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Abstract Paper and paper-based cultural artifacts gradually undergo acid hydrolysis degradation during prolonged use or
storage, ultimately leading to structural failure and loss of value. Assessing the condition of paper based on its acidification
level and degradation trends facilitates targeted deacidification conservation strategies. Given that the inherent pH of paper is
a critical factor influencing its degradation, this study focuses on 1990s machine-made paper as the research subject, em-
ploying gel permeation chromatography (GPC) to investigate the acidification tendencies and degradation rate constants of
papers with varying initial pH values under artificial dry-heat accelerated aging conditions. Non-destructive characterization
methods were further employed to analyze changes in comprehensive paper properties, including pH, oxidation degree, and
color difference. Results from the 90 d accelerated dry-heat aging experiment revealed that the degradation of the studied
machine-made paper follows first-order degradation kinetics. Alkaline paper exhibited smaller degradation rate constants and
slower degradation rates. Acidic machine-made paper demonstrated rapid pH decline, significant oxidation and visible dark-
ening/yellowing, while alkaline machine-made paper maintained an alkaline to nearly neutral state, with a lower oxidation
degree and a smaller color difference. However, regardless of whether it is subjected to strong alkaline or strong acidic treat-
ment, extreme acidic or alkaline environments will lead to a decline in the degree of polymerization of cellulose in the paper.
The optimal pH range for this machine-made paper was identified as 7~8.5. Building on these findings, a theoretical calcu-
lation method for alkali dosage in deacidification is proposed. By considering the appropriate pH range under acidifica-
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tion degradation trends, the alkali dosage is decomposed into acid neutralization amount and alkali retention amount for
analysis, with calculation formulas provided for different deacidification targets. This research can be extended to degradation
trend analyses of other paper types, while the alkali dosage calculation provides a reference for practical deacidification pro-

cesses to avoid secondary damage caused by excessive alkalinity.

Keywords machine-made paper; pH; acidizing degradation rate constant; suitable pH value for deacidification; calculation

of alkali dosage in deacidification
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Figure 1 (a) XRD patterns of MMP, MMP-5.0, MMP-7.3, MMP-8.6 and MMP-10.5; (b) IR spectra of MMP, MMP-5.0, MMP-7.3, MMP-8.6 and
MMP-10.5; (c) UV-Vis spectra of MMP, MMP-5.0, MMP-7.3, MMP-8.6 and MMP-10.5; Digital images of (d) MMP, (e) MMP-5.0, (f) MMP-7.3, (g)

MMP-8.6 and (h) MMP-10.5
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Figure 2 (a) In(1—1/DPn) as a function of aging time for MMP-5.0,
MMP-7.3, MMP-8.6 and MMP-10.5 before and after accelerated dry-heat
aging; (b) the variation of surface pH with aging time for MMP-5.0,
MMP-7.3, MMP-8.6, and MMP-10.5 before and after accelerated
dry-heat aging
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Table 1  Olyv.vis of samples with different pH values at various acceler-
ated aging time

Aging Olyv.vis

time/d MMP-5.0 MMP-7.3 MMP-8.6 MMP-10.5
0 1 1 1 1
3 1.04 0.99 1.01 1.02
7 1.39 1.10 1.07 1.26
15 1.40 1.06 1.11 1.27
30 1.50 1.15 1.25 1.29
60 1.59 1.25 1.27 1.29
90 1.63 1.33 1.29 1.50

graliERT IR ARG AR I EALE (K 3e~3h).
&) IR SG1E% A IR I e B = IR Bh I AE 1720 em ™! fiT
B, IR EELE 1640 cm™ AL —AL 5, € X 48K K IR
A4 E (Oxide Index of IR, OIr) N 4 HIFE S 5 A ELFE
mnfE 1680~1760 cm™' P IR LLIEPY. WISk 2 B,
MMP-5.0 7 Olir FIZAE LA b 5300 HH Bl 2 A B[] (1 384
B K A T MMP-10.5 U] 30 H R R #a 3.
F2 RFEBIRIERE 5 2E R FIEE AL 1A R Ol

Table 2 Ol of samples with different pH values at various accelerated
aging time

Aging Olr

time/d MMP-5.0 MMP-7.3 MMP-8.6 MMP-10.5
0 1 1 1 1
3 1.09 1.22 1.10 1.08
7 1.06 1.84 1.54 1.03
15 1.16 1.32 1.20 0.71
30 1.53 1.94 1.31 0.92
60 2.58 2.26 1.74 0.82
90 2.71 1.42 1.08 0.80
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Figure 3
MMP-7.3, (g) MMP-8.6 and (h) MMP-10.5 before and after aging
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Table 3 Color difference of samples with different pH values at various
accelerated aging time

Sample A.xglng AL* Aa* Ab* AE*
time/d
T MMP 0 688 406 1120 1376
0 —5.69 293 8.26 10.45
3 —9.26 2.67 8.15 12.62
7 —8.83 3.20 9.76 13.54
MMP-5.0 15 —9.37 4.15 12.41 16.09
30 —10.03  4.62 13.12 17.15
60 —10.67  6.38 16.06 20.31
o 0 —1098 700 1685 2130
0 —8.72 2.30 6.93 11.37
3 —8.48 3.60 9.77 13.43
7 —8.73 3.88 10.91 14.50
MMP-7.3 15 —10.02  3.12 9.85 14.40
30 —9.71 4.08 11.76 15.79
60 —9.10 4.94 13.36 16.90
o 0 930 560 1581 1918
0 —9.84 2.60 6.88 12.28
3 —8.91 3.28 9.70 13.57
7 —7.49 4.38 12.20 14.97
MMP-8.6 15 —8.93 3.57 10.99 14.60
30 —7.43 4.68 12.85 15.56
60 —8.75 5.20 14.23 17.50
o 0 915 592 1544 1890
0 —17.79 2.92 8.05 11.58
3 —8.91 4.40 11.19 14.97
7 —11.84 4.17 10.15 16.14
MMP-10.5 15 —13.14 4.81 11.69 18.23
30 —9.17 5.00 13.10 16.76
60 —10.95 525 14.06 18.58
90 —10.77 640 16.40 20.64
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I 1E I0, MMP-5.0 ¥ 5 8 22588 K, 7E21k 3. 7.
15, 30, 60 90 d Bt 2240 58 12.62+ 13.52. 16.09.
17.15. 20.31 F121.30. &4k 90 d HiJ5 AL*. Aa*Fl Ab*
(AR 2> N —5.29. 4.09 F1 8.59, Ab* I B[t #/
WO REH R OEMEERE. LR BFERE
TENE T A R T 7= AR 3 R 8 22, 90d-MMP-7.3
90d-MMP-8.6 il 90d-MMP-10.5 5 kruE (8 (1) (.25 53 5]
79 19.18. 18.90. 20.64, MMP-7.3 Al MMP-8.6 ¥ i [ £,
ZEAAIDS, TAUETEE AR I ¥ MMP-10.5 # i (22
ALK, {HI/NT 90d-MMP-5.0 {022, WK 4 iR,
Z AV G P ARTRAE i (0 50 68 B 5 22 A0 R B 386 o B B 3R
L S AL AR S, MMP-5.0 Al MMP-10.5 251 (RE L
R, BUCRE, BiEysaEt s ez T
FR ML AR, 5405k SR I A 45 SR B on — 8 %2 L,
T MRS X 4Rk K BRI, A B TR, 3
PEIRAS T I ARSK A /NI B AR 22 . SEAR IR A AL A
BNt ZE, (025 RS BB MR A AR B X ARk (198 7R 5
i, WEENEEE B-IERR R BIEE, Z5A SCHRH e
1% 5 pH fEER I, R FH R AN 55 580K 47k ¥ pH B AR FFLE
7~8.5 MI9HR PR A & BN R,
24 FKKBRERI A ERIBILITE

TEAGK MR AR AR, el i ORI R J5 AR TR IA B A
&) pH {H B 29 1B it B H A2 B0 & smmeiy ok
(AR A A — A B B o RO-37 3 3o ok 24 7 Bt R EE Ve ik

FH S5, ] DA R 2 v 1 el o R i 2%
AL B BRRE. K5k i BR HE 1S i FH (UL OH )5,
AT DL IR AN 5, 35— AN R Anglak
HERMYIR T EE, 0 A0 N 4tk BRI 7
T A ki

e He R A ARk R i E I THE. BRI
T FLARIN 52 pH B A 5 A 38 0o i 2 A S T I £
PRI BT A LA 2, T ARK R R O B AR U B A
ABE TS, ICAAER T SR B EAR, Hatkm)
pH {EHA e EHARRACHK I BR it 5. DR G 7 A FH 4l
PEIEF AR 4R i pH AE W B A FIRZiE N
(H)JE; B 5 R 4Rk i 4 B2 AW B IS 75 o &
H pH HCTRIEE FIREICAH ), @RS
1) pH AN ARG R ITHIRMEE 25 8. BRI
SRR A (1 TR P SR U o R AT o 3 W R AR S T I R
iR, o pK, —REIE 4~5 M, XFRERIR pKy 7E 9~10
BT, BIAnEERRH K. o 1.8X 1075, HIRK) K. N 1.8X
1074 FrPA—MtE 00T, ShE i B A [R1 R 1 e o - i
WA BN RER N, RS AT S0
L 22 5, R TR 4R 7k o R i SRR AL R A —Fh—
JUHSIR. WOE ALK MR 2 g, WIRMCN 100
mL, IR ECA 10 £, 240] ZmE 7K 1 B,
WG — 0 55 T8 11 R0 5 5T 10 o HIORTRT R R AR (1 7K e
TR (D Qi TRIE

B4 REINEZAE A (a) MMP-5.0, (b) MMP-7.3, (c) MMP-8.6 Fll(d) MMP-10.5 [I30RS A, A2 ZE A 23 BIX R 04 3. 7. 15+ 30, 60 90d

Figure 4
correspond to 0, 3, 7, 15, 30, 60, and 90 d, respectively
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Digital images of (a) MMP-5.0, (b) MMP-7.3, (c) MMP-8.6 and (d) MMP-10.5 at different accelerated aging time. From left to right, they
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C[H'-10H'T

a + + (1)
10[H ]2—[H ]1
K. (10[H'],—H"
K= W(+[2 1, [+ 2]1) @)
[H ], —10[H ],
IR 2R K A R i =9 R (3):
C,= 10H |,[H J,([H ], —H ],) 3)

[H'T —10[H'T;

FET ok 7w B 4K MR J5 1 B b i & DA e
R AR AN e T 25 RS B4R AR S MR A
A TR AR (1 R RN B A 4R A R, ARTK R S
IR B G RS N R, BAASHF 78 R BT R FH AL 4R 1
TR VS (pH=7.0~8.5) A, 7€ Mt IR 771 v &R
b8 (Mg(OH),), 7EbFEml b3kfT 5 823 ie WoE IR J5
P E PR pH {ECN N AR TR E L N[H), H AT
WM A £, T ARTK BB (107 14/[H']5) nl o 1] B
(PP AR R HoRIEE R, RO AE
SHIRIRAR K R = AR HO B, 26 MO Ak, A H 5518 59
ol 14D L S P A i R 45 rR R 8 BRAR K A P AR R N
A(4):

K, Cy[H']s
= 2 = 4
YoMk [HTY, @
LR R B O AR B IR B B 9 3 (5):
_14 +
n:(&—{— 0 KGMH L )% 0.1 (mol) (5)

2 2H'L, 20074k, [H])

AR & FE RN, BN
NIRRT AR 58 AR DIk B T E RV
I, 222U 8 2% A 2 B Beds I ik A Bk
NTE IR,

A% Mg(OH), i) Ksp=1.8X107"": 24 pH=8.5, R[I
[H];=10"*% mol/L K, It C(OH)=10"% mol/L, 4
C(Mg>")<<1.8 mol/L I B[ o] SZHL 58 4 VA .

OE IR 5 1) B AR R, 25 R BB R
bR 0.5% 5 & 4 B MgCOs, B4k o8 1R 258 3 FE 11
Mg(OH), A7 B4, B bt il it = v 58 4 DU IR
AAEAE, i (6)THE T A

0.5%%xm

— M =5 4x10"(mol /L) (6)
M (MgCO,)xV

Horb mpaper ARV 4R 5K BT, M(MgCOs) A4
MgCO; FIARXT 7 T, V iR, B —oc
551 A B IR (1 7K A E 70 8258, SRR B = I,
FLK g 52 2RO 0], 38 i AT 2% R AR 14 K et R )
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Bk, A€ THBIT B AL AFAE F B AR % 58 4 R IE T H P Ik
WIAEAE, BT /E — 0 R MR &N R A
Mg(OH),, &2 Mg> %2 T OH KRR —2¥, Wk
1555 T Mg(OH)., % IEHLUTHE W i T4, 177E:
05,=C(Mg*")C(OH ™)’
>12x107 x(2.4%107)° (7)
=6.9x10""
1t B Mg(OH), T3k BT T i P 1ilr, B 4ke % &
HLE P AR OG5, 256k, 1BE B Asilf & A 24
TR AT TR T & 73 £ (w) I MgCOs B (Hir w I HUE
THH KT 0.5%), WA 50 40R: 1 I B BR 1R B &2 3 (8):

C 2%
n=—Lx O.H-—W(mol) (8)
2 M (MgCO,)

HAS A 500 G 4% A () — 30 0 kAT Fh $2 v A
FRRERT 5 B pH AR 20504 5.10 55 5.97, 815 K, iIME
N 1.9X 1075, Co fME AN 1.1X107° mol/L. ¥ & Wiz H b
pH {8 8.5, WILbE BB E S & n FITFEAEN 7.1
X 1077 mol, FEFEACFETRIHAE 2.1 X107 g Mg(OH),, It
B AR 15 N 0 ) &R A B T SE AV R, C(Mg?h) =T7.1 X
10°° mol/L, FF&AxN(GS)HIN A, 5 B br i EL i
fHEN 0.5%F B2 B MgCOs, N IH e it B 16 Bsk
B o0 IHEAE N 1.2X 107 mol, 47040k F AL 3.5 X
1073 ¢ Mg(OH)s.

3 4

AHIF TR 20 tH 22 90 SEAR ML AR N 70 4.,
o ML 463047 7 B IRV A B L L AR I 4G pH
{8, M5 KA IE T 77 2005 3 B RS S A H
28K, @it GPC M 4Nk MR A B, — %%
FR 50 7 AR B A WL AR PR A R, 45 SR BRI
PR T B ML 40 B R A R, BUR R HON 1.06 X
1075 d7', MFSHRMEIRTS T HLHIARBE AR 2218, 8 4L
TE3X10°0d" Ay, (H5RERALHE AN GRER A B —FE R 2 B
B AR IR A . AR TET S48 3k nT
REXT A I R ) 4K5K pH (E bR 2] — 52 P Ze i,
{EHEPRACEK pH B ATY SR PRI BE E A0 18] 38 i B A
ke, HERPENLE 48R AL ] 40R 30 H 3 5 BRI
PR HAh R AE T REFHE IR UV-Vis M0 25255 BoR
TR TR U R ol B AR K AE I T A R A e 2 R
FRPEAL I AR I H 5 5 A AR (R, T Bt L 4K
RERS (R FF AR AL FE AN 2. 5 FE 1Sl A B X 4R 7k
AR B W TE, (8 IR AN B 485K 3 7R SR RS TR
(pH="7~~8.5) 1] LA R HE L2 4% 7K (1) [, 76 )T 4R 9K (1)
K R R A7 R BE AR R, JE Tk, ASHIF 70 06 4K I R £
S AT T AT IR, B2 AREK R =

http://sioc-journal.cn 533



o F 5 R

it

BT, AR R AR AT B R 2
FER AR, AT AT S AR AR
P APHT, A SEBRIL N R T L B B 16 5 1
P, 388 G0 65 R 5 S A A8

4 SLIGERSY
41 RAFIS5HR

R HC, 7 Hr4E(AR), E 25, A& AHI(NaOH),
AR, [H25; T/AKEAH(LICI), AR, P43 B 4 HL 25,
N,N- "W 3 2. Bk lE(DMAC), AR, PG #% ¥ B f B 2y, H
% (CH;0H), AR, [Hz4; LB T/K.

W FERE i B AL A0RIE N 1990 45 5 H REZR I
Rk S ELRR DRI CZEZINTTY .

42 A ERBENHIRAES

SRIINE T (EEZINTTY) HhE . HR S A T
pH fH, &R ERHMSHKHN pH T FHRZE 5 A,
MBI pH i ETE 7.5, ISR 1/3
55 2/3 ML pH HAE 6.8 N i s 4Rk 347 AL HE.

%18 6 cmX 6 cm FIRIME AL AU BT O 1207
TEAC R, W/E MMP. 43 56— 2 B IE T T4 A 1
0.001 mol/L ] HCI ¥4, 0.0003 mol/L. 0.003 mol/L Fl
0.1 mol/L ) NaOH ¥ ¥ 12761 20 min, HUH 5 H AR T
24 h, WELRTKER T pH EH 778 5.0. 7.3, 8.6 #110.5.
4.3 AEIEETEIHHIRKEER

F N T FIE 2 4672 (GB/T  464-2008) il 4%
skt A 76 105 C RIS T4 3T B A A FER
ol PEE ML 0K 1) T & 4k
4.4 UFEEFIE

FHA=E2ER pH 135 260091)3EAT AL H 48K I
pH WK, A FH A5 3¢ D2-Phaser Desktop (1) X 2R A7 5
{3 HE4T XRD R f# I 42 /R BR Spectrum Two {8 B
2L ARG AY 3#E 4T ATR-FTIR Wi, 56 F 30 4 5 R BR
lambda 6508 2£AM-7] WOt 76t it T UV-Vis MK,
15 FH MG Y 2% AMA113T5X HEATHLHI 40E0D B F W52 31
A, {8 F 225846 PL-GPC50 #E47 GPC MR, WiEhAHE
#£ 0.9% LiCI/DMAC, #iti# 1 mL/min, f#fHRK LHE1E
Skt 4, 8 = B NR10QC 4356l ({3 4T (0 22
MR CEEAIRE SR 3 NSRS AT IR, BCF4E).
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