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a  b  s  t  r  a  c  t

Acid-activated  neutralized  red mud  (AaN-RM)  has  become  a promising  adsorbent  for  phosphate  adsorp-
tion.  The  maximum  phosphate  adsorption  capacity  of  AaN-RM  reached  492.46  mg  g−1 in  this  study,  which
was  much  higher  than  that of  many  other  adsorbents.  However,  no  study  has  specifically  investigated
how  the  phosphate  reacted  with  AaN-RM.  For  the  first time  the interaction  between  phosphate  and  AaN-
RM  during  adsorption  process  was  investigated  in this  research.  Kinetic  models  and  isotherms  were  used
to analyze  the  possible  reaction  pathways  between  AaN-RM  and  phosphate.  Particularly,  the  phosphate
complexes  on  AaN-RM  surface,  and  the  exact  role  of different  adsorption  mechanisms  were  systemically
identified.  The  phosphate  adsorption  was  well  described  by  pseudo  second-order  kinetic  model  and
Langmuir–Freundlich  isotherm,  which  suggested  that  chemisorption  occurred  between  the  phosphate
and  AaN-RM,  and  the phosphate  adsorption  was  governed  by heterogeneous  processes.  Furthermore,
urface deposition the  phosphate  complexes  of  Fe–P,  Al–P, Fe–P–H3PO4 and  Al–P–H3PO4 were  formed  on AaN-RM  sur-
face  through  ion  exchange,  precipitation  and  surface  deposition  mechanisms.  XPS  analysis  of  P 2p  peak
showed  that  59.78%  of  the  phosphate  was adsorbed  through  the  ion  exchange  and  precipitation  with
strong  chemical  bonds,  and 40.22%  was  adsorbed  through  the surface  deposition  with  weak  chemical
bonds.
. Introduction

Red mud, a waste tailing generated after alumina producing pro-
ess, is a kind of highly alkaline slurry [1]. The amount of red mud
anges from 0.3 to more than two tons per ton of alumina pro-
uction. The global production of red mud  was about 120 million
ons per year [2]. Currently, most red mud  is stored in impound-
ents, which results in serious environmental pollution and risk
3]. Therefore, it is necessary to find alternative options for red mud
reatment and utilization.

The application of red mud  is usually restricted by its caus-
ic nature caused by the use of caustic soda and lime in alumina
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extraction. Several neutralizing techniques have been employed
to decrease the alkalinity of red mud  and use the modified red
mud  as absorbent, including neutralization with CO2, seawater and
combination of them [4]. The neutralization effectively increased
the variety of ionic binding and improved the adsorption perfor-
mance of red mud  [5]. For instance, Genç et al. [6] illustrated that
seawater-neutralized red mud  more efficiently removed As(V) than
unneutralized red mud. Cengeloglu et al. [7] found that distilled
water-neutralized red mud  can be used as an effective adsorbent
for boron removal in a wide pH range of 2–7. Sahu et al. [8] investi-
gated the potential of CO2-neutralized red mud  for the adsorption
of Zn(II) ions from aqueous solution, and found that the max-
imum adsorption capacity of CO2-neutralized red mud  reached
14.92 mg g−1. In recent years, acid activation after neutralization of
red mud  has been proven to be effective for further improving the
physicochemical characters of red mud. Genç -Fuhrman et al. [9,10]

demonstrated that acid-activated neutralized red mud  (AaN-RM)
had good adsorption potential for arsenate removal in the batch
and fixed-bed studies. Tor et al. [11] investigated the possibility of
increasing the phenol adsorption capacity of neutralized red mud
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y acid treatment, and the phenol adsorption capacity significantly
ncreased after acid activation. In our previous paper, AaN-RM was
uccessfully prepared and used for effective phosphate adsorption
12].

In order to better design and control the phosphate adsorp-
ion onto AaN-RM, it is necessary to understand the adsorption

echanisms involved. However, previous studies mainly focused
n the improvement of phosphate adsorption capacity of AaN-RM.
o study has systemically investigated how the phosphate reacted
ith AaN-RM. Akhurst et al. [13] suggested that chemisorption

ould be important during phosphate adsorption by AaN-RM. The
unctional species on AaN-RM surface, which were responsible for
he chemisorption, have not been identified. Genç -Fuhrman et al.
9] attributed the excellent adsorption performance of AaN-RM
o the increased surface area by cleaning of adsorption sites dur-
ng acid activation. However, Freire et al. [14] concluded that the
ncreased surface area was more likely attributed to the generation
f amorphous and semi-amorphous Al and Fe. There are no suffi-
ient evidences to reveal the governing mechanisms for phosphate
dsorption, and the exact phosphate complexes on AaN-RM surface
re unclear.

Therefore, the specific objectives of this study were: (1) to
nalyze the possible reaction pathways between AaN-RM and
hosphate using different kinetic models and isotherms; (2) to

dentify the form of phosphate complexes on AaN-RM surface, and
o analyze the exact role of different phosphate adsorption mech-
nisms.

. Materials and methods

.1. Materials

The red mud  was provided by Shandong Aluminum Industry
orporation (Zibo, China), and the preparation method of AaN-RM
an be found in [12]. The phosphate solution was  prepared by potas-
ium dihydrogen phosphate, which was of analytical grade (Merck,
ermany).

.2. Adsorption studies

According to the preliminary experiments with one-factor-at-
-time method, the initial solution pH and adsorption temperature
ere the important operational factors influencing the phos-
hate adsorption onto AaN-RM. Further preliminary experiments
sing response surface methodology (RSM) with central compos-

te design (CCD) confirmed that a maximum predicted phosphate
dsorption capacity was achieved at an initial solution pH of 4.19
nd an adsorption temperature of 52.18 ◦C. For operation con-
enience, in this research the initial solution pH and adsorption
emperature were chosen as 4.5 and 50 ◦C, respectively.

Adsorption kinetic experiments were conducted in beaker flasks
ontaining 200 mg  L−1 phosphate solution with an AaN-RM dose
f 0.5 g L−1. The flasks were shaken at 100 r min−1, and the sam-
les were taken at predetermined time intervals for the analysis
f residual phosphate concentration. The adsorption temperature
as controlled with a gyratory water bath shaker (model G76, New
runswick Scientific, USA).

Adsorption isotherm experiments were conducted in beaker
asks containing different phosphate solutions (50, 100, 200, 400,
000 mg  L−1) with an AaN-RM dose of 0.5 g L−1. The flasks were
haken at 100 r min−1 until adsorption equilibrium. After equilib-

ium, the samples were centrifuged and the residual phosphate
oncentration was analyzed.

The phosphate concentration was determined via the spec-
rophotometric method DIN-EN-ISO-15681-1 with a QuikChem
nce 356 (2015) 128–134 129

8500 flow injection analysis system (Lachat Instruments, USA). The
pH value was  measured with a multimeter (model Multiline P4,
WTW,  Germany). All experiments were conducted in triplicate, and
the average values were used for data analysis.

2.3. Adsorption kinetic models and isotherms

Three kinetic models including pseudo first-order model,
Elovich model and pseudo second-order model were examined. The
governing equations are as Eqs. (1)–(3) [15–17]:

dqt

dt
= k1(qe − qt) Pseudo first-order (1)

dqt

dt
= ˛e−ˇqt Elovich (2)

dqt

dt
= k2(qe − qt)

2 Pseudo second-order (3)

where qe (mg  g−1) is the adsorption capacity of sample at equi-
librium, qt (mg  g−1) is the adsorption capacity of sample at time t
(min), k1 (min−1) and k2 (g mg−1 min−1) are the equilibrium rate
constants for pseudo first-order and pseudo second-order kinetics,

 ̨ (mg  g−1 min−1) and  ̌ (g mg−1) are the Elovich constants.
Three common types of isotherms, Langmuir isotherm, Freund-

lich isotherm and Langmuir–Freundlich isotherm, were applied to
describe the equilibrium adsorption. The governing equations are
shown as Eqs. (4)–(6) [18–20]:

qe = KLqmaxCe

1 + kLCe
Langmuir (4)

qe = KF Cn
e Freundlich (5)

qe = KLF qmaxCe
n

1 + KLF Ce
n Langmuir–Freundlich (6)

where Ce (mg  L−1) is the equilibrium concentration, qe (mg  g−1) is
the adsorption capacity of sample at equilibrium, qmax (mg g−1) is
the maximum adsorption capacity of sample, KL (L mg−1) repre-
sents the Langmuir bonding term related to interaction energies,
KF (mg(1−n) Ln g−1) is the Freundlich affinity coefficient, n (dimen-
sionless) is the Freundlich linearity constant, and KLF (Ln mg−n)
represents the Langmuir–Freundlich affinity parameter.

2.4. Mechanism analysis

AaN-RM samples before and after phosphate adsorption were
characterized for further mechanism analysis. AaN-RM after phos-
phate adsorption was  collected from isotherm studies with an
initial phosphate concentration of 200 mg  L−1, followed by rinsing
with deionized water and drying at 50 ◦C.

Sequential extraction method, proposed by European commis-
sion (BCR-684), was used to study the chemical forms of phosphate
bound to AaN-RM [21]. The chemical composition of AaN-RM
was determined by X-Ray Fluorescence Spectrometer (S4 Explorer,
Bruker, Germany). The specific surface area and pore size distri-
bution of AaN-RM were obtained by nitrogen gas sorption method
(ASAP 2020 V3.04 H, Micromeritics, USA). The surface structure and
element composition of AaN-RM were analyzed with an electron
dispersive X-ray analysis (OXFORD X-Max, Oxford Instruments,
UK), which was  coupled with an electronic detector (LEO 1530, LEO,
Germany). The XRD pattern of AaN-RM was detected using an X-ray
diffractometer (XRD-6000, Shimadzu, Japan) with Cu K� radiation
at 40 kV and 30 mA,  and recorded in a 2� range of 10–70◦ at a scan

speed range of 0.02◦ s−1. Fourier transform infrared (FTIR) spec-
trum of AaN-RM was recorded at room temperature using a FTIR
Spectrometer (MAGNA FTIR 750, Nicolet, USA) in 500–4000 cm−1

region. The KBr (FTIR grade, Fluka) was  dried at 200 ◦C for 24 h.
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Fig. 2. Adsorption kinetics of phosphate adsorption onto AaN-RM (AaN-RM dosage:
0.5  g L−1; initial phosphate concentration: 200 mg L−1; initial solution pH: 4.5;
adsorption temperature: 50 ◦C; agitation speed: 100 r min−1).

Table 2
Parameters of kinetic models for phosphate adsorption onto AaN-RM (AaN-RM
dosage: 0.5 g L−1; initial phosphate concentration: 200 mg L−1; initial solution pH:
4.5;  adsorption temperature: 50 ◦C; agitation speed: 100 r min−1).

Parameter 1 Parameter 2 R2

Pseudo first-order k1 = 2.668 min−1 qe = 177.60 mg  g−1 0.971

model fitted the isotherm data better than the Langmuir model
and Freundlich model with a correlation coefficient (R2) of 0.998
(Table 3), which might be attributed to the uneven surface
Fig. 1. SEM image of AaN-RM before phosphate adsorption.

-ray photoelectron spectroscopy (XPS) measurement was per-
ormed using an X-ray photoelectron spectrometer (Escalab 250Xi,
hermo Scientific, UK) equipped with Al K� radiation (1486.6 eV)
o determine the elemental composition on sample surface, and
he distribution of different elemental compositions was  calculated
rom the area under corresponding curves.

. Results and discussion

.1. Characterization of AaN-RM

The SEM image of AaN-RM before phosphate adsorption was
hown in Fig. 1. AaN-RM surface was rough with lots of pores.
ccording to the BET test, the AaN-RM displayed a larger BET sur-

ace area of 80.63 m2 g−1 than neutralized red mud  (40.67 m2 g−1).
he increased surface area might be attributed to the generation of
morphous and semi-amorphous materials of Fe and Al after acid
ctivation, because Fe and Al were the main components of AaN-
M (as shown in Table 1). Moreover, the Al content in AaN-RM

ncreased substantially after acid activation.

.2. Adsorption kinetics and isotherms

Kinetic studies not only help to predict the reaction rate but also
rovide the understanding on reaction pathways in order to design
ppropriate adsorption systems. Kinetic data for the phosphate
dsorption onto AaN-RM is shown in Fig. 2. The phosphate adsorp-
ion occurred very rapidly. 90.88% of the phosphate was  adsorbed

ithin 5 min, and then followed a slow process until adsorption

quilibrium. The sufficient adsorption sites on AaN-RM surface and
he available driving force for mass transfer might be provided at
he initial stage of adsorption. The kinetic parameters for pseudo

able 1
hemical composition of neutralized red mud and AaN-RM.

Constituent Neutralized red mud  (wt.%) AaN-RM (wt.%)

Fe2O3 47.13 33.88
Al2O3 23.62 30.96
Na2O 8.35 3.83
SiO2 9.12 15.52
TiO2 7.51 14.69
CaO 2.38 0.54
Cr2O3 0.17 0.22
MnO  0.14 0.06
K2O 0.05 0.10
CuO 0.03 0.01
NiO 0.01 0.02
MgO  1.49 0.17
Elovich  ̨ = 2.64E+3 mg g−1 min−1
 ̌ = 0.038 g mg−1 0.978

Pseudo second-order k2 = 0.009 g mg−1 min−1 qe = 194.21 mg g−1 0.998

first-order, Elovich and pseudo second-order models are given in
Table 2. According to correlation coefficient R2, the pseudo second-
order model fitted the adsorption process better than Elovich model
and pseudo first-order model. The pseudo second-order expres-
sion is derived based on the supposition of chemisorption [22,23],
therefore, the chemisorption might occur between the phosphate
and AaN-RM.

Adsorption isotherm is fundamental for describing the inter-
active behaviors between absorbate and adsorbent, which can
directly illustrate and compare the adsorption performance
between different adsorbents. This information is crucial for adsor-
bent selection [24]. As shown in Fig. 3, the Langmuir–Freundlich
Fig. 3. Isotherm models for phosphate adsorption onto AaN-RM (AaN-RM dosage:
0.5  g L−1; initial phosphate concentration: 50, 100, 200, 400, 1000 mg L−1; initial
solution pH: 4.5; adsorption temperature: 50 ◦C; agitation speed: 100 r min−1).
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Table  3
Parameters of adsorption isotherms for phosphate adsorption onto AaN-RM (AaN-RM dosage: 0.5 g L−1; initial phosphate concentration: 50, 100, 200, 400, 1000 mg L−1;
initial  solution pH: 4.5; adsorption temperature: 50 ◦C; agitation speed: 100 r min−1).

Parameter 1 Parameter 2 Parameter 3 R2

Langmuir KL = 0.016 L mg−1 qmax = 396.355 mg  g−1 0.983
Freundlich KF = 48.580 mg(1−n) Ln g−1 n = 0.315 0.975
Langmuir–Freundlich KLF = 0.038 Ln mg−n qmax = 492.464 mg  g−1 n = 0.674 0.996

Table 4
Summary of the maximum phosphate adsorption capacity of different adsorbents.

Adsorbent Isotherm Maximum phosphate adsorption capacity (mg  g−1) Literatures

La(III)-modified bentonite Langmuir 14.0 [26]
Amorphous zirconium oxide nanoparticles Langmuir 99.01 [27]
Lanthanum hydroxide-doped activated carbon fiber Langmuir 15.3 [28]
Iron hydroxide-eggshell waste Langmuir 14.49 [29]
Engineered biochar Langmuir–Freundlich 103.8 [30]
Digested sugar beet tailing biochar Langmuir–Freundlich 0.71 [25]
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AaN-RM Langmuir–Freundl

f AaN-RM (as shown in Fig. 1). The analysis of pore size
istribution of AaN-RM illustrated that a large amount of micro-
ores (12.94 m2 g−1) and mesopores (67.69 m2 g−1) was formed
n the surface of AaN-RM. The interaction between phosphate
nd AaN-RM could be affected by heterogeneous process. There-
ore, the heterogeneous Langmuir–Freundlich isotherm better
escribed the adsorption data than Langmuir and Freundlich

sotherms [25]. The maximum capacity of AaN-RM calculated from
angmuir–Freundlich isotherm reached 492.46 mg  g−1 (Table 3),
hich was much higher than that of many other adsorbents for
hosphate adsorption (Table 4). The mineralogical changes and

ncreased quantities of amorphous precipitates after acid activa-
ion might increase the specific surface area, and then substantially
mproved the phosphate adsorption capacity of AaN-RM [14]. Fur-
hermore, many of the primary minerals presented as very fine

rain in AaN-RM, and typically 80% of AaN-RM particles were
maller than 2 �m.  The very fine grain size also provided excellent
hosphate adsorption capacity of AaN-RM [31]. So the AaN-RM is

 promising phosphate adsorbent in commercial application.

Fig. 4. EDX spectra of AaN-RM before phosphate ads
492.46 This work

3.3. Formation of phosphate complexes

The EDX spectra of AaN-RM are shown in Fig. 4. Compared with
AaN-RM before phosphate adsorption, a clear signal of phosphorus
(P) was  observed in the EDX spectrum of AaN-RM after phosphate
adsorption, which demonstrated that the phosphate was  success-
fully adsorbed onto AaN-RM surface.

Sequential extraction method was  used to study the chem-
ical forms of phosphate bound to AaN-RM. The content of
total phosphorus extracted by BCR-684 was 183.5 ± 1.12 mg  g−1,
which was  close to the total phosphorus adsorbed onto the
AaN-RM (190 ± 2.89 mg  g−1). Because the phosphorus in this
research mainly came from the KH2PO4 in wastewater, the
content of inorganic phosphorus extracted by BCR-684 was
183.00 ± 0.19 mg  g−1, which was much higher than that of

−1
organic phosphorus (1.93 ± 0.28 mg g ). Additionally, the phos-
phorus bounded with Fe and Al (Fe–P and Al–P) reached
181.30 ± 4.54 mg  g−1, which was  much higher than that asso-
ciated with Ca and Mg  (1.44 ± 0.23 mg g−1). Therefore, Fe–P

orption (a) and after phosphate adsorption (b).
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ig. 5. XRD patterns of AaN-RM before phosphate adsorption (a) and after phos-
hate adsorption (b).

r/and Al–P was the main forms of inorganic phosphorus, and
layed an important role during phosphate adsorption onto
aN-RM.

Fig. 5 shows X-ray diffraction patterns of AaN-RM. The AaN-RM
efore phosphate adsorption had specific chemical composition
iffraction peaks at different 2� (◦), indicating the presence of

ron chloride hydrate (FeCl3·2H2O), Gibbsite (Al(OH)3), Anatase
TiO2) and Quartz (SiO2). The peak of FeCl3·2H2O disappeared
fter phosphate adsorption. Simultaneously, sharp and intense
eaks of FePO4 were observed. The phosphate easily reacted with
eCl3·2H2O by the precipitation mechanism to form strong chem-
cal bonds. Hsu [32] also demonstrated that the affinity of Fe3+ for
hosphate was strong enough to form FePO4 precipitate. Therefore,
he Fe–P was an important phosphate complex, and the precipita-
ion was an important mechanism for the phosphate adsorption
nto AaN-RM.

The phosphates can also form chemisorbed complexes via
igand exchange reactions with hydroxide. Atkinson et al. [33]
roposed that the hydrolysis of Fe3+ could form Fe–OH on the sur-
ace of goethite crystals, and then phosphate specifically replaced
ydroxyl group and formed bridges between adjacent Fe3+. Kim
t al. [34] demonstrated that the phosphate ions could bind to
e3+ through two P–O–Fe linkages. Wang et al. [35] concluded that
he chemisorbed phosphate complexes could be formed via ligand
xchange reaction between phosphate oxygens and hydroxyl oxy-
ens of Fe–OH. Therefore, ion exchange was also an important
echanism for the formation of Fe–P complex.
The FTIR spectra of AaN-RM are shown in Fig. 6. For all

amples, a strong and broad band at 3600–3100 cm−1 region
O–H stretching vibration) should be assigned for the presence of
ydroxyl of coordinate water molecules [36–38]. Compared with
he spectrum of AaN-RM before phosphate adsorption, the band
t 1635 cm−1 (O–H bending vibration) dramatically weakened,
nd the band at 1586 cm−1 (O–H bending vibration) completely
isappeared after phosphate adsorption [39]. Meanwhile, a new
eak at 1086 cm−1 was observed, which should be assigned to
–O [40]. The results suggested that the adsorption mechanism
ay  result from the ion exchange reaction between the hydroxyl

f Al(OH)3 and phosphate in solution, because the Al(OH)3 was
he main hydroxide on AaN-RM surface (shown in Fig. 5), and

he peaks of Al(OH)3 disappeared after phosphate adsorption.
herefore, Al–P was another main phosphate complex during phos-
hate adsorption onto AaN-RM. With the initial solution pH of
.5, H2PO4

− was the main existence form of phosphate in the
Fig. 6. FTIR spectra of AaN-RM before phosphate adsorption (a) and after phosphate
adsorption (b).

solution. Therefore, the adsorption process could be described by
Eq. (7) [41]:

2 Al–OH + H2PO4
− � ( Al)2HPO4 + H2O + OH− (7)

where symbol denotes the AaN-RM surface.
As shown in Fig. 5, sharp and intense peaks of AlPO4 were also

observed after phosphate adsorption. Therefore, we  could con-
clude that the Al(OH)3 reacted with phosphate by the precipitation
mechanism. The result was  consistent with that from Veith and
Sposito [42], who proposed that the precipitate formed during the
phosphate adsorption onto Al(OH)3 was  an amorphous analog of
variscite. Lookman et al. [43] found the formation of an amorphous
aluminum phosphate phase on the Al(OH)3 surface through 27Al
and 31P solid-state MAS  NMR.

Van Emmerik et al. [44] found that the phosphate could bind
to the formed phosphate complexes. Similarly, Chusuei et al. [45]
demonstrated that hydrogen bonding was involved in the for-
mation of additional phosphate overlayer until the adsorption
saturation. This meant that the formed Fe–P and Al–P on AaN-
RM surface could further adsorb additional phosphate by surface
deposition mechanism (hydrogen bonding) to form new phosphate
complexes Fe–P–H3PO4 and Al–P–H3PO4. Because the phosphate
adsorption process by Fe–P and Al–P with surface deposition
mechanism was reversible, the final phosphate complexes formed
included Fe–P, Al–P, Fe–P–H3PO4 and Al–P–H3PO4.

Illustration scheme of the phosphate adsorption onto AaN-RM
can be shown in Fig. 7. The FeCl3·2H2O and Al(OH)3 reacted with
H2PO4

− by ion exchange and precipitation mechanisms to form
Fe–P and Al–P. Then the Fe–P and Al–P further adsorbed additional
phosphate to form new phosphate complexes of Fe–P–H3PO4 and
Al–P–H3PO4 with surface deposition mechanism.

3.4. Exact role of different adsorption mechanisms

XPS spectra of P 2p region for AaN-RM after phosphate adsorp-
tion are shown in Fig. 8. The binding energies of P 2p peak
represented two kinds of phosphate species. The binding energy
at 134.2 eV corresponded to H2PO4

− [46], which demonstrated the
reaction of H2PO4

− with FeCl3·2H2O and Al(OH)3 by ion exchange
and precipitation mechanisms. Another intense compound at a
lower binding energy of 133.4 eV was  associated with H3PO4

analog, and the phosphate adsorption mechanism was surface
deposition [30]. The areas under the corresponding curves for XPS
analysis indicated that 59.78% of the phosphate was  adsorbed onto
AaN-RM through the ion exchange and precipitation with strong
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Fig. 7. Illustration scheme of the phosphate adsorption onto AaN-RM.
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Fig. 8. XPS spectra of P 2p region for AaN-RM after phosphate adsorption.

hemical bonds, and 40.22% was adsorbed through the surface
eposition with weak chemical bonds.

. Conclusion

1) The maximum capacity of AaN-RM reached 492.46 mg  g−1

in this study, which was much higher than that of many
other adsorbents. The phosphate adsorption process was  well
described by pseudo second-order kinetic model, illustrating
that chemisorption occurred between the phosphate and AaN-
RM.

2) Langmuir–Freundlich isotherm matched the experimental data
better than Langmuir isotherm and Freundlich isotherm, which
demonstrated that the phosphate adsorption was  governed by
heterogeneous processes.

3) Mechanism analyses demonstrated that the FeCl3·2H2O and
Al(OH)3 could react with H2PO4

− by ion exchange and pre-
cipitation mechanisms to form Fe–P and Al–P, respectively.
Then the Fe–P and Al–P further adsorbed additional phos-
phate to form new phosphate complexes of Fe–P–H3PO4 and
Al–P–H3PO4 with surface deposition mechanism.

4) XPS analysis of P 2p peak on AaN-RM after phosphate adsorp-
tion demonstrated that 59.78% of the phosphate was  adsorbed

through the ion exchange and precipitation with strong chem-
ical bonds, and 40.22% was adsorbed through the surface
deposition with weak chemical bonds.
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