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The feasibility of preparing activated carbon (A€} from carbohydrates (glucose, sucrose and
starch) with phosphoric acid activation was evaddby comparing its physicochemical properties
and Ni(ll) adsorption performance with a referermetivated carbon (AC-PA) derived from
Phragmites australis. The textural and chemical properties of the preghactivated carbon were
characterized by Nadsorption/desorption isotherms, SEM, Boehm'stitth and XPS. Although
AC-CHs had much lower surface area (less than 7@gd)nthan AC-PA (1057 fig™), they exhibited
45-70% larger Ni(ll) adsorption capacity which abile mainly attributed to their 50—-75% higher
contents of total acidic and basic groups. The @mpn of XPS analyses for starch-based activated
carbon before and after Ni(ll) adsorption indicatbdt Ni(ll) cation combined with the oxygen-
containing groups and basic groups (delocalimglectrons) through the mechanisms of proton
exchange, electrostatic attraction, and surfacepteation. Kinetic results suggested that chemical
reaction was the main rate-controlling step, anergy quick Ni(ll) adsorption performance of AC-
CHs was presented with ~95% of maximum adsorptithinv30 min. Both adsorption capacity and
rate of the activated carbon depended on the surdaemistry as revealed by batch adsorption
experiments and XPS analyses. This study demoadtthat AC-CHs could be promising materials
for Ni(ll) pollution minimization.

1. Introduction

Nickel contamination has been regarded as a umiversyironmental problem, and excessive nickel
compounds have been detected frequently in sedisaemples from difierent countries during the
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last 20 years. As an integral metal to world economic developmemntkel is extensively used in
many specific and recognizable products, suchdshsteels, super-alloys, electroplating and

rechargeable batterieglthough nickel is ubiquitous in the ecosystem andn essential
micronutrient for living organisms, nickel with igoncentration derived from sewage discharge or
bioaccumulation is known as an embryotoxin, a tgramn and possible carcinogen to humans and
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animals. Hence, nickel compounds have been considered asrayppollutant by institutions
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around the world (e.g. EPA U.&nd WHO/IARC ). Moreover, there is an increasing demand for
developing moreféective techniques to remove such pollutant fromtevaster. Adsorption onto

functional porous carbon materials, especiallyatéid carbon, is very simple anfdleetive way for
.. . . . . 11-13
eliminating undesirable metal ions from contamidatater.

For a given adsorbate, both porous texture andcrr€hemistry of activated carbon have distinct

14,15 . - . .
effects on its adsorption capacity and rate towardPore éfect (micropore filling/size exclusion)
might be involved in adsorption onto porous carbmaterials depending on the geometry of adsor-
bate and pores of activated carbon. Since Ni(I§ loav ionic diameter (0.138 nm) and hydrated



ionic radius (0.425 nml)e, Ni(ll) species can be withheld by some narrow npomres. The well-

developed structure of activated carbon can alswige a large contact area for the interfacial
interactions. As the most conventional hetero-cexgs, oxygen containing groups can delocalize
electrons of the associated graphene sheets, d@rdnilee the acidic or basic characters of the
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activated carbon surface.In particular, the (deprotonated) acidic oxygenatgdups such as
carboxylic, lactonic and phenolic groups are ablbihd metal cations by electrostatic attractiom, i
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exchange or complexation. Additionally, the basic groups (delocalized loné-paelectrons) can
+
form electron donor—acceptor complexes with metaisivia proton exchange ( #EH30 )or
N 20
coordination (—@).

The physiochemical characteristics of activatedb@ar are mainly determined by the carbon
precursor as well as the activation method and itond It has been well-demonstrated that
introduction of oxygen functionalities onto carboraterials is a promising strategy to enhance its

adsorption capacity of heavy metal i02r1152.4 After activation in either gas or liquid phase with
oxidants/reductants, the post-oxidation/reductiogattnents of commercial activated carbon or
carbon materials have been successfully appliedntoease the surface oxygenated groups,
eventually promoting adsorption ability. These nficdtion techniques not only involve time-

consuming and additional processes, but also lead drastic reduction of the total basic groups,
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such as the chemical treatments witgO5] HNOs;, (NH4)2S;05, and Q. Thus, considering
the huge influence of surface chemistry on thegoerédnce of carbon materials, it is interesting to
explore a better/new way to produce activated gavtith both high surface acidity and basicity.

Dissolved organic compounds, especially carbohgdréuch as glucose, sucrose and starch), are
especially used as carbon precursor to prepareoblgdr through hydrothermal carbonization. The
produced hydrochar possesses less functional grampslow pore volume, which limits its

application potentlal However limited literature has been reported ontlsgsis of functional
carbon materials directly from carbohydrates bynailcal activation. Based on our previous studies,
the feasibility of production of activated carbondxtivation with organophosphorus compounds has

been confirmedl?’slThe produced activated carbon showed much highdicaand basic groups
contents than activated carbon derived from conmeeak phosphoric acid activation due to the
oxidation of the radicals decomposed from organsphates. It is well known that carbohydrates are
polyhydroxy aldehydes and ketones with many aldoholdroxyl groups. Phosphoric acid can form
phosphate or polyphosphate esters with carbohyleaatieigh temperature, and the formed phosphate
eaters are extremely unstable and easily deconipttss@hosphorus oxide and radicals. Therefore,
there is a huge possibility to prepare highly fimwal carbon materials from carbohydrates by
phosphoric acid activation.

The aims of this work was to investigate the faégiof synthesizing activated carbon (AC-CHS)

by using carbohydrates (glucose, sucrose and 3tactcarbon precursors with phosphoric acid
activation with high surface acidity and basicigynd performance of Ni(ll) removal. The specific
objectives included (1) evaluating the physiochemand adsorption properties of the AC-CHSs in
terms of the pore structure, surface chemistry Miftd) removal by comparing with the activated

carbon made from a lignocellulose material; anddi@russing the mechanisms governing Ni(ll)
adsorption onto the activated carbon based on leforiments and XPS analysis.

2. Materials and methods
2.1. Materials

All the chemical reagents (analytical grade) weseduas purchased. Three types of carbohydrates,



namely glucose, sucrose and starch, were choseraré®n precursors. Utilization of various
hydrophyte residues as carbon precursors for prepactivated carbons with well-developed
structure and favorable surface chemistry via phosp acid activation has been well demonstrated
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by our previous reports.  For comparison purpos®hragmites australis (elemental composi-
tions: C, 45.1%; O, 48.3%; ang H, 5.9%) with paetisize of approx. 0.45-1.0 mm was used for

+

activated carbon preparation. Nisolution was prepared by dissolving a weighed quaraf
analytical grade NiGlin distilled water.

2.2. Preparation of activated carbons

Carbon precursors were mixed withsR, (85 wt%) solution at a impregnation ratio of 2@ (
HsPQy/precursor). After soaking at room temperature’@Sor 12 h, the samples were heated to
450 °C and maintained for 1 h in a tubular furnace védttheating rate of £Q min® under N
atmosphere (150 chmin™). The activated samples were then washed withlleistwater after
cooling to room temperature to obtain steady pH aedative phosphate analysis in the filtrate.
Afterwards, the resulting activated carbons weieddat 108C for 12 h, and then grounded and
sieved to a particle size of 120-160 mesh with daedh sieves (Model F200). Activated carbons
derived from glucose, sucrose, starch Bhdagmites australis were denoted as AC-Glu, AC-Suc,
AC-Sta, and AC-PA, respectively.

2.3. Characterization methods

The main physical and chemical properties of attvaarbon were characterized by &bsorption

and desorption, scanning electron microscope (SBlEghm's titration, point of zero charge analysis
and X-ray photoelectron spectra (XPS). After degmsit 256C for 6 h, the pore texture parameters
of activated carbon were determined fromadsorption and desorption isotherms measured Kt 77
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with a surface area analyzer (Quantachrome ColipardiSA). Boehm's titration methodvas used
to quantify the amounts of acidic and basic fun@logroups on surface of activated carbon. The
determination of pkjc (point of zero charge) was carried out followinpatch method proposed in
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the literature. The surface binding state and elemental speciatidhe activated carbons (AC-Sta
before and after Ni(ll) adsorption) were analyzathvan X-ray photoelectron spectrometer (XPS)
(Perkin-Elmer PHI 550 ESCA/SAM). All the spectrarereorrected by C 1s (284.6 eV) band.

2.4. Nickel adsorption

Batch adsorption experiments were performed tostigate the #ects of contact time, initial Ni(ll)
concentration (10-60 mg™), solution pH (2.0-7.0), and ionic strength (0-5®&® NaCl) on
adsorption performance. They were carried out kdirgd30 mg carbon into 50 mL Ni(ll) solution
and shaken at 200 rpm in a temperature controledisg water bath for 24 h. In most experiments,
solution pH was adjusted to a certain value (6yoadiding 0.1 mol I! NaOH or HCI and measured
with a pH-meter (Model pHS-3C, Shanghai). Afterkshg at 25C for 24 h, the solid and liquid
phases were separated using 0.45 mm membrane Nifd) concentration in the filtrate was deter-
mined using an atomic absorption spectrophoton{@&9-80, Hitachi, Japan). Ni(ll) adsorbed onto
carbon, Q (mg g%), was calculated by a mass balance: =QCo—Co)V/M, where G and G are the
initial and equilibrium concentrations of the heametal ions in aqueous solution (mghL
respectively; V is the volume (L) of Ni(ll) solutipand M is the mass of carbon used (g). All batch
adsorption experiments were performed in triplicatd the results were averaged.



3. Results and discussion
3.1. Textural characteristics of adsorbents

N, adsorption and desorption isotherms and poredistabutions for activated carbons are depicted
in Fig. 1. Mesoporous structure for each activatatbon was indicated by the presence of hysteresis
for each isotherm at PJ/Rabove 0.4 (Fig. 1a). The results also can be woefl by pore size
distributions that the carbon had some pores wotle gvidth between 2 and 16 nm (Fig. 1b). AC-PA
exhibited a much wider pore size distribution (ponelth: ~ 16 nm) than other activated carbon
(below 10 nm). The textural parameters of the carbwaterials are shown in Table 1. AC-PA
possessed the largest surface area. ¥dnd Vi than the carbon (AC-CHs) derived from
carbohydrates, which mainly consisted of mesopais a mesoporosity of about 90% WV o).

2 -1
For AC-CHs, AC-Sta was nearly nonporous with thedst surface area (12.1 @ ) and pore
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volume (0.008 cmg ), whereas AC-Glu and AC-Suc exhibited micro-mesops structure and
higher pore volume.

The surface morphology of carbon was also charaettusing SEM images (Fig. 2a). The highest
surface area of AC-PA could be further evident fritrase SEM images as AC-CHs showed less
porous structure than AC-PA. Some broken bubblagnients or particles were observed on the
surface of AC-CHs, reflecting the formation of Higtcross-linked structure, decomposition of

. . . . 32,35 .
phosphates, and release of radical species, astedda our previous papers. These reactions
eventually resulted in their porous structure amdese chemistry (Section 3.2).

3.2. Chemical characteristics of adsorbents

As shown in Fig. 2b, the XPS survey spectra of cagbon revealed that the surface elemental
compositions consisted mainly of carbon and oxygemresenting that these acidic and basic groups
were derived from the combination of carbon anddxargen complexes. The stronger oxygen peaks
and the higher O/C% of AC-CHs indicated that theggessed much more oxygen-containing
functional groups than AC-PA, which were consistgith the results of Boehm's titration (see Table
1). As AC-CHs were porous (except AC-Sta), a lgvgdion of the oxygen-containing groups was
located internally of the pores. However, XPS couitly detect the surface elemental compositions.
Thus, although AC-Glu presented the highest surdaddity, it showed a relatively low O/C%. It can
be also recognized that the order of O/C% of eachan was in agreement with its density of acidity
based on the surface area (see Table 1).
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Fig. 1 N, adsorption and desorption isotherms (a) and geeedsstributions (b) of the carbons samples.



Table 1 Textural and chemical characteristics efdarbons

Activated carbon AC-Glu AC-Suc AC-Sta AC-PA
Sper® (m* g ™! 698 460 12.1 1057
Viic> (em® g7) 0.132  0.123  0.003 0.151
Vinic/ Veot (%) 26.2 48.8 37.5  13.5
Vexe (cm® g7%) 0372  0.129  0.005 0.966
Vio© (em® g7) 0.504  0.252  0.008 1.117
Carboxylic groups? (mmol g ?) 1.214  1.062 1117 0.836
Lactonic groups? (mmol g~ *) 0.908 0.764 0.777  0.386
Phenolic groups? (mmol g *) 1.166  1.045 1.071 0.701
Total acidity? (mmol g~ ) 3.288  2.871 2965 1.923
Density of acidity (x10"* mmol m™?) 4.71 6.22 245 1.83
Total basicity? (mmol g *) 2.016  1.873 1943 1.113
Total groups (mmol g ') 5.304 4.744 4908 3.036
pHpzc® 6.71 6.15 6.12  5.87
0/C% (weight ratio)’ 1022 116.4 1453 84.9
PE% BDL BDL BDL BDL

aBET surface area £gr) was determined by using the Brunauer— EmmettemT éBET) theory.b Micropore surface area
(Smic) and micropore volume (Y. were evaluatded by the t-plot meethcc)d'otal pore volume (M‘)f was determined from
the amount of Madsorbed at a PJRround 0.95. Boehm's titration. pHy,c point of zero charge Determined by X-ray
photoelectron spectroscopy (XP%Bielow detectable level.
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0 40 S0 60 700 800 900 1000 1100

Binding energy (eV)

Fig. 2 Surface morphology (a) and XPS survey spdtly of the carbons samples.
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Fig.3 Adsorption isotherms of nickel on unit massib for the carbons samples. Solid lines repregsent.angmuir

isotherms and dashlines represent the Freundiithéems (dosage = 0.6g|.temperature = 25 + 2 °C, initial pH = 6.00
+ 2, time = 24h).



Generally, carboxyl, phenolic hydroxyl and lactorgooups are acidic, while, the basicity of

activated carbon derives primarily from delocalizeelectrons of graphene structure with small

contrlbutlon from oxygen containing surface funotibties (such as pyrene, chromene and
37

qumone) The main surface chemical properties of the carlenlisted in Table 1. Obvious
differences existed between the amounts of acidic asit Bunctional groups of the carbon,
confirming the observed pkt existed within acidic range. AC-CHs contained bbtalarger
amounts of acidic and basic groups than AC-PA. @hwunt of acidic groups on the carbon
followed an order of carboxyl > phenol > lactone.

3.3. Adsorption isotherms

Adsorption isotherms of Ni(ll) on carbon are showrkig. 3. The adsorption data were fitted to the
Langmuir (Q = QK .Cd (1 + K .Ce)) and Freundllch models (G KFCe ) where Q1 (mg g ) is

the monolayer adsorption capacity, K. mg ) is the Langmuir constant,FK(mg g ) is the
Freundlich #inity codficient, and n is the adsorption intensity.

Table 2 Langmuir and Freundlich isotherm constéotshe nickel adsorption onto the carbons

Carbons

Isotherm models Constants AC-Glu AC-Suc AC-Sta AC-PA

Langmuir Ky (L mg™) 0.8516 0.9752 1.001 0.9528
Om (mgg™") 48.5 42.4 41.1 28.7
Qn/Sper (Mg M 2) 6.92 9.22 339 2.72
Qm/Vimic (Mg cm™3) 3.67 3.45 137 1.90
Qn/acidity (mg mmol 5 14.87 14.77 13.86 14.92
Qu/total groups (mg mmol ) 9.14 8.94 8.37 9.45
R 0.9998 0.9981 0.9994 0.9996
APE (%) A5 2.76 2.15 2.09

Freundlich Kg (mg g ' (Lmg 1)) 24.96 23.03 22.71 17.24
1/n 0.2128 0.1941 0.1903 0.1509
) g 0.9299 0.9731 0.9497 0.9346
APE (%) 4.22 4.53 5.58 6.19

N
Zl qe(exp) — ge(cal))/qe(exp)|
@ APE (%) = =

N x 100, where N is the number of experimental data points.
The relative parameters calculated from the Langmwod Freundlich isotherm models are listed in
Table 2. The adsorption isotherms for the carbon@gbwith the non-linear of experimental data are
presented in Fig. 3. As shown in the Table 2 ard Bj the Langmuir model fitted the data better
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than the Freundlich model with higher Bnd lower APE, implying that Ni(ll) adsorption on
activated carbon was a monolayer adsorption dileetstrong adsorption interactions. The values of
exponent 1/n were in the range of 0-1, which irtéida favorable Ni(ll) adsorption.

The Q, calculated from the Langmuir isotherm has widedgib used to quantify and compare the
adsorption capacities offtrent adsorbents, assisting in optimization desigadsorption system.
The Q, values of AC-CHs were much higher that of AC-PAgaming that these carbohydrates could
be used as excellent precursor for preparing detivearbon with relatively high adsorption capacity
of Ni(ll). With comparison of the Q values based on the surface area, micropore volame
surface functionality (Table 2), no apparent catieh could be generalized based on the surface

area and porosity, whereas thg/f@Qtal groups (mg mmblb could roughly correspond to surface
acidities and total groups of the carbon, implythgt surface chemistry was the dominated factor
influencing Ni(ll) adsorption.

As shown in Table 2, the nonporous carbon (AC-8tdjibited dramatically higher £Sser and



Qm/Vmic than other porous carbon materials (AC-Glu, AC-8nd AC-PA, surface area above 450
m?g™), but slightly lower Q/acidity (13.86 mg mma) than AC-Glu, AC-Suc and AC-PA (14.71—
14.92 mg mmot). Micropore-filling efect was expected to occur when pore size of casmsh
diameter of (hydrated) nickel cation were similanrthermore, AC-Suc had much largeje5and

-1
slightly less acidlic groups than AC-Sta, and its(@2.4 mg g) was slightly larger than that of AC-

Sta (41.1 mg _g). Therefore, it can be concluded that micropoitexfj contributed to Ni(ll)
adsorption. However, the minorffiirences in @acidity values elucidated that such poffeet was
weak and even could be negligible in comparisaiéodfect of surface chemistry.

Generally, the isotherm-fitting cannot provide asyong evidence for the actual adsorption
mechanisms. The flerences in Ni(ll) adsorption capacity was prindpalue to the amount of

surface groups of carbon. Based on the Iiterg%ﬁ?eand our previous findinglss,'21 chemical
adsorption mechanisms of metal cation on activastion mainly include electrostatic attraction,
ion exchange, and complexation. Thus, to furthentidy these adsorptive interactions between
Ni(ll) and the carbon surface, the influence ofusoh pH and ionic strength on Ni(ll) adsorption
and the XPS analysis of AC-Sta (honporous carbaenmads) before and after Ni(ll) adsorption were
further investigated.

3.4. Effect of pH

The species of Ni(ll) in aqueous solution are ghprlependent on solution pH. Since Ni(QHzas a
low solubility (KSp =20X 10 ) it can be formed easily at weak alkallne conditiofise pH for

precipitation of N| solution at initial concentration ranging from 1030 mg L is 8.53-8.15. Thus,
during the batch experiments, solution pHs weretroiad in the range of 2.0-7.0 to avoid
precipitation. Fig. 4a shows Ni(ll) adsorption wstsongly dfected by solution pH. The adsorption
of Ni(ll) increased sharply as the pH increasednfrd to 4, then grew slowly at pH 4-7. The
predominant species of Ni(ll) in aqueous solutioler pH blow 7.0 were Kiication with a very

+

small part of Ni(OH). " Thus, Ni(ll) adsorption was mainly governed by ttlganges of Itl
concentration and surface charges of the carbon.

At Iower initial pHs, the higher concentration 01t ldns dfectively enhanced cations competition
with N| for adsorption sites. Meanwhile, the delocalizedlectrons (—@) of graphene layers in
activated carbon formed electron donor— acceptompbexes with I-jO molecules2 . 2Ieadlng to the
stronger electrostatic repuIS|on between carborfaser and N| cations. At higher pHs, the
competition between Hand N| became weak, and the surface of carbon gradualtpanbe

negatively charged due to deprotonation oﬁ+ﬂzg0+ and dissociation of acidic groups. Thus, more
Ni(Il) cations passing through the carbon surfaceld be eventually adsorbed by enhanced
electrostatic attraction.
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Fig.4 Hfect of pH on nickel adsorption by the carbons samd). The ffect of nickel adsorption on solution pH (b):

adsorption system and control system are the laggériments by adding carbon sample to nickel soiwr distilled

water with dfferent initial pH (dosage = 0.6gLtemperature = 25 + 2°C, initial pH = 6.00 + 2néi = 24h).

Initial pH

The final pH of the adsorption system and the abrgystem were examined for evaluating the ion
exchange mechanisms (Fig. 4b). At low pH, the baaps of activated carbon neutralize excessive

N :
H ions, while at high pH the acidic groups neutralezecessive OHions. The tested carbon
possessed a certain acidity and basicity, andrdsudted in an increase/a decrease of the finahtpH
initial solution pH below/above piAs of the carbons for the control systems (Fig. 4b)vas

obvious that final pH of each adsorption systemewetuch lower than that of control system,

indicating that Ni(ll) adsorption was accompanieg releasing Iflions into the bulk solution,

because the protons in #E;O could be exchanged by Ni(ll) cations via proton leage. In
addition, the H atom in acidic groups (carboxylidgohenolic groups) could also be replaced by

metal ions. Hence, these two reactions producedioHs and reduced the solution pH. The
mechanisms of ion exchange for Ni(ll) adsorptiom @escribed schematically as follows:

CriHsO' +Ni22+/ CrNi~ +H' (1)
S-CO-H +Ni / S-CO-Ni +H 2)
2(S—CO-H) + Ni / SH(CO¥Ni +2H  (3)

where S is the carbon surface, and COH presentsi@olic hydroxyl or carboxyl.
3.5. Effect of ionic strength

The dfect of ionic strength (NaCl) on N|(II) adsorptiorasvstudied. Fig. 5a shows that distribution
codficient (K4 = (Co—Ce) V/(CM), L g ) decreased conS|derany with increase in ioniengfth. It

suggested that due to high sensitivity to ioniersgth varlatlons, Ni(ll) cations were adsorbed on
carbon by ionic interactions corresponding to catxchange, electrostatic attraction, and outer-

44,45 L . .
sphere surface complexation. The reduction in Ni(ll) adsorption onto AC-CHs V\mxs»re1 obvious
than that onto AC-PA. For example, when NaCl cotregion varied from 0 to 0.5 mol L. the Ky

-1 -1
for AC-Glu and AC-PA was reduced from 7.4 to 1.8 Land 2.1 to 0.67 L g, respectively. This
difference was attributed to their larger contentsunttional groups, which further confirmed that
surface chemistry of activated carbon was mairdpoesible for Ni(ll) adsorption.



Fig. 5b illustrates that final pH of the samplesswadependent on solution ionic strength, which
suggested that the sites of proton exchange wehaueked after adsorption atffdrent ionic
strength. Thus, the Ni(ll) adsorption suppressiansed by increase of ionic strength was owing to

the direct competition of I\TaThe high concentration of ﬁaeutralized the negative surface charge
of the carbon and reduced the activity feimeent of Ni(ll), thereby limiting Ni(ll) transferrbm
solution to the carbon surface and further redueitgprption of Ni(ll).
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Fig.5 Hfect of ionic strength (NaCl) on nickel adsorptia) By the carbons and solution pH (b) (dosage gl0'6
temperature = 25+ 2°C, initial pH 6.30 + 2, tim@4h).

3.6. XPS analysis

In the Sections 3.4 and 3.5, it has been propdsadNi(ll) adsorption was accompanied by proton
release, which was recognized as ion exchange misoha Besides, surface complexes formation

was also observed by adsorption experiments and am&yseéfi The —Qt electrons and oxygen
atoms with a pair of free electron in ketone, laet@r ether groups could be involved in the Ni(ll)
ilons adsorption via noncovalent electron donor—atoeceinteractions. To further determine the role
of surface groups in Ni(ll) adsorption, the surfédeding states of AC-Sta and Ni(ll)-adsorbed AC-
Sta (AC-Sta—Ni) were analyzed. The XPS survey spdogether with fitted C 1s, O 1s and Ni 2p
spectra are presented in Fig. 6. The Ni 2p peakolasrved from the XPS survey spectrum of AC-
Sta—Ni, confirming the presence of metal complexesarbon surface (Fig. 6a). The peaks at 856

eV and 861eV (Ni 2p3/2, Fig. 6b) indic%%ed the bonding betwé&(l) ions and oxygen functional
groups (such as —-C-0O, -COO, C-0-C).

The deconvolution of the C 1s spectrum for AC-Stswonsidered in the forms of graphitized
carbon at 284.6 eV, phenol, alcohol and ether at%egv, carbonyl at 287.3 eV, carboxylic or ester
groups at 288.7 eV, ane-t* transitions at 290.5 eV. Significant changes were observed in the C
1s spectra before and after Ni(ll) adsorption. At o the peak for C=C of graphitized carbon was
reduced, and the peak forrt* transitions was disappeared after adsorption.(B@and d). The

2+
results revealed that coordination was establistidtdNi ions andmt electrons of the carbon.

In addition, XPS survey spectra showed that afiéil)Nadsorption, the O/C% of AC-Sta decreased
from 145% to 133%, which suggested the involvenwnbxygen-containing functional groups in
Ni(Il) adsorption. The O 1s spectrum of AC-Sta wesolved into three components corresponding
to: (I) C=0 groups (carbonyl groups) at 531.2 dVf,—OH or C—-O-C groups (hydroxyl or ether) at
532.4 eV, and (lll) O=C-0O groups (anhydride, laetoor carboxylic acids) at 533.4 eS%/Further-
more, it can be observed in Fig. 6e and f thattkinee dfferentiated peaks shifted apparently to



higher binding energy sides after metal adsorptieflecting that O atoms in these groups donated a
lone pair of electrons to form complexes with Ni(idns. Similarly, the trend coincided with the
slight shifts of peaks 2, 3 and 4 for C 1s aftdiliNadsorption (Fig. 6d).
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Fig.6 XPS spectra for AC-Sta before and after diak¢ake: survey spectra (a), Ni2p3/2 (b), C 1safd (d), and O 1s
(e) and(f).

3.7. Adsorption kinetics studies

Since adsorption is a surface phenomenon, adsorgte is influenced by both pore characteristics
and surface chemical properties of the adsorb@&hiss, in order to further evaluate the main factor
that controlled the Ni(ll) adsorption rate, thifeet of contact time on metal ion uptake in terms of
determining Ni(ll) adsorption equilibrium time weperformed. It can be observed from Fig. 7 that
the adsorption increased rapidly in the first 3G,n@and then continued to rise gradually a?d got

equilibrium within 3 h for all samples. Equilibriuradsorption capacity of Ni(ll), Q(mg g ),
increased as the increment of initial concentratioe to the increased driving force caused by Ni(ll
concentration gradient. Ni(ll) adsorption rates abdity of AC-CHs were significantly higher than
those of AC-PA at the three initial Ni(ll) conceations, reflecting a better Ni(ll) adsorption
performance. It is worthy to note that 95% of maxmmadsorption capacity was achieved within 30



min for all samples, indicating that the AC-CHs lkbibe desirable adsorbents for wastewater
treatment plant applications.
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Fig.7 Adsorption kinetics of nickel on AC-Glu(a)CASuc(b), AC-Sta(c) and AC-PA(d) at three initiaincentrations.
Lines represent the adsorption data fitted withpeudo-second order mode (dosage = 0% tmperature = 25 + 2°C,
initial pH 6.00 + 2).

Fig. 7 shows the simulation of Ni(ll) adsorptiontalaising nonlinear pseudo-second order model.
Obviously, pseudo-second order model fitted theegrpental data very well (Fig. 7). The good fit
(R? > 0.999) indicated a predominant chemisorptioa-tantrolling mechanism, which also could be
demonstrated based on the similar equilibrium tforeNi(ll) adsorption on AC-Glu, AC-Suc and
AC-Sta and their longer equilibrium time in comgan with that on AC-PA. Asger and \fyc of
AC-Sta were very small and could be negligible whemparing with the other three carbon (Table
1), intraparticle dfusion for Ni(ll) adsorption was very limited. Acdbngly, this phenomenon
suggested that the internal and external surfatdébeoporous carbon were easily accessible for
Ni(Il) ions. Regarding AC-CHs, AC-Glu had the quask initial adsorption, as it had the highest
contact area and the most probable adsorption giteshe four carbon samples, AC-PA represented
the shortest equilibrium time and lowest adsorpti@pacity as it contained the least probable
adsorption sites (acidic and basic groups).

4. Conclusion

This study demonstrated that the three carbohysirglecose, sucrose and starch, can be used as
promising carbon precursors for developing actdatarbon with favorable physicochemical
characteristics and high Ni(ll) adsorption capadiy phosphoric acid activation. The results of
physical and chemical analyses indicated that Hrbahydrates-based activated carbon (AC-CHSs)
exhibited less surface area but higher surfacatg@dd basicity than activated carbon derived from



conventional lignocellulose materidPh{ragmites australis). The Ni(ll) adsorption capacity of AC-
CHs was notably higher than that of AC-PA, whichsvmaainly attributed to their larger contents of
both acidic and basic groups. As revealed by thehb&li(Il) adsorption experiments and XPS
analysis, the proton exchange, electrostatic intena, and complexation between Ni(ll) cations and
delocalized 1t electrons of graphene surface/oxygenated acidmctifonalities were mainly
responsible for Ni(ll) adsorption on activated @arbThe adsorption rate of Ni(ll) was controlled by
interactions between Ni(ll) ions and functional gps of the carbon. There results confirmed that the
Ni(Il) adsorption capacity and rate were controllsdthe surface chemistry of activated carbon. To
date, no relevant research has been reportedasontbre research for choosing suitable activation
parameters is necessary for using as an alternttiviee traditional carbon precursors as well as
developing of éfective adsorbents to treat Ni contaminated water.
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