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Application of Programming Language R in Teaching of Analytical
Chemistry

Qiaoguo Tan *
College of the Environment and Ecology, Xiamen University, Xiamen 361102, Fujian Province, China.

Abstract: Application of programming language R for the teaching of analytical chemistry was demonstrated with
several examples. Numerical calculation of R was used to solve the high-order equations involved in chemical
equilibrium. It avoided the cumbersome processes of formula simplification, and also unified all equilibrium calculations
into the same method. Plotting functions of R were used to plot species distribution curves, titration curves, efc.
Statistical analysis functions of R were used to replace the traditional manual method. Numerical simulation functions
of R were used to help students understand complex concepts such as propagation of error and confidence interval.
Compared with Excel, which is commonly used in the teaching of analytical chemistry, R also has the characteristics
of being code-based, self-explanatory, flexible, rapidly evolving, and readily accessible. The application of R in teaching
of analytical chemistry not only helps to improve the learning efficacy, but also provides an opportunity for students to
master the powerful research tool R.

Key Words: Analytical chemistry; R programming language; pH calculation; Species distribution;
Titration curve; ttest; Propagation of error
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Matlab *7), Origin B1%%,

RBF RBITFRMEN —TTHENIES, EAEYY. ARUMER Y. &5, fHoflzE5m
WA B T T2 R, BN 2 ET S ORI g FEE F 2 — 1%, R A T Excel B s8R I £ 4 b R AT
ARARRE Ty, B AR IEH T . AR, 5 HAE R0 T AR 0 AR TR R B X L
H AT AR LS SR EE AN 8% R H T B0 M L2 E N IR R B . AR SCHI 240, i R o] BATE
AT ZCEER 2 AT A3 2N H

1 RIBSfEN

R EF &AM REES, FEH TSI MEEE T . R W12 HN A g2
FH WG R PR RF 25T SES KM M. BT RH S FHRE 742 R, R B
34 . HEIR B “RIFRZOHEIN” 5755 4e 37 FF &P,

R Dy n] LLE R AR By e . flinAch B2 T ggplot2 FEF 4, #EBMEAE [
reshape2 F2/FH, MXWMEFEE M ZAEHWETE—EXBHEE tidyverse 27 EH
WA I, Fi47 DL AR 223

install.packages("tidyverse")

Br 1 LA B3R R Gihar ir B DiRE, R T A Ak B0 B DU L7 T A

R DA Lot EAE R, i R e AR e AR b . ARG B BB, 2R BB
TR ST o ARRS AT LA A B TR A AE A 7, A AR R i AR RS M B I . 5 A
Et, Excel THE L 1 7w )0 2ot F 3 18 (B2 = A0 45 & BB P IR B, AN 5 R E A2 T
6], 0 H AR T e b AL SR

R AT WM. R AEAUEE e A AL K g e s 5, AR 1 T A.
R EBY T AL, AWk & H I Dhaei SR F k. fEoirfbE=mE =R R, A HE
fitk 5 452 X THURHIEF) S B AL R4 32N, W H s 2 20 3 (R AR SR A IO S B Ui 2

R M5k, BF. ESIEARSH, BBHA R4.0.0 12330/ 84 MB. (Al AE F7EA A 1)
W E EE . AR NS 2354 R, 5L, Matlab S5 9% BAEANUANIE E 5, 1
H % 5-8 GB 2 2E 2%,

2 R MNHTHITHEEEEH
21 RMATHPETH

TE5 S P H R 8 T, W e At &, B, — oSS RRiA T pH EmHE g —
TR, ZInSR M HANE BOE W KB IR TR . miRTTIEA — A E A U, BIMEAEAE
HARMWAE L. Bk, BHEME RO Z ol B, B a2 o R 208 R B 5y, 2
J7 R B AR, DA 2R — 8 BB BE AR, v RO R A R R B — IR T R AT R
fielt2l, AR P R 2 AN FN A, U R R R R X WA R R I AR ECR, O
1 AT A B R

R EF A ER AR ES, REPUT & RBRBI 2 E, Bl TR e b 2= b i s ik oy
FESRAR AR . T 25— U B SRR 2 o 9 RBEE A0 R K U S0, SR TR VS VR pHL BT
. MIEMERKRE TR Z 0 RER pH EiIHERH vk, (HIEEEAIR SR & ik i 2 R
RNZRE— X TTHE . HO7EdGE 7@, B BRRB AR, VA ERIeIZ 7.

Bl 1 ERBERHA) Ka=7.6%x1073, Kin=63x107%, Ks3=4.4x10"", {15 0.20 mol-L™' fif
BRI pHe

PLE @ n] it 347 AR R AR #7158 . 75 Ui B 102455 5 2Ry R, A T 1t B ARAS 11 H
i, TEBRASPAE NI HAT . ARSI E A AN 1R, BT A
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#HMN B
Kal 7.6E-3
Ka2 6.3E-8
Ka3 4.4E-13
cC = 0.20
#E X = Telg HEREERAITERN
f = function(H) {
#E e EAD
D = H”"3 + H”2*Kal + H*Kal*Ka2 + Kal*Ka2*Ka3
H - 1E-14/H - (c*H”"2*Kal + c*2*H*Kal*Ka2 + c*3*Kal*Ka2*Ka3)/D
}
#ZF uniroot RER ST
H = uniroot(f, interval = c(9, 0.6), tol = 107-20)%root

#IRHE HEKREITE
pH = -1logl@(H)
pH

DL EARES b, A O F AR 5 FE R E uniroot () . ZEEH uniroot (), A A £ & H
WS E R, BEIERAE R 28 interval MR WG T FEE N ETFIR; 23 tol £
RVFHIRZE . BT B )G, SR8, 1.45134, KBLATE%W pH N 1.45, 5% CERF I
THEAE— 2L

AT, BT RS AER, JETT LUK T A BRI pH (BT R EREE AR N E R Tk T
AR =20 (1) R 715 KPS 75 (2) K 3r B () %5 B Ak 1A P88 0 325 4 A
T2 (B I 7 IR P 5 o A oy B e B A3 315 T [H((OH D —JemikJi i, BILAERTHIE £: (3) fi#

W A B T 26 R 0 AR i BOX AR 5 AR B AR 7 v, G 1 52 44 (1) A0 XA e 4k
AR, (EFEMFILIL . MG 218 R =1 A SR E B T J I ok, eI T%
ST R A B
22 RMATHITLELE

R IEE Uit 2Rl el BES TR ZEE R RTEEATBEEN, vTLUEE
RIS AR R RNV RS AL, PEIRER MR . B, A B 2 T, T E
MR 2 T e JE R, #RMNE MM T R, &5 E C2hiX s, ME AT I%
B, NS IR

PLR B2 JCRR IR 0 AT /3 LB N 48 A 2 ORGSR anfal K R B T ik 222 |, R Eh
HRLE R MR, TEWIHNZE, T THERE, LN ERM R RBEAURE EF50, B
I BT R AR ARG . e 4T DALY, A B ARG S, AR S S s B
WA X o 5E AR BEARAD SR E 7 2L SR 1
221 SHSHERLH

ZIUHIRBE IR A — AR T, 1R DURR AR . IRIEBEIR 1 = A Ko B, 7715 2 DU Fh B4R 2 A 2 E )
FisA, RIS A EE . DU 2L ER) R RS-

library(ggplot2) #MHFATLENEFE

Kal = 7.6E-3

Ka2 6.3E-8

Ka3 4.4E-13
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#iZ B 0~14 SEEAHY 100 4> pH &

pH = seq(from = @, to = 14, length.out = 100)

H = 10~(-pH)

#IRE HORETE S 28N T &

D = H"3 + H”2*Kal + H*Kal*Ka2 + Kal*Ka2*Ka3

T EBIR SRS/ O

delta_© = Kal*Ka2*Ka3/D

delta 1 H*Kal*Ka2/D

delta_2 H~2*Kal/D

delta 3 = H*3/D

#1% pH ERM B BEE S B BAESHEIER, ATLE

df = data.frame(pH, delta @, delta 1, delta 2, delta 3)

#2H 5 T HE

ggplot(df, aes(x = pH))+ #x fli’~y pH
geom_line(aes(y = delta_©), linetype
geom_line(aes(y = delta_1), linetype
geom_line(aes(y = delta_2), linetype
geom_line(aes(y = delta_3), linetype

1)+ #P04 XN HORHEZ
2)+ #HPO4 F R HY#HZk
3)+ #H2PO04 Xf 7 A9 hZk
4)  #H3PO4 X} HY Lk

ZAT LA RS, WIAR BB ER 1 A o R (B D). ZEWTH T RHIWASE pH 4T, BRI 3
AR Fltn, RIRMEKE) pH 2975 8.2, DAL A HI Wiifg /K o i B R #5 = 22 LA HPO, BUAAAE . 1%
AT S ) F A7 S50 00 R BB IR A VA V1Y) pHL B 9, Tk B KH.PO4 A KoHPOS VAR 1 pH A 43 1
FE 5 10 iAo 5 1 A a) RS mp A A i S B T 46 . % 0.20 mol- L™ () H3PO4 ¥ T /K J5 55— 21
HERAT 50% (ML BIHE L0 AHE 55, JTTFHEAER), WIEE pH N 1 £4. #E 1 AE, Wil
1 JLSFANEAE HPO, AT POS -, PRI AT 08 HsPO4 28 = =R, n E B BEIR 2 — o 55 IR K
AhER, KON T H pH AR .

1004 o e, _
HzPO, H, PO}
“. I,
\ J N 1]
0.754 \ i
- - I
' 1
o \ ot
ﬁ . N
0.50 4 L i
R - L
& 2 I
N | '
. . T
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I
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. N, L7
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bR T —J0 ZIulRIMI A B, A A o B0, 1 Cu(NHs), 3B 20 456 W0 o A 43 3
EDTA & RUAKK A5 0 RS, IRl i I8 DL E T2, ) H e E R B3N K. {8), {E AT R
I E 2 AR A . XAt 2 T DAFS B ER AR R e W AL MR W B T e T 2R IR AR, ki B
iR I ) PN R
222 HEHLRLH

LN LA EDTA #GE& 8 E T M R, BRI H R L6125 e 4. 460 e k2
e LR T & B B IR (pM ) 53 2 0 H(a) 2 1A % R I 2R, B 2% & g i 28 7 e filiid .

Ky  IMTP+[Kyy-em-(@=D+1]-[MT=¢y =0 (1)
FEAI Y 0.1000 mol-L™" (¥ EDTA ¥ & Rl E 48 5T M, EDTA %4 M W& Ew
B K'vy N 1.0 x 10" L-mol ™ 2251 H i 2 fh 2k A R ARAS a0 F -

HEELSBETH EDTA BRI S HTIRE
cM =0.1
HEEFUHRESHE
KMY = 1E14
HEERESH, 7 0~2 2B 200 M=
a_seq = seq(@, 2, length.out = 200)
#HIREZ A pM, KE AR 200 IEE, ATHEEFETERSH pME
pM = numeric(200)
#IXNE—NMEESHE 2, MEABEHFETENNN pME, HAERAERER
for (i in 1:200) {
#E X EZEHEMBZKSIE
f = function(x) {
HEEHFHSANGE
a <<- a_seq[i]
KMY <<- KMY
cM <<- cM
KMY*x~2+(KMY*cM/ (1+a)*(a-1)+1)*x-cM/(1+a)
}
#HEAENREANBAMNNES
M = uniroot(f, interval = c(1E-20, 0.1), tol=1E-20)%$root

#1E pM EHRF
pM[i] = -loglo(M)
}

#REEESBESKRMN pM EEHREIER, &8 df
df = data.frame(a = a_seq, pM = pM)
#EHRIEBRERFE & ggplot2

library(ggplot2)

#1EE

ggplot(df, aes(x = a, y = pM))+
geom_line()+
labs(x = "“@EZH", y = "pM'")
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17 PA EARRS, B3 G0 (B 2). &by TEEHeSNZ0ER, XEE B
et R R IR BIR M. B, AT E AR pMENEE SR o ST 1 INE pM!, N 7.65; T E R
RGBT 2 3 0 a 9(100.0 + 0.1)%%F B[ pMYEF, N 4.30-11.00. 8T F#E Ky £ om FTHUE,
MLt 2 TR A4, A BT B A 4 & Fe e o B0 DA B4 8 2 IR BB T3 2R BR [ 5

14 4
N K—/_'

+

101

2-/
00 02 04 06 08 10 12 14 16 18 20

T 7 B
B2 H RSHE%EHE ML

o PR A A TR AL SE 23 Bi= 1.000); -+ J9 i 52 SR TE L (0.999 < i %€ 73 % < 1.001)

W Ag HR BT ) 75 2 T DA SE R IR 4 AT i I AN B T AR e, AR B S IR AL T R
T2 2k, T SCHP P IX R FEFRA “master equation” U4, eAk, 380K 2 A2 0 N
SERT AR Al TR R A E AN B, B A, o B pMURNRE E 4
Bk gk, Mk, Fe et moEl TF Pl SHEeEmmiR, FHEHT R K
JIRERI L P I RS, S T ECFE P AR, HERESRR L . S H W EERW
R, B FTRH R Y BEF A “titrationCurves” — 45 58 i il 28 22 1 (151,

2.3 R MATHFEFH RIS Tt

E ST IR ZEAN T RS, TRV R ZE N ZERH RS 0 5iE . Gt o A i ER R
RIS, o HER AR T FLSE B E M G 2 B, DR R O ORI S M . T 4t
THO AT ECEE R B TH02 . G20, BN Y2, EMRER, 7R EEAIES .
R W2 HG =X IR, K #oaessamreidE, BRSMH. K R BT oIt gt Jr
R, AT DLES Bl S 3 R BOE AL R A IR 5, I8 BT T A M T A A 5% 1 BEAS RN 9k

PARCL ¢ k50 80, SR anfl R AT o dr 2 b i oo, R85 & nr ik i 7 vE 5 Bh 2 2
FHHAR T EME . FIEEERRZE (OB U2,

Bl 2 R — P 7 R0 e B AR B AR RS R A 9 TR e S5 RN 10.74%, 10.77%, 10.77%
10.77%, 10.81%, 10.82%, 10.73%, 10.86%, 10.81%. C.41HALH4EE B HIFRAEE (CLFSEAE)
H10.77%. KR TG, —ELIRRGREEREE 95%)?

BM LB T BT e XD, AWV ZER A 9. 5 [E52] 1.43,
¢ H R BNEFE toossy=2.31. ¢fHAITIRFE, N LEE RFERE.

ZBHRIES, LRAX, HTHRER (R EEESRER. BAERENT:
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#15 9 NEEGFENTE x

x = c(10.74, 10.77, 10.77, 10.77, 10.81, 10.82, 10.73, 10.86, 10.81)

#F t.test RMHBHIT t I, SH mu ZIEILE, B8 conf.level REEE

t.test(x, mu = 10.77, conf.level = 0.95)

Bt A RN O A R, BE B AR

H## One Sample t-test

## t = 1.2039, df = 8, p-value = 0.2631

## alternative hypothesis: true mean is not equal to 10.77

## 95 percent confidence interval:

## 10.75474 10.81859

G5 REIR p AN 0.2631, KT WFEMKF 0.05, BRI AT 0 Wes 77 32 il e 1 5 3Rl 0 2 3 2
g, IR TR REREN RFRE Rt 7 EAE R 95% B A5 X, B1(10.755, 10.819),
I TR N AL AR 1077, BRI T A LR E RFRE.

FEMEER b, AP DL g R AT, SR 9 RIEE . BAS XA, B {E AR AR FREh A B
(K 3), W) E B k56 S BAS XA & o BAT 221 K 3a AR :

library(ggplot2)

ggplot(data.frame(x), aes(x, y=0))+

geom_rect(xmin=10.75474, xmax=10.81859, ymin=-0.01, ymax=0.01)+ #E{SX|g
geom_point(alpha = 1/3)+ #&MEEXTRAY S

geom_text(label=x, nudge y=0.01)+ #&ME&E

geom_point(x=10.77, y=0, shape= 1, size =4)+ #IBi{H

ylim(-0.1, 0.1)

M ERT 3 Ol g 4B A B e T BAS XA AL B B BAS X A K B E B SN,
RN EENAESHERELREZR. NP, 5IMVER—HE RGERENEIEN
X bt o 451 0 H PR R AL Y9825 0.05,  FFET R I 48T B4 i ¢ A

X 2 =x - 0.05 #EHFELH K 0.05

t.test(x 2, mu = 10.77, conf.level = 0.95)

SRR pHN 0.04266, /T 0.05; 95%EAE X 7] 5(10.705, 10.768), A EHIRE 10.77. &
WA AE 5 1 R G2 (K] 3b)e A BE AN 99%, kAT ¢ ke

t.test(x_ 2, mu = 10.77, conf.level = 0.99)

BEIER p EHUH 0.04266, HE/NT 0.05, HKTH KA EZEMEKT 0.01; 99%E (5 X [E A
(10.690, 10.783), Lt 95% B 5 XM %, WEHIR(E 10.77, REAFELE RGRE. FLnrs,
KTREFERFGRENG LS EFRNEFRAHEVIHEK.

BRUAEI e 0B AL, At s OB A ¢ oA . BAEXEIRAG T, FRLk. mI5EE
FTBCE . [BH 7 BT S5 g it o BT N A S P B R 34T #0%.

24 REEEDHTHREERES

R ENMWIEE S, AAERMFSRE M BENLEL BTN SETIRE, BRI AT DAREAT 20 A%
W, IR T b — S R R RS AT 7%, DU 28— Ui B

Bl 3 WEAL mi = 0.00 £ 0.10, JEAE mo = 2.00 = 0.10, W my 5 my 2 % m FHEFIbRHEZ 2 %

7> 9?
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(a)
1977 10,81
10.73 10.74 | ' ~2g 081 7 1.10.82 10.86
077 \
HRE  gmmmeswEExm
10.77
(b)
10.72
10.68 10.69 : 108 4167 10-77 10.81
07" o
FAAR95% E X1 EiLlE
10.77
(c)
19.72 10.76
1068 106910727 ooe /1077 10.81
| 02— © |
T HERI99% B 5K BEitfE
10.77

E3 ARLEXNHUEHERILHERN ISHEFXASERE
(2) 5% BEX AU HIGME, LTRERFKIRZE; (b) BS%EEXEAQSHISY, FERERGRE
(©) 9% EEXIAILL 95%EEX M9, AFERE, TRERFREE

PRAR AL AR, AT LUES m AR UEZE2(0.10% + 0.10%)Y2, HI 0.14, Bk m =2.00 + 0.14.
REBIBITEIAME, B2 REABEAXNMESIHRENE 2, MBI EER . Bk, %
21 BARRE AR IR A U R 22, (H AR D RE B R 22 A5 130 (1) HL IR S 15 B R M EUE AR AN AT 304k,
Al DAFE B 2] v X — A e . DU B 3, #EATEUE R, SR 4.

library(ggplot2)

library(reshape2)

#BEHLERL 4 HE S 100 NMFAESHHHIE, S8 mean AYIE, sd AtRERE
0.10) #¥{ER 0, FREER0.10
0.10) #IMEK 2, FEEN0.10
0.20) #9EA 2, FFREER 0.20
0.1414) #¥{E K 2, tREEN 0.1414

ml = rnorm(100, mean = @, sd

m2 = rnorm(100, mean = 2, sd

rl = rnorm(100, mean = 2, sd
2, sd

r2 = rnorm(100, mean
#TEmE5mzE
m=m2 - ml
#1ZF data.frame REE bk 5 BB S HE BB d
d = data.frame(ml, m2, rl, r2, m)
#1Z A gather REHTIMEIER d RN R HEFIR BiESR d_1
dl <- melt(d)
#15 F ggplot EHERE
ggplot(dl, aes(x = variable, y = value))+
geom_violin()+
geom_jitter(width = 0.1, shape = 1)
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31 FHE = 2.00
= FRERE = 0.20
EHE=200 7 el
FrERE =0.10
2-
- ;
Ere FHfl = 2.00
s RERE=014 g
~ ”
1 > ~ -~ o - - - e
+
FIHE = 0.00
rfEfRE = 0.10
0-
ITIM n;z mz : ™ I’; ;’2

B4 A REEESSREHEMREAE R
(ma = WO VRHER 2 55 my o 0 B3 R 22 1 % 28 B K 5 BB i 22 0.20 1 0.14 HIXTLE

B 4 R EL, ZEAE(my — m)W B EARERT my M oma, (HR/NT rpy Wi mdEiE. MR A
RS, o BIARHEZE N my R my bRVEZE 2 AR 0.20); i FORRUEZE N 0.1414, HiRZE AR E 45 3
Widr. B BUEREE S E SR, R T iR Z L A 0. FIRELE v T AR & 1
R, WIEAS XA v O 22 0 5 s A 00T,

3 4B

PLEZBIE/RT RS FHECETRIN A RIEETE. 2|, il B TheE, Wik,
ST LR BOX S D RE A 2, ANPRTRL BT i1, 3R R 4B S: . RGBS
WA BITIRE, BRI AR SR SO ARG, 8 TE B AR R, R R AN I T PR A
N, BET ) EIRE H % AHILT Excel, R EWIZEBAGECABEIEM Y M2, %82 AR A8
HAFER 2N CHEFHEENERNREES, ¥ ROEA 7B . HATE SRR
ANERZ AGUERE R 5 2B, BN B FE HARBM R %k, TN EHEREE TR
RIS . K R H Tt S %, Wik ) E AR HSLE 52 R, ot kEdE R 1)
¥ 2o WM ER BE B R ECRE, R A B T M ERER 1) 5 S A H IS IR ERFAT .

AR 2 S I Je R ARKS ) 58 B AR 2 ] 8 M 42 (http://tinyurl.com/y9hh362q) T EL
RO PN (RN

Z % X W
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