” refers to natural material which has fine-
particle size <4 um (the Udden-Wenworth scale classification), earthy, and plastic
[14,15]. While “clay mineral” is described as phyllosilicate mineral, essential constituent
of clay, which contributes the plasticity to clay after moisturized and hardening after
drying or firing [16,17]. However, clay material possibly contain non-clay mineral as well
[14].

Clay minerals are built from two distinct structural units tetrahedron and
octahedron. The tetrahedron is an arrangement where a silicon atom positioned in the
center coordinated to four oxygens with the same distance (Fig. 1.5). The tetrahedron is
the foundation of silicate structure. The octahedron consists of six closely packed oxygens
or hydroxyls ion in which, aluminum, iron, or magnesium positioned in the center with
same distance from oxygens or hydroxyls (Fig. 1.6). The stack patterns of these two basic
units and the type of center atom, will determine the classification and nomenclature of

clay mineral.
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Fig. 1. 6 (a) A single octahedron (b) octahedrons in sheet [14].

Many different classifications were already described. However, Nomenclature
and Classification Committee of Association Internationale pour L’Etude des Argiles
(A.LLP.E.A) proposed classification scheme for the phyllosilicate to the International
Mineralogical Association which seems the closest approach the clay mineralogists. The
AIPEA Nomenclature Committee separated the phyllosilicate into hierarchical system of
mineral type, group, subgroup, and species (Table 1.1).

The type classifications are based on the layer structure of clay minerals 1:1, 2:1,
and 2:1:1 (Fig. 1.7). Type 1:1 is the simplest phyllosilicate structure, the layer consists of
one tetrahedral sheet and one octahedral sheet. The distinguishing within the subgroup in
1:1 type is the octahedral occupation. Dioctahedral is for kaolinite and trioctahedral is for
serpentine [18]. The species are differentiated by such as crystal morphology and water

molecule presence [18,19].



Table 1.1 Phyllosilicate classification scheme proposed by Nomenclature Committee of

AIPEA [14].
Group
Type (z=layer charge) - Subgroup Species*
Pyrophyllite-tale Pyrophyllites Pyrophyllite
z~0 Tales Tale
Smectite or Dioctahedral smectites or mont- Montmorillonite, beidellite,
montmorillonite- morillonites nontronite
saponite Trioctahedral smectites or Saponite, hectorite,
z~05—1 saponites sauconite
Vermiculite Dioctahedral vermiculite Dioctahedral vermiculite
2:1 z~1-15 Trioctahedral vermiculite Trioctahedral vermiculite
Micat Dioctahedral micas Muscovite, paragonite
z~2 Trioctahedral micas Biotite, phlogopite
Brittle mica Dioctahedral brittle micas Margarite
z~4 Trioctahedral brittle micas Seybertite, xanthophyllite,
brandisite
Chlorite Dioctahedral chlorites
2:1:1 2z variable Trioctahedral chlorites Pennine, clinochlore,

prochlorite
Kaolinite, halloysite

Kaolinite-serpentine Kaolinites

1:1 z~0 Serpentines Chrysotile, lizardite,
antigorite
Type 1:1 Type 2:1 Type 2:1:1
T
T
Interlayer T
Interiayer

=\

Fig. 1. 7 Clay mineral types 1:1, 2:1, and 2:1:1. T=Octahedral sheet, O=Octahedral sheet.

Type 2:1 means it contains two tetrahedral sheets with one octahedral sheet in
between. Within 2:1 type, the group is distinguished by layer charge. The segregation of
subgroup is determined by di -or trioctahedral except for pyrophyllite and talc. The
difference of ion charge occupied in octahedral sheet distinguishing the species [14,18].

Type 2:1:1 basically has same layer structure with 2:1, but it has octahedral sheet

in the interlayer space (brucite or gibbsite). Two layers of hydroxyl cover the center ion



(AP*, Mg?*, or Fe?*) which bring positive charge. There is no group differentiated by

octahedral occupation, interlayer, and interstratification [18].

1.4.2 Bentonite

Bentonite is a term which first applied by Knight in 1898 to a typical, plastic,
soapy and highly colloidal clay, found in Cretaceous age bed near Fort Benton [20]. There
were several definitions suggested after Knight’s definition but the term bentonite is now
well defined as any clay which dominantly contains smectite clay mineral whose physical
properties governed by this clay mineral [21,22]. In nature, bentonite was formed
naturally by devitrification of volcanic ash or hydrothermal alteration [14].

Smectite clay mineral which most contributes to bentonite properties, is including
2:1 type clay mineral (Table 1.1), consisting of an octahedral sheet sandwiched between
two tetrahedral silica sheets (Fig. 1.8). All of the tetrahedron tips point toward the center
of unit and have the same direction. The tips of tetrahedron are in the same layer with
OH- of octahedron. The layers formed continuously in a and b directions and stacked in
c direction. The bonding between sequent layers (interlayer) is Van der walls forces and
occupied exchangeable cations. This bond is very weak but with excellent cleavage where
water molecule or other polar molecules is able to enter this interlayer and cause
expanding lattice in ¢ direction. The basal spacing doz) in ¢ direction is variable, not
fixed, about 9.6 A without water or polar molecule in interlayer. In hydrated condition, it
expands about 15.4 A — 18 A for Ca-montmorillonite, and above about 40 A for na-

montmorillonite [23].
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Fig. 1. 8 Schematic of smectite structure [14].

Cation exchange capacity (CEC) is one of basic properties of clay minerals.
Cation exchange capacity represented the negative charge per unit mass of clay and
expressed as milliequivalent/100 g (meqg/100g) [24]. Bentonite has various CEC values
range 80-150 meq/100g [25]. Grim (1968) divided the source of cation exchange of
smectite mineral into three: a) isomorphic substitution, b) broken edges, and c) the
hydrogen of hydroxyl exposed [14] which are described as follows:

a. Isomorphic substitution
Isomorphic substitution refers to permanent charge of mineral that developed
during mineral formation from liquid magma or precipitates from a supersaturated
solution. This permanent charge, which specific to the phyllosilicates yields
negative charge in the mineral bearing [18]. The theoretical formula of 2:1 type
without isomorphic substitution is (OH)4SigAlsO20. This theoretical formula is
neutral charge and essentially the same as pyrophyllite mineral structure (Fig.
1.9). However, smectite always differs from the theoretical formula due to

isomorphic substitution [26,27]. Silicon in tetrahedral sheet is substituted by



aluminum, while aluminum in octahedral sheet can be substituted by magnesium,
iron, zinc, nickel, lithium, etc. [14]. The substitution can be one for one or three
for two cations. For example, in octahedral sheet substitution of one Mg?* for one
A" or three Mg?* for two AI**. The first example causes deficiency of cation and
increase a net negative charge and will be balanced by the cation from interlayer
[14,18,28]. This deficiency also occurs in the tetrahedral sheet when Si** is
substituted by AI®*. Cation type, charge, amount, which substitute the Al*® in the
octahedral sheet, and the substitution occurrence in the tetrahedral sheet determine
the subgroup and species of smectite mineral. In smectite minerals which always
have negative charge, the substitution can occur: in both tetrahedron and
octahedron, only in octahedron, or only tetrahedron. For instance, substitution of
3Mg?* for 2AIP* with also substitution AIP* for Si** yields saponite; substitution
of Fe3* for AI** with also substitution AI¥* for Si** yields nontronite; substitution
of Mg?* without substitution AI** for Si** yields montmorillonite; substitution of
Zn?* with also substitution AI** for Si** yields sauconite; substitution only Al
for Si** (without octahedron) yields beidellite [14,18,28]. Some smectite minerals
and its ionic substitution are listed in Table 1.2.

The charge deficiencies of montmorillonite, the most common mineral of
the group, due to these isomorphic substitutions has range from 0.5 to 1.2 per unit
cell. But generally, the charge deficiency is 0.66 per unit cell which would result
from replacement of every sixth aluminum by single magnesium ion.
Theoretically, the 0.66 Mg deficiency would be satisfied by 0.66 Na [28]. The
formulas mentioned in Table 1.2 should be considered indicative of the general
character of the mineral, but not as absolute, because a variety of compositions

can exist within the same basic crystal structure.
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Net Charge
+44—44=0

61021 A

Fig. 1. 9 Pyrophyllite charge distribution (structure type of smectite) [28].

Table 1.2 Several minerals of smectite groups and the ionic substitution [29-31] .

Tetrahedral | Octahedral
Type | Group Subgroup Species sheet sheet Formula /unit cell
substitution | substitution
1 Mg2+ for | (OH)4Sig(Als34Mgo.cs)
Montmorillonite | None every sixth | Og
Dioctahedral Al
i None OH)4(Sis.34Al1.
smectite Beidellite Al for Si (OH)a(Sle selAlcc)
Als3402
Nontronite Al for Si Fe** for Al | (OH)u(Si7.34Al065)
2:1 | Smectite Fes**Ox
Li for M OH)4Sig(Mgs.zsLio.
Hectorite None J (OF):Sis(Mgs seLloce)
OZO
Trioctahedral . i F63+ for (OH)4(Si7,34A|o,65)
) Saponite Al for Si
smectite Mg MgsO20
Zn forM OH)4(Sis-yAly)(Zne.
Sauconite Al for Si g (OH)«(SteyAl)(2ns
ngx) 020

b. Broken bonds

Broken bonds occurred around the edges of the silica-alumina units causes the

raise of unsatisfied charges, and will be balanced by adsorbed cations (Fig. 1.10)

[14]. The exchange capacity due to the number of broken bonds would increase

as the particle decreased. The lattice distortions also would tend to increase the

11




broken bonds, and raise the exchange capacity as the degree of crystallinity
decreased. However, in smectites, broken bonds only contribute relatively small
portion (+20%) of cation exchange, the rest probably from isomorphic

substitution within the lattice [14].

c. The hydrogen of exposed hydroxyls
This cause is typical for kaolinite and halloysite because of the presence of the
hydroxyl sheets on one side of the basal cleavage. McConnell (1950) suggested
an alternative structure of smectite which had hydroxyls in basal plane cleavage
surfaces [32]. Based on this structural concept, cation exchange capacity of

smectite exists. However, this concept generally is not accepted [14].

Edge of mineral, the silicon
does not satisfy this oxygen,
causes net charge that will
be satisfied by cations

Two oxygens are entirely dedicated to
the circled tetrahedron

Shared oxygens with adjacent tetrahedra

Q Oxygen @ Silicon

Fig. 1. 10 Schematic of broken bonds from bottom view of tetrahedral layer (adapted from
Grim, 1968) [14].

Many methods have been conducted to measure the surface area of clay. The most
reliable results have been developed by Brunauer, Emmett, and Teller [33,34], which
relies on the adsorption of simple molecules, such as nitrogen, at temperatures of their
boiling point in the neighborhood. Clay materials are composed of fine-grained clay and
other colloidal phases which has large surface area and significantly affect its properties.

Clay minerals have various surface area for smectite is reported between around 5 — 130
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m?/g [35-39]. These surface areas reflect the external and internal surface areas which
are a function of their crystal size and a function of mineral type [40]. The external and

internal surface area of smectite depicted in Fig. 1.11.

External surface of smectite

) [
/ A\
> Internal surface of smectite
) -
/ \

External surface of smectite

Fig. 1. 11 Schematic illustration of external and internal surface area of smectite (modified from
Eslinger and Pevear, 1988) [41].

Most of clay minerals are not only composed of one mineral type. Clay minerals
are usually mixed with another clay minerals or composed interstratified layers of
different composition [14,42]. The interstratified composition may be regularly or
randomly [14,42]. The former means the array along the c axis is a regular repetition of
different layer of clay mineral and the later means there is no uniform repetition of layers
[14,42]. In smectite, the mixed-layer minerals are common as illite-smectite and chlorite-
smectite [42,43]. The mixed-layer minerals can be formed by hydrothermal origin (most
frequent) or weathering [42,43]. It is reported the mixed-layer in smectite affecting lower
CEC compared to the non-mixed layer, around 10-70 meq/100 g for illite-smectite and
20-40 meqg/100 g for chlorite-smectite [42]. The illustration of mixed-layer mineral shown

in Fig. 1.12.
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Randomly interstratified

Clay Surface

L

Concentration

Regularly interstratified

Fig. 1. 12 Types of mixed-layering (modified from Nadeau et al, 1984) [43].

Distance

As the smectite has negative surface charge due to isomorphic substitution of
cations by less positive cations, the unsatisfied negative charged is compensated by
cations located on the surface of clay. When the water presents, the compensating cations
tend to diffuse away from the surface layer. On the other hand, higher concentrations of
anions tends to diffuse toward the surface layer. This behavior of cations and anions
tendency to be repelled or attracted by surface layer, diffuse away from or toward the
surface layer is called diffuse double layer. This double layer has constant charge in static
environment, and dominantly determined by isomorphic substitution degree and the

resulting negative charge in surface layer [44]. This diffuse tendency is depicted in Fig.

Fig. 1. 13 Diffuse double layer concept, describing distributions of ions adjacent to a surface

layer of clay [28].
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Some modifications have been developed to improve bentonite sorption
performance such as acid activation, pillaring, and milling [45-49]. Milling itself is
mechanically modification technique by applying impact on the sample (Fig. 1.14).
Milling on bentonite leads to morphological change, partial destruction, rounded edges
in particles, particle size reduction, structural peeling and exfoliation, which all could
increase the SSA, microporosity, and CEC [38,48,50-52]. Specific surface area (SSA)
and cation exchange capacity (CEC) are two components perform important role for
sorbent [53,54]. Some studies reported milling-activated bentonite which brought an
increase in SSA and CEC had satisfying results for metals removal [47,48,55]. However,
prolonged milling will cause a decrease in SSA and CEC. Particle agglomeration is the
one responsible for the SSA and microporosity decrease, while amorphization and layer

charge decrease are responsible for the CEC decrease [38,56].

Rotating direction of mill

Materials

Grinding medium

Fig. 1. 14 Schematic diagram of rotary ball miller [57].

1.5 Batch sorption
Sorption is a term used to represent every type of substance capture from the
external surface of solids, liquids, or mesomorphs and also from the internal surface of

porous solids or liquids which can be divided into physisorption, chemisorption, and ion
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exchange [58]. Sorption term often simply used for the removal of soluble compound
from solution phase process, especially when only the substance mass disappearance is
determined without mechanism implied because the specific retention process is not
known [18]. On the other hand, the term “adsorption” means liquid or gaseous
components uptake of mixtures from the external and/or internal surface of porous solids
[59]. In chemical engineering, the term "adsorption™ means separation process of specific
components from liquid phase transferred to the solid surface of the adsorbent [60].

Some literature mentioned ion exchange is similar to adsorption, with the reason
there is mass transfer from liquid to solid phase in both processes [18,59]. Other authors
differentiate between adsorption and ion exchange since in ion exchange process, the ions
are adsorbed to the surface. While in adsorption the electrically neutral species are
adsorbed [61,62]. In soil chemistry, that adsorption is similar ion exchange is used [18].
However, it is generally accepted that adsorption and ion exchange are grouped together
as sorption for unified treatment in practical application [59].

Sorption isotherms are commonly used to obtain parameter of compound-specific
adsorption that quantitatively describes adsorption in a specific environment [18]. Hence,
sorption isotherms should be described in mathematical description. These sorption
isotherms are obtained using laboratory batch test, by mixing the water containing the
constituent at certain concentration with the solid and allowing the mixture reach
equilibrium [63]. By conducting the same tests in various concentrations of constituent
with the same temperature, a relation between sorbed mass (q) and equilibrium
concentration (Ce) is obtained. Where q can be obtained:

=CO_CeV
m

(1.2)

qe
where qe is sorbed substance on sample (mg/g), Co is initial concentration (mg/L), Ce is

Final Concentration (mg/L), V is solution volume (ml), m is sample mass (Q)
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The sorption isotherms are described in some mathematical models. The most
common used is Langmuir. The Langmuir is developed from theoretical based. In soil
chemistry, the Langmuir is developed for the adsorption of a solute from an aqueous
environment and assumes solute adsorption is an exchange process that occurs at specific
sites on a homogeneous surface. The adsorbed solute formed monolayer on the surface
and reached the maximum adsorption as the monolayer becomes saturated by the
adsorbate [18]. The Langmuir equation is:

— kaLCe
1+ kC,

qe (1.3)

where Qm is adsorption maxima, and k. is Langmuir constant.

Another model can be used Brunauer, Emmet, and Teller (BET). The BET model
is an extension of the Langmuir theory, which is a theory of monolayer molecular
adsorption, to multilayer adsorption. This model is originally developed for gas
adsorption, and recently is applied for the liquid phase adsorption. The equation of BET
in liquid phase can be expressed as:

_ (Qmax.kp.C,.Ce)
B (Co - Ce)

qe [C+ (kg — 1)C,] (1.4)

1.6 Column sorption

It is common in industrial, wastewater treatment to pass the waste through a
column packed with a sorbent inside to be treated. This bed sorption column is more
complicated than the simple stirred tank batch mechanism which reaches equilibrium.
The whole dynamics in this system determines the efficiency of the operation rather than
just equilibrium parameters [64]. The transport process in the bed is illustrated in Fig.
1.15. The top of the curve at t1 describes the contact of the bed with the solution at the

highest concentration and gradually decrease downward until zero. Hence, it has clean
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water in the effluent. The length in the bed where the concentration gradually changes is
called the mass transfer zone (MTZ). As the time continues and solution passes through,
this first zone will be saturated, and the contact with the solution will move to fresher
sorbent in the next layer or zone at t.. The movement which generates clean water in the
effluent will continue until ts. The last zone at ts the sorbent is no longer capable of
generating clean water as before. The concentration in effluent starts to increase. The
condition at this point is called as breakthrough time. If the flowing solution still continue
the concentration in the effluent will gradually increase and reach the condition where the
concentration in the effluent has same value within the influent. This concept can be
described as breakthrough curve in Fig. 1.16. When the breakthrough occurs,
consequently there is amount of sorbent in the bed cannot be used. In column sorption

operation evaluation this unused amount is stated as length of unused bed (LUB).

1.0
tl 12 t3 t4 t5\+—»
C/Co 0.5 —> Effluent
—»
0

Length

Fig. 1. 15 Concentration of sorbate profile at various position and times in sorbent bed
(modified from Geankoplis, 1993) [64].

1-0 T "‘Cd
t
mass—transfer |
zone “*&:;[:
< » ¢ '
&, 0.5 t |
] I
break point ! :
SNy !
0 |
0 1 ty 1 1 %
Time, ¢

Fig. 1. 16 Breakthrough curves [64].
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Since the experimental of column sorption test gives discrete data, the
mathematical models to predict the breakthrough curve and the concentration at any time
during operation are needed. Some common developed models are Thomas, Adams-
Bohart, and Yoon-Nelson.

Thomas model is widely used to determine rate constant and maximum adsorption
capacity in column. Thomas (1944) derived this model from Langmuir Kinetics at
equilibrium and neglects axial and radial dispersion [65]. The local rate adsorption is

assumed:

Z_Ctl = k[C(qmax - Q) —b(C, — C)] (1-5)

It considers the rate as a chemical reaction whose rate is governed by mass action and
with the concentrations uniform along the adsorbent. Hence, when the rate approaches
zero at equilibrium, the equilibrium conditions become those of the Langmuir isotherms
since the expression of rate is in principle the same as that used in the Langmuir isotherms

[66]. The Thomas solution is written as:

C 1
Co 14 exp [(—k”‘gom> — kThCOt] (1.6)

kth = Thomas rate constant (L/min.mg), go = equilibrium uptake of sorbate (mg/g), m =
mass of sorbent (g), Co = influent concentration (mg/L), C; = effluent concentration at
time (t) (min), v = flow rate (mL/min).

Adams-Bohart model assumes that both the residual capacity and the
concentration of the sorbing species are proportional to the adsorption rate [67]. Adams
and Bohart used the quasichemical rate law:

dq B
= =kC(as— ) (1.7)
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Qs Is the constant value of g referring to horizontal line of the isotherm in Fig. 1.17. Note
this rate law suggests that at equilibrium rate =0, g=gs, for any value of C. The Adams-
Bohart equation is expressed as follows:

Ce exp(kapCit)
- H
Co exp [kABNO (U—O)] — 1+ exp(kypCot)

(1.8)

where, kas = Kinetic constant (L/mg.min), No = saturation concentration (mg/L), Uo =
linier velocity (cm/min), H = depth of bed (cm). The Adams-Bohart model is suited to

describe until the initial part of breakthrough.

Irreversible lsotherm

Amount Adsorbed on Solid, g

Equilibrium Conc. In Liquid, Ce

Fig. 1. 17 Isotherm shape of irreversible isotherm [68].

Yoon-Nelson model mathematically analogous from Thomas model. Yoon-
Nelson assumes the rate of adsorption decrease for each molecule in the probability is
proportional to the probability of the adsorbate adsorption and the adsorbate breakthrough
on the adsorbent [69]. This model is simple and does not require any detailed data relates
to adsorbate and adsorbent characteristics and the phisycal properties of bed sorbent. The

Yoon-Nelson solution is:

C 1
= (1.9)
Co 1+explkyy(tso—1t)]

20



where kyn = the Yoon—Nelson rate constant (L/min), T = the time in required for 50%

sorbate breakthrough (min).

1.7 Problem statement

Even though milled bentonite has improved the removal of metal, however the
optimization of milling investigation and its character identification to achieve the
maximum sorption performance for metal removal, as long as author’s knowledge never
investigated before. Previous studies only performed one milling condition and directly
applied to metal sorbent.

As the milling modified bentonite has big potential for metal removal, however
application of milling modified bentonite for bed sorbent as passive treatment of AMD
never conducted before.

PT. Jorong Barutama Greston coal mining company contained two metal types in
the AMD: Mn and Fe which the Mn has exceed concentration. In the low-cost passive
treatment method that utilizes the carbonate-based system, Mn is still a problem since it

requires higher pH to be precipitated.

1.8 Objectives
The main aim of this study is to apply milled bentonite as a bed sorbent in AMD
passive treatment. The material used is natural bentonite from central Java, Indonesia and
named as Indonesian natural bentonite (INB) (The overview of INB will be presented
in chapter 2). The specific objectives of this research are:
1. To optimize the milling time on INB for manganese removal from AMD and
increase the pH.

2. To identify the character of optimized ball-milled INB.
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3. To study the significance improvement of optimized ball-milled INB on
column sorption test as AMD passive treatment approach.
To achieve the main and specific objectives above the work order is described as below:
1. Characteristic change investigation of INB during continuous milling. This
investigation observes every characteristic change of INB with the increase of
milling time at certain interval time. This part is presented in chapter 3.
2. Batch sorption test to select the highest adsorption capacity. The selected
samples in this batch test are based on the significant character change in point
1. The characteristic of INB when It reaches the highest sorption capacity can
be identified by referring to the result at point 1. This part is presented in
chapter 4.
3. Column sorption test using selected milled INB (the highest sorption capacity
at point 2) and also the comparison with the unmilled. This part is presented
in chapter 5.

The flowchart of this work order is depicted in Fig. 1.18.

1.9 Scope and limitations

1. Characteristics of INB and its change during continues milling modification
observed are limited to mineral presence, morphology, crystal structure change of
montmorillonite, specific surface area, microporosity, cation exchange capacity,
and particle size.

2. The highest adsorption capacity investigation only for manganese which
simulated from the AMD of PT. Jorong Barutama Greston coal mining company.
The metal is limited on Mn since the Fe is still below the maximum limit of quality

standard and besides Fe tends to be easily precipitated.
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3. Column sorption test focuses on the improvement of maximum Mn sorbed on bed
(9), breakthrough time (bt), and length of unused bed (LUB) before and after ball-
milling modification in constant flow rate. This column sorption does not quantify
the geotechnical properties such as hydraulic conductivity change, swelling
behavior, etc., during experiment since the sample only in small mass in fixed bed

column and only use small-scale vacuum chamber equipment.

Indonesian Natural
Bentonite

L

Characterization

> X-Ray Diffraction analysis, Scanning Electrone Microscopy, Nitrogen

physisorption, Cation Exchange Capacity, Particle Size Analysis, Fourier
Transform Infrared Spectroscopy

4

Milling (several points
of milling duration)

\ 4

Mn batch sorption test
to find the highest
sorption capacity

4

Apply to Column test
sorption as AMD passive
treatment approach
(compared with the
unmilled)

Fig. 1. 18 Research flowline.

This dissertation is divided into 6 chapters, and brief description of each chapter
described as follows:

Chapter 1:  This chapter provides brief explanation about: acid mine drainage
(AMD) and its environmental concern; bentonite review, its optimizing ball-milling
modification challenge, and the potential as AMD remediation material; batch and
column sorption test review. Objectives and research limitation are presented in the last
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section of this chapter.

Chapter 2:  General initial information about Indonesian natural bentonite
(INB) are presented in this chapter. Sampling location, resource potential, geological
condition, brief explanation about characteristics and properties such as mineral presence
and geotechnical information from author’s side and previous research are given in order
to give basic understanding about the natural clay bentonite condition used in this
research.

Chapter 3:  Morphological change, microstructural modification and
deformation, change of specific surface area, microporosity, cation exchange capacity
during, and particle size distribution during continues ball-milling are presented and
explained in detail in this chapter.

Chapter 4:  The effect of ball-milling on Indonesian natural bentonite (INB)
for Mn sorption is elucidated through batch sorption test effect of contact time. The
highest sorption capacity is selected for next experiment: effect of different sorbate
concentration and effect of different pH. Mathematical model the Langmuir and
Brunauer, Emmet, and Teller (BET) model are also described.

Chapter 5:  Application of effective milled Indonesian natural bentonite (INB)
on fixed-bed column sorption is presented in this chapter. Mass transfer zone (MTZ),
length of unused bed (LUB), and mathematical model of Thomas, Adams-Bohart, and
Yoon-Nelson are explained. The explanation presents comparation between unmilled
INB and after milling modification.

Chapter 6:  This chapter describes the general conclusions derived from this

study.
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CHAPTER 2

Material used Indonesian natural bentonite overview

General initial information about Indonesian natural bentonite (INB) is presented
in this chapter. Sampling location, resource potential, geological condition, brief
explanation about characteristics and properties such as mineral presence and
geotechnical information from author’s side and previous research are given in order to

give basic understanding about the natural clay bentonite condition used in this research.

2.1 Location and potential of Indonesian natural bentonite

The material used in this research, Indonesian natural bentonite (INB), is located
in Garangan area, Wonosegoro subdistrict, Boyolali district, Central Java, Indonesia (Fig.
2.1). According to Indonesian Ministry of Energy and Mineral Resource (2009),
Wonosegoro subdistrict has hypothetical resource of natural bentonite 58 million ton [1].
The ‘hypothetical mineral resource’ term refers to the early step according to “Criteria
and Classification of Mineral Resources and Reserves” defined by national
standardization committee of Indonesia [2]. It means the quality and quantity of mineral
are based on field reconnaissance or preliminary geological survey and still in the

beginning level of geological confidence.

2.2 Field sampling and geological information

The INB was sampled in claystone rock unit in geological outcrop (Fig. 2.2). This
claystone rock unit belongs to claystone of Kerek formation which has middle Miocene
age (15-10 million years ago) [3]. This representative sampling was conducted based on
the similarity of the physical geological description. Hence, one-point sampling in this

folded layered sedimentary rock outcrop (Fig 2.3) was considered representing the whole
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outcrop in Garangan area. This sampling method is acceptable if the level of geological

confidences still at reconnaissance step as mention in the section before. For more detail,

certainly sampling using geostatistical approach is needed to raise the geological

confidence level and to obtain more detail quality and quantity distribution in this area.
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Fig. 2. 2 Geological outcrops of Indonesian natural bentonite (INB).
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Fig. 2. 3 Geological map of Garangan and surrounding area INB sample taken [4].

2.3 The mineral presence and cation exchange capacity (CEC)
X-ray diffraction (XRD) observation revealed INB has relatively higher intensity
of montmorillonite, calcite, and quartz (presented in detail in chapter 3). The cation

exchange capacity showed 17.5 meq/100 g (also presented in chapter 3). Another
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research, Yulianti (2011) reported based on petrographic observation, the bentonite
located +1 km to the south of INB location, contained a number of volcanic glass that
altered to secondary minerals (30-40%), calcite (10-25%), orthoclase (1-10%), quartz (5-
20%), plagioclase (0-15%), opaque minerals (5-15%), and lithic (0-5%), while based on
XRD measurement contained montmorillonite, kaolinite, and illite. The CEC was
reported 20 meq/100 g [5]. The low CEC of bentonite can be explained due to geological
process during its formation, a mixed interlayer between the array of montmorillonite [6].

Even though the origin of bentonite in Wonosegoro was predicted as
devitrification process [5] which logically has relatively homogenous mineral content,
however, the condition after its formation possibly altered due to external process such
as weathering. Hence, Yulianti (2011) described some alteration mineral from the mineral

identification.

2.4 Geotechnical information

Even though the column sorption test in this research only in small scale and
limited to the improvisation of modified bentonite as mentioned in chapter 1, the
geotechnical information from the previous study would be useful as initial information
of the soil behavior if it is applied in field scale. Several geotechnical information of the
initial condition of INB presented in this subchapter are index properties, hydraulic
conductivity, and swelling behavior effect.
2.4.1 Index properties

Index properties purpose facilitating identification and classification of soil. The
index properties presented are intrinsic properties or atterberg limit and intact properties

of INB given in Table 2.1 and Table 2.2.
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Table 2.1 Intrinsic properties of INB obtained from slurry condition.

Soil properties Value
Liquid limit (LL) 57.81%
Plastic limit (PL) 28.32%
Shrinkage limit (SL) 19.30%
Plasticity limit (PL) 29.49%
Specific gravity (SG) 2.69

Table 2.2 Representative intact properties of INB.

Soil properties Value
Water content (W) 22.30 %
Porosity (n) 0.56
Void ratio (e) 1.28
Degree of saturation (Sr) 47

2.4.2 Hydraulic conductivity

The hydraulic conductivity (K) measurement was conducted using large-scale
column mold (Fig. 2.4), which is close to site condition in various initial water condition.
This test was done by seepage from bottom drainage and also conducted during
consolidation process with pressure load applied 10, 20, 40, 80, 160, and 245 kPa. The
dry condition sample preparation exhibited higher K compared to the wet condition (Fig.

2.5). The hydraulic conductivity decreases as the pressure increase [7].
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Fig. 2. 5 e-log K graph describes relation between hydraulic conductivity and void ration. As

the pressure increased, the void ration (e) decreased and affected the decrease of K [7].

Even though bentonite has widely proved as an effective sorbent, however INB
shows very low hydraulic conductivity 7x10° m/s — 2x10® m/s. The low of K value can

be problem if INB is applied for bed sorbent. The seepage in the outlet will require long
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time. Some previous researches developed clay composite with other material such as
sand or other solid matrices that enhanced the permeability [9,10]. As mentioned in the
research limitation, column sorption test in this research focused on the maximum
sorption capacity improvement after milling modification. Further research to increase
the hydraulic conductivity by composing milling modified INB with other solid matrices

will be a crucial recommendation for scale-up application.

2.4.3 Swelling behavior effect

During unloading at 2 kPa in column mold K measurement of INB (water content
initial=12.5%; water content final=36-43%), the lowering of K value by time was detected
(Fig. 2.6, HC=hydraulic conductivity). The lowering K was observed in more than one
month. Even though the lowering of K value was only small, however, this would be a
crucial mechanism for predicting the long-term performance of K value. This K change
seems to indicate the effect of swelling behavior due to water sorption into the void within
the aggregate (eaggregate) €Xpanded which indicated by the increase of water content (wc).
As the water permeates to the aggregate of clay minerals, the spacing between particles
of clay mineral began to compress due to the expansion of dielectric double layer (DDL)

which makes water less mobile hence the K values decreased [7] (Fig.2.7).
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Fig. 2. 6 Lowering hydraulic conductivity during unloading at low-pressure 2kPa due to

swelling in long-term measurement [7].
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CHAPTER 3
Characteristic change investigation of Indonesian natural bentonite

during continuous milling

Morphological change, microstructural modification and deformation, change of
specific surface area, microporosity, cation exchange capacity during, and particle size
distribution during continuous ball-milling are presented and explained in detail in this

chapter.

3.1 Sample preparation

The bentonite used was natural clay sampled from Wonosegoro area, Boyolali
district, Central Java, Indonesia. The sample was air dried and crushed using mortar and
sieved passed between 50 pum — 40 pm. One-gram sample was put into the jar and then
milled using Retsch MM 400 with vibrational frequency 20 Hz for 2,5,10,15,20,25, and
30 minutes (Fig. 3.1). Lower vibrational frequency and shorter interval only yielded a
negligible change of crystal structure. The mechanism of Retch MM is giving oscillating
movement to the jar (Fig. 3.2). The metal ball inside the jar gives impact and friction to

the sample inside (Fig. 3.2).

Sieving passed Milling for 0, 2,
s .| between 5,10, 15,20
- » M It > ’ > » »
Air-dried orar 50 pm — 40 pm — 25, and 30
minutes

Fig. 3. 1 Schematic diagram of sample preparation

There was an increase of temperature during milling in jar. However, it

was neglected since it did not affect the structure of montmorillonite. The first
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change of montmorillonite due to temperature is at 100° C which only
dehydrates the water molecule in interlayer without changing the structure.
Right after the milling finished, the jar was able to hold hand barely. Hence, it

did not even reach 100° C.

Jar  Ball-miller

1
Sample

<,,

= =

<>

Fig. 3. 2 Ball miller Retsch MM 400 (left) and schematic of ball miller jar cross-section (right).

The oscillating movement gives impact and friction on sample.

3.2 Instrumentation

Morphological changes before and after milling were observed using scanning
electron microscope (SEM) Keyence VE-8800 with 5000 times magnifications. The
structure of montmorillonite changes before and after milling was observed using x-ray
diffraction (XRD) equipment Rigaku Multiflex with Cu source, operated at 40kV and 20
mA, measurement angle from 3°30°. The surface functional group of montmorillonite
before and after milling were recorded using Jasco FT/IR-6100FV Fourier Transform
Infrared (FTIR) in the range of 400 - 4000 cm™ (1 mg sample was mixed with 10 mg
potassium bromide (KBr) and then pelletized). The CEC of samples were determined
using Chapman method by saturating the samples with sodium acetate and then replaced
the sodium with ammonium acetate [1]. Adsorption-desorption isotherm of the untreated

and the mechanically deformed bentonites was measured using multiple-point nitrogen
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adsorption-desorption technique, with BELSORP-max. Quantitative analysis of particle

size was measured using SALD-2300 laser diffraction particle size analyzer.

3.3 Influence of progressive milling on morphology

The morphology of INB before milling and milling displayed in Fig. 3.3. The
unmilled INB shows angular particles in aggregate. After 2 — 30 minutes milling, the
morphology shows less aggregate angularity, more destructed and crumbled particles.
Significant difference of surface texture is not found from 2 minutes to 30 minutes

milling.

Fig. 3. 3 Morphology of unmilled (a) and milled bentonite: (b)2 minutes, (c)5 minutes, (d)10

minutes, ()15 minutes, ()20 minutes, (g)25 minutes, (h)30 minutes from SEM.

3.4 Influence of progressive milling on smectite structure

The influence of milling on montmorillonite structure can be seen in Fig. 3.4. Two
minutes milling shows broadening line, decrease in intensity of montmorillonite (001)
and basal spacing from 15.03 A to 14.22 A. The XRD pattern exhibits peak loss of
montmorillonite (001) after 5 minutes milling but still retained the (100). The (100)
montmorillonite peak intensity reduced after 10 minutes and could not be observed after

25 minutes milling.
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Fig. 3. 4 XRD pattern of unmilled and milled bentonite.

The changes in montmorillonite structure were also observed by FTIR (Fig. 3.5).
The intensity of bands did not change for the unmilled sample, 2 minutes sample, and 5
minutes sample. The first change was noted from 10 minutes milled sample, 3621 cm
band (OH stretching) and 915 cm™* (Al-Al-OH bending) which decrease in intensity, and
loss peak for 854 cm™ (Al-Mg-OH bending) (inset Fig. 3.6) [2—4]. The bands 915 cm*
(Al-Al-OH bending) and 3621 cm™ band (OH stretching) disappeared after 25 minutes
milling (inset Fig. 3.7). The 529 cm™ band (Al-O-Si bending) [3,5] decreased in intensity
after 15 minutes milling and blunt after 25 minutes milling. The next intensity decrease
was noted at 469 cm™* band (Si-O-Si bending) [2,3] after 25 minutes milling. Slight band
broadening was observed at 1031 cm™ band (Si-O stretching) [3] after 25 minutes milling,
and more broaden after 30 minutes milling (inset Fig. 3.8).

The CEC of unmilled and milled INB can be seen in Table 3.1. The unmilled INB
shows very low of CEC compared to the other natural bentonites in general, 70 - 150
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meq/100 gr [4,6-9]. However, one journal reported the CEC of natural bentonite near to

INB location (around +1 km to the south) only has 20 meq/100gr [10]. The natural

bentonite in this area has low CEC. This cause can be explained if there are mixed-layer

illite and montmorillonite which has CEC range 15-77 meqg/100 gr [11]. The CEC was

increased with the increase in milling time and reached a peak at 25 minutes milling and

decreased after 30 minutes milling.
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Fig. 3. 5 FTIR spectra of unmilled and milled INB.
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Fig. 3. 6 Inset of 854 cm™ band (Al-Mg-OH) FTIR spectra which loss of peak after 10 minutes

milling.
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Fig. 3. 7 Inset of 915 cm™ band (Al-Al-OH bending) FTIR spectra which loss of peak after 25

minutes milling.
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Fig. 3. 8 Inset of 1031 cm™ band (Si-O-Si) FTIR spectra which slight broaden and decrease in

intensity after 25 minutes milling.

3.5 Influence of progressive milling on SSA and microporosity
The adsorption-desorption of nitrogen are shown in Fig. 3.9. All of sample
conditions exhibit hysteresis loops type H3 (IUPAC classification) which is typical for

non-polar gas adsorption by natural montmorillonite [12]. The change of hysteresis loops
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was observed from 5 minutes milling at which the magnitude of hysteresis is getting

smaller in the end phase of milling.

Table 3.1 CEC of unmilled and milled INB

Milling time CEC (meq/100

(minutes) gr)
0 17.54
2 20.04
5 22.79
10 32.22
15 33.42
20 34.63
25 35.39
30 33.08

——e— Unmilled
90
——o—— 2 minutes milling
—x— 5 minutes milling
& 10 minutes milling
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——- 20 minutes milling
<60
[=2] 25 minutes milling
)
& —&— 30 minutes milling
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Fig. 3. 9 Adsorption-desorption isotherms of the original and milled bentonite
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Fig. 3. 10 as plot method

The SSA and microporosity parameter are listed in Table 3.2. The surface
calculation was using Brunauer—Emmett—Teller (BET) method. The microporosity
analysis was using oas-plot method (Fig.3.10), which plot os as horizontal axis versus

adsorbed amount where aos:

na
a _—
TNy (1)
Na = adsorption amount at arbitrary equilibrium pressure
No.4 = adsorption amount at relative pressure p/po = 0.4 of N2 adsorption

isotherm at 77 K of standard sample).

The slope and the intercept of the line in the middle mean mesopore/external surface
area (Sme) and micropore volume (Vm). Meanwhile, the micropore surface (Sm) was
obtained from Sm = SBeT - Sme.

Milling caused significant increase of SSA until 5 minutes milling but then
gradually decreased for 10 to 30 minutes milling. The SSA values were even smaller than

unmilled bentonite after 20 minutes milling. The change of micropore surface and
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micropore volume pattern also consistent with the change of SSA which start the increase

in micropore volume and then gradually decreased.

Table 3.2 Total SSA, external surface area, micropore surface and micropore volume of the

unmilled and several minutes milled bentonite.

Milling time SSA (m?/g) Sme (M?/g) Sm (M?/g) Vm (cm¥/g)
(minutes)
0 60.63 14.66 45.97 0.053
2 83.48 7.30 76.18 0.093
5 104.57 11.36 93.21 0.099
10 101.96 12.82 89.14 0.088
15 72.59 11.26 61.33 0.053
20 55.79 14.08 41.71 0.039
25 42.37 14.15 28.22 0.034
30 25.02 13.37 11.65 0.023

3.6 Influence of progressive milling on particle size distribution

The result from particle size distribution (PSD) measurement is shown in Fig. 3.11

and the mean of particle size values can be seen in Table 3.3. After 2 minutes milling, the

mean of particle size reduced and increased after 5 — 10 minutes milling. Start from 10

minutes milling until 30 minutes milling the mean of particle sizes fluctuated.
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Fig. 3. 11 Particle size distribution of unmilled and milled INB.
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Table 3.3 Mean particle size values of the unmilled and several minutes milling.

Milling time (minutes) Mean particle size (um)

0 49.28
2 21.43
5 49.28
10 113.34
15 100.63
20 113.42
25 127.67
30 113.34

3.7 Discussion

The XRD showed intensity and d-spacing decrease with broadening line after 2
minutes milling indicated the milling shifted the layer along the basal plane [13] and
compressed it which affected the interlayer space became closer one another. The (001)
montmorillonite disappeared after 5 minutes milling but still retained the (100)
montmorillonite without significant intensity change after 5 minutes milling. This can be
inferred that the montmorillonite layer was further shifted farther along the basal plane
without destruction of montmorillonite layers. Moreover, since montmorillonite has a
weak bond in interlayer, high frequency of retsch 400 MM ball miller type which applied
impact and friction on sample, the montmorillonite was easily shifted along the basal
plane and compressed. The FTIR spectra confirmed this, two OH bending groups in
dioctahedral sheet: 854 cm? (Al-Mg-OH) and 915 cm™ (Al-AI-OH) displayed
unobservable intensity reduction from 0 minutes to 5 minutes milling (Fig. 3.5). After 10
minutes milling the XRD showed gradual intensity reduction of (100) montmorillonite
peak, and finally, the peak disappeared after 25 minutes milling. The FTIR result also
confirmed this by intensity loss of Al-Mg-OH bending and decrease of Al-Al-OH bending
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after 10 minutes milling which followed by Al-O-Si bending decrease after 15 minutes
milling, where Al is an octahedral cation [3]. Thus, the decrease in Al-O-Si bending
indicates bond destruction between the tetrahedral and octahedral [2]. The destruction
process of layer still noted from FTIR after 25 minutes milling. Si-O stretching and Si-
O-Si bending which represents the group of tetrahedra [15,16] just started broadened at
this point.

The SSA increased at the beginning of milling (2-5 minutes milling), in response
to particle reduce and layer shifting which certainly opened new surfaces. An interesting
finding in this study is the SSA started to decrease after 10 minutes milling but with the
CEC still tended to increase. This can be explained if the swelling behavior of
montmorillonite is taken into account. Even though the diameter of hydrated sodium is
larger than nitrogen molecule [17,18], this hydrated cation expanded the interlayer of
montmorillonite. The (001) montmorillonite was unobservable after milling. However,
this swelling behavior could be observed on the unmilled sample after hydrated (Fig.
3.10). After 10 minutes milling, the narrowing interlayer no longer gave space for
nitrogen molecule but still gave space for hydrated sodium. Another explanation is the
consistent trend of micropore volume with SSA during the shifting condition is not
acceptable if the interlayer is taken account into microporosity. The layer shifting should
have reduced the micropore volume with the increase of SSA. The thickness of interlayer
which only ~5 A before milling and continuously narrower during milling time were not
able to form multilayer of nitrogen in the interlayer. Hence, the nitrogen volume adsorbed
in interlayer was counted as one side SSA at the time monolayer saturated condition in
BET method. In this case, the micropore volume measured was between the edges of
montmorillonite particles (interparticle microporosity) instead of in the interlayer.

Schematic illustration depicted in Fig. 3.11. Another author also noted similarities to this.
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The SSA determination by BET method using N2 physisorption did not exactly represent
the surface area but also included microporosity [19]. Another cause of SSA decrease that
can be inferred as well is gradually broken of octahedral sheet after 10 minutes and
contributed shortening of the bc plane of montmorillonite.

The cause of CEC increase in the beginning phase was similar to SSA, particle
size reduction, and layer shifting. After 10 minutes milling, the increase was in response
to gradual octahedral layer destruction. The Al-Mg-OH collapse which followed by Al-
Al-OH, raised the negative charge of layer. After reaching the peak at 25 minutes milling,
the CEC decreased due to the amorphization of tetrahedral sheet and also the enclosed of
interlayer. The later reason, however it based on the decreasing trend of the basal spacing
from XRD pattern before the (001) ruptured.

Particle size distribution showed the particle size of unmilled and milled INB are
>4 um. According to the Udden-Wenworth scale classification, this means the particle
size analyzer equipment still measured the clay in aggregate not the particle of clay. The
result showed aggregate reduced after 2 minutes milling and reaggregated from 5 minutes
milling until 10 minutes milling. The reaggregation stopped from 10 minutes milling until
30 minutes milling by showing repetitive disaggregation — reaggregation. The
disaggregation and reaggregation did not affect the increase and the decrease of SSA.
Hence, this is contrary to the previous study (mentioned in chapter 1). Agglomeration did
not represent the clogging of mineral surfaces which caused the decrease of SSA.

The relationship between CEC, SSA, microporosity, and particle size distribution
change during progressive milling time is summarized in this graph illustration (Fig.
3.12). A slight moment during amorphization of montmorillonite was found which
brought the optimum value of CEC before it tended to decrease. The destruction of

octahedral sheet before the tetrahedral sheet amorphization due to progressive ball milling
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did bring benefit instead. The increase was in response to the loss of cation in the

octahedral sheet which affected to higher negative charge.

Hydrated INB

Intensity (a.n)

Untreated INB

3 5 7
20 (degree)

Fig. 3. 12 Increasing basal spacing (001) montmorillonite from 15.04 A to 19.9 A of INB after
hydrated indicated swelling behavior.

b

O+@= specific surface area
@ = internal surface area
©+@= micropore volume

Fig. 3. 13 Schematic of SSA decrease due ball milling: a) The unmilled condition, b) 2-5 minutes
milling which opened new surface and tighter interlayer but still could accommodate nitrogen
molecule, c) 10 minutes milling, the interlayer no longer accommodated space for nitrogen

molecule and the octahedral layer started to collapse which caused SSA decreased.
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Al-Al-OH of

Further shifting with octahedron loss
. still retained Al-Mg-OH of Si-0-8i of tetrahedron
Shifting along the crystal octahedron loss started to amorphize
basal plane (XRD) (XRD & FTIR) (FTIR) (FTIR)

R, '

CEC (meq/100 g)|17.54 20.04 22.79 32.22 33.42 34.63 3539 [33.08
SSA (m2/g) 60.63 83.48 10457 [101.96 7259 55.79 4237 25.02
Sm (m2/g) 45.97 76.18 9321 89.14 61.33 41.71 28.22 11.65
Sme (m2/g) 1466 |73 [11.36 1282 |26 |i4.08 1415 [1337
Vm (cm3/g) 0.053 0.093 0099  [o.088 0.053 0.039 0.034 0.023
PSD (um) 4928  [2143  [49.28 11334 |10063 11342 12767 [113.34
0 2 5 10 15 20 25 30
Time milling (minutes)
Increase
Decrease

Fig. 3. 14 Relationship of all characterizations during progressive milling on INB

3.8 Summary

The following are some important points discussed in this chapter:

The (001) intensity decreased and broadened after 2 minutes milling, and loss
after 5 minutes milling did not show montmorillonite amorphization and
destruction. The amorphization of montmorillonite was able to be observed from
the (100) which started after 10 minutes milling.

The montmorillonite structure amorphization and destruction were noted in detail
from the FTIR. Peak loss of Al-Mg-OH of octahedral sheet showed after 10
minutes milling which indicated destruction. The destruction of Al-Mg-OH then
followed by the Al-Al-OH of octahedral sheet at 25 minutes milling. Slight peak
reduced and broadened of Si-O of tetrahedron noted at 25 minutes milling and
continued at 30 minutes milling.

The CEC increased with the increase of milling time and reached the peak after

25 minutes milling and started to decrease after 30 minutes milling.
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e The SSA and microporosity tended to increase until 5 minutes milling and
decrease from 10 minutes milling.
e The particle size distribution decreased at 2 minutes milling, reaggregated from 5

minutes milling, and stop reaggregating from 10 minutes milling.
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CHAPTER 4

Batch sorption test

The effect of ball-milling on Indonesian natural bentonite (INB) for Mn sorption
is elucidated through batch sorption test effect of contact time. The highest sorption
capacity is selected for the next experiments: effect of different sorbate concentration and
effect of different pH. Mathematical model the Langmuir and Brunauer, Emmet, and

Teller (BET) model are also described.

4.1 Sample preparation

Similar sample preparation as in chapter 3 was conducted. In the batch sorption
study, the samples chosen for the effect of contact time experiment are the unmilled, 10
minutes milling (when the octahedral layer lost its cation Mg?*), 25 minutes milling
(when the octahedral sheet lost its cation AI**, INB reached the highest CEC, and the
tetrahedral sheet started to have slight amorphization), and 30 minutes milling (when the
further amorphization of tetrahedral sheet occurred and CEC started to decrease).
Comparison with Wako industrial bentonite was also included. Meanwhile, for the effect
of sorbate concentration, effect of pH, and fitting model study would be comparison
between the unmilled and the highest sorption capacity from the effect of time experiment

result.

4.2 Instrumentation
The concentration of all sample solutions taken was measured using induced

coupled plasma atomic emission spectroscopy (ICP-AES) Seiko Instrument, SPS 7800

(11).
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4.3 Batch sorption study
4.3.1 Effect of contact time

50 ml aliquots with 24 mg/L of manganese solution (diluted from Mn (NOs3).
Wako standard solution 1000 ppm) was prepared into five 50 ml beaker glasses. The pH
was 2.8. Unmilled and milled INB samples with mass 0.1 g were added to each beaker
glass. Magnetic stirrer was used to mix the sample and solution. The stirrer was set 320
rotations per minute (RPM) at room temperature. The sample was taken from the mixture
at 10 min, 20 min, 30 min, 1 h, 2 h, 4 h, 6 h, and 8 h. The Mn sorbed on INB then
calculated using equation 1.3.

The effect of contact time on the sorption of manganese was shown in Fig. 4.1. It
shows after milling the sorption capacity increases significantly and reaches the highest
at 25 minutes milling. The increase of sorption capacity even better than Wako bentonite.
The sorption rate of samples initially increased rapidly and reached the equilibrium in 2
hours with pH ~8. Based on this result the unmilled and 25 min milled (the highest

sorption capacity) INB are chosen for the next experiment
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- -3 - Wako —__—::*.'::'_‘_‘:—_-_‘
2 A AT
3 kT x--T T __-e----"77 S °
o 8 e
%: AF/X 3|
£ ‘ge--H- oo BrommmmoErmmm e B
3 g
§ 6%
=]
(5]
= -
8 __,-I- ————————— H--------=-- .
g 41w
% ’
S, n
c
£

2 T
0 2 4 6 8
Time (h)

Fig. 4. 1 Effect of contact time of manganese sorption
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4.3.2 Effect of sorbate concentration

Five different concentration of manganese solutions were prepared (diluted from
Mn (NOs3), Wako standard solution 1000 ppm): 6.5, 13.1, 24, 43.3, and 83 mg/L with
volume 50 mL of each concentration. Each concentration was prepared in two portions.
The unmilled and the highest sorption capacity from the effect of contact time experiment,
which is 25 minutes milled INB sample were selected. Mass of 0.1 g of unmilled and 25
minutes milled sample was added into each solution prepared. The stirrer was also set
320 RPM at room temperature until equilibrium condition.

Variation of Mn removal in various concentration is shown in Fig. 4.2. As the Mn
concentrations increased, the percentage removal decreased. When the Mn concentration
is low, more surfaces the Mn is attached. In contrary, the surfaces become fewer when
the concentration is high.

Milled INB shows an increase in removal percentage compared to the unmilled

around 27-40%.

100
8.3 - - -- 25 minutes milling
A 83
S N 8.1 --m-- Unmilled
S hk--_,
E 75 -
5 8.1 A . 8.1
- 50 R
g m 78 78 e 18
S e TTeA
= e 7.8
8 25 -
& . 7.6
~~~~~~ -
O T T T T
0 20 40 60 80 100

Sorbate concentration (mg/L)

Fig. 4. 2 Effect of Mn concentration with values above the point exhibits pH equilibrium.
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4.3.3 Effect of different pH

Five different pH of 24 mg/L manganese solutions were prepared (diluted from
Mn (NOz3)> Wako standard solution 1000 ppm): 2.8, 3.9, 5.1, 6.7, and 7.9 with volume 50
mL of each. Each pH was prepared in two portions. 0.1 g of unmilled and 25 minutes
milled sample was added each of it. The stirrer was also set 320 RPM at room temperature
until equilibrium condition.

The effect of different pH on Mn sorption from solution is shown in Fig. 4.3. It
can be observed that the sorption of Mn increases with the increase of pH in the solutions.
Bentonite, which dominantly contains smectite mineral is known to possess negative
surface charge due to isomorphic substitution in octahedral layer [1,2]. The change of pH
will also change the surface charge of smectite. In lower pH, protonation on tetrahedral
layer surface of smectite tends to intense which cause the decrease in surface charge.

Hence, lower pH causes lesser Mn sorbed on bentonite, and higher pH will affect more

Mn sorbed.
100
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Fig. 4. 3 Effect of different pH of Mn sorption at equilibrium condition.
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4.3.4 Fitting model
In order to get the Langmuir constant k and Qm (maximum sorbate sorbed on

sorbent) the equation (1.3) is linearized into this equation:

c, 1

= + —

(4.1)

where, Ce = equilibrium concentration (mg/L), ge = amount of sorbate sorbed on sorbent
at equilibrium, Qm = maximum sorbate sorbed on sorbent (mg/g), and k. = Langmuir
constant.

The BET model is formulated in eq. 1.5 and can be linearized as follows:

. [1+ts-v3 4.2)

[qe(C - Ce)] kaB

The Langmuir and BET plot of unmilled and milled INB can be seen in Fig. 4.4
and Fig. 4.5, and the parameter can be seen in Table 4.1. Table 4.1 shows that the sorption
data fitted well to Langmuir isotherms than the BET. The correlation coefficient of both
unmilled and milled sample shows 0.99. The maximum Mn sorbed on INB sample shows

significant improvement almost four times after 25 minutes milling.

20
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y =0.2128x + 0.9583 .
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R | A
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0 kA ; ; :
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Fig. 4. 4 Linearized Langmuir plot model.
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Fig. 4. 5 Linearized BET plot model.
Table 4.1. Parameters of Langmuir and BET
Langmuir BET
Time milling
R*  Qm(mg/g) k(L/mg) R? Qm(mglg) K

0 min 0.99 4.69 0.22 0.64 1.18 -3.74
25 min 0.99 17.12 0.17 0.81 45.96 1.00

4.4 Discussion

The Mn uptake on INB reached the best performance at 25 minutes milling. This
meets agreement with the maximum CEC described in chapter 3. The increase of negative
charge of montmorillonite was affected by the disappearance of cation in the octahedral
sheet. In consequence, the surface attracted more Mn cation to satisfy the deficiencies.
Similar with the decreasing trend of CEC, further amorphization on tetrahedral layer
surface at 30 minutes milling caused Mn uptake became decrease.

The interesting finding in this investigation is an increase of R? in BET isotherm

after milling. Ca-bentonite is known to have a diffuse double layer on the outer surface
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of tactoids of montmorillonite mineral while in internal surface or interlayer only forms
monolayer cations without diffuse double layer [3]. Previous studies described milling
had affected clay mineral shifting along the basal plane [4-6]. In this study allegedly,
there was a development of secondary active sites on INB after milling due to the shifting
of montmorillonite array. This shifting yielded more new surfaces to formed new diffuse
double layer attaching the Mn cations. The higher R? of the BET isotherms after milling
Is probably indicated the development of multilayer sorption in response to the
development of diffuse double layer. On the other hand, the increase of negative surface
charge due to cation destruction in the octahedral sheet could also attract more Mn

concentration in diffuse double layer.

45 Summary

The following are some important points discussed in this chapter:

e Progressive milling on INB showed the highest sorption capacity at 25
minutes milling.

e In various of Mn concentration, the percentage of Mn uptake decreased as the
Mn concentration increased.

e Invarious pH values, the percentage of Mn uptake decreased as the pH in the
lower value.

e The Langmuir model is more suitable than the BET as the R? of Langmuir

closer to 1.
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CHAPTER 5

Column sorption test

Application of optimized milled Indonesian natural bentonite (INB) on fixed-bed

column sorption is presented in this chapter. Mass transfer zone (MTZ), length of unused

bed (LUB), and mathematical model of Thomas, Adams-Bohart, and Yoon-Nelson are

explained. The explanation presents comparison between unmilled INB and after milling

modification.

5.1 Sample preparation and experiment

1.

Unmilled and effective milled INB (25 minutes milling on INB) are prepared in
the cartridge column (Fig. 5.1).

The vacuum chamber has 10 slots, 5 in the front and 5 in the back with container
glass inside. The cartridge column with the INB sample inside was set on the
valve.

Before feeding the column by manganese solution, the column was fed using
distilled water until the sample saturated.

A Vacuum pump was applied in the vacuum chamber which took up the solution
from the bottom of cartridge column.

The water remained in the column above sample was disposed.

To clean the water remained in the sample, the vacuum pressure was applied for
around 1 minute.

The manganese solution with concentration 2.4 mg/L, pH 2,8 (referred to the
AMD coal mining company in Jorong area, South Kalimantan, Indonesia [1]) was
poured to the cartridge until 5.5 cm in height counted from the bottom of the
sample and kept in constant during the experiment.

The vacuum pressure was then turned on. The initial flow rate for the unmilled
INB was 0.04 Mpa and for the milled INB was 0.01 Mpa. These values were
known by several trials before this experiment to obtain the same flow rate 0.8

mL/min.
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9. The valve was opened and the time started to be accounted using a stopwatch.

10. Right the time the manganese solution reached 5 mL inside the container glass,
the valve was then closed, and the stopwatch was paused and the time was
recorded. The cartridge column was then quickly moved to the next slot and done
the similar way as before.

11. When all the containers are full, immediately the containers were replaced by the
empty and started again as number 8. The effluent samples are filtered and put
into the sample bottle.

12. The concentration of all samples is measured using induced coupled plasma
atomic emission spectroscopy (ICP-AES) Seiko Instrument, SPS 7800 (II).

The specifications that used in calculation described as belows:
Column diameter (D) = 1.6 cm
Cross sectional area of column (A) = 2.01 cm?
Sample mass (m) =0.5 ¢
Average flow rate (F) = 0.8 mL/min
Linear velocity (F/A) = 0.4 cm/min
Bed height (Ht) = 0.3 cm

Initial concentration of Mn (Co) = 24 mg/L, pH=2.8

Stock of manganese solution
24 mg/L

Influent

om || 3-5 cm

Filter =

[ W [HW

10.3 cm

[H EI Pressure adjuster

Vacuum pump

Vacuum chamber o]

Fig. 5. 1 Schematic diagram of column sorption setup
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During the operation the initial pressure of the unmilled was set -0.04 Mpa to
obtain flow rate 0.8 mL/min. The pressure was gradually adjusted to the lower value and
reached steady in around 30 minutes with -0.025 Mpa. After 30 minutes, only a little
pressure adjustment upper and lower required to keep the flow rate constant. The initial
pressure of the milled INB was set -0.01 Mpa to obtain the same flow rate with the
pressure gradually also adjusted to the lower value and reach steady in around 20 minutes
with -0.005 Mpa. The little adjustment also conducted to keep the flow rate constant. The
constancy of flow rate is shown in Fig. 5.2 and Fig. 5.3 by plotting the time and volume.
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200 u
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o ®
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Fig. 5. 2 Constant flow rate showed by linear line (unmilled INB)
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Fig. 5. 3 Constant flow rate showed by linear line (milled INB)
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In this operation, the breakthrough time was set at concentration in effluent
reached 4 mg/L (C/Co 0.17), referring to Indonesian government regulation of the
maximum limit of Mn concentration for mining waste [2]. Fig. 5.4 shows breakthrough
curves of unmilled and 25 min milled INB. In same flow rate, bed length, and initial
concentration of the influent solution, unmilled INB reaches breakthrough time (tb)faster
than milled INB. The breakthrough times are 37 minutes for the unmilled and 277 minutes
for the milled INB. This indicates milled INB sorbed Mn more than the unmilled. The
volume of remediated until th time are recorded 35 mL for unmilled INB and 205 mL for
milled INB (Fig. 5.5).

The pH of effluent from both unmilled and milled INB was measured at the first
time come out from the outlet at around 6 minutes, during breakthrough, and when
reached equilibrium. Both unmilled and milled showed pH 8 in three conditions above.

The amount of metal sorbed until t, and until saturation time (sat) is expressed in

eg. (5.1) (qu) and eq. (5.2) (q) as follows:

CoF [t C
=2 1——)dt 5.1
w=r | (1-%) (5.1)
_ Coff Oo(1 C)dt 5.2

where, Co = initial concentration (mg/L), F = flow rate (mL/min), m = mass of sorbent
(9). The calculation of mass transfer zone length (MTZ) used simplified equation (eq.

(5.3)) introduced by Geankoplis (1993) [3].
qu

where Ht = total height of (cm). The length of unused bed (LUB) was calculated using

equation (eq. (5.4)) as follows:
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LUB _ 't 64

where, LT = length of bed (cm), t* = stoichiometric time (min) at the midpoint of

breakthrough curve which is the ideal time for breakthrough.
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Fig. 5. 4 Breakthrough curves of unmilled and 25 minutes milled INB time versus C/Co
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Fig. 5. 5 Breakthrough curves of unmilled and 25 minutes milled INB time versus C/Co

All of the breakthrough parameter calculation results are presented in Table 5.1.
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The milled INB exhibits higher value for Mn removal. The length of MTZ, or
equivalently, the difference between breakthrough and saturated time, exhibit
significantly smaller after 25 minutes milling. In the same condition of flow rate, influent

concentration, and bed length, smaller MTZ would give longer breakthrough time.

Table 5.1 Parameters of breakthrough curves

Sample qu (mg/g) g(mg/g)  t*(min) MTZ (cm) LUB (cm)
Unmilled 1.27 4.55 200 0.22 0.24
Milled 10.06 12.91 375 0.07 0.08

5.2 Bed model

Bed model aims to select an analytical solution that describes and predicts the
behavior of the breakthrough curves of Mn removal by unmilled and milled INB in fixed
bed. In sorption column process, the knowledge of breakthrough curve prediction and its
parameters behavior are important to obtain optimal successful design.

The Thomas equation is expressed in eq. 1.6 and can be linearized as follows (eq.

(5.5)):

C krngom
In <C_2_ 1) =1 v° — kg Cot (5.5)

where, kth = Thomas rate constant (L/min.mg), go = equilibrium uptake of sorbate (mg/g),
m = mass of sorbent (g), Co = influent concentration (mg/L), C: = effluent concentration
at time (t) (min), v = flow rate (mL/min) (the values mentioned in section 5.1). Linier

regression analysis for breakthrough curve using Thomas model is depicted in Fig. 5.6.
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Fig. 5. 6 Thomas model linear regression

The Adams-Bohart equation is expressed in eq.1.8 and linearized as follows (eq.
(5.6)):

C, H
lnC_O = kABCOt - kABNO U_o (56)

where, kag = Kinetic constant (L/mg.min), No = saturation concentration (mg/L), Uo =
linier velocity (cm/min), H = depth of bed (cm) (the values mentioned in section 5.1).

Linier plot of Adams-Bohart model is shown in Fig. 5.7.
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Fig. 5. 7 Linear plot of Adams-Bohart model
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The Yoon-Nelson equation is given in eq. 1.9 and can be linearized as follows

(eg. (5.9)):

1[ Ce
" - ¢

] = kYNt - TkYN (57)
where kyn = the Yoon—Nelson rate constant (L/min), t = the time in required for 50%
sorbate breakthrough (min) (the values mentioned in section 5.1). Linear plot of Yoon-

Nelson model can be seen in Fig. 5.8.

4.00
Unmilled
3.00 - A 25min milling y=0.0108x-1.1193
R2=0.8327 ..
T A
2.00 A . . —
= LI .
Q 1.00 - . : A
o n ‘,.-‘ o
U . 0
© 0.00 - o ~A
o** = -..
-1.00 - A
u A y = 0.0195x - 7.086
K 2 =
2200 - A R2=0.9921
-3.00 . . : :
0 100 200 300 400 500
Time (min)

Fig. 5. 8 Linear plot of Yoon-Nelson model

Table 5.2, respectively presents the result calculations of Thomas, Adams-Bohart,
and Yoon-Nelson models parameters obtained from slopes and intercepts of linear plots.
The mathematical model and experimental breakthrough curves of unmilled and 25
minutes milled INB are given in Fig. 5.9.

Figure 5.9 shows Thomas and Yoon-Nelson models fit the experimental data,
while Adams-Bohart model fit until initial breakthrough curve as it designed for practical

until the initial breakthrough time. The R? shows all models fit which indicated closer to
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1 for the milled INB, while for the unmilled Thomas and Yoon-Nelson does not show

good linearization.

Table 5.2 Parameter of Thomas, Adams-Bohart, and Yoon-Nelson models for Mn sorption by

INB in fixed-bed column before and after 25 minutes milling

Thomas model

Adams-Bohart model

Yoon-Nelson model

Sample Kth Qo R? Kas No R? Kvn z(min) R?
(L/min.mg)  (mg/q) (L/min.mg)  (mg/L) (L/min)
Unmilled  4.6x10* 3.91 0.83 0.0014 3284.2 098 0.01 103.64 0.83
Milled 8.3x10* 13.72  0.99 0.0009 11660  0.99 0.02 363.38 0.99

0.2

B Unmilled expt.
A 25min milled expt.
——— Thomas todel

——— Adams-Bohart model
= = = = Yoon-Nelson model

0.0

0 100

300 400 500
Time (min)

Fig. 5. 9 Comparison of the experimental and mathematical model breakthrough curves of Mn

before and after milling modification of INB according to Thomas, Adams-Bohart, and Yoon-

Nelson models.

5.3 Discussion

The breakthrough curves of milled INB in dynamic sorption study shows longer

service time than the unmilled, indicates higher sorption capacity after ball-milling

modification. The MTZ also became shorter after milling modification which is shown by
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steeper breakthrough curve slope. Consequently, the LUB also shows far shorter after
milling, indicates the bed becomes more efficient. The steeper breakthrough curve
corresponds to faster sorption rate [4].

The coefficient of linear regression (R?) in Table 5.2 shows Adams-Bohart model
Is more suitable and fit than Adams-Bohart model for both unmilled and milled INB. The
Adams-Bohart showed always fitted because this model designed for practical purpose
until the initial breakthrough time. After 25 minutes milling the R? of Thomas and Y oon-
Nelson shows an increase until near 1 than the unmilled. This indicates the surface of INB
before milling more heterogenic and becomes more homogenous after milling.

Breakthrough curves of milled INB in Fig. 5.9 also show a good agreement
between the experimental and mathematical model of Thomas and Yoon-Nelson for the
milled INB. The Thomas model, which parameter qo calculated the maximum Mn sorbed
on the bed has an almost same result with the experimental calculation (q) (Table 5.1 and
Table 5.2). This indicates the Thomas model was suitable for describing Mn sorption on
milling modified INB where the external and internal diffusions are not the limiting step
[5]. The Yoon-Nelson model is analogous to the Thomas model. The time required for
50% of sorbate breakthrough (z) (Table 5.2) shows only slight different from the
experimental after milling (370 min at C/Co=0.5). Hence, besides the predicted
breakthrough curves this parameter also proves a good agreement between experimental
and Yoon-Nelson predicted model.

Another interesting finding in this dynamic sorption study is the breakthrough
curves show asymmetrical curve before milling with indicated non ideal shape [6], and
the asymmetric tent to decrease after 25 minutes milling on INB which means the curve
after milling is closer to ideal (asymmetrical correspondent to the C/Co=0.5 on

breakthrough curves).
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5.4 Summary

This chapter has presented some important points as follows:

A significant change of breakthrough parameters after 25 minutes milling on
INB: longer service time, shorter MTZ and LUB.

The decrease in asymmetric breakthrough curve after 25 minutes milling.
Mathematical model until equilibrium time suited to the Thomas and Yoon-
Nelson model, while for the Adams-Bohart model only suited until initial
breakthrough time. All the models showed improvement after milling
modification, indicated by the values closer to 1 of R?, almost similar value
between experimental and model of Mn uptake and the time required for 50%

of sorbate breakthrough, and more fitted predicted breakthrough curves.
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6.1

6.2

CHAPTER 6

Conclusions and recommendations

Conclusions

Overall, this research has achieved the following:

Optimization ball-milling modification on INB for Mn removal from AMD has
successfully reached the highest sorption capacity and pH improvement.

The highest sorption capacity was achieved due to the loss of all cations in the
octahedral sheet at 25 minutes milling that affected the maximum increase of
negative surface charge of montmorillonite showed by the peak value of CEC.
Continuous milling after this phase caused the sorption capacity started to
decrease due to further amorphization in the tetrahedral sheet.

The application of effective ball-milled INB on column sorbent has successfully
given better performance than the unmilled showed by the maximum Mn sorbed,

longer service time, and shorter LUB.

Recommendations

The improved result of INB in this study, however, is still the first step for real

scale application since this bentonite has low hydraulic conductivity that will affect a

long-time seepage in the outlet. Therefore, in order to increase the hydraulic conductivity,

it is recommended to compose the milling modified INB with other materials such as

sand, and also to conduct the column sorption test in large scale in further study.

Geostatistical investigation of bentonite potential in Wonosegoro is also

recommended since the characteristics are not uniform. One sample conducted in this

study only represent single geological outcrop in Garangan area which is a small part in

Wonosegoro sub-district. Hence, to achieve successful utilization of Indonesian natural
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bentonite in the whole Wonosegoro area for bed sorbent, cross-discipline study (i.e.,
chemical engineering, geostatistics, soil mechanic, and environmental engineering) are

highly recommended and required.
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