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Abstract—Adsorpton character;st,cs of ntrate on Frjedels salt under the landf]ll c;rcumstance were jnvest,gated to
explore the effect of Fr;edels salt on the m grat on of nitrate ;n the landf]ll. Friedel’s salt was synthes,zed by a coprec,p;-
tat,on method and character zed by XRD and FTIR spectroscopy. The k,net cs and ;sotherm of the adsorpt,on were
stud ed. The effect of the var;at,on of landf]l c;rcumstance on the adsorpt,on was also d;scussed. The result showed
that'the adsorpt,on capac;ty df Fr;edel’s salt for 'n;trate was 2.494 mg g . The adsorpt,on process was exotherm,c and
could be well descr;bed by pseudo-second-order kynet;cs and Langmu;r-Freundl,ch equatjon. ClI” could enhance the
adsorpt;on, while SO;", PO; and organ;c matter could restr;ct the adsorpt;on. The results suggested that the mgra-
t;on of ntrate ‘n the landf]ll could be altered by Fr edels salt,'wh‘;ch was related to the varjaton of the landf]l c;réum—

stance.
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INTRODUCTION

Landf]lls cont;nue to be the manstays of waste management ;n
numerous countr,es. For nstance, ;n Ch;na, more than 70% of mu-
n,c;pal sol.d waste (MSW) ;5 d;sposed by landf]l [1]. Among the
soLd waste rece;ved n the landf]ll, the construct,on and demol,-
ton (C&D) waste and mun ,c;pal sol,d waste ,nc,nerator (MSWI)
bottom ash frequently accounts for 10%-30% [2-7]. Friedels salt ;s
,dentfed as one of the most abundant compounds , ,n the C&D
waste and MSWI bottom ash [8-10]. Furthermore, the neoforma-
ton of Friedels salt ;s expected n the landf]l, due to the prevalence
of react ve alum,na, calc;um ;on and chlor,de jon (Eq. (1)) [9,11].

M)

Friedels salt (3Ca0-ALO;-CaCl,-10H,0) belongs to the fam ly
of layered double hydrox;des (LDHs), wh,ch cons;st of caton,c
bruc;te layers and exchangeable nterlayer anons. The CI” occu-
p,ed n the nterlayer can be replaced by other anons. Due to the

high anjon exchange capac;ty, Friedels salt has been explored as
adsorbent to remove anjon contam;nants ;n recent years [12,13].
Several reports have showed that 't could remove CrO?, AsO;
and sl cates from the waste water [14-16]. The Friedels salt . o the
landf]ll may adsorb NOj from the leachate. Thus, the mygrat.on of
NO; w1l be affected. In the landf]ll, the n trogen removal ma,nly
depends on the den,tr,fcaton of NO, and NO; [17-21]. Our pre-
v;ous study demonstrated that Fr;edel’s salt possessed a h;gh affn-
7ty toward NO; [22]. However, the effect of the Friedels salt on the

ALO,+2CI +4Ca>* +7H,0+60H —3Ca0-ALO;-CaCl,-10H,0
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mygraton of ntrate ;n the landf]l was sl unclear. Therefore, ;t
necessary to study the effect of Friedels salt on the mgrat, on of
nytrate ;n the landfll, to reveal jts effect on the ntrate release and
n,trogen degradat;on.

In th;s study, the adsorption character,st,cs of ntrate on Frie-
dels salt under the landf]l c;rcumstance were ,nvest,gated K,net—
ics and sotherms of the adsorption were studed. The effects of
the varjatjon of the pH, temperature and an;ons compet t,on on
the adsorpt on were also exam ned. We am to reveal the effect of
Friedels salt on the m,grat.on of n trate ;n the landf]l.

MATERIALS AND METHODS

1. Preparation and Characterization of Friedel’s Salt
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soluton and 2.0 g Friedels salt to 100 mL beaker for the contact
t;me rang ng from 5 to 150 mpn at 298 K.

Isotherm stud;es were conducted w;th a constant Frjedels salt
dosage (2.0g) and 50 mL njtrate solut,on with the ,n,t,al concen-
trat,ons vary,ng from 3.0 to 1,000.0 mg L. The m,xture was equ,]-
brated at 298 K for 120 myn.

The effect of pH on the adsorpt,on was conducted at the range
from 5.0 to 10.0, wh;ch was correspond,ng to the varjat,on of leach-
ate pH [23]. 50 mL nitrate solutjon (200.0mg L") and 2.0 g Frie-
dels salt were added and equ,l,brated at 298 K for 120 myn.

The effect of the temperature on the adsorpt,on was stud,ed at
293 to 318 K accordng to the previous study [17]. 50 mL ntrate
solut;on and 2.0 g Friedels salt were added and equ;l’brated at the
des,red temperature for 120 mpn. N

Coex;stng -ons such as CI', SO;~ and PO;~ were ;mposed to
explore the ‘mpact of an;on compet ;on on the adsorpt,on. The
concentrat on of CI, SO4 and PO;” ranged from 0 to 5,000 mg
L™, 0to 2000mg L and 0 to 8mg L, respect,vely, wh;ch was
;n accordance wth our prev,ous research (see F,g. $3-S4) and the
Lterature report [24]. The mxture was equ brated at 298 K for
120 mjn.

Landf]ll leachate contans h,gh level of organ,c matter. The h,gh-
est COD concentraton of the landfll leachate could be up to 40,000
mg L', which ’s usually observed at the ac;dogen;c stage of the
landf]l. In th;s study; the acet,c ac,d with the concentrat on vary,ng
from 0 to 40,000 mg L™ was ,mposed to nvest,gate the effect of
organc ac,d on the adsorpt;on. The concentrat,on of the acet,c ac,d
was generally ; ;n agreement with the varjaton of COD n the leach-
ate (see F;g. S5, 1.0mg L™ acet cacd equal to .06 mg L' COD).
The m xture was equ,]brated at 298 K for 120 mpn.

After the adsorption, the samples were centr;fuged and NO;
concentrat,on ;n supernatant was determ ned ;mmedately by ;on
chromatograph (D;onex ICS-2000, USA). The setup of the exper -
ment can be seen ;n Fig. 1.

3. Calculation and Statistical Analysis

The amount of n trate adsorbed on the Frjedel’s salt (q,) and the
removal percentage of n;trate (77%) were calculated accordng to
Egs. (2) and (3), respect;\?ely. ‘

q=(C~C)xV/m 2
1%=(Cy— C))x100/C, ®3)

where q, s adsorpt;on capac;ty (mg g '); C, and C, are ;n't’al and
;nstantaneous concentrat;ons of n;trate (mg L™), respect,vely, Vs
the volume of the solut,on (L) and m ;8 the mass of Friedels salt

(®)

Fig. 1. Setup of the experiment.
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Stat;st,cal analys,s was conducted by SPSS software (vers,on 18.0)
to understand the stat;st;cal d;fference between the results.

RESULTS AND DISCUSSION

1. Characterization of Friedel’s Salt

The XRD pattern of the synthes,zed Friedels salt ;s shown 'n

Fg. 2. All the peaks ;n the XRD pattern are ;n good agreement

with the Lterature value of the pure Fr,edels salt (Jont Comm,ttee
on Powder D) ffraction Standards F,le Card No. 78-1219). Such a
m,neral phase was correspond ng to the FTIR spectrum (Fg. 3).
The features at 528 and 789, 3,473 and 3,630 cm™" were due to the
stretch;ng v;brat'on of Al-OH, latt ce water and structural OH groups,
respect'vely [25]. The band at 1,420 cm™ was the stretch;ng v;bra-
ton of CO7, :nd;cat:ng the :ncorporat,on of CO, durng the syn-
thes;s. - ‘ ‘ '
2. Adsorption of Nitrate on Friedel’s Salt
2-1. Adsorpt,on Kinet,cs

The njtrate adsorpt,on on Fredels salt was rap,d dur)ng the first
30 m;n (F,g. 4), when about 30% of the adsorpt,on occurred. Then,
the adsorption showed a gradual ;ncrease. The equ lbrjum was
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Fig. 4. Nitrate removal percentage as a function of shaking time (con-
ditions: V=50 mL; nitrate concentration=200 mg L'; Frie-
del’s salt dosage=2.0 g; T=298 K).

establ'shed s;nce 120 m'n, when 48.0% of removal percentage was
observed. ‘

To analyze the adsorpt,on rate of njtrate on Fr,edels salt, three
w;dely used kinet,c models ;nclud,ng the Lagergren—ﬁrst -order model
(Eq (4)), pseudo-second-order knet,c model (Eq. 5)) and jntra-
part,cle mass transfer d ffus,on model (Eq. (6)) were ut] zed to un-
derstand the dynam cs of the adsorpt,on process.

The Lagergren- f,rst order model ;s based on the assumpt,on of
proport onalty between the adsorpt;on rate and the number of free
adsorpt;on s;tes [26,27]:

Kt
log(q,~q) =logq, ~ 335 )

where q, and q, are the amount of n trate adsorbed (mg g’l) on
the adsorbents at the equ,lbr;um and at t;me t, respect vely; k;

the rate constant of adsorpt; on (L mn ). Values of k; are calcu—
lated from the plots of log(q,—q,) versus t.

The pseudo-second-order knet,c model assumes that the chem-
;cal sorpton s the rate—L;ln;tmg step [28,29]:

1L 5)

U kq L
where k, s the rate constant of the pseudo-second-order adsorp-
ton (g mg™" m;n"). Values of k, are obtaned from plott'ng (t/q,)
versus t. ' ' '

The ;ntra-partcle mass transfer d ffus,on model st pulates that
the adsorpt,on process ;s ;nfluenced by several steps such as flm
or external d ffus;on, pore d,ffus,on and adsorpt,on on the pore
surface [30]:

1/2

q.=k,t “+c (6)

where ¢ 's the 'ntercept (mg g™') and k; ;s the ntra-part cle d ffu-

Table 1. Kinetic parameters of nitrate adsorption on Friedels salt

1), wh 'ch can be evaluated from

1/2

s,on rate constant (mg g~ m,n
the slope of the I'near plot of q, versus t

The k;net,c parameters (k;, k,, ki, q,, ¢) and correlat;on coeff -
cients (R’) are summar;zed ;n Table 1. Compared w;th the Lager-
gren-first-order model and ntra-part,cle mass transfer d:ffus;on
model, the value of the correlation coeff,c ent (R?) of the pseudo-
second-order kinet,c model was closer to 1.0 and the adsorpt,on
capac;ties calculated by the model (q, ;) were also closer to those
detennrned by exper;ments (q,,)- It showed that the pseudo-sec-
ond-order kynet,c model was more su,table to descr;be the adsorp-
tion process. The pseudo-second-order model ;s based on the as-
sumpt,on that the rate-determnng step may be a chem;cal sorp-
t'on nvolv,ng valence forces through shar)ng or exchange of elec-
tfoné between adsorbent and sorbate [31]. As a matter of fact, CI”
occup;ed 'n the nterlayer of Fr,edels salt was able to exchange with
other an,ons. The ntrate adsorpt,on on Friedels salt was probably
through the exchange of CI” w'th NOj. Th;s result was cons;stent
with several researches regard:ng the adsorption characterst,cs of
an;ons on Friedel’s salt [12,14]. ‘ ‘
2-2. Adsorpt on Isotherms

The adsorpt.on data of this study were fited by three adsorpt;on
models: Langmux, Freundlch and Langmu,r-Freundl,ch model
[32]. The Langmu,r model ;s based on the assumpt;on that the ad-
sorbed layer s one molecule ; . thickness and all stes are equal. It
s often used for model;ng the adsorpt,on occurr,ng on homoge-
neous surface s;tes. The Freundl,ch model assumes an exponen-
tial decay energy dstrbution functon mnserted ;n the Langmu,r
equat on. The amount adsorbed ;s the summat,on of adsorpt,on
on all s;tes w;th d fferent bond energ,es It s often used for model-
;ng the adsorption occurr,ng on heterogeneous surface stes. The
Langmu,r-Freundl,ch model ;s establ,shed by the vntroduct on of a
power law express,on of Freundl,ch form [33]. The Langmu,r (Eq.
(7)), Freundl ch (Eq (8)) and Langmu.r-Freundl ch (Eq. (9)) model
are represented by the follow,ng equatons:

_bq'C,
= 1+bC, @)
q KFCI/n (8)
— q (Klr ;e)v (9)
1+(K,C)"

where C, ;s the equ l’brjum concentration (mg L™'); ¢° ;s the max-
,mum amount of the ntrate ;on per un,t we,ght of Friedels salt
(mg g™ q. ;s the amount adsorbed per mt mass of adsorbent, and
b s the b;nd;ng energy constant (L mg ). For Freundl,ch model,
n s the heterogene ty factor and K; ;s the Freundl,ch constant (L
mg ). For Langmur-Freundl,ch model, K 's the Langmu r-Fre-
undlich constant (L mg™")", and v ;s the La.ngmu,r Freundl ch
hetefogene;ty constant.

Lagergren-f rst-order Pseudo-second-order Intra part,cle d,ffus,on
q. (mgg™) ky R’ q. (mgg™) k R’ ki c R’
2.749 0.0048 0.988 2.286 0.7362 0.996 5.006 3.357 0.914

Korean J. Chem. Eng.(Vol. 33, No. 2)
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Fig. 5. Isotherm for adsorption of nitrate on Friedel’s salt (condi-
tions: V=50 mL; Friedel’s salt dosage=2.0 g; T=298 K).

The results of the exper;mental data were fitted to the three equa-
tions and the parameters shown ;n F,g. 5 and Table 2. The correlat;on
coeffcents (R®) of Freundlch, Langmu,r and Langmur-Freundl,ch
models were 0.776, 0.937 and 0.985 respect,vely. In add,t on, the
q’ value of Langmur-Freundl,ch model was 2494 mg g ™', whch
agreed well w;th the exper;mental value. Therefore, the Langmu,r-
Freundlch model was more sujtable to descrbe the adsorpt,on
compared w;th the Langmu,r and Freundl,ch model. Ths result
was cons, stent w'th our prev,ous research concern,ng the adsorp-
ton of n,tr te on Friedels salt [22]. Although the adsorpt;on capac-
ty of Fr, edels salt for m&ate s ot at a h/gh level compared with
other adsorbents [34,35], :t could st)ll be deduced that the m gra-
tion of n trate ;n the la.ndf,]l could be affected by Fr;edels salt.

2-3. Effect of pH on the Adsorpt,on

As shown ;n F,g. 6(a), the adsorpt,on of ntrate on Friedels salt
was greatly affected by pH. The removal percentage ,ncreased 5,
n,f cantly from 6.1% to 36.7% when the pH ;ncreased from 5. 0to
9.0. As Frjedels salt was alkalne, the low pH could affect the sta-
bty of the structure of Frjedels salt. Thys assumpton was con-
frmed by the test of CI” leach,ng from Fr;edels salt, wh;ch showed
the leach;ng of CI" was much h;gher ;n the ac,d;c condtion than
;n the neutral or alkalne cond t;on (F,g. S6). Therefore, the adsorp-
ton was restr;cted ;n the ac,dc cond,t on. The removal percent-
age showed a decrease when the pH further ncreased from 9.0 to
10.0. Th;s mght be due to the fact that the h gh level of OH™ could
compete for actve adsorpt,on s tes w;th NO; [36,37].

2-4. Effect of Temperature on the Adsorpt;on

As shown n Fg. 6(b), the removal effc;ency decreased s,gn.f -
cantly from 35.4% to 27.8% when the temperature ,ncreased from
293 to 318K, ;nd catng the exotherm c nature of the adsorpt,on
process. This result was cons;stent with the result concern;ng the
adsorpt,on of nytrjte on Fr;edel’s salt [22]. The Gbbs free energy

40
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Fig. 6. Effect of pH (a) and temperature (b) on the adsorption of
nitrate on Friedel’s salt.

change (AG’) was stud ed for a better understand;ng of the effect
of temperature on the adsorpt,on. The results showed AG” ;ncreased
with the ncrease of temperature, ;nd,cat;ng that the adsorpt,on
was more spontaneous at the low temperature (Table S1). There-
fore, the low temperature was benef,c;al to the adsorpt,on process.
2-5. Effect of Coex;st;ng An;ons - '

Landf]l leachate conta,ns abundant anjons. In thys study, CI,
SO; ™ and PO;~ were chosen to represent the s;ngle valence an,on,
djan;on and tr,valent an,on, respect,vely. The effect of CI" on the
adsorpt,on was shown | /1 Fg. 7(a). The removal percentage of n trate
ncreased s,gn fcantly from 36.5% to 58. 8% when the concentra-
tion of CI” ncreased from 0 to 5000 mg L. This result suggested
that the presence of CI could enhance the adsorpton of ntrate
on Friedels salt. CI" ;s an ;ngred;ent of Friedels salt. It can be , ,ncor—
porated ;n the ,nterlayer of Friedels salt and exchange with other
an,ons. The ;ncrease of CI could promote the ; on excha.nge capac-
ty of Friedels salt.

D,fferent from CI, the presence of SO; and PO, could restr;ct
the adsorpt;on. The presence of 2,000 mg L™ of SO;” and 8 mg L™

Table 2. Langmuir, Freundlich and Langmuir-Freundlich isotherm parameters and correlation coefficients for the adsorption of nitrate on

Friedel’s salt at 298 K
Freundl'ch model constants Langmu,r model constants Langmu,r-Freundl,ch model constants
K: (L mg™") n R’ q’ (mgg") b (L mg") R’ q’ (mgg™") Ky (L mg’l)” v v R’
0.417 3.512 0.776 2.811 0.0185 0.937 2.494 0.0214 2.450 0.985
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CONCLUSIONS

The adsorpt,on capac;ty of n trate on Fr;edels salt was 2.494 mg
g . The adsorption was exotherm'c and could be well descr;bed
by the pseudo-second-order k,net cs and Langmuyr- Freundl;ch
model. The adsorpt,on was affected by the var;at;on of the landf]l
c;rcumstance. The optmum pH for the adsorpt;on was 9.0. CI
could enhance the adsorpton by | ,ncreas,ng the anjon exchange
capac;ty of Friedels salt. However, SO;", PO; and organc matter
could restrict the adsorpt;on process. These results suggest that Frye-
del’s salt could affect the ntrate m,grat;on ;n the landf]ll, wh;ch was
related to the landf]ll c,rcumstance Accord;ng to the var at,on of
landf]ll character;st,cs, t ;s st]ll d,ff,cult to determ ne the compre-
hens;ve effect of alternat on of the landf]ll stage on the adsorpt,on.
Future research, such as column study or pjlot study; s required to
explore th;s comprehens,ve effect. ‘ ‘ ‘
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Table S1. Gibbs free energy for the adsorption of nitrate on Frie-

del’s salt
Temprature (K) G;bbs free energy (k] mol™)
293 10.45
298 10.89
303 11.25
308 11.49
313 11.86
318 12.28
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