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Spline Numerical Solutions for Systems of Nonlinear Differential
Algebraic Equations

Suliman M Mahmoud
Mohamad Ali
Bashar Gdeed

Abstract

In this paper, a numerical method is presented for solving systems of
nonlinear differential algebraic equations. This method is based on spline
polynomials of degree eight with five collocation points to approximate the
solution of the proposed problem. The study shows that the method when
applied to nonlinear differential-algebraic systems for any index is existent
and unique. Moreover, this method is stable and convergent of order seven.

Numerical experiments for three test problems and comparisons with
other available results are given to illustrate the applicability and efficiency
of the presented method.

Keywords: Nonlinear Differential- Algebraic ~ Systems, Higher Index,
Spline  Polynomials, Collocation Points, Truncation Error,
Order of Convergence.
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Al 5gaY) b chlally CaaSll 8 elsall 5 by ugdl (8 Ll DU AL e Jilsull
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o zilaill sda alaee o) AL paaally op LIl dasglaay dpaaally Lngind) ) sual)
(Benhammouda, 2018)d:ad e doja dalalss WY alaa

G dle Jids iy Ahaall ye A pal) Abaliall Y alaal) e dlead ode dallae a2k
:(Benhammouda, 2015)J<a

u' = f,u,v,w),

vi=g(,u,v), (1)
O=gqg(,v) .
s e £ g g st Jpal (0B D) gl lighens sl o 2
ov ou ow ~

<y bl e (Hessenberg) §imicss davaas (1) Lpal) ddalall doghidl e
Cfoina fua oaly el (s3] a5 B gl iy

Cilad 2ngs edpunl) balial) Y slea) dalles 8 Thaaes bwshy g0 doalial) (Wb el
P VIS A agalion (Kl Aaalell bl & Qo de g

: (Vanani & Amintaei, 2011)(4s sl Al dataall Jaa ) (1) s

Yo dopa cNValee 5 Llalis c¥ e e s 4 Aoyl ddalill Al o L
Sty y Jedlalal e s il 4l dpal) ddealil Al dials diby Gy
dashie ) bl F(t, y, y)=0 IS e Lyl dlalall c¥aled) dashie Lgllan
y=Hty) JSA (e daapa dle dulals

sps degludl 3 (Singularity) 35380 dnys Gad dpad dlaldl dbled s
=3V ddialill el abedll sl Jolal ala) 3 Cligrall (s ) galy sl ud
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Jill oo Jlas lelin) Jdal 2y) WS o cligaall oda o asteall (a5 Lgia Lbadll e
(Benhammouda, 2015)aalsll e ST 1Y Jle il Lealinl

Sy Aunl Al N aled) 3 Jlae Jal Bpsedl bl e wad) ;,}z;u\ "eﬁ
GAd dall e gl dall aeliy doall EhLI bl s ol Chacar JaT AKE
Jiloe Ja die (adVL VAl sda e eliiy (el dall ala) b Al Jad Il
canlsll e ST Ay ey ddadll e

Glaghia dal (gol ciluy@ dde 2004 ole & (Celk & Bayram, 2004) sk
cgae Jle Jas asinh yoaly adll je s Gl

Cilashie dal Al Glhesd @l dank 2006 ale & (Hosseini, 2006) o

comae (b da aiph sl ddadll e il

ha Clauge muad om cpad Ak 2007 e b (Gao & Jiang, 2007) sk
sgne Jbe oo Al coyialy sl (g Al Ayl daneS

Oe Clashie Jal dmihil) aueaill dish 2010 oo & (Mahmoud, 2010) o8
Aaal) AR e s cyiidly Lyl Dbl Y alad)

Ayl ghasd g aais dus 2015 Mo i (Benhammouda, 2015) .3
Ll 285 3 (gl Al gt Ja i iy (1) fominin Alla Jal GOUY Jusad
g Sy (gl Alaluiia e adad Ayl 2018 ale(Benhammouda, 2018)
comse Geadgad dag ndly ol sl dall slady Glaasd

@l Jall alagy sl (ool Sluys 2017 ale 4 (Ren & Wang, 2017) aaaiu)
SO aadsal oo &adl) jndls ‘u)nl\ Llalal caleall (o cilaghial

Importance of Research and its Aims :48)afy cua) Liaaf
Al Ao dsale Cliuls Ll daale Al Al Jslii 456 Canall 13a daaal (a5
A 13gl A Aablan Jyla Ll Gt Al oY Ddaiy o) £SiilKing diuning AibiasSs
a0 ol Aaliy «Jiloadl o3 Jiad Jlal paiid e 3l ks ) Epand il
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Results and Discussions: 4&3lally giliil)

L& Guady Al da)ll (e daadlyd 9as SIS aa005 dpane Al Cira sy asin
) Aakiiall cUnd¥) sty Lgoyling lahiia) duhdy Loasend
The Spline Collocation Method :4aiil) sl 4dik

V) ddad e Dopal) Adialal) doshaiall Lghuks duae Al debua b Lod adiia

%Zf(t,u, vV, W),
%Zg(t,u,v), tela,b] (2)
0=gq(,v),

u(a) =u,, v(a)=v,, wa)=w,
Yo N ) 4ezd [ab] Jdball dabiine 853 £, =a+kh, k =0(DN  axdadd
ch=0b-a)/N \gshssha @}Ik :[tk ,tk+1]a k=0(N -1 i:‘;)*

TS e Bl uad Akl Cijal

tk+zj =l‘k+zjh, Jj=1(1)5 3)
:2\:\331\ dadll @\A.aﬂ\ ;LLM).}LU&S\ a&‘k..i\‘)]slk ‘";‘:‘); dmdssg
0<z,<z,<z3<z,<1l andz; =1 4)
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(VS T (S dawe JS 3 dabiia Al Cijas
S.(t)=H,(»)s, +H,(n)s; + H,()s> + Hy(y)sy' + Hy(7) s,
TRy (7)Sp + R1(7)SIEI+]1 +R, (7)s1[c2+]1 + R, (7)Sl[<3+]1 +R, (7)51[:91 s telt, 1]

o) Cus

)

H,(y)=(0-126y" +420y° —540y" +315¢° —70y°")
H,(y) = (y -70y° —224y° =280y + 160" —35y”)
H,(n=Gy -3y +19
H(»=Gr-37 -3y -57 +4'-27")
H)=Gyr' -7 +57 -7 +557 47D s
R,(y) = (126)° - 420y° + 540" —315y° +70%”)

y° 6377 +355° —%79)

R (y)=(196y° —56y° =260y +155y° —35y")
Ry(y)= &y - Ly +53y7 - 27 )
RN = +By° -y -2y -27")

R(=(47r -ty +L1y" - +447")
t el atics Jpetlly ¢ y = (1—1,)/h€[0,1] :¢) s
S, =8@,), S"=hnS"tt,)), SH=hnS"@t,),
SPY=n’s"@,), SM=n*'SY), k=01N-1
el Aaydl (e S, (1) Aadaie 350m 58S N Cipad S(t) dunilyadl Al o ale IS,
r Sl Jast Lnihd 3508 55 Lgpensi ¢ [ab] Jlaall 3 SSY) e
[ S, (), t elt,,t,1,

(6)

S@) =< S,@, telt, .t 1,

Sy @, telty,.ty]

iy ydll 33 Ay
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~19607° +1280y" -3157*)S}" + (7 - 133 y* 4 315p" — 441”4 28057 - 133 )51+

(12254 1056

+40)/ 7/ +327/ 15 8)S|3| +(1 3 25 4 5 35 6

Ry 3y -3

[4] 5 4 (7)
377 -Z7HSE 4 (6307 - 2520p" +3780y° - 252077 +6305°)S,, + (176" - 280y
~18207° +12407" -3157°)SL + (12 4 231y +371y° — 26077 + 1335%)81%) +

A A A R C VAR A S A SRS S AN

Jall Sy ¢ Sy ¢ Sy s (2) Aeskiall gAY dal sa w(), v(0),w(r) O i
Al il il
daghic Ll (4)-(3)pantl Ll aa (7)(6) dsiball syl i€ gulis (V)
i 21 ¢(2) Al Alialisl Y sled)
E(Ck+l,l”"’ck+l,l5) = SL: (tk+Z/>_f(tk+Z] ’Su (tk‘l'Zj)’ SV(tk-I—Zj)’ SW(tk-I-Zj ))’

Fy(CrayorCrings) = it ) = 8tk 58, ) 8, ) (8)
Fi(CraiornCranss) = =8(6,5, (. ), j=M4, k=0()N-1

A0 dag yill daals A
@)= 80 =ug" S (@) =81 = v S (@) =8V =w"” (m=0]...4) 9)

.,(]:1,..,5)tk+zj E]tk ’tk+1] C—‘P

raiil) e (), v(E), w(t) Jal Jlsd Al call Jaxy
Su(tk+z )=Hy(hz)s,, +H (hz; )s[” +H,(hz, )sm +H,(hz, )sm +H,(hz; )s[4]

+Ry(h Zj)CkH,l +R (R ; )Cinat R, (h Z; )Cis + R (h Z; )Cpis t R, (h Z; )Ciis
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+Ry(h Zj)Ck+l,6 +R(h Zj)Ck+l,7 +R,(h Z; )Cag + Ry(h Zj)Ck+l,9 +R,(h Zj)ck+l,10
Stz ) = Ho(h2))s, +H (hz))sy + Hy(h2))s,5 + Hy(hz ), + Hy(h)) s,
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B rlnis oy = a o DU ead g ys e [1,0] 5V Sl Dol 8 daghe
: dialad £ lad il (8) Zkdll e Al
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el Jadl 7, aie a3hal dall Claal eay dag yd Alie OsSew (50 7, e Alleaal
Jadll IS e Alsall il a0 Jal ) Jem il s Lapas bt WU [1,,,]
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(Computing coefficients vector ) Jslaall & lad Glus
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Fl(Ck+l,1""’Ck+1,15)
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OF, |
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8Ck+1 a A

oF, |

t
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L aCk+1,1 N

oF,
0Cy 15 v
oF,

t
OC, 1, =2

oF,

t
k
aCk+1,2 T

OF, |
akaJrl 2 tk+l

oF,

13
k
aC‘k+1,15

oF,

OF,

6Ck+l,15

|
Zk +1

At
8C1<+1,1.5 g
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+22
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Absolute Stability of the Method : 4&hall (3laall j)EuN)

z3swi 22l 1agh daphall e clydgall e SESI ey adl slladl) hEaY) Al o

y'(e) = Ay,

J,":U:] =1

e b (4) goendl i go (6)=(5) mihad oyl Guldg .

'JL‘E};Y\

isC G

§'(tka;) = AhS (tiaz)r J= 12,05 k=01, N -1
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ksl e Al dbalil Y sl e cileghiad il Lase Jola

REREN JL'Z:\ ‘&Qw‘dwwd@m

6302 - 2520z; +3780z; - 25202 + 630z]5;.,; + |-280z] + 117625 -
1820z + 12407] - 31515 P"4ﬂm+mm H% mﬂ%ﬁ
-5z} +2320 - 22 + 282] - & E’]Sk+1+ izt -2+ 12f - ]SM
(6302} - 25202 + 3780z¢ - zszu:.;r + 6302]S;, + 1- ssn.s:j + 13-4-4;.:j
1%uhuw@4ﬁﬂﬂ+@15HM@ Hm+m@

1353] '|" zs-}_l_‘”]i‘:iI IDEE'-I-EZL‘} 1535 _l_[zsa}_l_ 35F+

5 .
2 -2 +;-"f':]5:f =

v{[1262} - 4202¢ + 5402] - 3152 +702]]5,.;

+[- 5535+1gﬁz§' Eﬁﬂz;+15535 3520]s1
El ?? E|5
+ |32 - 32f +357] - E=+ Hhw

i+l
11 '." [

23 E,
T [_z.f 72 + z f]5k+l
1 14 E 4]
+[ z.f_ zi+_zi E..f+ ]5k+l
+[1 1262] + 4202f - 5402] + 3152 - 70235,
+ [-702] + 22425 - 2802] + 16028 - 352 + ]85,

13355 IDEE, 15!;[2.
+ [ - 32 + 2ot - 63] + 352 - 221 5,

1 | 15
-I-[—zj——zj-l-—zf ?-I-*I E—EJ]SEL
1 o] .4
+[ﬁzi_ﬁi+ﬁ 1zJ‘+ Ef]sk}

soilladdl & (agrin jlandd Gy O laleall araatng W V= A4 Cua
o & payw ) 9 &ty o
11l
kE+1

L

S = VSp.. S5 =VS,

ahSal) A8l Ll g

22
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M, (V) Sy s = M (V)5 (11)

My (1) = (((-1+ 22463001 # 2.0 0V (=1 2P (4 +2) + PPz, (56 +
140z, - 1202F + 3523)),= 2(=1 + 2, )2 (105 = 2017 + V)2, + 7(35 + 8027 -

5027 +107)22 +15V28) 2 (=1 + 2,028 (=30 +6(13 4+ 1)z, - (45 4 11V +

;
Wzd), -= (=1 +2,)' /(5 - (9 + Nz, + Vz0),

2l

[(-1+2,)28 (630(-1 42,0 = 70V (=1 4+ 2, *(4 + 2,) + VP2, (56 + 140z, -
12022 + 3523)), - S(=1 + 2,)24 (105 — 20(17 + V)z, 4 7(55 + 8V)z2 —5(27 +
mvp§+wvﬁ}$—1+@Fﬁpan+ﬁua+ﬂ%-(ﬁ+1uqﬁ+
EHﬂri@{+qPﬂﬁ—ﬁ+ﬂq+VﬂE

[(~1+23)28 (6300-1 4 2,)% — 7OV (=1 4 2,)*(4 + 25) + VP25 (36 + 140z, -
12022 + 3523)) = S(=1+25)24 (105 = 21(17 4 V)zs + 7(55 + 8V)2E —5(27 +
mvp§+wvﬂ}g—1+%J%ﬁ-m+ﬁua+vp!-ﬁs+uvp§+
sh@r§@¢+ﬁrﬁﬁ-m+m@+vﬂy

[(-1+2,)2 (6300-1+2,)F =70V (=1 + 2, (4 + 2,) + VP2, (-36 + 140z, -
12022 + 3523)), - = (=1 + 2,028 (105 = 21 (17 + V), + 7(55 + V)22 - 5(27 +
mﬂﬁ+whﬂa%+@Fﬁ&%+ﬂw+ﬂqﬁ%+ﬂﬂﬂ+

5V23), - — (=1 + 2, 23(5 - (9 + V), + VzH))

1
4
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REREN JL'Z:\ ‘écdmcdwdmou:ﬂm

My (V) = {[—(=1+2,)*2, (=630 + 70V (=5 + 2,)23 + V3 (-1 — 42, — 1022 -
2022 +3528)), - (—1+ 2,2, (2 — (-8 + )z, - 4(=5 + N)22 = 5(27 + )22 +
15V2f), - (-1 2220 - (124 V)2 — (45 + 4722 + VD) -=(-1+
2,)'zi (4~ (9 + Ve, +Vz{)}

(~(~1+2,)*2,(~63022 4 70V (=5 4 2)22 + V2 (=1 — 4z, - 1027 - 2027 +
3528))—= (-142)*2,(2 - (-8 +V)z; — 4(=5+ V)22 - 5(27 + W)af +
15V28), == (-1 + 2,2 (3 - (<124 V)z, - (45 4 4V)d + 5V22), - (-1 +
2) 53 (4~ (94 V)z, +V2))

(—(~1423)*2;(~63022 + 70V (=5 + 2,)22 + V2 (—1 - 4z, — 1027 - 2022 +
3528)), =~ (=14 2,)'2(2 = (=8 +V)z; - 4(=5 + V)2 = 5(27 + W)zf +
15V28) == (=1 + 2233 - (<124 V)zg = (45 + #0)ed + 5V2d), - = (-1 4
z,) 2 (4 - (94 Ve + V)

(—(—1+2,0'2,(—6302] + 70V (-5 + )z} + V2 (-1 — 4z, — 10z} - 20} +
3528, — 2 (-1 +2,)%2,(2 - (-8 +V)z, - 4(-5+ V)22 - 5(27 + 2Nk +
15729) —% (1420233 - (<124 V)z, - (45 4 40)zf + 5V2), - = (-1+
2, P24 - (3+ )z, + V2]

Bifiea (1) Al daskialy dipeal) sl dinla 05 :(Mahmoud, 2010) s
daalidl g V= R4 cosg 1Y (absolute stable)  llas

W) = MM, ()| <1
Bl Baad) ALl £ FLEWLEWL LW g0 aad 58 o L3S 1y
14y

24
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ng{V:IE = ME(V:]E
HSCN] s cgdall (sgiundll i Baslsll e B Jah Wanes 2
12, 12515114, <«
bl &l 4 coaaw i sl A aphall 3 ladll jha WY1 A ghiecay g
R={hisC |6V) <1}
Lal) Alad Lalall dlilad) oxd Con oo Laie diylall Cylad) dlglad) (e
:9.*5115 8)1aall

lim V2 Det( M, (V) — M,;(V)) =

{{~z, +14(5 + 4825 — 28(8 + 78z + 20014 + 138z —5(32+ 31828 + 35(1 +
528 = (-1 +2,)%23(1 + 22, +322 + (=31 + 2152} - 5(—8+ 7HzF + 15(-1 +
£29), 2 (<14 20723 (1 + 32, - 33 + 28927 + 5(1+ £20), -2 (-1 + 2281 4
(=14 &z}

{—z, + 14(5 + 425 — 28(8 + 7£)z8 + 20(14 + 135)z] —5(32+ 31528 +35(1 +
Bz, - (-1 +2,) 28 (14 22, + 322 + (31 4 21828 — 5(-8 + 7828 +15(-1 4
{]zf‘],—:::—l +2)°28(14 32, - 334 2828 +5(1 + H2d) - (-1 +7) 2 (1 +
(-1+ &z)

[—z, +14(5 + 4525 — 28(3 + 7528 + 20014 + 138z - 3(32+ 31520 +35(1 +
525~ (-1 +25)°23 (1 + 22, + 32 + (=31 + 21223 — 5(-8 + 7828 +15(-1 +
5232 (—1+25) 25 (1 + 32, - 3(3 + 2823 +5(1 + HzD). —— (-1 +2) 24 (1 +
(-1+ &z}

[—2z, + 14(5 + 4825 — 28(3 + 7525 + 2014 + 1385z] — 5(32 + 31528 + 35(1 +
A28 —2 (-1 42,0231 + 22, + 322 + (-31 + 21823 — 5(-8 + 7828 +15(-1 +
2295 (-1+2,0°23(1+ 32, - 33+ 22023 +5(1 + 92D — (-1 + 2021 +
(-1+ 8z)}}

taaanill glangl dyliad) aidll (s3a) Loy Mathematica gealin aladiul

z, = 0.86;2, = 0.90; z, = 0.540; z, = 0.9%;
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Gl (e s cagana deas Gladle

i) Saaal) aill Lo Jeans

&, = —0.9657698, 4, = —0.00208183, 4, = —-0.00000125, 4, =—7.35¢ = 10~

O Baalgll (il L a8 Mlls cdalhall adlls 2algll (ge Lalas yiaal lgraens

* Mathematica ala3isls awyi .(Mahmoud, 2010) capaill sy 8ifiee ddykalld

Al dalaia) 4y rodhel 35Sl Arpenill plawgll glhaall hiwY) ddlkie (1) J<al

o2 ity slladll LAY (30 lan 850 Cilalis aut dilal of cealsll g ¢85 Gaia
0,17 Jlaall a1 aplall alaily poantil) lay <) LalS clalisal

Im.V.

1500 1000 500 0 500 1000 1500

grenll lauy JaY (llhaall ) dakie :(1)J<al
7y = 0.86;z) = 0.90; z; = 0.940; z, = 0.99,
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sl e dejse paant slhs Jal (llaall jhaaY) dakic (2) J<al 8 Load oyl
Gl s Bytm alisd) o ecalsl) (as €880 e AW Aglaid) oy ¢glasie
L) daliaall

Im. V.

2100 o5 0 50 100
IS G gl alad e dejge paent elang oY Galladd) i) didaia :(2)JSa)

2y =0.2;2,=0.4z3 =0.6; 2, = 0.8;
Truncation Error :4& ki ¢ by) U
y' =Fly) vla) =y a8V ddadl je Al Aaphal) gk ¢ Uaiy) Uad Caens
§'(thss) = hf (tieyp S(tiaz)) J= L2t K= 0L, N -1

P g (Ml
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Gl (e s cagana deas Gladle

AS,,, +B5, =hHF;,,
1o nl) sl Eus
z 11 - | S I T
Sic+1. = {Sk+1*5a+1*5;;+1*5;;+1:| : FFHL = '(fiﬂfic+zi*fii+z;*fk+33*.fic+zgfﬁ+i:]

Gcjsd gl Lle MU fiis = fltien Sien) Sin = hfiess 5p = hf;

Gajiy « 21 = 0.2 = 0.4 23 = 0.6; 74 = 0.8 iyl [l Al L glaally

bt Jen sbl s iy adll ye Al GAN Ja) e y(DeC
ikl g de aall g Uaay) Uas Sive

Tpay = Vpoy $A7'BY, —RATTHY',

47 1 173 673

= LD}.':H':' {_ }
k 190512000000 ' 9450000 56700000 12600000

67 10 .
p— Fz.m}:k' ‘=0(ht) 4iag

JalS e izl Wadll 455 (|7, Il = o
t5sbd N 2 Jladl)

Tyrs = N.O(h™)= O(h%)

s
-32256 2396 216 128
78125 78125 78125 1171875
163296 9096 144 126
Ao |78125 78125 T 15625 390625 B
163296 486 162 54
78125 78125 78125 390625
32256 10624 768 352
L 78125 78125 78125  1171875-
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ATt

32256 10624 768 352
© 78125 78125 78125 1171875
163296 486 162 54
© 78125 78125 78125 300625
163206 Q096 144 126
© 78125 78125 15625 300625
32256 2306 216 128
L7 78125 78125 78125 1171875
29392 13323 7
—7@125 L © O 72125
2681583 0 1 o 29005
78125 7125
SoQ00s 0 0 o 28l1a3
78125 72125
13523 o302
L 72125 o o T 72125
106825 41875 825 263125
T 6048 48384 T 5832 T74144
3125 3125 3125 3125
4 o1z 27 T 64
248875 53125 448875 353125
12 T o= 162 T 3ga
834375 1571875 10187350 2778125
2 T 27 ~ 258

dgaily sl dapkll of (Mahmoud, 2010) (consistent) gslil) iy mifias :dags

i) A5 e dkwlie sS dbal)l e Aled) JaY i

29
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Lhall je Al Alalil Y alea) (e cileghia daihd duaxe Jola

Gl (e s cagana deas Gladle

O Rl bl Jola Lgh doadsas Jilew Bae doag dajiaall Adlall ddlad jlaal xan
L) deasil & ) Al il maa il S Ayl aShall Jall b eladl) Claes

: (Benhammouda, 45Y) 3=l Aoyl dlialinl ¢ yaicnle dashie 32l (1)l

2015)
u =2v, ,u,=2v,
v, =—=2v, +exp(u,) +w+ @, (1) ,
vy =2v, +exp(u,) +w+ @, (1) ,
O=u,+u,—@;() , tel0,])),
28 4267 41 it N L | )
L‘ll{ﬂ = —w: D:{ﬂ = W 9, (t) =In(1 -t7)
w38 = ——— vy (@ = =— ap(®=Ln(1-t), uO=Ln(1+) : bt =)l xe

(10)- ()1 8 oo (1)l 22l Sl 5 LY (1) sl S o
solads (1) Aliadll il Jall 8 olad¥ly sl dal) ae adhad) dal) sl e
.h=0.06125
Jeany Lloalal) Jigaill diyhg hesdl Clhagas [2] 3 Benhammouda ol
alleall ol sl s e
w(O)=t-1/2 C+1/3 £-1/2 t*+1/5 -1/6 t°
w(t)=-t-172 2-1/3 -12 t*-1/5 £-1/6 ¢©
vi(O)=1/2-12t+172 £-12 E+12 412 ¢
Vo(t)=-1/2-172t-1/2 -172 €-12 *-12 ¢
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(1) Alal) Ja B cad) Al Afal Jall 2UaY) (1)Jg2all

zg = 0.86:2; = 0.90; z; = 0.94; z, = 0.90;

Error=S-u; Error=S-u, FError=S-v; Error=S-v,

0.06125 -1.22945901E-13 1.63590726E-13 | -2.0898414E-13 2.65278324E-13
0.1225 -1.88022968E-13 2.3422339E-13 -2.9050928E-13 3.62591838E-13
0.18375 -3.23294550E-13 | 4.07370614E-13 | -54995192E-13 6.94169224E-13
0.245 -425189987E-13 | 5.35242437E-13 | -6.4889022E-13 8.16899187E-13
0.30625 -5.01929869E-13 | 6.31837051E-13 | -6.6335020E-13 8.34756972E-13
03675 -5.6844593E-13 7.15528024E-13 | -6.3950784E-13 8.04513161E-13
0.42875 -6.3519569E-13 7.99513897-13 -6.2593134E-13 7.86986616E-13
0.49 -7.0653942E-13 8.8917845E-13 -6.4239263E-13 8.06463889E-13
0.55125 -7.9383729E-13 9.9851424E-13 -7.4496825E-13 9.31772338E-13
0.6125 -9.232777E-13 1.1605581E-12 | -1.0670109E-12 1.32714832E-12
0.67375 -1.053828 11E-12 1.3261886E-12 | -1.2151180E-12 1.52277559E-12
0.735 -12175617E-12 1.5326497E-12 | -1.5453821E-12 1.94536158E-12
0.79625 1.44508294E-12 1.8187137E-12 | -2.1369092E-12 2.68149715E-12
0.8575 -1.76193106E-12 22177191E-12 | -3.2855042E-12 4.12075119E-12
091875 -2.30130021E-12 2.8949536E-12 | -6.5224012E-12 8.11333625E-12
0.98 -3.4983613E-12 44041759E-12 | -1.9617238E-11 2.46966398E-11

ul

0.6}

0.5+t

04t

03+

0.2t

0.1

0.2

0.4

0.6

0.8

z

1.0

h=0.06125 55k (1) Dluall iy ATl Jall aa adhad) Jall (3)dei
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Gl (e s cagana deas Gladle

u2

h=0.06125 5shis (1) Lluall up ATl Jall aa Afhal) Jall (4)d<i

t

0.2 04 0.6 0.8 1.0

h=0.06125 55his (1) Llual! vy Al Jall aa afhal) Jall (5)deil
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t
0.2 04 0.6 0.8 1.0

h=0.06125 sk (1) Alaall vy dall) Jal) aa athddl Jal) (6)Jil

-0
~

0.2 04 0.6 08

h=0.06125 sghis (1) Ulaall uy I adhall Jall b Uadd) (7))
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Gl (e s cagana deas Gladle

Krror . S u2

4. 10 12}

3..10 2}

2010 121

1.0 10 12}

@

0.2

04

0.6

0.8

>t
1.0

h=0.06125 sghis (1) Uluall vy I Adhall Jal) b Uadl) :(8) sl

Krror . S vl
0 o o
® 000 0 0 o
S2.0 10 24 °
T 4. 10 2}
S 6. 10 121
: : : : -t
0.2 04 0.6 0.8 1.0

h=0.06125 sghis (1) Ulaall vi I adhall Jall b Usdl) :(9) sl
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Error - S, v2

8. 10 2} o
6. 10 2|
4. 10 2} [

2,10 2} °

..000000
'.

: : : : -t
0.2 0.4 0.6 0.8 1.0

h=0.06125 5shis (1) Dluall v, Al Jal) i) (10)Jsid)

2~ 0l § piienls Laghiia :(Marz & Tischendorf, 1994 ) :(2)alleal
y'+sin(arccosy)+w’ =y~ +1=0,
Z+w=0, t€[0.1,1.5]
z—Ln(y)=0,
1Y) Jag yall aumds
y(0) =1, z(0) =0, w(0) =0
sl s
., z(t) = Ln[cos@®)], y(t)=cos) w(t)=tan(?)

—zh @hhy dealill cMlalal) jua b (Marz & Tischendorf, 1994)  aasi)
@) Jall 8 dallad) Uadl) claug Uil alsiiuly lgls & iy Qallial) Jal 1S
(2)dsaa 8 oyl L]
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Gl (e s cagana deas Gladle

) BLaYL Al dall e a3hal dall sl e (16)-(11)ASEY) 3 auy

e @l ae Wil @il A)lias - h=0.1 8shas (2) dllaall ihall Jall 8 oY)

Jdadl 4 (Marz & Tischendorf, 1994) UGSl dinhy duaalill Bl
sy S ek o 283 [0.6,1.5]

Marz & Tischendorf, & 4k ga ) Ak Adlhal) cUsdY) A3jlia (2)]gaal)

(2) Uleall (1994)
dadpdl) iy
[8]U58- gy Loy Tl LA Hia i
72,=0.86, z,=0.9; z;=0.94; z,=0.99

0y 5y, 8y, oy 0y, 8 y;
0.6 |0.8933E-11| 0.109 E-10 0.120 E-08 | 8.525959E-14| 3.26673 E-13 | 2.21676 E-13
0.7 |0.4033E-09 | 0.5273 E-09 | 0.7393 E-09 |9.724691E-14| 4.0204 E-13 | 2.58017 E-13
0.8 | 0.729E-09 | 0.105E-08 | 0.2023 E-08 | 1.082755E-13| 4.91455E-13 | 3.1095 E-13
0.9 | 0.940E-09 0.151E-08 | 0.5053 E-08 [ 1.182353E-13| 6.01496 E-13 | 3.90574 E-13
1.0 | 0.105E-08 | 0.1943 E-08 | 0.2683 E-08 | 1.270178E-13| 7.43417 E-13 | 5.17097 E-13
1.1 | 0.115E-08 | 0.2533 E-08 | 0.5033 E-08 | 1.345229E-13| 9.3785E-13 | 7.33666 E-13
12 | 0.121E-08 | 0.3353 E-08 | 0.8443 E-08 | 1.406899E-13( 1.22786 E-12 | 1.14968 E-12
1.3 | 0.122E-08 | 04573 E-08 | 0.1763 E-07 | 1.454344E-13| 1.71932 E-12 | 2.10943 E-12
14 | 0.110E-08 | 0.6483 E-08 | 0.3853 E-07 | 1.487463E-13| 2.76759 E-12 | 5.2254 E-12
1.5 ]0.5603E-09 | 0.7913 E-08 0.112 E-06 |1.506101E-13| 6.73368 E-12 | 3.01815 E-11

36




222019 IS 20al (oDl ) dlaall cialally dpesslall ashell Aludes lidly Cagaall d350

t

0.2 04 0.6 0.8 1.0 1.2 1.4

- h=0.1 8shis (2) Alaall y 3 Ladl) Jal) o 000 afhal) Jall (11)J<all

ch=0.1 ghis (2) Aluall z I Lail) Jal) ge 0000 Al Jall (12)Jdi
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w
7 [

6 |

0.2 04 0.6 0.8 1.0 1.2 14

- h=0.1 8ghais (2) Alesall w I dail) Jal) o @000 afhal) Jal) (13)J<all

Eror: Sy

© 10 14

02 04 06 08 10 12 14

- h=0.1 ghis (2) Ulaally I gl Jall & Uadl) (14)Jeid)
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Kror S z
0r ® o
® o °
[ ) ® °
°
1. 10 2 o
°
°
2. 10 2
°
3.0 10 2,

02 04 06 08 10 12 14

- h=0.1 sghis (2) Wlaall z 3 Al Jal) b Wadl) (15)J<a

Frror S w
5.0 10 2}

4. 10 12|
3.0 10 2}
2. 10 12| L

1.0 10 2} g
[ )

( ]
ece o000 ‘ ‘
0.2 04 0.6 0.8 1.0 1.2 14

. h=0.1 5shis (2) Alaall w1 Al Jal) W) (16)Jsad

1[6-7] §ominanla Lashiia 3(3)alled
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Gl (e s cagana deas Gladle

y=tz"+w+ g,(0),
Z'=texp(y)+t w+g, (), tel0,4]
O=y+1z+g,@1) ,
1Ay dag Hall auads
¥(0) =z(0) =w(0) =0
rlaall Jal) Gy Cusy €,(7),8,(8), &5(F) Jisal) axi Cus
., z=t/(+t), y=log(l+1r) w=t/(1+1)
G Osuy clmiphl aihal Jal b Gkl cUaal) S (3) el G oo
gaesill il (Hosseini, 2006)ikall laad ikl ddlhadll oladl) zilu (4)Jsas)
ol e a3hal) dall (22)-(17)JIEY) & awsiy -(Mahmoud, 2010) & 34l
Llias h=0.2 sshady (3) Aledl ashal) dall b llad) el ) ailayl s
5SH ik o ass (Hosseini, 2006; Mahoud, 2010) ¢yiashal) a8l ae Wikiyla il

.48y

[0.4] Jlaal) 3 (3) Alocall Aaghdd) Lithyha aladiails Adlhaal) ¢ UadY) (3)d gaad

7,=0.86, 7,=0.9; 73=0.94; 74=0.99, h=0.2

‘ Error=IS-yl Error=IS-zl Error=IS-wl
0.2 2.3325313E-12 1.16626625E-11 | 1.18379639E-11
04 4.3148262E-12 1.07870601E-11 | 1.05750463E-11
0.6 5.2415516E-12 8.73590644E-12 | 7.11877778E-12

0.8 5.79838399E-12 7.24796334E-12 | 3.49885120E-12
1.0 4.651712348E-12 4.65171234E-12 | 2.71449529E-15
1.4 2.32640573E-12 1.66171520E-12 | 2.21118678E-12
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. 71=0.86, 7,=0.9; 73=0.94; 7,=0.99, h=0.2
Error=IS-yl Error=IS-zl Error=IS-wl
1.8 6.249667450E-13 3.47200046E-13 | 1.03271835E-12
20| 8.1998852152E-13 4.09994260E-13 | 1.72269976E-12
24| 4.805045250E-13 2.00217620E-13 | 1.29136701E-12
2.8| 4.894085137E-13 1.74793512E-13 | 1.60389479E-12
3.0/ 5.0048853950E-13 1.66822111E-13 | 1.76392234E-12
34| 6.350253656E-13 1.86772819E-13 | 2.54680720E-12
3.8 7.999823026E-13 2.10531592E-13 | 3.58566509E-12
40| 8.665068662E-13 2.16637818E-13 | 4.1119552E-12

[0,1] Sl & (3) Alocall dilhaal) £Uad¥) (4)dsoa)

Quintic C2- Spline Collocation Methods
t Adomian decomposition method [6]
for ¢,=0.5, ¢,=0.9998 [7]

Error=IS-yl | Error=IS-zl | Error=IS-wl | Error=IS-yl [Error=IS-zl| Error=IS-wl

0.2 |4.63777E-7 | 1.16056E-7 | 8.92432E-6 | 2.06748E-10 |1.03374E-9| 1.01819E-9

04 |240711E-4 | 1.06358E-4 | 4.25255E-3 4.82894E-10 | 1.20723E-9 | 1.12924E-9
0.6 |9.34963E-3 | 5.59329E-3 | 1.44694E-1 6.48861E-10 [ 1.08143E-9 | 8.14168E-10
0.8 |1.25531E-1 | 9.18675E-2 1.58743 6.76113E-10 (8.45141E-10| 3.43036E-10
1.0 |941377E-1 | 8.00027E-1 8.62456 5.93930E-10 [5.93930E-10| 6.03585E-11
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Conclusions and Recommendations :cluasilly clalingy)

Lpnll Llalial) N alad) Cileshaial ganall Jall ~Laiy il gaead Al ol
il 3550 e Aoyliiag Abesliiag By dayikall Aaplall o Aahall caiy Ldadl) e

) b ddide (68l 33y Alglae Jiloe EDE Jag Ayl A8y Allad L) o
Hosseini, 2006; Mahmoud, 2010; Marz & Tischendorf, 1994; Ren &
(Wang, 2017)

e a8 S Ll of ) lslad) BLa e (B)(1)dshadl 8 dsaal gl i
@l &k « (Marz & Tischendorf, 1994) daseal duaalill lialil frea dik
danh ¢ (Hosseini, 2006)ilaall (s ok ¢ (Gao & Jibag, 2007) LA
Lyl o (21)(1) JKEY) e S . (Mahmoud, 2010) poead Bl SOy duailyd
GAY dall pe paf s ) iy (a3hd da il godiid da i)
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6. Conclusions

This work mvestigated the effect of different preprocessing techniques
on the prediction ability of the ICR model of Glucose concentration.
Spectral pre-processing techniques were used to remove the baseline
variations and high frequency noise components. The optimization process
is done with no prior information available regarding the spectra. The
results show an improvement of the capability of proposed models to predict
the glucose concentration from aqueous solution with high clinical accuracy.

The BPF filter gives the minimum SEP with the high correlation coefficient
R,

Each one of the proposed techniques has its relative advantages and
limitations. Thus, work can be carried out to find the improvement in the
performance by combining them in the future with the ICR model n the
qualitative and quantitative analysis of the NIR spectra. It is important to
select the parameters of the calibration models accurately in order to control
the instrumental and temperature variations which will enhance the
performance of any calibration model.
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Figure (4) Illustration of the effect of using the preprocessing methods:
(a) MWA (b) Savitzky Golay filter (c) BPF filter (d) second derivative
(e) second derivative based on Savitzky-Golay filter on the replicate
absorbance spectra of the sample that was prepared with glucose
concentration=179 mg/dL,
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spectra so the glucose absorption bands at wave numbers 4400 cm™, 4300

cm'!, and 4700 cm!' are clearly observable. Moreover, figure (4) shows that
the difference between the replicate spectra is reduced to a very small value
compared to raw spectra, and this confirms the fact that the proposed

models are capable of suppressing most of the baseline variations.

The second derivative based on Savitzky- Golay filter produces a SEP of
14.61 while using the second derivative based on frequency domain
produces a SEP of 16.56. On the other hand, the computation and the
optimization process of the second derivative based on the frequency

domain is easier compared to Savitzky- Golay filter.
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Figure 3 The Clarke plot of predicted glucose concentration versus the
actual concentration of the testing data that results from the optimal models of
(@ ICR (b) ICR -MWA (c) ICR - Savitzky- Golay filter (d) ICR -BPF
filter (¢) ICR - second derivative and MWA (f) ICR -second derivative and
Golay filter (g) ICR -second derivative based on Savitzky- Golay filter.

The replicate original spectra of the of the sample that was prepared with
glucose concentration = 179 mg/dL before and after preprocessing methods
and mean centering were plotted in figure 4. Figures (4 a-b) reveal that the
MWA and Savitzky—Golay filter only smooth the raw spectra without any
change in therr profiles, while the second derivative and BPF filter change
the appearance profile of the raw spectra as shown in figures (4 c-e). Using

the second derivative and BPF filter enhance the resolution of the resultant
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all the proposed models in this work as shown in figure 3. Figure (4a) shows
that most of the predicted values of concentration for the ICR model are in
region B and D, which are not clinically accepted.

Figures (4 b-g) display the Clarke plots for the optimum ICR model
combined with the proposed preprocessing methods in this work. These
figures illustrate that all of the predicted gluicose concentrations of the
testing samples are in region A of Clarke plot, which indicates that the
model is medically accurate. It shows that the prediction ability of the
proposed model is consistent for low and high concentration levels. They
also demonstrate the ability of the proposed model to suppress most of the
variations between the replicate spectra of the same sample.
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Figure 2 The predicted glucose concentration versus the actual
concentration of the test and training data resulted from the optimal ICR model
(a) that employs 17 factors (b) combined with the MWA (c¢) combined with
the Savitzky- Golay filter (d) combined with the BPF filter (e) combined with
the second derivative and MWA (f) combined with the second derivative and
Golay filter.

The predicted glucose concentration based on the recommendation of the
American Diabetes Association, should be within +15% of the reference
value in order to be clinically accepted (Shaw et al. 2006). In order to clarify
these requirements and to show the negative impact of resultant scattering
on the predicted concentration of glucose the Clarke error grid is plotted for
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derivative and MWA, and ICR combined with the second derivative and
Golay filter.

Table 1 and figure 2 show that the best preprocessing method is the BPF
filter where the SEP of the ICR model is decreased to 14.07, and correlation
coefficients is increased from 0.842 to 0.9898. The ICR model combined
with the second derivative and Savitzky Golay filter is the second best
preprocessing method. using the MWA filter produces a good SEP and at
the same it has low computation complexity and it is easy to implement
compared to the other studied techniques.
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Table (1) Summary of optimal model results

No. of .
No.| Model | SEP | R* |MMPE| ICA Optimum
parameters
factors
1 ICR 79.78 | 0.842 | 66.13 17 -
MWA
2 | ICR-MWA | 1647 [0.9876 | 12.76 18 length=12
Order of
3 | ICR-Golay | 16.08 | 0.9868 | 11.188 19 poly =3,
window
length=39
4 Center
ICR-BPF | 14.07 | 0.9898 | 12.56 17 freq.=0.0181
BW=0.01
ICR-2nd
derivative
5 bafsr‘;‘il"“ 1656 | 0.9875 | 12.99 16 | MWA length=9
domain and
MWA
ICR-2"
derivative Order of
based on poly.=3,
6 P 18.89 | 0.9884 | 15.11 19 .
req. window
domain and length=39
Golay
ICR-2"™ Order of
g | dervative |61 10,0893 | 8.879 17 poly =4,
based on window
Golay filter length=55

Figure 2 shows the predicted glucose concentration versus the reference
glucose concentration of the training and testing data for the optimal ICR,
ICR combined with the MWA, ICR combined with Savitzky-Golay filter ,
ICR combined with the BPF fiter, ICR combined with the second
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solution. Urea and triacetin are used to model the urea and triglycerides in
blood, respectively. The glucose concentration of the prepared samples
ranged from 20 to 500 mg/dL. The concentrations of the Glucose were
selected to be higher than its physiological range in blood. The samples
were placed on infrared quartz cuvette with a fixed path length of 1 nm.
Three spectra were collected for each sample without removing the sample
from the spectrometer in a double beam mode. The collected data spanned
the spectral region from 2000 nm to 2500 nm (4000-5000 cm') with a
spectra resolution of 1nm. The collected spectra were divided randomly into
two sets, each set spanned the whole range of concentration. The first set
contains the three replicate spectra of 20 samples and was used to build the
calibration model. The second set was used in the prediction phase to test
the calibration model and contains the triplicate spectra of 10 samples.

5. Results and Discussion

Various ICR calibration models were developed by combining different
preprocessing techniques with the ICR regression model. The SEP, the
MMPE, R? and the Clarke plot were used to evaluate the capability of the
ICR model to predict the Glucose concentration from the processed spectra.

The grid search optimization method is used to select the optimum
parameters of the proposed methods.

The obtamned optimal models for the ICR model combined with different
preprocessing methods are listed in Table 1. It shows that the SEP of the
ICR model without any preprocessing method was 79.78 with 17 ICA
factors. The table shows that all of the used preprocessing methods in this
work improve the perdition ability and accuracy of the ICR model and this
is also verified in figure 2.
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Figure (1) The ICR Model Combined with Preprocessing Technique
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4. Experimental Data

The spectra were collected with a Fourier transform spectrophotometer
(spectrophotometer cary 5000 version 1.09), n which a total of 90 NIR
spectra were collected for a 30 mixtures of a simulated biological matrix
prepared by dissolving glucose, urea and triacetin in a phosphate buffer
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method (MWPLSF) and the simple difference method (Chau et al. 2004),
which computes the derivative in frequency domain (Kauppinen et al. 1981,
Bush 1974, Zhang et al. 2002, Horlick 1973).

The order of the derivative and the SNR of the original spectra are the
two factors that controls the resolution enhancement rate of the absorbance
spectra. Applying the derivative increases the high frequency components
and thus degrades the signal to noise ratio of the raw spectra. To improve
the SNR of the differentiated spectra, smoothing of the raw spectra should
be done prior to the derivative. Several methods of smoothing filters can be
used to reduce the effects of random noise (Lam et al. 1981). In this work
the second derivative is computed in the frequency domain and combined
with the MWA and the Savitzky-Golay filters (Savitzky, 1964).

The n'™ derivative based on the frequency domain is computed by
multiplying the Fourier transform of the spectrum by a complex linear ramp
(jew)™, and then, the Inverse Fast Fourier Transform (IFFT) of the multiplier
output is computed (Horlick 1973, Wabomba et al. 2003, Frenich et al.
1986, Sauke et al. 2005). Computing the derivative in the frequency domain
is direct, fast, simple, and does not require complex tables.

The whole process of prediction of the ICR method combined with the
preprocessing methods is shown in figure 1.
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filters have the advantage that the output is measured by a fmite sum of the
mput values without any feedback of past or future outputs. This makes the
implementation and construction of the filter simpler and more stable.

In the MWA filter, a window of size 2t+1 is defined. The smoothed
points s; of the 1xm raw spectrum are defined by the following expression:

1
I t
Sp T it Sit] ®)

Where s; is the i smoothed point, s, ; 1s the raw spectrum points, 1=
t+1, t+2,....m-t-1 and j = -t,...,0,...t. Then, the window is moved by one
point to calculate the smoothed point #+1. Each time the window moves by
one point until the original spectrum is scanned and smoothed. The MWA is
unable to smooth the first and last t points of the raw spectrum. The effect of
using the MWA on the quality of the raw spectra is strongly related to the
window size.

The Savitzky-Golay filter is used widely in smoothing processes (Chau
et al. 2004). It is used to eliminate the high frequency components of noise
without distorting the spectrum features like the peaks, relative amplitudes
and width. It weighs the moving average filter output, at the same time it
regresses the output against local polynomial with order k. The Savitzky-
Golay filter has to optimize the polynomial order and the window size so
that the original spectra are smoothed well.

Derivative applies mathematical functions to reduce the scattering
effects and to enhance the resolution of the spectra. It is also applied for
removing baseline effects and enhancing spectral differences. The first
derivative enhances the resolution and determines the peaks while the
second derivative removes the constant and linear background, it enhances
the sharp bands, reduces the overlapping, elimmates the baseline variation
(Chen et al. 2001) and produces inverse peaks at the original peaks or
shoulders (Kauppinen etal. 1981, Bush 1974).

Several methods can be used to compute the derivative of the NIR
spectroscopy such as the Moving Window Polynomial Least Squares Fitting
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frequency domain (Arnold et al. 2005 b, Small et al. 1993) and time domain
as well (Ham et al. 1997, Al-Mbaideen et al. 2010). In time domain
filtering, Chebyshev or Butterworth filter are used. Time domain filtering
process is obtained by convoluting the measured spectra with the unit
impulse response function of the required filter.

BP filtering process is based on the frequency domain. It is achieved by
multiplyng the Fast Fourier transformation of the measured spectra by a
truncation function (window) with desirable characteristics. Then, the
inverse Fast Fourier transform is computed to reconstruct the signal to its
original absorbance spectra.

Time domain filtering can be used for the on-line filtering process and
has better computational efficiency compared to the frequency domain
filtermg. However the construction and optimization of the frequency
domain filter is simpler and easier as compared to the time domain filtering.
The design and optimization of the BPF filter parameters should be
combined with the PLS regression model, as the nature of the high and low
frequency noise are not known. The Grid Search Optimization method was
used to select the optimal parameters of the fiter (Arnold et al. 2005 b,
Small et al. 1993).

Smoothing process is also used to improve the signal-to-noise (SNR)
ratio of the raw spectra by elimmating the influence of the high-frequency
components of the raw spectrum (Burns et al. 2008). It is considered as a
type of low pass fiters and computed in time domain by convolving the
measured spectra with the selected smoothing function (Ando, 2005).
Various methods have been developed and introduced to smooth the spectra,
such as the moving window average smoothing fiter (MWA) and the
Savitzky-Golay filter which will be used in this paper.

MWA filter is used to reduce the random noise while keeping the sharp
step response at the same time. It computes the weighted average of the
adjacent points of the input signal to produce each point in the output signal.
The MWA Filter is a type of the fnite impulse response (FIR) filters. FIR
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pseudo-inverse of the estimated independent components from the ICA
model. The matrix §+Eg can be indicated as B. The regression coefficients B

then can be used to predict the unknown concentration at once from the
spectra without the requirement of decomposing the testing spectra using
ICA.

CEHEVJ = (AHE'T'\I' - BB + Eg (7)

The regression coefficient matrix B in the last two equations shows the
contribution of each IC's to the concentration of all constituents made by the
rows of B.

Practically, ICR algorithm uses only statistically independent sources to
extract the ICs from the mixtures. ICA deals with noise-free data, while the
collected spectra are distorted with high-frequency noise and baseline
variations. The chemical and physical interaction between the components
and the ambient factors can correlate the sources. These restrictions prevent
the ICA method from extracting information related to the analyte of
interest accurately. Thus, the quality of the raw spectra must be improved
before applying the ICA algorithm.

3. Spectral Data Pre-Processing

To improve the accuracy, reliability and prediction ability of the ICR
model, different preprocessing techniques are used. These techniques are
used to overcome the influence of irrelevant information such as baseline
variation and noise.

In this work several preprocessing techniques are used, including
Moving average filter, Savitzky- Golay filter, BPF and Second derivative.
All the collected spectra were firstly pretreated using mean centering and
variance scaling methods prior to applying the preprocessing methods.

BPF is widely used in chemometrics as preprocessing techniques to
remove the high-frequency components of noise and baseline variations that
effect the NIR spectra (Smith, 2003). BPF filtering can be established in the
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Where, W is the demixing matrix. If the extraction process of the
independent components of S was made correctly, the demixing matrix W
will be the reciprocal (inverse) of the mixing matrix C and their product is a
generalized permutation matrix.

2. Independent Component Regression (ICR)

ICR combines MLR with ICA and can be used to estimate glucose
concentrations from NIR spectra (Puntonet et al. 2004). The mixing matrix
and IC's are predicted using ICA. The estimated mixing matrix C will, in
most, represent the relative concentration level of each component in the
mixtures but not their accurate concentration C, o< € (Chen et al. 2001).

That is due to the high overlapping of NIR spectra, baseline variation and
the noise in the collected spectra. The MLR calibration model is then

generated by regression the estimated mixing matrix C against the
concentration of the glucose of the training data (Chen et al. 2001, Smith
2003). Thus, the estimated concentration of glucose will be predicted.

C,=CB )

Where: C= W7 is the pseudo-inverse of the demixing matrix W. and C,

is the concentration of glucose. The coefficients of regression B can be
estimated using the least square method (Geladi et al. 1986). The
coefficients of regression P that relates the glucose concentration of the

training data to the mixing matrix is defined as
B, = (CT)7'C'c, 5

The coefficients of regression B is then used to predict the glucose

concentration of the testing data Cgpew as
anew = [:Anew - JTJ§+BE+ EE (©6)

Where: A: is the column average of the training spectra. Cg: is the
average value of the glucose concentration of the training data and S%: is the
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prior knowledge of the mixture. The function of ICA is to determine the
source signals S based only on the information about the mixtures
(Hyvarinen et al. 2001, Hyvirinen et al.2000). The noise-free ICA model
can be given as (Puntonet et al. 2004)

A = CS (1)

Where: A € R™L, C& R™™, s R™*L L is the number of samples, n
is the number of mixtures and m is the number of analytes in each mixture.

Based on Beer-Lambert's Law, the spectroscopy of the i mixture can be
defined as

A; =051 + 05, + -+ Sy ()

Where: A;: is the NIR spectrum of the ith mixture, i = 1, 2, *** n, for n
mixtures. C;;: is the concentration of j' component in the i" mixture, j =1,
2, m. m is the number of components in each mixture and S;: is the pure

individual spectra for each component.

The ICA model assumes that the collected spectra should be the linear
combination of the pure spectrum of the analytes that composed the
mixtures. This assumption is satisfied by modeling the collected spectra by
the lnear region of the Beer’s Lambert law. Additionally, the ICA model
assumes that the number of collected spectra n should be at least equal to the
number of sources L.

The ability of the ICA model to separate the pure spectra of the analytes
is based on two assumptions, namely, the spectroscopy of the pure
components should be non-Gaussian and statistically independent (Puntonet
et al. 2004, Oja et al. 2002).

The most important goal of the ICA algorithm (Puntonet et al. 2004, Oja
et al. 2002) is to estimate both of the unknown mixing matrix C and the pure
individual spectra S from the observed spectra of the mixtures with no-prior
information about the mixture. S can be given as:

T — A 3)
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To extract the information about the analyte of interest, the multivariate
methods generate a calibration model to find the relationship between the
response (absorbance spectra) and the predictors (concentration of the
analyte). This calibration model verifies the relation between the absorbance
spectra and the concentration of the analyte of interest and then it is used to
predict the response of new variables (Amerov et al. 2004, Burmeister et al.
1999, Arnold et al. 2005, Chen et al. 2004, Ham et al. 1997, Cingo et al.
2000).

Previous studies in this field show that the NIR spectroscopy combined
with the multivariate regression methods provide good results in the ability
of detection of Glucose concentration (Kasahara et. al. 2018). However, due
to irrelevant information that corrupt the collected spectra, the accuracy and
ability of the prediction model is negatively affected (Geladi et al. 1986,
Haaland et al. 1988). Therefore, the preprocessing techniques are used to
improve the quality of the raw spectra. Several preprocessing techniques are
of common use in literature such as smoothing, filtering, derivative,
Standard Normal Variate Transformation (SNV), Multiplicative Scatter
Correction (MSC),etc.. However, the difficulty in selecting the appropriate
preprocessing method still exists since there is no sufficient or/and
rrelevant information that affects the raw spectra (Hyvarinen et al. 2001).

The objective of this work is to investigate the effect of using different
preprocessing methods on the prediction ability of the ICR model. ICR has
got a great attention as multivariate method in the analysis of the NIR
spectroscopy . ICR model is developed based on the independent
component analysis (ICA) which is a High Order Statistic (HOS) method.
ICR combines ICA with the Multiple Linear Regression (MLR). ICA is a
free noise model, therefore, its application in chemometrics is a big
challenge for the interested researchers.

1. Independent Component Analysis (ICA)

ICA is a type of Blind Source Separation (BSS) based on a high order
statistic (HOS). it separates source signals from their mixtures without a
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Introduction:

Near-infrared (NIR) spectroscopy has received a lot of attention in the
few past years. It is widely used in biomedical chemistry, environmental
analysis and many other fields. NIR spectroscopy has got a great attention in
the noninvasive detection of Glucose in blood (Ranaware et. al. 2017). It
uses the electromagnetic radiation in the wavelength range of 2.5um -0.78
um (4000-12800 cm') (Amerov et al. 2004, Burmeister et. al. 1999, Arnold
et. al. 2005 a).

The main concept of the noninvasive detection of Glucose using NIR
Spectroscopy is to pass a band of NIR radiation through vascular region of
body (could be the index finger or the earlobe) to excite vibrations in the
constituent molecules and then extract the glucose concentration in the
blood from the resulting spectral information, which must be collected with
high signal-to-noise ratio (SNR) so that the glucose nformation is
distinguished accurately (Armold, 1996). Using NIR Spectroscopy, each
component of the blood can be determined by its unique response to the
NIR radiation that can be defined by the wavelength range, the number of
peaks and their positions, and the profile of the spectrum (Han et. al. 2017).

Practically, the isolation of glucose spectra is quite difficult due to
several reasons such as; the high overlapping of the spectra of the blood
components, the baseline variations resulted from the ambient and
instrument variations, and the low concentration of glucose in the blood.
Therefore, signal processing techniques must be developed to extract the
gluicose concentration accurately (Amerov et al. 2004, Burmeister et al.
1999, Arnold et al. 2005, Chen et al. 2004, Ham et al. 1997, Cingo et al.
2000).

Most of the recent studies use multivariate techniques for their ability to
analyze large data-sets (Thomas et. al. 1990). These techniques are used in
chemometrics to extract the concentration of the analyte from the measured
spectra of the samples. Multivariate Regression techniques are used to solve
the qualitative or quantitative problems of the measurements of chemical
data.
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Improving the Prediction Accuracy of the Independent Component
Regression Calibration Model for the Quantitative Analysis of the Near
Infrared Spectroscopy

Amneh Al-Mubedeen *
Muna Al-Suoob
Abstract

Independent Component Regression (ICR) has shown promise as a
rapid and non-destructive regression method in the noninvasive detection of
Glucose using Near-infrared spectroscopy (NIR). In this work, the effect of
several preprocessing methods on the independent component calibration
model (ICR) was investigated and analyzed including the Moving Window
Average fiter (MWA), Savitzky Golay filter, Band pass fiter (BPF),
Second derivative combined with the MWA and Savitzky Golay filter and
second derivative based on Savitzky Golay filter. The results show a clear
improvement in the capabilty of ICR model to predict the glucose
concentration from aqueous solutions. In general, the BPF filter and second
derivative based on Savitzky Golay filter gave better results than the other
preprocessing methods. The standard Error of prediction (SEP), correlation
coefficients r* and root mean square error of prediction (MMPE) for the
BPF-ICR are 14.07,0.9898 and 12.56, respectively.

Keywords: Near-infrared spectroscopy (NIR), Independent Component

Regression (ICR), Moving Average filter, Noninvasive,
Glucose.
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programs. Fmally, further research needed to highlight a clear picture about
future readiness to manage any disaster event.

5. Conclusion

The main conclusion of this study is that nursing students be enrolled in
a disaster management program were aware of the potential risks of
disasters in the community. However, they demonstrated a perception
deficit in the area of disaster nursing management. The inclusion of a
disaster nursing practical component is urgently needed. Other nursing
programs such as postgraduate degrees also need more specialty courses
with adequate practical parts. However, according to the university’s rules,
it is important to note that adding a new part to the curricula requires a four-
year wait before it can be added to the study plan, and a long accreditation
and approval process is also mvolved. It is hoped that this study could
provide essential data to be used for health programs in Jordan in order to
assess the preparedness level of students or future employees. Also, this
study has implications related to research on further disaster course
development and evaluation of current courses i order to meet the global
demand for disaster preparedness. However, further research is needed to
provide direction in prioritizing curricula for both undergraduate and
postgraduate nursing students. This study showed that the nursing faculty
curriculum at mutah university, Jordan includes only a theoretical or non-
practical part. However, given the current turbulent global situation,
particularly in the Middle East (including Jordan), it appears that there is a
need to include a practical component in their future curricula. A significant
difference was noted in the disaster perception mean test scores before and
after implementation of the educational program (p < 0.001). Also, a
significant  difference was found between the intervention and control

groups.
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Our results showed that nursing students after the ntervention had more
positive  attitudes toward disaster management, where they were more
familiar with local emergency response, triage principles, and the use of
equipment, but they were less prepared to engage in a disaster course
compared to the control group. This result is consistent with the results of
Schmidt et al (2011) regarding the assumption of a caregiver role during a
disaster event but not a triage or other managerial role. For any disaster
event, our participants reported that they know who to contact, which is
consistent with Al Khalaileh et al. (2012), who reported that half of the
respondents were aware of the community contacts during disaster events.

We could conclude that the inadequacy of the current educational
curriculum plans in both undergraduate and postgraduate levels could be the
main reason for nurses’ inadequate knowledge and attitudes related to
disaster events, but this could be modified to fulfill this need. A simulation
mtervention targeted to undergraduate students is needed with robust
demonstration part in future research to develop appropriate educational and
training programs in nursing disaster management. We recommend that
health stakeholders in Jordan particularly hospital managers could play an
essential role in maintaining and updating nurses’ perceptions and attitudes
through ongoing training and in-service education in disaster management.

4.1 Limitations

This quasi-experimental study evaluated the effectiveness of educational
program on undergraduate nursing students’ perception about disaster
management. The result does not reflect the other students’ opinions such as
first year under graduate and post graduate students and non-respondents.
Another limitation of this study is the one- time shot survey in one setting
which may not reflect opinion change over the time of the students study as
time series studies and other national university student who has nursing
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However, an mtegrative review done by Chaffee (2009) revealed that a lack
of willingness on the part of healthcare providers to participate in disaster
response was associated with concerns about personal safety measures.

Despite the participants, after the itervention, perceived themselves as
better prepared for disaster management compared to before intervention,
they had more concerns about the need for further practice in disaster
response. Our intervention lack of robust demonstration part, and
participants viewed integrating a demonstration part could fill full this need
and concerns. Before 2011, there were no Jordanian programs or courses,
and only few programs in the Western and Asian universities that involved
nurses to assist during disaster events (Ym et al, 2011, Al Khalaileh et al.,
2012). Nowadays, despite disaster and emergency courses already available
in nursing faculties in many of surrounding countries to Jordan that give
students the chance to acquire fundamental theoretical information, but are
still lacking of demonstrating in the practical part (Baack and Alfred, 2013).
Thus, a disaster course in the curricula of undergraduate and postgraduate
nursing programs that includes a practical part would assist future nurses in
gaining knowledge and skills that could increase their awareness and
prepare them for any future disaster event (Schmidt et al., 2011, Markenson
and Reilly, 2011, Baack and Alfred, 2013).

Al Khalaileh and colleagues (2012) recommended incorporating disaster
management into nursing curricula in  Jordanian nursing programs to
improve nurses disaster preparedness. Despite the WHO (2009)
recommended in that disaster nursing courses should be part of all nursing
curricula. (WHO & International Council of Nurses, 2009), a descriptive
survey of Australian undergraduate nursing curricula (Usher and Mayner,
2011) showed that only few schools in Australia had disaster courses in
their curricula, and they only had a theoretical component. Furthermore, a
recent study by Oztekin et al. (2016) showed that nurses were unable to
respond to many disaster events and were not aware of their workplace
emergency disaster plan and did not think they could execute it. Moreover, a
study among 1348 American university students showed that they were not
well-prepared for disaster management(Schmidt et al., 2011).
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perceived disaster training is  more necessary to be provided to all
healthcare providers compared to in the control group (3.77 vs. 2.74, P
=0.018). Students were asked if it is necessary to have a nursing disaster
plan in place, and 3.72 (1.02) agreed. However, some students thought that
there is no need to know about disaster plans (3.01, SD = 1.09), because
they perceived that disaster management is not an essential nursing role
(3.08,SD =1.15).

4. Discussion

Based on the above results and the integration of the results of other
previous studies in the field of disaster nursing for healthcare students and
professionals, teaching disaster courses to undergraduate (and in the future,
postgraduate) nursing students is effective. A positive response was
achieved from our sample of 183 nursing students. Implementing disaster
educational program have major effects on participants perceptions and
attitudes towards disaster. Implementation of such program among wider
range of students such as postgraduate students is recommended as a next
step.

The results demonstrated that the disaster course could be offered to
postgraduate nursing students and even as an educational course for
working nurses to increase their competency in this area. This result is
consistent with a Chinese study that used the ICN framework (Chan et al.,
2010). Generally, participants in this study reported that they were aware of
the potential risks in the community, which is consistent with Turkish /
Japanese nursing students study who identified examples such as
earthquakes and typhoons/hurricanes as potential risks in the area (Oztekin
et al, 2015, Oztekin et al., 2016). After the program, participants were more
willing and interested to participate as a team during a disaster, which was
highlighted n our results and was supported by the results of Chan et al.
(2010) whose respondents were willing to act as helpers in disaster event.
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I consider myself prepared for
the management of disasters

329 (1.16) 2.80(1.22) | 0.021

Disaster ~management is not

. . 3.11(1.05) | 3.08(1.15) | 0.82
essential nursing role

Local disaster plans  required

) ) 345 (1.18) 302(1.23) | 0.04
continues updating

I think it is necessary to have a
nursing disaster plan in place

Drills should be conducted
regularly in nursing faculty

3.72 (1.02) 3.01(1.09) | 0.01

3.19(1.01) 2.90 (1.15) | 0.04

I’'m competent to participate as
a team member of disaster 3.56(1.01) 3.12(0.99) | 0.032
management

Wiling to  participate  in

. . 3.38 (1.08) 3.08(0.88) | 0.01
continuing education

Training about disaster is
necessary for all health care 3.77 (1.06) 2.74(101) | 0018
providers

I feel confident recognizing
different need for disaster 3.62 (1.06) 3.02(1.04) | 0.021
victim

I have acquired basic
knowledge to identi bk
nowledge to identity possible 15\ 4 66 | 581 (1.01) | 0.030
disaster threat in my local

community
Total Score 49.72 (11.03) | 40.02 (9.75) | 0.001

In terms of item analysis (Table 4), the students of intervention group
became more willng to participate in continuing education about disasters
(3.18, SD = 1.08), and they perceived themselves as more competent in
teamwork (3.56, SD = 1.01). They felt that confident they could recognize
the different needs of disaster victims (3.22, SD = 1.06). In addition,
students of intervention group were more interested in future training and
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(52.1%) knew the types and phases of disasters, compared to 36.5% of
the control group (p = 0.010). The result also showed that 53% of the
students knew the disaster plan of their faculty, compared to 34.9% of
the control group (p = 0.059). More than half of the intervention group
(57.6%) showed that they knew the recommended supplies for disaster
events, compared to 35.9% of the control group (p = 0.008). The results
of the study also revealed that 64.7% of the nursing students knew who
to contact during a disaster event, compared to 50.8% of the control
group (p=0.079).

3.2 Students’ attitudes toward disasters

Table 3 presents students’ attitude toward disaster management, the
total mean score for attitude among intervention group was significantly
higher compare to control group after the education program (36.00 vs.
4972, P = 0.001). In addition to, paired t-test showed significant
improvements in students’ attitude toward disaster between the pre and
posttest (49.72 vs.40.02,P=0.001) (Table 4).

Table (4) Comparison in participants’ attitudes between the study
groups

Intervention Control

Item group group

Mean (SD) | Mean (SD)

P-
Value

I have the required skills for to

. o o 3.32(1.11) 3.00(1.34) | 0.001
participate in disaster situations

I do not need to know about

disaster plans 3.37 (1.08) 297 (1.17) | 0.001
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Attitude toward disaster
management
Pretest 119 36.00 8.96 1117 0.001
Post test 119 49.72 | 11.03

Chi- squire test was conducted to examine the differences in
individual items between the intervention and control groups (Table 2).
A significant difference was noticed between the intervention and control
groups in most items of perception of disaster preparedness. For
example, among the intervention group, 78 % were aware of the potential
risks in the community compared to 60.91% in control group, (p =
0.033). Also, there was a significant difference in disaster preparation
strategies (63% vs. 31.3%, p = 0.001). Significantly high percent of
intervention group (68.1%) understood nurses’ roles in perception of
disaster management compared to lower percentage (25.4%) in control
group. Furthermore, the results showed that 63.6% were familiar with
local disaster preparation strategies, compared to 40.6% in the control
group (63.6% vs. 40.6%, p = 0.008). More than half of students
considered themselves prepared for disaster management (67.5% vs.
42.9%,p=0.001). The same significant result was noticed with students
who were familiar with local emergency response (66.1% vs.41.3%,p =
0.001).

Familiarity with accepted triage principles and know-how regarding
personal protective equipment use were exactly the same for the
intervention group (66.7%), while for the control group the values were
413% (p=0.001) and43.8% (p=0.010),respectively. More than half of
the intervention group (59.5%) said that they were familiar with the
social and spiritual needs of disaster victims, compared to 34.4% of the
control group (p=0.004).

The data also reflected that less than half of the intervention group
(39%) said that they have a personal disaster plan, comparedto 31.3% of
the control group (p = 0.131). More than half of the intervention group
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Intervention Control pe
Item group group B
value
119 (65%) 64 (35%)

K t d pha f

TOW pes At phases o 52.1% 36.5% 0.010
disaster
What the disaster plans are 53% 34.9% 0.059
at your faculty
Recommended i t

coommended  supples 4 57.6% 35.9% 0.008
disaster event
Who t tact duri th

vho 1o comtact curig the 64.7% 50.8% 0.079
disaster event
Practiced .dlsaster drills 50.8% 26.6% 0.003
(mock exercise) at faculty

Farl T ;

amiiar —with - Bvacuation | - o, o 313% 0.004
principles
Total Score Mean (SD) 13.83 (4.66) 7.43 (3.37) 0.001

Also, a significant improvement in level of disaster preparedness

between the pre and post test, among intervention group, was revealed (6.95
vs. 13.83,P=0.001) (Table 3).

Table (3) The change in perceived disaster management and
preparedness before and after attending the course

Item N Mean SD t P-Value
Disaster preparedness
perception
Pretest 119 6.95 3.01
5.90 0.001
Post test 119 13.83 4.66
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Table (2) A Comparison in perceived disaster management and
preparedness between the study groups

Intervention Control e
Item group group -
value
119 (65%) 64 (35%)
Famiiar  with — potential | 4 5q, 6091% | 0033
risks in my community
Familiar with local di
amilar with ‘local disaster 63% 313% 0.001
preparation strategies
Understand le i
[CCIStane mames o I 68 g 25.4% 0.001
disaster management
Familiar with local policies
of emergency and disaster 63.6% 40.6% 0.008
management
Cons'lder myself prepared 67.5% 4299 0.001
for disasters management
Familiar with the Ilocal 66.1% 413% 0.001
emergency response
Famiiar — with accepted | ¢ 7q, 40.6% 0.001
triage principles
K how t 1
now oW 1o W PERORE 66.7% 43.8% 0.010
protective equipment
Familiar with social and
spiritual needs of disaster 59.5% 34.4% 0.004
victims
Do you have a personal 399 313% 0.131

disaster plan

57




Nursing Students’ Perception and Attitudes in Mahmoud Alja’afreh
Disaster Management: A Quasi-Experiments Study Sultan Musleh
Muhammad Darawad

Table (1) Comparison of participants’ characteristics in both groups

(N=183)
Intervention group Control group | P - value
(n= 119) (n=64)
Age mean (SD) 20.8 (1.5) 20.6 (1.9) 0.752%*
Gender:
Male 28 (23.6%) 22 (34.4%)
0.065#
Female 91 (76.4%) 42 (65.6%)
Previous disaster 4 (3.36%) 2 (3.125%) 0.086 #
course
Academic Years:
Second year 42 (35.6%) 29 (46%)
Third year 34 (28.7%) 24 (38.1%) 0.055#
Fourth year 43 364%) | 11 15.9%)

* = P-value of Independent t-test, #= P-value of Chi square

3.1 Perception of disaster preparedness

At baseline, the total score of disaster preparedness for both study
groups was quite similar, with no significant differences (P >0.05). After
completing the disaster program, both groups completed the
questionnaire for the second time, independent t-test showed significant
differences between the intervention and control group in the total mean
score of perception of disaster preparedness (M=13.83 vs. 743, P=
0.001) (Table 2).
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2.8 Data Analysis

Standard descriptive statistics including frequencies and percentages
were used to describe the characteristics of the sample and the level of
disaster management perception and attitudes among nursing students.
To examine the effect of the educational program on nursing students’
perception and attitudes about disaster management, two main
comparisons were conducted. To examine the differences between
control and intervention groups unvaried analysis was conducted,
independent t test, and ANOVA used. Between groups, a comparison
was performed using independent t-tests to assess the difference between
students who had or had not attended the program (intervention vs.
control group). A within-group comparison was performed using paired
t-tests to examine the change in perception level of disaster management
and preparedness before and after attending the program. A p value of <
0.05 was considered significant in all statistical tests. The tests were
conducted using IBM Statistical Package for the Social Sciences (SPSS,
version 21) (IBM Corp.,2012).

3. Results

The questionnaire was completed by 183 nursing students out of 194
students (giving a response rate of 94%). Most students (n=112,61%)
were in their third academic year with an average age of 20.8 (SD =1.5)
(Table 1).The majority of students were female 133 (72.7 %). A total of
119 students (65%) were enrolled in the intervention group and 64 (35%)
were in the control group. There were no significant differences between
the study groups based on their demographical data (Table 1).
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Disaster planning and emergency preparedness; resources and policies of
emergency and disaster utilization; principles of disaster nursing and care
for patients with trauma; and principles of evacuation, first aid, and triage
were included in this course to ensure the emotional, social, and spiritual
needs of those affected by a disaster would be met. Definitions of
disaster types and phases, disaster management phases, nurses’ role in
disasters,and Jordanian policies and regulations regarding disasters were
also covered. The program was developed by a team of nursing
academics with expertise in emergency care and community health. The
International Council of Nurses (ICN, 2009) Framework of Disaster
Nursing Competencies was the standard framework used in developing
the educational program. The person who provided the educational
program was not involved in the data collection process.

2.7 Ethical considerations

The study was approved by the Mutah University Ethics Committee.
The questionnaires were distributed in classrooms after the trainer and
principle investigators had left the room. The students were informed that
their participation was completely voluntary, and that their consent was
required to participate in the study. In addition, the participants were
informed verbally and in writing that: 1) their answers to the
questionnaire were kept completely anonymous; 2) there were no
apparent risks from participating or negative consequences affected their
course marks if they chose not to participate in the study; 3) all research
data were stored securely on aresearcher’s computer or in a locked file
box for one year and then destroyed; and 4) the aggregate data results
were used for publication in professional journals or reported at
professional conferences.
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The researchers approached students who were eligible for study
during their attendance of lectures during the second semester. Students
who were willing to take part and were registered for the disaster course
module were considered for the intervention group, and students who
were not registered for the disaster course were assigned to the control
group. Students who accepted to participate in both groups were asked to
sign a consent form and complete the disaster perception questionnaire
(considered as pretest baseline). To reduce response bias, participants
were asked to drop the completed questionnaire with the consent form
into assigned data collection boxes. The researchers were not the
instructors of the course, and that the instructors did not know who
participated and who did not. After completing the disaster program, 12
weeks after the pre-test had been completed, both study groups
participants were asked to complete the post-test questionnaire, which
had the same items as the pre-test. To match the pre and post test
questionnaire, each participant at pretest was assigned an ID that was
used to identify the participants at post test. The participants dropped the
completed questionnaire into the assigned boxes, just as with the pre-test.

2.6 Disaster education program

The disaster educational program was conducted over 12 weeks for 3
hours a week. It is a research-based course design program conducted in
the faculty of nursing over two days classroom lectures using power
point data show and open oral discussion. It aimed to give nursing
students an opportunity to acquire the knowledge, and principles required
to manage a wide variety of natural and manmade disasters and major
incidents, including natural disasters, acts of terrorism, and acts of war,
with a strong emphasis on the role of nurses during a time of disaster.
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Two main outcomes were evaluated in this study: nursing students’
perception and attitudes toward disaster preparedness. Nursing students’
knowledge and attitudes were evaluated using a structured self-
administered questionnaire that was developed specifically for this study
based on previous literature (Al Khalaileh et al., 2012, Chan et al., 2010,
Schmidt et al., 2011) . The questionnaire had two sections: the first
evaluated students’ perceptions of disaster preparedness and included 16
items and were scored as “Yes” =1 or “No” = 0. A score of 1 is given for
each Yes answer, and score of zero is given for question answered no.
Total scores range from zero to 16; higher scores indicate a higher
perception of disaster preparedness. The second section evaluated
students’ attitudes toward nursing disaster management. This section
contains 12 items with scores ranging from 1 (“strongly disagree”) to 5
(“strongly agree”). Total score range from 12 to 60, with higher score
indicating favorable attitude of disaster management.

To ensure the clarity of the content of the questionnaire and
suitability, the items of the questionnaire was reviewed by a panel of
researchers who were specialized in emergency and disaster nursing and
academic staff specialized in the field. Culture sensitivity and internal
reliability of the questionnaire was tested in a pilot study of 10 students.
The final version of the questionnaire was modified based on the
feedback from the panel and pilot study. The average content validity
index for the knowledge items was ranged from 0.73 to 0.87 and the
content validity index for the attitude items was ranged from 0.78 to
0.89.

The Cornbach’s alpha for the total score for perception was o = 0.76
and 0.83 for the attitudes for the pretest questionnaire and for the post
test questionnaire was o = 0.84 for the perception and 0.87 for the
attitudes.

2.5 Data collection procedure
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educational program on nursing students' perception and attitudes
towards disaster preparedness and management.

2. Methods
2.1 Design

A non-randomized control group (quasi-experimental) design was
utilized to evaluate the effects of an educational program on nurses’
perception and attitudes towards disaster management and preparedness.
Both pre- and post-intervention measurements as well as non-randomly
selected groups were used in this study.

2.2 Setting

The study was conducted in the Faculty of Nursing (“xxx’’) during the
second semester of academic year 2014/2015.

2.3 Sampling

A convenience sample of undergraduate nursing students was
approached to participate in the study. Students were initially informed
about the study by a poster posted in the nursing faculty. In addition, a
brief description of the study purpose was provided by the primary
investigator to all students in the lecturing rooms during the break time.
Students were considered for participation in the study if they were in at
least their second academic year, had not taken a disaster and emergency
nursing course module previously, and were willing to participate.

2.4 Measurement
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investigation and educational efforts to help theses nurses improve their
perception, knowledge, and skills (Al Khalaileh et al.,2012).

This problem is also available among nursing students. For example,
a recent Saudian study investigated nurses’ knowledge, attitudes, and
perceptions regarding disasters and emergency management (Ibrahim,
2014). The researchers approached 252 Saudi nurses; who had lack
knowledge and practical skills at an acceptable level, and had little
familiarity with disaster management. The researchers recommended that
nurses be provided with clearly titled educational and training programs
regarding disaster and emergency management. Another Saudi study
assessed a sample of 396 military and civilian nurses’ perceptions about
their knowledge of disaster management. The results showed that their
knowledge was moderate and they perceived themselves as unprepared
for disaster management (Al-Thobaity et al., 2015).

Schmidt and colleagues (2011) explored 1,348 American nursing
students’ perceptions of personal and program awareness about disasters.
The results showed that nursing students were generally not well
prepared for disasters; therefore, the researchers concluded that all
students should receive disaster preparedness education as a part of their
nursing program. In line with this study, Fung et al. (2009) found that
75% of post-graduate nursing students in Hong Kong were not well
prepared for a disaster. Veenema (2013) stated that baccalaureate
programs should help nurses to understand their role and participation in
a disaster emergency, and preparedness needs to include awareness of
environmental risk factors that could affect them and their patients.

Therefore, it is important to identify Jordanian undergraduate nursing
students’ perceptions of disaster management to provide culturally and
socially sensitive information in order to fulfill the Jordanian MOH’s
disaster management plan. This study sought to evaluate the impact of an
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657,000 refugees have been hosted by Jordan as a result of the Syrian
revolution (Ghazal, 2017).

The Jordanian Ministry of Health (JMOH, 2012) developed a
Jordanian national plan for disaster management. The purpose of this
plan is to manage disasters that may occur in different parts of the
country. Also, due to the increased frequency of disasters worldwide, the
WHO and other global health organizations highlighted the need to
expand educational programs on disaster management (National Student
Nurses’ Association 2011, American Red Cross, 2011). Similarly,
several Jordanian studies have recommended that nurses should have
educational training in disaster management (Al Khalaileh et al., 2012,
Al Khalaileh et al., 2010) . In addition, several international studies and
organizations have stressed the need for educational preparation for
disasters as a part of basic nursing programs (World Health Organization
and International Council of Nurses, 2009, World Health Organization,
2013a).

Nurses are the largest group of health taskforces, and they are
considered the first respondents to any natural or manmade disaster.
They need to be equipped with the required knowledge and training, and
they should be aware of the importance of their role during different
stages of a disaster (Mitchell et al.,2012). They should also have positive
attitudes toward participation in disaster management as a part of their
role and responsibility to their community (Baack and Alfred, 2013).

In the Jordanian context, there is a scarcity of studies that examined
the level of disaster preparedness and knowledge of registered nurses.
Al-Khalaileh and colleagues (2012) assessed the perception of 474
registered nurses regarding their knowledge of disaster management. The
results showed that 65% of the nurses described their current disaster
preparation as weak. Also, an unanticipated finding was that 69% of the
registered nurses had not received any education about disasters at the
undergraduate level. Lastly, the authors recommended further
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1. Introduction

A disaster 1s a natural or manmade event that causes a level of
destruction or emotional trauma exceeding the abilities of those affected
to respond to without community assistance (World Health Organization,
2013a). There are three main types of disasters: natural disasters such as
earthquakes, manmade disasters such as nuclear accidents or acts of
terrorism, and hybrids (e.g., bioterrorism) (Veenema, 2009). When
disaster strikes, the demand for nurses is much greater than that for other
healthcare professionals (Nekooei Moghaddam et al.,2014). Nurses are
considered the major professional respondents when a disaster occurs;
hence, they need to respond promptly and effectively. Preparing nurses
to respond to disasters is essential in reducing loss of life or future health
problems. Several studies have explored nurses’ experiences and
knowledge of disaster management, revealing inadequate training and
preparation to respond to a disaster (World Health Organization and
International Council of Nurses, 2009, WHO & International Council of
Nurses, 2009, Fung et al., 2009), as well as the need for at least a
minimum level of disaster nursing training and knowledge (Nekooei
Moghaddam et al., 2014). To date, minimum knowledge is available
about essential nursing perception and attitudes required to respond at a
disaster site. Further, Zinsli and Smythe (2009) have shown that not
enough attention is paid to nurses’ preparation for disaster management

Although awareness of disaster management has been increasing
among health professionals, the concept is relatively new to many nurses
in Jordan. Jordan has been fairly safe from natural disasters. The risk of
war in the Eastern Mediterranean, however, has left the country in an
unstable condition. In 2000, the invasion of Iraq forced around 10,000
refugees to enter Jordan within few months, and this put enormous
pressure on Jordanian hospitals (UNHCR, 2017). Recently, more than
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Nursing Students’ Perception and Attitudes in Disaster Management: A
Quasi-Experiments Study

Mahmoud Alja’afreh
Sultan Musleh
Muhammad Darawad

Abstract

Background: The current tumultuous global situation, particularly in the
Middle East, is drawing attention to disaster management and preparedness.

Methods: A quasi-experimental design was used among 183 nursing
students. The intervention group received a 12-week educational program.
Participants’ perception and attitudes regarding disaster management and
preparedness were evaluated before and after the program for both groups.

Results: A significant difference was noted in the disaster perception
mean test scores before and after implementation of the education program
(M = 1383, SD = 4.66 vs. M = 695, SD = 3.01; p = 0.001). Also, a
significant  difference was found in mean total score for disaster
management and preparedness between the ntervention (M = 13.83, SD =
4.66) and control groups M =7.43,SD=3.37; p=0.011).

Conclusions: Nursing students enrolled in the faculty were aware of the
potential risks of a disaster in the community. However, they only
demonstrated moderate knowledge and perception in the area of disaster
nursing management. This could be increased with more disaster nursing
practical training to improve the quality of nursing graduates who will work
in clinical settings.

Keywords: Nursing students; Disaster management; Educational program;
Disaster preparedness; Students’ attitude.
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R is the gas constant (J/molK).

T is the absolute temperature (K).

x is the membrane active layer thickness.

xstep is the step-size.

X4 is the effective membrane charge density (mol/m?).
z; is the valence of ion (i).

vi is the activity coefficient of ion (i) in the membrane.
vi is the activity of ion (i) in the bulk solution.

¢ is the steric partitioning term.

A is the stokes radius of component (i) to pore radius ratio.
Y is the electrical potential (V).

A¥p is the Donnan potential (V).
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known for its limitation and for being more descriptive than predictive, and
in-order to overcome these limitations experimental parameters were used.
The chosen ions were Na'*, Mg**, CI'" and SO4* ions. The model was
solved for two different feed concentrations, which were 10 and 100
mol/m’. The membrane active layer thickness was assumed to be equal to
200E-6 m, which was obtained from experimental work. For each
concentration value, the model was solved for different volume flux values
that ranged between 1.0E-7 to 9.0E-6 m’/m’.s. More work need to be done
in-order to improve this method such understanding the physics of solutions
and the properties of ions because they have great effect on the
nanofiltration separation process.

Nomenclature

¢i is the concentration in the membrane (mol/m?®), the initial solute
concentration inside themembrane - at the feed/membrane interface.
C; is the ion concentration in the solution (mol/m?).

Ci, is the concentration of ion (i) in the permeate (mol/m?).
Cir is the concentration of ion (i) in the feed (mol/m?).

D, is the bulk diffusivity (m?/s).

D; is the hindered diffusivity (m?/s).

F is Faraday constant (C/mol).

ji is the flux of ion (i) based on the membrane area (mol/m?.s).
Jy is the volume flux based on the membrane area (m3/m2.s).
K is the hindrance factor for convection inside the membrane.
K 4 is the hindrance factor for diffusion.

node is the number of steps.

r; is the ion radius.

I, is the membrane pore radius.
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result, anions would pass through the membrane active layer and cations
would be rejected. The membrane effective charge supports the higher
rejection of anions than the rejection of cations for NaCl solution, Na;SO4
solution, MgCl, solution, MgSO4 solution, and MgSO4 and MgCl, solution
(Afonso and Pinho, 2000).

Except for NaCl and NaySO4 solution, the rejection of C1"" was higher
than the rejection of Na'*. And for Na,SO, and MgCl, solution the
rejections of CI'" and SO4* were Na'* and Mg?*. And for NaCl and MgSOy4
solution, the rejection of SO4* was higher than Na'*, CI", and Mg**. The
rejection of ions from NaCl and MgSO4 solution, and Na,SO4 and MgCl,
solution, is supported by the concentration of ions inside the membrane
active layer.

Furthermore, the concentration of the ions inside the membrane active
layer decreased as the volumetric flux based on membrane area (Jy)
increased (Meer et al., 1996; Song et al., 2011; Song et al., 2013), which
supports the increase in the ions rejection as the volumetric flux based (Jy)
increases. The previous is true except for NaCl and MgSO4 solution, and
Na;SO4 and MgCl, solution.

In the case of mixed solution of NaCl and MgSOg4, the concentrations of
Mg**, Na'*, and CI' ions inside the membrane active layer increased as it
moved from the feed side to the outlet side, while the concentration of SO42'
inside the membrane active layer decreased as it moved from the feed side
to the outlet side.

In the case of mixed solution of Na,SO4 and MgCl,. the concentrations
of Mg®* and Na'* ions inside the membrane active layer increased as it
moved from the feed side to the outlet side, while the concentration of c1-
and SO42' inside the membrane active layer decreased as it moved from the
feed side to the outlet side.

Conclusion:

The calculation method for the Nernst-Planck equation was described.
The extended Nernst-Planck equation was solved using Euler mathematical
method. FORTRAN programme was used to solve the model. This model is
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boundary conditions that were used, where the rejection increased as the
volumetric flux based on membrane area (Jy) increased. Moreover when
applying the volumetric flux based on membrane area (J,) that were used in
Bowen et. al. work (Bowen et al., 1998-a; Bowen et al., 1998-b), similar
results were obtained with the model that was used in this work.

In the case of mixed salts solution (NaCl and MgSQy), the rejection of
SO, increased as the permeate volume flux based on the membrane area
(J,) increased. On the other hand, the rejection of Na'*, CI'", and Mg**
decreased as the permeate volume flux based on the membrane area (Jy)
increased.

In the case of mixed salts solution (Na,SO4 and MgChL), the rejection of
Cl' and SO42' increased as the permeate volume flux based on the
membrane area (J,) increased. On the other hand, the rejection of Na!* and
Mg** decreased as the permeate volume flux based on the membrane area
(Jv) increased.

In the case of NaCl solution and Na,;SO4 solution, the rejection of Na'*
was higher than the rejection of CI'" and SO4*. For MgCh solution and
MgSO, solution the rejection of Mg®* was higher than the rejection of C1'-
and SO,>. For NaCl and Na,SO, solution, the rejection of ions took the
following trend Cl" > Na'* > SO42'. For MgSO4 and MgClL solution, the
rejection of jons took the following trend Mg** > SO4% > CI'". For NaCl and
MgSO, solution, the rejection of ions took the following trend SO42' > Na'*
>Cl" > Mg2+. For Na;SO4 and MgCl, solution, the rejection of ions took the
following trend CI' > SO4* > Na'* > Mg®* (Bandini, 2005, pp. 75-86).

The rejection behaviour is related to the membrane effective charge,
where the membrane effective charge (Xg) was used as a condition to
integrate equation (3) to obtain the electrical potential gradient. In addition,
the electrical potential gradient was used to integrate the Nernst-Planck
equation to obtain the ions concentration inside the membrane and the
permeate solution (see equations 4,5 and 6) (Fievet et al., 2002).

The membrane effective charge was assumed to be negative. Thus
repulsion between the membrane charge and anions would occur while
attraction between the membrane charge and cations would occur. As a
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For Na,SO4 and MgCl, 10 and 100 mol/m’ solutions, the rejection of
jons took the following trend C1'" > SO4* > Na'* > Mg**. The rejection of
CI' and SO4> had positive values, while the rejection of Na'* and Mg®* had
negative values (Figure 17). The concentrations of Na'* and Mg** jons
inside the membrane active layer increased as it moved from the feed side to
the outlet side; while the concentration of Cl'" and SO.* inside the
membrane active layer decreased as it moved from the feed side to the outlet
side.

L00E+0 Na CLf- 20 molm3
e S04 C1.= 10 ol m3
—i— Mg Cif - 10 mol'm3

—=—{1 i f =20 mol 'm3

3 00F 00

200E+00

LOCE+00

1R

QLO0E+00
0.00E+00
-1LOOE-)0

LOGE 05

-2 008400

Jv

=3 001200

Figure 17.R% of Mg**, Na'*, S04* and CI" versus J, (m*/m’.s).

Discussion

The ions rejection increased as the permeate volume flux based on the
membrane area (J,) increased, for NaCl solution, Na;SO4 solution, MgCl,
solution, MgSO4 solution, NaCl and NaySO4 solution, and MgCl, and
MgSO4 solution. These results are related to the trans-membrane pressure
(TMP), where the theory suggests that the ions rejection would increase as
the TMP increases (Peeters et al., 1998; Fievet et al., 2002; Wadley et al.,
1995; Song et al., 2011; Song et al., 2013). Similar results were obtained by
Bowen et. al. (Bowen et al, 1998-a; Bowen et al., 1998-b) over the
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Figure 15. The concentration of Na'* inside the membrane active layer
versus step size.
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Figure 16. The concentration of SO4" inside the membrane active layer
versus step size.
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Figure 13-b. R% of Mg**, CI'" and SO4* versus J, (m*/m’.s).

For NaCl and MgSO4 10 and 100 mol/m’ solutions, the rejection of
SO,* was higher than the rejection of Na'*, CI'", and Mg** (Figure 14). The
concentration of SO4% inside the membrane active layer decreased as it
moved from the feed side to the outlet side, while the concentrations of
Mg2+, Na!*, and CI'" ions inside the membrane active layer increased as it
moved from the feed side to the outlet side.
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Figure 14.R% of Mg>*, Na'*, SO4>" and C1" versus J, (m*/m’.s).
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Figure 12-b. R% of Na'*, CI'" and SO4* versus J, (m’/m’.s).

For MgSO, and MgCl, 10 and 100 molm’ solutions, the rejection of
Mg>* was higher than the rejection of Cl', and SO,*, (Figure 13). The
rejection of SO4>* was higher than the rejection of CI'". The concentrations
of Mg2+, Cl'" and SO42' ions inside the membrane active layer decreased as
it moved from the feed side to the outlet side.
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Figure 13-a. R% of Mg**, CI'" and SO4> versus J, (m*/m’.s).
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Figure 11-b. R% of Mg>* and SO4* versus J, (100 m*/m’s).

For NaCl and Na,SO4 10 and 100 mol/m’ solutions, the rejection of CI-
was higher than the rejection of Na'* and SO,4**, (Figure 12). The rejection
of Na'* was higher than the rejection of SO4*. The concentrations of Na'*,
Cl'" and SO42' ions inside the membrane active layer decreased as it moved
from the feed side to the outlet side.
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Figure 12-a. R% of Na'*, CI'" and SO4* versus J, (m*/m’.s).

30



Mu'tah Li-Buhuth wad-Dirasat, Vol. 34 . No. 1, 2019.

7. 50E~+00
T AE+DD gy
7. 30E~+00
T, 20EA+DH)
7. 10E+D0

7, Q0D

el of M2+ (mol)

6. S0E-+00

&, BOE=+00

6. TOE~+0O0
&, SOE+ 00
O O0E~+O0 5. 00E- (0 1. 00E-05 1.50E-05 Z.00E-05 ZL.50E-035

step size

Figure 10. The concentration of Mg>* inside the membrane active layer
versus step size.

For MgSO, 10 and 100 molm’ solutions, the rejection of Mg** was
higher than the rejection of SO4*, (Figure 11). The rejections of Mg** and
SO,4* from 10 and 100 mol/m’® solutions were almost similar. The rejection
of Mg?* was higher than the rejection of SO4>". The concentrations of Mg**,
and SO42' ions inside the membrane active layer decreased as it moved from
the feed side to the outlet side.
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Figure 11-a. R% of Mg** and SO4%" versus J, (10 m*/m’.s).
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Figure 8. The concentration of SO42- inside the membrane active layer
versus step size.

For MgClL 10 and 100 molm’ solutions, the rejection of Mg®* was
higher than the rejection of CI'", (Figure 9). The concentrations of Mg**, and
CI"" jons inside the membrane active layer decreased as it moved from the
feed side to the outlet side.
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Figure 9. R% of Mg** and C1" versus J, (m*/m’/s).
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For Na,SO4 10 and 100 molm’ solutions, the rejection of Na'* was
higher than the rejection of SO4' (Figures 6 and 7). The concentrations of
Na”, and SO42' ions inside the membrane active layer decreased as it moved
from the feed side to the outlet side.
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Figure 6. R% of Na'* versus J, (m*/m’s).
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Figure 7.R % of SO4> versus J, (m*/m’.s).
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Figure 4. Euler numerical method steps.

Results

For both concentration values - 10 and 100 mol/m® - it was noticed that
the rejection of ions increased as the volumetric flux based on membrane
area (Jy) increased. For NaCl 10 and 100 mol/m’ solutions, the rejection of
Na'* was higher than the rejection of CI'" (Figure 5). The concentrations of
Na'*, and CI'" ions inside the membrane active layer decreased as moving
from the feed side to the outlet side.
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Figure 5. Rejection of Na'* and CI'" versus J, (m*/m’.s).
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Equation (15) was wused to calculate the concentration inside the
membrane. Then equation (7) was used to calculate the potential gradient
(d¥/dx), where it was substituted into equation (15) to calculate a new value
for the solute concentration inside the membrane. After that, the step-size
was assumed to be equal to the membrane active layer thickness over the
number of steps (Hajarat, 2010), where the number of steps was equal to
200, as in the following equation
x

(25) size of step =

numbear of staps

where x is the membrane active layer thickness. The ion concentration
inside the membrane active layer changes from c;; at the feed-solution
mterface side to cipo0 at the permeate-solution interface side. The final
concentration inside the membrane was used to calculate the permeate
concentration by substituting its value into equation (9). The solute
concentration in the permeate is given as

C. = € (26)

i,p Z~F
exp| — - AY
P( RT P

where Cj, is the solute concentration in the permeate solution. The
rejection of ions was calculated using equation (10), where the rejection
percentage is

27) R = (1 ——L;) % 100%

The programme would keep running until the difference between the
initial and final permeate concentration would be greater than 1.07. If the

difference between the initial and final permeate concentration is less than
1.077, this would indicate that separation did not occur.
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Figure 3. Fortran programme chart.

1.1 Euler’s numerical method

At the begnning, the initial permeate concentration (C;p) was assumed
to be equal to the feed concentration (Cif) to be able to calculate the initial
value of the concentration inside the membrane (c;), (Schifer et al., 2005;
Hajarat, 2010) (Figure 4). Then equation (9) was rearranged as follows

F
¢, =C, exp(— ;—TA‘PDJ (23)

where Cir is the solute concentration in the feed solution. Equation (14)
was used to determine the initial solute concentration inside the membrane
(ci) - at the feed/membrane interface - by using the solute feed
concentration. Then equation (3) was written according to Euler’s method as
follows
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for the value of the permeate concentration (Cjp). As a result, it was
assumed that the initial permeate concentration (C;p) was equal to the feed
concentration (C;¢) which implies that rejection does not take place.

The hindered diffusivity (D;p), the hindrance factor for convection
(Kic), and the hindrance factor for diffusion (K;4) were obtained as follows
(Labbez et al., 2003; Gao et al., 2007; Bérquez, and Ferrer, 2016; Bowen et
al., 1997)

Di;;t:l =Ki4D; . (19)
K; ; = —1.7054+ 0.946 (20)
K,,=—03014 + 1.022 Q1)

where D;. is the bulk diffusivity (m2/s), and A is the stokes radius of
component (i) to pore radius ratio. The Donnan potential (A¥p) was
obtained from equation (9) (Labbez et al., 2003; Geraldes and Alves, 2008).
The stokes radius of component is obtained from the following equation
(Mordo et al., 2008)

A=rilr, 22)

where r; is the ion radius, and r, is the membrane pore radius. The
thickness of the membrane active layer was considered as the membrane
thickness because it is the main part of the membrane where ions separation
occurs. In addition, the pore radius of the support layer is larger than the
ions radius thus the ions would pass easily through the support layer; as a
result, the support layer thickness can be neglected. The solution was
assumed to be dilute, as a result the activity coefficient, to be accounted for
inside the membrane by the effective membrane charge density, would be
equal to unity.
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Numerical Calculation Methodology

Nernst-Planck equation was solved by wusing Euler mathematical
method, and the solution was obtained using FORTRAN program, (Figure
3). The program was run for different feed concentrations and permeates
flux (volume flux based on the membrane area). The model was solved for
NaCl, MgCl, and NaySO,4 solutions at two different feed concentrations,
which were 10 and 100 molm’ (Hajarat, 2010). For each concentration
value, the model was solved for different volume flux values that ranged
between 1.0x107 to 9.0x10° m’/m’.s. The changes in these parameters
values were done to observe their effect on the membrane rejection. The
membrane active layer thickness was assumed to be equal to 20.0x10° m
(Hajarat, 2010). The concentration, membrane thickness, and volume flux
values were obtained from previous experimental work that was done for
nanofiltration process (Hajarat, 2010).

Equations (3), (7) and (9) were used to describe ion permeation through
nanofiltration membrane. Equations (3) and (7) were integrated across the
membrane active layer thickness, where the internal solute concentrations
(ci,1) is related to the bulk feed concentration (C;f) at the feed/membrane
mterface and the mternal solute concentration (cin) is related to the
permeate concentration (Cip) at the membrane/permeate interface through
equation (9).

The feed concentration (Cir) was substituted in Equation (9) in order to
calculate the initial concentration inside the membrane (c;;), followed by the
integration of equations (3) and (7). Then the estimate of the permeate
concentration (C;p) was calculated by applying the estimate of (cin) into
equation (9). Then the ion rejection was calculated using equation (10).
Euler mathematical method was used to integrate equations (3) and (7). The
permeation of ions through the membrane active layer is illustrated in
Figure 1.

A value for d¥/dx is needed in-order to integrate equation (3), thus a
value of the permeate concentration (C;p) is needed. Consequently, it is
reasoning to solve the model in an iterative function using an initial guess
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Where K is the hydrodynamic drag coeflicient and A is the stokes radius
of component (i) to pore radius ration. The hydrodynamic drag coefficients
(K) and (G) are given as follows (Bowen and Mohammad, 1998; Bowen

and Mukhtar, 1996)
K™(4,.0)=10-2304 +1.1544> +0.224 7 (16-a)

G(4,0)=10+0.0541, —0.9881° +0.4417 (16-b)

Substituting equations 11, 12, 13, 14, 15, 16-a and 16-b into equations 3

and 7 gives the following
6 p d¥

de, J, (1} _ 2 3). _ _AG pat
E_(1.0—2.301,.+1.154/1,.2+0‘224/13)D,.m((2 (1-4) )(]'0+0'054/1" 09857 +04417 ), C"”) RT  dx

A7)

Z,Jv (1_2} _ 2 3).
d\y_;(1.0—2.30&.+1.154if+0.224i;7)D,.,w((2 (1-2))1.0+0054 09882 + 04412 ), —C, )
dx F o

RT;ZiCi
(18)
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Figure 2. Flow diagram of calculation.
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C.,
R=1-— (10)
if
The hindered diffusivity (D;jp) and the hindrance factor for convection

(Kic) can be obtained from the following equations (Mordo et al., 2008; Janz
and Bansal, 1982; Gao et al., 2007). The hindered diffusivity is

Di,p = Ki,d 'Di,oo (11)
Where K4 is the hindrance factor for diffusion and D;. is the bulk
diffusivity (m?/s).

If the solute wvelocity inside the membrane pores is taken into

consideration then the hindrance factor for convection (K;.) (Henley et al.,
2011; Afonso and Pmnho, 2000; Lefebvre et al., 2003; Wadley et al., 1995) is
given as follows

K, =(2-4,)5(2,0) (12)

Where ¢ is steric partitioning term and G is the hydrodynamic drag
coefficient. The steric partitioning term (Bowen et al., 1997) was calculated as
follows

gp=(1-1) (13)

The ratio of the stokes radius of component (i) to the pore radius ratio
(L) is given as follows (Fievet et al., 2002)

A =

1

-
- (14)
rP

where 1, is the effective pore radius and r; is the stokes radius of
component (i). The hindrance factor for diffusion (Geraldes and Alves,
2008; Bowen and Mukhtar, 1996; Lefebvre et al., 2003) is given follows

Ki,d =K' (/11' ’O) (15)
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anﬁ (Ki,cci - Ci,p )

d“P i=1 Di,
— = - (7)
dx F )

o 225 Ci

RT 5

The Donnan equilibrium was assumed to apply at the feed/membrane
mterface and at the membrane/permeate interface. The Donnan equilibrium
is given as (Mordo et al., 2008; Gao et al., 2007)

Vi€ L, F
[;/’—CJ =¢ CXP(— RT AY, j ®)

where v; i1s the activity coefficient of ion (i) n the membrane, v; is the
activity of ion (i) in the bulk solution and ¢ is the steric partitioning term.
Equation (8) defmes the boundary conditions at both sides of the membrane.
Assuming an ideal conditions then the steric partitioning was dropped from
Donnan equation. Assuming that the solution is a dilute solution, and then
the activity coefficient, to be accounted for inside the membrane by the
effective membrane charge density, would be equal to unity. Hence, the
Donnan equilibrium becomes as (Schifer et al., 2005; Tsuru et al., 1991;
Lefebvre et al., 2003)

¢ | _uF
(aj = exp( RT A‘I’DJ )

where C; is the ion concentration in the solution (mol/m?) and AW¥p is
the Donnan potential (V). Then Equations (3) and (7) can be solved over the
following conditions

at x=0 —> C =C;

at x=MA& —> C=C,,

where C;r is the concentration of ion (i) in the feed (mol/m?®) and C;, is
the concentration of ion (i) in the permeate (mol/m?). The rejection (R) of
ion (1) is given as
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Figure 1. Ion transport through membrane active layer.

To obtain the potential gradient, several conditions were implied (Fievet
et al,, 2002; Borquez and Ferrer, 2016; Lefebvre et al., 2003), (Figure 2).
The electro-neutrality conditions are fulfilled in the following order: the
feed, the membrane and permeate, as depicted in equations (4) and (5). The
membrane effective charge (Xg) is assumed to be constant

Z z,c, =—X, 4)

where Xy is the effective membrane charge density (mol/m?®). The
electro-neutrality condition in the bulk solution is given as

> z,C, =0 (5)
i=l
The electro-neutrality condition in the permeate solution is given as
> zC,, =0 (6)
i=1

By applying the conditions in Equations (4), (5) and (6) for Equation
(3) and rearranging it, gives the electrical potential gradient as follows
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e The Donnan equilibrium takes place at the membrane/feed interface,
and the membrane/permeate nterface.

The extended Nernst-Planck equation is given as (Schifer et al., 2005;
Morao et al., 2008; Hilal et al., 2004; Fievet et al., 2002)
E . E[E[D[_“ ﬂ

WP gy RT F dx (D

jlz' = Ki,ccz'fv —D
where j; is the flux of ion (i) based on the membrane area (mol/m?Z.s),
Kic is the hindrance factor for convection inside the membrane, c¢; is the
concentration inside the membrane active layer (mol/m?), J, is the solution
volume flux based on the membrane area (m3/m2.s), Di, is the hindered
diffusivity (nm¥/s), x is the membrane active layer thickness, z; is the valence
of ion (i), R is the gas constant (J/mol.K), T is the absolute temperature (K),
F is Faraday constant (C/mol) and W is the electrical potential (V).
Transport of ions through the membrane is obtained by implying a set of
boundary conditions-as follows. The ions rejection is calculated by writing
the Nernst-Planck equation in the form of concentration and potential
gradients (Figure 1). To obtain the concentration gradient, the ion flux is
related to its concentration as

j:’ = Cz';pfz: (2)

where Cj, is the concentration of ion (i) in the permeate (molm3).
Substituting equation (2) into equation (1) and rearranging it gives the
concentration gradient as follows
de, J d¥

_ _c. ) ESpet
E_DA (Ki,cci Ci,p) RTFdx (3)

Lp
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al., 2004; Bowen and Mohammad, 1998; Tsuru et al, 1991). The
mathematical model was developed for a negatively charged membrane and
one type of electrolyte system, i.e. charged solutes. The charged electrolyte
system is in the form of a salt solution containing anions and cations
species. The existence of a cation and an anion will give rise to the Donnan
effect and consequently affect the separation performance together with the
steric effect, (Hajarat, 2010). The model was used to run sodium chloride
(NaCl), sodium sulphate (Na;SO4), magnesium chloride (MgCl), and
magnesium sulphate (MgSO4) for two different feed concentration values
over a different volume flux based on the membrane area (m3/m2.s) values.

Theory
Extended Nernst-Planck Equation

The extended Nernst-Planck equation covers all of the three important
aspects in transport mechanisms through nanofiltration membrane:
diffusion, electro-migration and convection. The model development is
based on two approaches: the irreversible thermodynamic approach and the
hydrodynamic approach, which are governed by both the steric and the
charge effects, which in turn govern the ion transport through nanofiltration
membrane (Schifer et al., 2005; Morao et al., 2008; Lefebvreet et al., 2003).
The steric effect is caused by the difference between the membrane pore
radius and the solute ion radius, while the Donnan effect is actually the
result of the charge polarities between the membrane and the solute
(Bandini, 2005). These combined effects influence the selectivity of the
membrane. The concentration gradient and the electrical potential gradient
cause ion diffusion across nanofiltration membranes, whilst the pressure
difference causes convection of ions across nanofiltration membrane. Four
assumptions were made

e The solution is assumed ideal.
e The membrane charge capacity is uniform.

e All the ions that exist in the membrane are transportable.
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Introduction

Nanofiltration membranes have the potential to be used in many
different applications such as water softening, removal of hardness, removal
of heavy metals, and production of clean water. Nanofiltration has
properties lying between those of ultrafiltration and reverse osmosis
membrane.

The permeation of ions through nanofiltration membrane can be
described by using the extended Nernst-Planck equation. The extended
Nernst-Planck equation describes the solute concentration change inside the
membrane and the change between the feed and the permeate
concentrations, (Schifer et al., 2005; Mordo et al., 2008; Fievet et al., 2002).
The transport of ions through nanofiltration membrane is described in terms
of concentration gradient, electrical potential gradient and pressure
difference across the membrane. The concentration and the -electrical
potential gradients give rise to ionic diffusion across the nanofiltration
membrane, while pressure difference causes convection of ions across the
membrane, (Schifer et al., 2005; Morao et al., 2008).

A model is essential in predicting the membrane performance,
understanding the separation mechanism for various substances, selecting
the appropriate membrane for a specific application and process design and
optimization. In this work, a mathematical modellng of the extended
Nernst-Planck equation was used due to its description of the ionic transport
mechanisms through nanofiltration membranes and to try to understand
nanofiltration membrane separation behaviour, (Schifer et al., 2005; Hilal et
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Modelling Ions Transport through Ceramic Nanofiltration Membrane

Rasha Amer Hajarat”

Abstract

Extended Nernst-Planck equation was used to describe the separation of
ions by using Nanofiltration membrane, where the separation is a result of
concentration, electrical and pressure gradients across the membrane.
Ceramic Nanofiltration was used to study the effect of a cation and an anion
on the separation behaviour. To understand the separation behaviour of ions
from single salt solution and mixed salts solutions, a model was built to
simulate the separation behaviour of a mixture of two, three, and four ions.
The used ions in the model were Mg®*, Na'*, CI' and SO4*".

Keyword: ions, membrane, modelling, nanofiltration.
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