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Water-soluble sulfolignin (SL) was grafted onto hydroxyapatite (Hap) by using epichlorohydrin. SLgHap was
ydr then entrapped in cross-linked polyacrylamide by in situ polymerizations of acrylamide and N, N'-methyl-
Lignin enebisacrylamide to obtain the composite of PSLgHap. The composite was characterized by FT-IR, BET- porosity,

z;’:{ﬁ]ﬁzlamide XRD, EDXRF, SEM-EDX, TGA-DTG, PZC, CEC, and swelling tests. The adsorptive features of PSLgHAP were
BSA investigated for Th** and BSA in view of its dependence on pH, ionic intensity, concentration, temperature, and
Adsorption time. The results of characterization tests confirmed the formation of PSLgHap. The grafting efficiency con-

cerning sulfur contents of PSLgHap was 96% by EDXRF. The isotherms were best represented by the Sips model,
Langmuir adsorption capacities were 369 and 390 mg gngHap’l for BSA and Th**. The enthalpy and entropy
changes were positive whilst Gibbs energy was negative by entropy controlled. The adsorption kinetics of both

species was obeyed to pseudo second-order model, whereas it was first-order for BSA and hybrid-order for T

of Langmuir model.

h+

1. Introduction

Environmental protection is of the major concerns for a sustainable
quality of life. Indeed, alongside the rapid development of industriali-
zation on a global scale, the entry of industrial effluents with inorganic,
organic, and biological pollutants into the water resources of modern
society has become a serious environmental issue. Therefore, a large
variety of treatment technologies for the removal/recovery of contam-
inants from the polluted aquatic environment and waste streams have
been invented and developed. These technologies include adsorption,
ion exchange, precipitation, coagulation-flocculation, sedimentation,
flotation, filtration, membrane processes, biological processes, and
chemical reactions. Amongst these, adsorption is one of the most
commonly used methods due to its number of advantages, e.g., simple
operation process, high efficiency, good adaptability for different
wastewater systems, and particularly low cost [1-3].

The principal concern of this study is to introduce a new composite
adsorbent with a ternary combination of lignin, hydroxyapatite, and
polyacrylamide. Lignin was chosen since it is also a nature-derived
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highly abundant biopolymer alongside cellulose and hemicellulose.
Annual lignin production as a by-product of the pulp and paper in-
dustries is about 50 million tons. Of this, only one million tons are
processed for various industrial products, almost the rest is used as
boiler fuel for heat and electricity generation or directly discharged into
water resources [4,5]. Lignin-based materials are immensely important
in the industry with their wide range of applications, e.g., stimulant-
sensitive materials for biomedical and water treatment, drug delivery
systems [6,7], flexible super-capacitors, wearable electronics, bio-
materials, particle dispersants in the formulation of coatings, adhesives,
and composites [8-11]. Recently, Wang et al. [12] investigated the
antibacterial activity via the electrostatic capture effect of silver nano-
particles incorporated quaternized lignin composites synthesized by the
aid of microwave radiation. Lignin is biocompatible and biodegradable.
Because of its unique physicochemical features, low cost, high abun-
dance, and the containment of specific functional groups on its macro-
molecular structure, lignin has been considered as an adsorbent for the
removal of organic or inorganic contaminants from the aquatic envi-
ronment [8,13,14].
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Hydroxyapatite (Hap) as the other composite component is the best-
known crystal phase of calcium phosphate salts defined by the
Cay0(PO4)6(OH), general formula. Hap as a Ca—P based bioceramics, is
a biocompatible, bioactive, and osteoconductive material since its Ca/P
ratio is close to the ratio in natural bone and tooth structure, and is the
most stable calcium phosphate under physiological conditions. Hap
possesses a multi-site binding character for proteins; the C region rich in
Ca ions with the positive charge is attractive for the acidic terminals
whereas the positive charge deficient P region attracts the basic termi-
nals. Based on this feature, the sintered Hap (mechanically strengthened
with high heat treatment) has been widely employed as supporting
material in column applications as in HPLC for protein adsorption and
protein separation, and cellular attachment and growth. Besides these,
its participations in orthopedic, and dental materials, drug release sys-
tems, and protein carriers are of a variety of applications [15-18]. It is
also promising material for the elimination of air, water, and soil
pollution due to its features such as high adsorption capacity, inexpen-
sive and readily available, acid-base adjustability, ion exchange capa-
bility, low water solubility, good thermal stability, and high stability
under reducing-oxidizing conditions. Since its stability and leak-
resistance, Hap is also a favorable material for the permeable reactive
barriers used for remediation of areas contaminated with radionuclide
and safely manage long-life nuclear waste by storing it in deep geolog-
ical deposits [19].

The Hap compositions are useful materials for the adsorption pro-
cedures. However, the physicochemical features of Hap limit its prac-
tical utilization in column applications because of the column blockage.
The use of Hap-polymer composites should be a solution to overcome
this handicap. The polymer component should have swelling in aquatic
solutions capability enabling the diffusion and/or transfer of the ions
towards the mineral. Indeed, the practical applicability of this opinion
was proved for Hap-cellulose for Pb%*, cu?*, cd**, Zn?* adsorption
[20], Hap-polyurethane composite for lead ion uptake [21], Hap-Poly
(vinyl alcohol) composite cryogel for cadmium removal [22], and for
polyacrylamide-Hap (PAAm-Hap) composite for recovery of Pb%* [23],
and UOz2+ and Th** ions [24]. The synthesis and mechanical properties
of nano-Hap/PAAm composite were reported by Li et al. [25].

As implemented of PAAm in the Hap practicality, grafting of lignin,
especially sulfolignin which is not usable in adsorption practices due to
its solubility in the aquatic environment, onto a polymer network could
also enable its practical usage as previously proved for kraft lignin by
Meister et al. [26]. Penaranda et al. [27] proposed to use of IPN
hydrogels involving peat and kraft lignin for adsorption of Ni%t and
Cu?* ions. For the production of the lignin-containing marketable
plastics, acrylamide was grafted onto organosolv lignin by the chemo-
enzymatic method [28]. Chen et al. [29] introduced PAAm/Lignin
nanocomposite hydrogels with high mechanical strength, excellent
recoverability as well as high compressive and tensile strength. Syn-
thesis of the composite was simple (in situ free radical polymerization),
it was non-cytotoxic so that this high-performance hydrogel material
could be used in e.g. tissue engineering or regeneration, artificial mus-
cles, underwater antifouling materials. In another study, the self-
assembly of kraft lignin-acrylamide polymers in aqueous solutions
containing different amounts of salt was evaluated [30]. The synthesis of
bio-composite in a combination with Lignin and Hap was proposed by
Erakovic et al. [31] where Ag containing Hap and Lignin biocomposite
coatings on titanium were produced by the electrophoretic deposition
method and characterized, and its antimicrobial properties were
investigated.

In consequence, none of the aforementioned studies has considered
the composite composed of a ternary combination of water-soluble
Sulfolignin (SL), as the grafting component, Hap, and PAAm;
PSLgHap. The confinement in PAAm prevents possible coagulation/
agglomeration of SLgHap in the adsorption medium where it is used in
its bare form. Since the sulfur sources are SL and Hap, the grafting ef-
ficiency can be precisely determined by the comparison of sulfur
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contents of SL, Hap, and PSLgHap. The employment of XRF for sulfur
determination will be a highly practical technique. Synthesis of such
composite improves the adsorptive feature of SLgHap due to its fine
dispersion in PAAm hydrogel increasing surface expansion; the com-
posite is swollen in adsorbates solution during which the adsorbates
transfer towards the finely dispersed adsorptive centers, i.e., the
adsorption process is ultimately catalyzed. The purpose of this investi-
gation was to introduce the preparation and characterization of the
PSLgHap and to investigate its adsorptive features for thorium (Th*")
and bovine serum albumin (BSA). The choice of Th*" was due to the
environmental concerns associated with toxicity and radioactivity be-
sides which the recovery of Th*" from natural sources and/or nuclear
waste may be of economic interest [32]. To investigate the adsorptive
properties for BSA was also prominent since BSA is one of the major
serum proteins having a vitally important role in functional, and
nutritional activities, and functional similarity to human serum albumin
[33,34]. Its low cost, wide availability, and high affinity to Hap made
the BSA adsorption worthy of perusing besides that such investigation
could be an introduction of a new adsorbent for protein purification
process, and contribution to the establishment of the nature of in-
teractions between adsorptive surface and proteins [35].

2. Experimental
2.1. Chemicals

Sulfonated lignin [Lignosulfonic acid, sodium salt; REAX 85A;
{(CH30)NaO)Ar(CH2SO3Na)(C3Hs0)}y] kindly provided by Mead-
Westvaco Corp. (USA). The phosphate rock (hydroxyapatite; Hap) sup-
plied by Samsun Fertilizer Laboratories (Turkey) was utilized in the
preparation of PSLgHap after ground and sieved in 100 mesh size. The
composition of the rock was 46.4% of CaO, 24.9% of P,0s, 9.3% of SiOs,
1.6% of SO3, 0.5% of Fex03, 1.6% of MgO, and the metal oxides at trace
levels. The stoichiometric coefficient of ncy/np is ~1.67 in both pure
phosphate rock [Cas(PO4)3(0H)g.33F¢.33Clo.33] and Hap in the form of
bio-origin [Ca;o(PO4)s(OH)2] [36]. However, the ratio values for natu-
rally occurring differ from this value as reported by Mavropoulos et al.
[37] for 5 phosphate mining sites as 2.22 + 0.32 (ranging 2.06-2.77).
Here, the ratio for the studied Hap was 2.37 confirming its natural
origin.

Bovine serum albumin (BSA), coomassie brilliant blue G-250, sodium
nitroprusside, and N, N'-methylbisacrylamide (Sigma, USA), phenol, Th
(NO)3.4H20, acrylamide monomer, ammonium peroxydisulfate, HCI,
glacial CH3COOH, HNO3, KBr, and KNO3 (Merck, Germany), N, N, N/,
N'-Tetramethylethylenediamine (TEMED), Arsenazo III [2,7-Bis(2-
arsonophenylazo)-1,8-dihydroxy naphthalene-3,6-disulfonic acid diso-
dium salt], epichlorohydrin (ECH) (Fluka-Sigma, USA) Al(NO3)3.9H20,
Pb(NO3)s, CuClp.2H,0, ZnCl,, Cr(NOs3)3.9H,0, MnSO4.H,0,
NiCly.6H20 and CoCly.6H20 (Merck, Germany), solution of NaClO4 with
%15 active chlorine content were the chemicals, all were analytical
grade, and used without any further purification. The resistivity of
distilled water was 18 MQ cm™! at room temperature.

2.2. Preparation of PSLgHAP composite

The procedure provided by Dragan et al. [38] was modified to pre-
pare the Lignin-Hap (LH) component of PSLgHap. In obtaining 8 g of
PSLgHap, 1 g of Hap was suspended in a 25 mL viscous solution con-
taining 3% of acetic acid and 1 g of sulfolignin preconditioned by intense
stirring for 4 h. After the addition of 25 mL of ECH solution in water
(VEcu/Vh20 = 1/20 at pH = 10), the mixture was agitated for an addi-
tional 4 h. Under intense and continuous stirring, 6 g of AAm and 20 mL
of N, N'-methylbisacrylamide solution (0.03 g mL™Y) as the crosslinking
agent of PAAm were added to the suspension respectively. While the
suspension was stirred to keep homogeneity, the polymerization was
started by the addition of 1 mL ammonium peroxydisulfate (100 mg
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mL™Y) solution as initiator and 0.5 mL of N, N, N',N'-tetramethylene-
diamine as an activator. The formed PSLgHap, the composite in which
lignin grafted Hap was entrapped in a hydrogel network was immedi-
ately dispersed in 250 mL of water by passing the composite throughout
a syringe system (barrel and plunger). The dispersion was waited for
about 1 h with slight stirrings and the aqueous phase was decanted, the
washing and decantation procedure was repeated to remove unreacted
chemicals. The composite was spread out of Petri-dishes and dried in an
oven at 40 °C, ground, and sieved to <50 mesh.

2.3. Characterization

FT-IR spectra were taken using an FT-IR spectrophotometer (Uni-
cam, Mattson 1000) with 20 scans at a resolution of 4 cm L. Rigaku
Ultima-IV was employed for XRD patterns (20 = 3-70°) at 0.02° scan
interval using Cu K, radiation. EDXRF (Rigaku — NEX — CG) was utilized
for the determination of the elemental composition of PSLgHap and its
associates. Nitrogen adsorption/desorption isotherms were performed
at 77 K with AUTOSORB-6 (Quantachrome Instruments) apparatus. BET
and BJH methods were used to obtain the specific surface area, pore
diameters, and volumes. SEM and EDX views of gold-coated samples
were obtained from QUANTA 400F Field Emission SEM with an accel-
erating voltage of 20 kV. TGA curves were obtained for the mass losses at
temperatures within the range of 20-900 °C at 10 °C min~! heating rate
under static air with Perkin Elmer Pyris 1.

Swelling kinetics was investigated. 0.3 g of PSLgHap sample was let
to swell in water and weighed at time intervals.

Univalent cation exchange capacities (CEC) of the composite and its
components were determined by the ammonium acetate method [39].

The point of zero charges (pHpyzc) of the composite and its associates
was measured in presence of 0.1 M KNOs as an inert electrolyte [40].
0.1 g of samples were suspended in 10 mL of KNOj3 solutions with
adjusted initial pHs (pH;) ranging from 1 to 12 by using 0.1 M of KOH or
HNOs. The equilibrium pHs (pHe) were measured after 24 h solid so-
lution interaction.

2.4. Adsorptive features for Th*™ and BSA

The dependence of Th** and BSA adsorption on PSLgHap to pH,
concentration, time (kinetics), temperature (thermodynamic), and ionic
intensity were examined.

An Arsenazo III (Az-IID)-Th** complex formation based spectropho-
tometric procedure was followed for Th*t measurements [41 1; 50 pL of
equilibrium solution transferred in 3 mL of complexation solution con-
taining %0.04 Az-III in 3 M HClO4. Absorbency of the formed complex at
658 nm was recorded (Shimadzu-160A spectrophotometer), the pure
Az-III solution was the reference.

Bradford method was employed for colorimetric measurement of
BSA for which a prescription modified from a bio-protocol by He [42]
was preferred. A 50 pL fraction of BSA solution was added to 2.5 mL of
Coomassie Brilliant Blue G-250 and the absorbance at 595 nm was
recorded, Bradford reagent was the reference solution. Linear standard
calibration curves obtained from the absorbency of BSA or Th** solu-
tions were used to determine equilibrium concentrations obtained from
the experiments.

Initial pHs of solutions in the pH effect on adsorption studies were in
the ranges of 1-10 for BSA and 1-7 for Th** adjusted by the addition of
HCl or NaOH. After the evaluation of the pH effect on the adsorption, all
adsorption studies were performed at initial pH = 3 for BSA and pH
about 3.5 for Th** as prepared. With exception of the kinetics studies,
the interaction time for equilibrium was 24 h, as a convention. Out of the
thermodynamic study, all experiments were carried out at 298 K. Effect
of the concentration change on BSA or Th** adsorption was studied for
the range of 25-2000 ppm (3.8 x 1077-3 x 107> Mor 1.1 x 10~*8.6 x
1073 M). The studied concentration was constant at 1000 ppm (1.5 X
107> M or 4.3 x 10~ M) in all other adsorption tests.
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Table 1
Physical characteristics of PSLgHap and its constituents.

BET/m?%g ! Pore Volume x10%/cm3g ! Pore radius/nm
SL 8.2 11.3 3.0
Hap 24.1 94.8 3.8
PAAmM 11.5 9.3 3.7
PSLgHap 6.6 6.3 21

The adsorption kinetics was examined by time interval sampling (50
pL) from the test solution during 24 h adsorbent-solution interaction.

Ionic intensity impact on the adsorption was performed for BSA or
Th*" solution in 0.01-025 M CaCl,.

3. Results and discussion
3.1. Characterization

3.1.1. Porosity, surface charge, and cation exchange capacity

The size of pore diameters of the ter-composite and its constituents
were in the range of 2-4 nm (Table 1) defining the nano/meso-porous
structure according to the IUPAC classification [43]. The BET and
pore volume of PSLgHap was considerably lower than that of Hap. This
was associated with the filling of PAAm into the mineral pores as seen
from the morphologic comparisons of SL, Hap, and PSLgHap in Fig. 1.
The EDX spectra of Th adsorbed PSLgHap in Fig. 1.d displayed the ele-
ments identifying PAAm (C, N, and O), SL (Na, S), and Hap (Ca, P).

The PZC (point of zero charge) is the pH at which the surface of a
solid adsorbent immersed in an electrolyte has zero charges referring to
the surface charge switches from positive at pH < PZC and to negative at
pH > PZC. The data obtained from PZC experiments provided PZC
values and buffering features of the materials calculated from the linear
equations derived from ApH (pHe-pHi) vs pH; and the buffering pH
range obtained from the plateau region of pH, vs pH; (Fig. 2). The PZC of
PSLgHap was 7.6 as nearly identical to its buffering pH. PAAm had the
PZC at pH = 6.5 and did not have the buffering feature. The CEC values
of Hap and PSLgHap were 0.47 and 2.83 mol NH4"/kg. The significant
difference in the CEC in favor of PSLgHap was due to the increase in
active sorption sites, after SL and ECH involvement in SLgHap forma-
tion. The CEC of PAAm was negligible (CEC < 0.01 mol NH4+/kg).

Consequently, the changes in CEC values besides which the BET and
porosity feature substantiated that the encapsulation of Hap, i.e.,
SLgHap in an inert hydrogel (PAAm) resulted in a formation of a new
structure having physiochemical features completely different from its
associates.

3.1.2. EDXREF, FT-IR, and XRD analysis

EDXRF was utilized for the determination of the grafting efficiency
by tracing elemental sulfur contents of SL, Hap, and PSLgHap out of
PAAm since it does not contain any sulfur. The contents of sulfur as the
means of 3 measurements having the standard deviations statistically
insignificant (p < 0.05) were 5.29% for SL, 0.65% for Hap, and 0.71%
for PSLgHap. Since the sulfur contribution to PSLgHap from SL and Hap
was 12.5% for each, the theoretical sulfur content of PSLgHap was ex-
pected to be 0.74% (5.29 x 0.125 + 0.65 x 0.125). Thus, the grafting
efficiency was found to be 95.9% (100 x 0.71/0.74). This result should
also be valid for the experimental PSLgHap formation efficiency because
Hap always remained as a dispersed solid phase without any loss during
the synthesis process.

FT-IR spectra of Hap, SL, and PAAm were compared with that of its
PSLgHap combination in Fig. 3. For Hap, the intensive peaks at 560 and
600 cm™! and 1000-1100 cm ™! were of PO4>~ groups. The stretches
associated with CO32~ were characterized by the intense bands at
1450-1550 cm ™. Broadband at 3000-3600 cm ! should be related to
-OH of adsorbed water to Hap [44].

As pointed out by Nair et al. and Rashid et al. [45,46] typical
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Fig. 1. SEM appearance of SL (a) with a spheriform view of an SL particle, Hap (b) likens to agglomerations of mineral grains and PSLgHap (c) in an appearance of
amorphous layers in the combination of PAAm, SL and Hap, and EDX spectra of PSLgHap after Th adsorption (d).

4 12
-
= [
) ° y=6.27-0.825x, R2=0.977 v T
PR -
z 110
Z ot
< °
v 18
10 v Y +»
oF Ve N 16
® pHivs ApH
Ar v pHivs pHe
——= ApH=0 14
_2 |
e 12
_3 |
4 . . . . . . 0
0 2 4 6 8 10 12 14

Fig. 2. The PZC and buffering determinations by pH studies.

appearances in SL's IR spectra were broadband at 3460-3350 cm ™ for
aliphatic and/or aromatic ~OH, the peaks at around 2940 and 2830
em™! attributable to C—H bonds in aromatic and alkyl groups, and the
peaks at around 1600 and 1520 cm ™! associated with C=C stretches of
the phenolic groups. Besides these, the skeletal vibrations in the wave-
numbers ranging from 1600 cm ™! to 1000 cm ™! were typical definitions
for the aromatic units of lignin structure.

336

PAAm was characterized by the peaks associated with C—N (1192
em 1), C—C (1323 ecm™Y), -CH, (1452 em™Y), -CONH, (1670 cm™),
C—H in -CONH,, (1570 and 1720 Cmfl), and N—H in -CONH; (3185
and 3450 cm 1) [47,48]. The spectra of PSLgHap demonstrated that the
composite was the combination of Hap, SL, and PAAm for which the
appearances at 560-1100 em! representing P04 groups of Hap,
several peaks in between 1600 and 1000 cm ! associated with aromatic
components of SL, and the typical peaks emerging at 3185-3450 cm ™%,
1570-1720 cm ! ranges characterizing -CONH; related terminals were
of evidence.

Fig. 4 shows the XRD patterns of PSLgHap together with its associ-
ates. The patterns of bare SL and PAAm defined typical noncrystalline
(amorphous) structures. The hexagonal structure of Hap was consistent
with the 20 diffractions at 26° (1002), 32° (L211), 33° (L300), and 40°
(L310). The patterns of Hap and PSLgHap were confirmed that the
confinement of the Hap in PAAm did not disrupt the crystalline structure
of Hap. The increased background in the patterns of composites was due
to the irregular reflections arising from the amorphous structure of
PAAm and SL [24,49,50].

3.1.3. Thermal stability

The results obtained from the TGA and DTG analysis of the materials
were submitted in Fig. 5 and Table 2.

Hap had three-stage weight losses at 25-200 °C, 200-600 °C, and
600-900 °C. The loss in a total of 2.6% at 25-600 °C was associated with
the evaporation of adsorbed and lattice water confirming the high
thermal stability of Hap by 600 °C. The considerable loss (16.6%) over
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(a) Hap

(b) SL

T%

(c) PAAM

(d) PSLgHap

2000
Wave Number/cm”

4000 3000 1000

1

Fig. 3. FT-IR spectra of SL, Hap, PAAm and PSLgHap.

700 °C was due to the removal of water formed from the dehydrox-
ylation of Hap as discussed by Tonsuaadu et al. (2012) [51]. The
removal of moisture in PAAm was also completed by 200 °C. The
characteristic peaks in PAAm were related to the emissions of Hy0, CO2,
and NHj after decomposition of amide groups at 200-350 °C, the losses
of Hy0, CO,, imides and nitriles after the main chain breakdown at
350-450 °C, and the releases during carbonization of the polymer at
450-600 °C [47]. Since SL had a wide variety of functional groups such
as aromatic, carbonyl, and hydroxyl besides the sulfonyl groups, thermal
degradation of SL had a mass loss profile that covers the whole range of
temperature change. The degradations correlated with the decarboxyl-
ation and desulfurization reactions [52], and the formation of volatile
CO and/or CO- after oxidation of carbon contents of SL [53]. As ex-
pected, the thermal degradation profile of PSLgHap was very similar to
that of the PAAm since the PAAm content of PSLgHap was about75%. A
slight rise at t; /5 (from 395 °C for PAAm to 408 °C for PSLgHap) was
attributable to SL in PSLgHap with t; 5 = 816 °C.

3.1.4. Swelling features

The swelling features of the composite were tested to propose the
kinetics and mechanism of swelling because of its importance in the
practical implementation in biomedicine, pharmacy, and environment.
Swelling characteristics of the composite and its associates were

337

International Journal of Biological Macromolecules 204 (2022) 333-344

Intensity

SL

PAAmM

PSLgHap

10 20 30 40 50 60 70

26/0

Fig. 4. XRD patterns of the composite and its components (The reflections
labeled with asterisks characterized Hap in PSLgHap).

provided as water absorption capacity (Se), Swelling%, and water con-
tents at equilibrium (Swcg) in Table 3.

PSLgHap had high water absorbency because of its constituents'
contribution to the imbibing capacity. The measured parameters for the
composite were higher than the calculated ones by considering the
contribution of the feature of each constituent as much as its fraction in
the composite. This should be evidence for the formation of a new
synergetic texture with the inclusion of SL having chemical end groups
with high water affinity.

The parameters associated with the kinetics were derived from the
compatibility of data to the linear forms of Schott's second-order [t/S; =
1 /(kssz) + t/Sm] and linearized exponential heuristic [In(S¢/Sp) = In
(F) + n.n(t)] equations (Fig. 6) where ‘S; ‘and Sy, are the amount of
adsorbed water at time ‘t (min)’ and the amount reached a maximum
(8n20 gPSLGHAp’l), ks is the Schott's rate constant (gpsigHap 8112071
min™1), 1/(ksSy?) is also defined as inverse initial adsorption rate (1/rp).
‘F' is a constant characterizing the hydrogel network and ‘n' is diffusion
constant peculiar to water transfer/swelling mechanism; the process
controlled by solvent diffusion (Fickian) if n < 0.5, by solvent diffusion,
and the relaxation of hydrogel network (non-Fickian) if ‘0.5 <n < 1’ or
by relaxation of hydrogel if ‘n > 1’ [54,55]. The exponential model was
evaluated by considering the data up to which 70% of the swelling was
completed.

The results (Table 4) showed that the experimentally obtained
swelling data were well compatible with both Schott and Fick models
with high significance (R? > 0.97). The compatibility to Schott's model
was persistent with an agreement between the values of Sex, (8.2 gn20.
gPSLgHApil) in Table 4 and Sy, (8.2 gHgo.gPSLgHApil) in Table 5. Conse-
quently, as indicated in previous reports the driving force for the water
diffusion was osmotic pressure and the mechanism was Fickian (n <
0.50), i.e., the process was diffusion controlled [54,56]. It was worth
noting that the value of the initial water imbibing rate was remarkably
high (29.3 gn20 gpsigrap | min ).

3.2. Adsorptive features of PSLgHap for BSA and Th*" adsorption

3.2.1. Data assessment
The nomenclature and units used in the equations were as follows
(Table 5).

The adsorbed amounts of Th**

was calculated by using Eq. (1).



F. Aslan et al.

0.0

©
i

dm/dt (mg min'1)
S
o

\
AN
[N}

a) Hap

-1.6

200 400 600 800

0.0

o
i

dm/dt (mg min-1)
S
(S

'
N
[N

¢)SL

800
t/°c

200 400 600

International Journal of Biological Macromolecules 204 (2022) 333-344

Fig. 5. TG (t vs weight%) and DTG patterns of PSLgHap and its associates.

Table 2
Percentage weight loss of the composite and its components between various
temperature ranges (the summed provided the total lost between 25 and
900 °QC).

25-200°C  200-600 °C 600-900 °C  25-900°C  "t; 5
°C
Hap 1.2 (54)° 1.4 16.6 19.2 -
PAAm 11.0 (58) 66.9 (270, 395) 21.6 99.5 395
SL 14.4 (65) 31.8 (325, 576) 31.1 (817) 77.3 816
PSLgHap  10.3 (80) 57.9 (215,394, 23.1 91.3 408

581)

2 Characteristic DTG peaks at which the maximum lost was observed.
b Temperature by which half of the weight was lost.

Table 3

Swelling characteristics of the composite and its associates [Water absorption
capacity, Se = (Mpax-Mo)/mg; Swelling% = (my,xx100/mp) and water contents
at equilibrium Sywcp% = (Mmax-M)x100/my,,x with reference to weights of dry
and swollen materials; my and my,ay].

Materials Se (8H20/ Swelling/ Swce
8mat) % /%
Hap 1.6 260 61
PAAm 8.1 910 89
PSLgHap (75% PAAm, 12.5% Hap, 8.2 (6.3)" 916 (720)° 89
12.5% SL)* 74"

@ Constituent contents of the composite (SL is water soluble).
b The expected values calculated by taking into account of Hap and PAAm
contribution, e.g., 0.125 x 260 + 0.75 x 910 = 720%.

(Ci - CL’)V

W (€Y

0=

Adsorption parameters were derived from the compatibility of
experimentally obtained adsorption isotherms to Langmuir, Freundlich,
Sips, and Dubinin-Radushkevich (DR) models expressed by the
following equations [57].
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Fig. 6. Compatibility of swelling kinetics of PSLgHap to Schott's second-order
and linearized exponential models.

Table 4
Parameters obtained from swelling kinetics for PSLgHap.
Schott's Model Fick Model
ksx10°/gu20 g 'g min ! 0.43 F 0.70
Sm/8H20 8psLgHAP | 8.3(8.2)" n 0.18
2 0.999 R? 0.971
T0/8r20 8psighap | min ! 29.3

@ Experimentally obtained values of water absorption at equilibrium.
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Table 5
Nomenclature and units for the data processing.

ag: Sips isotherm model constant

G, : BSA or Th** concentrations at
initial or equilibrium/ mol L!

D: Adsorbent dose (kg L)

Epg: Free energy change/J mol !

H: Initial adsorption rate/mol ! kg
min~
k: Rate constant

Kpr: Constant in DR model/mol? K J~2

Ky: Langmuir adsorption equilibrium
constant/L mol !

Ks: Sips isotherm model constant

Q: Adsorbed amounts/mol kg’1 at time t
or equilibrium

R: Ideal gas constant (8.314 J mol 'K 1)

T: Absolute temperature/K

t1,2: Time required for adsorption of half
of the concentration/min
V: Solution volume/L

W: Mass of adsorbent/kg

Xpr: DR constant related to sorption
capacity

Xg: Freundlich constant related to
sorption capacity

Xy Langmuir monolayer sorption
capacity/mol kg !

X: Sips monolayer sorption capacity/
mol kg~!

f: Freundlich constant (surface
heterogeneity)

Bs: Sips isotherm model exponent

AG: Change in adsorption free energy/
kJ mol ™!

AH: Change in adsorption enthalpy/kJ
mol

AS: Change in adsorption entropy/J
mol ! K~!

€: Polanyi potential

Qe: Surface coverage ratio

K X, C, .
0= ﬁlg@ Langmuir 2
0 =XrC,” Freundlich 3
Xsasceﬂs .
0= m Sips 4
: 1
0 = Xpre X ¢ = RTIn (1 + F) DR )
Epx = (— 2Kpz)} DR 6

Thermodynamics parameters were ascertained from the values of
distribution coefficients (K) at studied temperatures. By the depictions
of ‘In K vs 1/T' to configure the van t'Hoff equation provided magnitude
of AH and AS followed by AG.

Q
K== 7
C. (7)
AS AH 1
K="—"-""_
In R RT (C))
[CaCl,}/mol L™

0,20 0,25
T T

—o— pH; 1
— - — pHg
v lonic intensity
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AG = AH —TAS 9

The kinetics of Th** adsorption was inspected by the compatibility of
time-dependent adsorption to pseudo first- and second-order, and
intraparticle diffusion models (Egs. (10)-(12)). The obtained parameters
for first- and second-order models were forwarded to calculate the initial
adsorption rate (H) and the time elapsed to reach half of the Th*t
adsorption at equilibrium; half-life (t;2) [58,59].

n2
0 =0a(l—e™) H=kQa (np),= T (10)
1
Q22k2t 2 1
— e H, = = 11
O 1+ Oukot ) = k0, (11/2)2 0u 1n)
0 = ki'? (12

The order of kinetics was evaluated further by using the following
equations to calculate the experimental and theoretical filling ratio of
adsorptive sites, and the ratio of first and second-order rate constants
derived from the Langmuir model [60];

¢, —C

, _ i e 13
(0c)exp X,D a3
o K.(Ci+ X.D) + 1 — \/Ki(cf — X, D)* 4+ 2K, (Ci + X,.D) + 1
( E)theor - 2KLXLD

a4

ki \/Ki(C,- — X, D)* 4+ 2K,(Ci + X,.D) + 1
ALl 15)

ky K X, D
3.2.2. Adsorption dependence on pH and ionic intensity

The adsorption dependency of BSA as a function of pH at initial and
equilibrium and the ionic strength was displayed in Fig. 7. The pHs at
which a material has nil electrical charge, i.e., the number of sites
negatively and positively charged on its surface are equal were pH = 7.6
(PZC) for PSLgHap and pH = 4.7 (the isoelectric point; pI). The domi-
nant charge on the surface is positive at pH < PZC or pl, and it is
negative at pH < PZC or pl. As illustrated in Fig. 7.a, BSA adsorption
initially increased with increasing pH and reached a maximal at pH; = 3
for which the equilibrium pH was 4.7, i.e., the pl of BSA, and the
adsorption was then decreased up to nil with the rise of pH. This was
elucidated by the fact that the higher acidity provided the higher degree
of protonation of the active centers of both PSLgHap and BSA resulting
in the electrostatic repulsion hindering the adsorption, this effect
decreased with increasing pH and reached a minimal where the net

[caclyimol Lt

0,20 0,25
T T

'

—O0— pH
0,1F — @ — pHe q
A lonic intesity
00 . . .
0 2 4 6 pH 8

Fig. 7. The effect of pH and ionic strength on BSA (a) and Th** (b) adsorption ([BSA]; or [Th**]; = 1000 mg L™}, D = 0.1 g PSLgHap/10 mL, T = 298 K) (The ionic

strength studies were performed at pH = 3 for BSA and at pH = 4 for Th*").
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Fig. 8. Compatibility of experimentally obtained BSA (a) and Th** (b) adsorption to Langmuir, Freundlich, Sips (Q vs C¢), and DR (Q vs €2) models ([BSA]; or

[Th*"]; = 25-2000 mg L}, D = 0.1 g PSLgHap/10 mL, T = 298 K).

Table 6
Langmuir, Freundlich, Sips, and DR parameters for adsorption of BSA and Th*+
onto PSLgHap.

Langmuir BSA Th** Sips BSA Th**
Xy/mol 1.35(5.4)" 0.42 Xs 1.26 x 0.40
kg ! k1073 (1.68)"" 1072
Ky/Lmol ! 376,800 11,600 B 1.17 1.75
R2 0.872 0.940 R? 0.892 0.944
Freundlich DR
Xp 0.10 1.16 Xpr 0.12 0.58
i 0.40 0.18 Kprx10° 5.10 1.56
R? 0.738 0.880 Epr/kJ 9.9 17.9
mol-1
R? 0.877 0.933

? The extended adsorption value with reference to Lignin-Hap content in
PSLgHap (as a mass ratio of 1/4) because the inert feature of PAAm for Th** and
BSA adsorption [32].

b Corresponding quantities were 89.7 (359) mg g’1 for BSA and 97.4 (390) mg
g~ ! for Th*".

surface charge of BSA was zero (pI = 4.7) at which maximum adsorption
was observed. At pH up to pH = 7.5, the positively charged available on
the PSLgHap surface adsorbed BSA under the influence of electrostatic
attraction for the negatively charged BSA at pH > pl. This effect became
repulsive at pH > PZC since both PSLgHap and BSA were negatively

charged such that the magnitude of adsorption eventually reached nil at
pH > 7.5. As speculated by Wisniewska et al. [61], the maximum
adsorption at pI of BSA was attributed to the formation of BSA in a
closely packed conformation at the plI by the influence of mutual intra-
molecular electrostatic attraction of opposite charges that inactivated
the adsorbent-adsorbate electrostatic repulsion. From Fig. 7.a, it was
also obvious that the ionic strength of the adsorption medium signifi-
cantly reduced the adsorption even at the lowest CaCl, concentration;
the adsorption lowered to 30% of its initial value. This should be
attributed to the involvement of Ca?* ions predominantly acting as the
binding agents for BSA and/or as the competing ions with BSA, both
were obstructive for the adsorption. The former is of the metal-protein
binding processes in biochemistry [62].

The variation in adsorption of Th*"by pH was significant at initial;
the amount adsorbed (0.48 mol kg’l) at pH = 4 was two folded of its
occurrence at pH = 2. Then, the changes in amounts with pH standstill
(Fig. 7b). This should be considered as evidence for the adsorption
mechanism was proton exchange and/or complex formation via elec-
trostatic interactions; the probability of Th** adsorption increased with
the increasing number of negatively charged sites of PSLgHap by rising
pH. By considering the most dominant Th species in solutions at pH =
1-5 (Th** and ThOH") together with the surface charge, the adsorption
mechanism should be as follows [47,63,64];

4( = SOH) + Th*" & (= SO),Th +4H"

3(=S0") +[ThOH]** & ( = SO™),ThOH

Th*"adsorption decreased by the ionic strength of medium ascended

Table 7
BSA sorption capacities of different adsorbents.

Adsorbent pH X (mg g ) Reference

Hap powder- Hap disc 6 17.3-67.8 [33]

Hap, Synthetic Hap, and 4-7 87.7-57.8, 68.5-55.8, [34]
Active Coal 88.5-30.6

Al,03 and ZrO, 5and 4 81.6 and 26.0 [69]

Hydroxyapatite -Ultrogel 5.7-6.7  66.5-17.3 [70]
Sepracor

PAAm and BSA-imprinted 3.7 (1.5-5.6)x103 [71]
PAAm beads

P(NTBA-co-AAm/MA) 5.0 7.2-54.5 [72]
hydrogels

PMA-grafted cellulose/ 4.5 143.6 [73]
bentonite

Hap, Asp-, Asn-, Arg-, and Ser- 7.4 6.6, 15.9, 19.3, 28.6, [74]
Hap® and 17.9

Spherical-, rod- and fibroid- 7.4 26.5, 28 and 25.7 [75]
Hap

PSLgHap 4 89.7 (359)" This study

@ Amino acid-Hap particles.

b The extended adsorption value with reference to SLgHap content of the

composite (mass ratio of 1/4).

such that the 0.42 mol kg™! adsorption from Th** solution without
CaCly descended to 0.30 mol kg~! adsorption from that with 0.25 M
CaCl,. The initial pH of Th** solution was about 4 and it was not varied
with the CaCl, additions.

3.2.3. The adsorption isotherms

The compatibility of experimentally obtained isotherm data to
Langmuir, Freundlich, Sips, and Dubinin-Radushkevich models by
referring to Egs. (2)-(5) and the parameters derived from the confor-
mities were provided in Fig. 8 and Table 6.

Following the IUPAC physisorption classifications [65], the iso-
therms were Type-I indicating that PSLgHap had a high affinity to both
BSA and Th** ions. The values of coefficient of variations implied that
the Langmuir and the Sips models were best fitted to experimentally
obtained adsorption data for both Th** (R? > 0.940) and BSA (R® >
0.872). The adsorption phenomenon regarding the Langmuir model is
that the adsorptive centers available for the adsorbate are energetically
equivalent and homogeneously distributed over the composite surface
and monolayer adsorption capacity is defined by the amount of species
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Table 8

Th** sorption capacities of different adsorbents.
Adsorbent X, (mg g h Reference
Hydroxyapatite; PAAm-Hydroxyapatite 185.6 and 127.6 [24]
PAAm-Mt, PAAm-Mt-Phy 76.6; 150.8 [32]
Z, PAAm-Z, PAAm-Z-Phy 16.2; 48.7; 139.2
ZY; PAAm-ZY; PAAm-ZY-Phy (*) 171.7; 206.5; 273.8
PAAm-Ch-Z (%) 55.7 (167)" [56]
Poly(N,N-diethylacrylamide-co-acrylicacid) 25.4 [76]
Iron oxide-impregnated cellulose acetate beads ~ 24.4 [771]
Phosphate-Enhanced Chitin 51 [78]
Ginkgo leaf 104.4 [79]
Amorphous silica 16.2 [80]
Impregnated Sugarcane bagasse 250 [81]
Bio-adsorbent (date palm seed) 42.5 [82]
PSLgHap 97.4 (390)" This study

@ Mt.: montmorillonite, Z: clinoptilolite, ZY: zeolite Y, Phy: phytic acid, Ch:
Chitosan.
b The extended adsorption value with reference to Ch-Z and SLgHap contents.
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~ Mean+SEM=0.38+0.005/mol kg_1

Q/mol kg'1

03
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Fig. 9. Adsorption selectivity of PSLgHap for Th*" in the presence of M*"
competing cation ([Th*"]g = [M*"]y = 431 x 10> mol L™}, D = 0.1 g
PSLgHap/10 mL, T = 298 K).

required complete filling of these centers. Conversely to the Langmuir
model, the adsorptive sites are heterogeneous and energetically ineq-
uivalent proportioned by the Freundlich exponent according to the
Freundlich model. Sips model is the united form of two models by an
exponent (fs), which turns into the Langmuir model for fs = 1. The
higher degree of deviation from ‘1’ is evident for the higher degree of

InK o

50

(a)

4,0 L L L L |
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Table 9
Thermodynamic parameters derived from Van t'Hoff and Gibbs equations for
BSA and Th*" adsorption.

BSA AG = AH-TAS / kJ mol *
AH/kJmol™  AS/Jmol™!  R? 283K 293K 303K 313K
31.5 149.0 0922 -10.7 -122 -136 -15.1
Th4+

8.79 85.7 0909 -155 -163 -17.2  -18.0

In K

surface heterogeneity, i.e., the modeling shifts to the Freundlich
approach. Here, the values of ps were found to be 1.17 for BSA and 1.75
for Th**. Based on the previous interpretations [57,66], the adsorption
of BSA and predominantly Th*" were harmonious with the Freundlich
model at low concentrations (initial part of the isotherm) indicating the
filling intensity to the heterogeneously distributed sites. The isotherm
was compatible with the Langmuir model at high concentrations to
provide monolayer adsorption capacity.

Adsorption free energy derived from the D-R model by Eq. (6) (Epg =
9.9 kJ mol ! for BSA and 17.9 kJ mol ! for Th** as Epg < 20 kJ mol™1)
verified that the physicochemical nature of the sorption was Coulomb
electrostatic interactions between negatively charged terminals on
PSLgHap and BSA or Th*" ions. In brief, the adsorption occurred via the
physisorption process including ion exchange and/or complex forma-
tion as stated in Section 3.2.2 [67,68].

Langmuir monolayer BSA and Th*" adsorption capacities obtained
for PSLgHap were compared with those for various adsorbents extracted
from the literature were provided in Tables 7 and 8. As seen, the
adsorption capacity of PSLgHap was amongst the ones having consid-
erably high values presented in the table.

Besides its high adsorption capacity, PSLgHap was also selective for
Th** adsorption. For 8 metal ions at di- and tri-valance states selected as
competing species (M?") with Th** at the equivalent concentration, and
as the ions not interfere Th** determination by colorimetric technique
[41]. The mean of Th** adsorption obtained for 8 ions was 0.38 + 0.005
mol kg~!. The mean was not significantly different from the amount of
adsorption obtained for any of its binary combinations at p < 0.05
(Fig. 9).

3.2.4. The adsorption thermodynamics

The temperature effect on BSA and T onto PSLgHap were
assessed regarding van t'Hoff and Gibbs equations (Egs. (7)—(9)), and the
results were presented in Fig. 10 and Table 9.

The enthalpy and entropy changes were AH > 0 and AS > 0 for both
BSA and Th*' sorption onto PSLgHap. This signifies that the overall
process was endothermic and the randomness throughout the adsorp-
tion process increased. Gibbs's free enthalpy change was AG < 0 for

h4+

75

7.0 -

65¢ ‘\4\'

6,0 |

(b)

S0 ‘ ‘ . . ‘
3,1 32 33 3.4 35 3,6
1Tx10°/K"

Fig. 10. Temperature dependence of BSA and Th*" adsorption and its compatibility to linearity ([BSA]; or [Th*']; = 1000 mg L' adsorbent dose = 0.1 g PSLgHap/

10 mL, T = 283-313 K).
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Fig. 11. Compatibility of adsorption kinetics of BSA (a) and Th** (b) to pseudo first-(—), and second-order (——), and intra-particle diffusion models (inset) ([BSAI;
or [Th*"]; = 1000 mg L™}, D = 0.5 g PSLgHap/50 mL, T = 298 K).

Table 10

Adsorption kinetics parameters derived from the models considered for BSA and
Th** adsorption onto PSLgHap.

Pseudo BSA Th** Pseudo BSA Th**

first—order second-order

kyx10%/min ! 13.6 35 *ko/mol ! kg 13.4 0.13

min !

Qe1x10%/mol 1.15 410 Qe2x10%/mol 1.30 430
kg’1 kg’1

Qexpx10°/mol 1.25 430 Qexpx10%/mol 1.25 430
kg’1 kg’1

t1/2/min 51 20 t1/2 /min 58 19

Hx10°%/mol kg ! 15.6 143,500  Hx10°/mol kg~! 22.5 2.4 x
min~! min ! 10*

R? 0.952 0.948 R? 0.999  0.999

Weber-Morris

1.Sorption to 2. Intraparticle
active centers diffusion

kax10%/molkg ™! 0.14 31.8 kix10°/molkg 0.03 1.4
min®® min®®

R? 0.983 0.924 R? 0.981  0.687

Langmuir Kinetics

(©e)exp 0.742 1.00

(®e)theor 0.685 0.875

ka/ka 0.939 0.290

(O theor - Ki/ka -0.254  0.585

both species indicating that the adsorption process was spontaneous by
entropy controlled (TAS > AH).

The changes seem to be contrary to the adsorption phenomenon; the
expected entropy and enthalpy changes should be negative because the
adsorbed molecules represent the transitions of regular and energeti-
cally stable states in comparison to its situations in solution. However, it
should be stated that the determination of entropy and enthalpy changes
special to the adsorbate-adsorbent system in a solution is almost
impossible due to the involvement of multi coactions out of the system
alone. The values discussed here ultimately represent the changes in
thermodynamic magnitudes throughout the whole process in the
adsorption environment [83].

3.2.5. The adsorption kinetics

Compatibility of experimentally obtained time-dependent adsorp-
tion data to pseudo first- and second-order rates, and intra-particle
diffusion models were delineated in Fig. 11. The parameters calcu-
lated from the compatibility equations by referring to Eqgs. (10)-(12)
were tabulated in Table 10.

As seen from the table, the adsorption kinetics of both BSA and Th*+
obeyed pseudo second-order model with highly significant coefficients
of variation (R?> = 0.999) for which the closeness of the adsorbed
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amounts at equilibrium were obtained from the model (Qp2) and the
experiment (Qexp) Was evident. This suggested that the adsorption was
concentration-dependent for both species of interest, i.e., the rate-
controlling step was ion exchange and/or complex formation. This
was also consistent with the results extracted from the intraparticle
diffusion model. The plot did not provide an intercept at origin char-
acterizing the adsorption process controlled by diffusion. But, the shape
was curvature that could be evaluated in two linear parts. The initial
part with a steep rise was associated with the initial rapid uptake by the
boundary layer impact whereas a plateau-like continuation character-
ized the intraparticle diffusion taking place after the initial uptake [84].
For the present study, the slope of the initial part (k,qs) was significantly
higher than that of the second part (kiqif) for both BSA and Th**.

According to Liu and Shen [60], the equation ‘d0;/d; = k;(0e-6p) +
Kk2(0e-00%" represents a new transformation of the Langmuir kinetics in
which the adsorption rate is the combination of the first-order term
‘k1(0e - 0y’ and the second-order term ‘k2(0e - 0)%, i.e., itis a hybrid rate
equation with a variable reaction order of 1-2. The authors demon-
strated that the equation is reduced to first-order rate equation if k; /ks is
greater than 6, or ki/k; is very close to 6., and that is reduced to the
second-order equation only if k;/ky < < 6, it remains as the hybrid rate
equation otherwise. The calculated values of kj/ky and 6, by Egs. (13)
and (14) (Table 9) demonstrated that the adsorption of rate was first-
order for BSA (ki/ks > 6.) whereas it was the hybrid-order for Th**
(ki/ka < 0). This is contradictive with the above-discussed results
related to the pseudo first- and second-order kinetics, which reminds Liu
and Shen's remark that the two equations (Egs. (10)-(11)) have been
commonly employed to interpret sorption data even though their
theoretical origins remain unknown.

4. Conclusion

The PSLgHap composite was synthesized with 96% efficiency and
the characterization tests confirmed that the PSLgHap composite was
composed of PAAm and SLgHap. The water absorption capacity of
PSLgHap was 8.3 gHzogpSLgHap’lwith a high initial rate of 29.3
gHzognggHap’1 min~". The results associated with the PSLgHap's
adsorptive features demonstrated that the maximal adsorption was at
pH; = 3 for BSA and pH; = 4 for Th**, increasing ionic intensity of
sorption medium significantly lowered BSA adsorption. The best fit to
experimentally obtain isotherms was acquired from the Sips model apart
from Langmuir, Freundlich, and Dubinin-Radushkevich models. The
enthalpy and entropy changes were positive whilst Gibbs energy was
negative by entropy controlled. The adsorption kinetics of both species
was well compatible with the pseudo second-order model, whereas it
was first-order for BSA and hybrid-order for Th** concerning the
Langmuir model. Langmuir parameters signified the high affinity of both
BSA and Th** to PSLgHap for which the monolayer sorption capacities
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were as high as 369 and 390 mg gSLgHap’l for BSA and Th**. This was
attributed to the grafting of SL onto Hap increased the adsorption ca-
pacity of Hap by the inclusion of chemical groups specific to SL, and/or
the synergy effect of PSLgHap's components over the adsorptive
attraction. Additionally, the entrapment of SLgHap in the PAAm
network also enhanced the adsorption due to the catalytic impact of the
adsorptive surface expansion. We anticipate that the inherent adsorptive
features of minerals can be enhanced by the integration of lignin de-
rivatives to its body so that the obtained structures become helpful tools
for cleaning the wastes.
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