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Quantitative analysis of acidic functional groups content on the surface of biochar
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Abstract; Surface functional groups are important components of biochar, and their species and content have a
great influence on the properties, performance and applications of biochar. Current quantitative analysis methods for
surface functional groups in carbon materials is the Boehm titration method with large sample consumption, multiple
operation steps and time-consuming procedures. To address these limitations, we developed a quantitative analysis
method for mass molar concentration of trace surface functional groups content of biochar by constructing a proton
depletion model, writing a Python program, carrying out acid-base titration experiments, and debugging model
parameters. This method enables rapid measurement of the surface functional group content and their corresponding
acid dissociation constant pK, for trace amounts of biochar. By adjusting parameters and training the model, the
mass range of biochar applicable to this method was analyzed. It was found that the E,q of the model was less than
0.002 when the sample mass was 50 mg, and the Eq of the model was less than 0. 001 when the iteration number
was set to 20 000. This indicates a high level of accuracy of the measurement results. The relative error between the
total amount of surface functional groups on biochar determined by this method and the Boehm titration method was
within 2% . In addition, this method reduces biochar used by 95% , shortens the measurement time by more than
10 hours, and greatly simplifies the experimental procedures. It meets the technical requirements for micro-trace
and rapid quantitative analysis of surface functional groups on biochar.
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1.1 SEedfsy

T B A= P A R RE AT A .
H L RTEALEK S i 48 TR« BRIk
FRHUBY R 30, B0, 18 ~0. 38 mm BE, H3d i £ oKk
SN E IR A 2 b SR N, R
AL ELS °C/min B THELE BE T2 400 ~ 800 °C £
fift 2 h, AR A P ¢ CC400 ~ CCBO0, MR IS (LAY
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25 % (B o380 BERR KD KREHR G T %
i FEFE S h )5 80 C T4 IR S W L
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import tensorflow as tf

import pandas as pd

import matplotlib. pyplot as plt

import numpy as np

FRPEBEAE Yk 2= b 4,80 CHETJ51c A PB600,
FAHACE Y WG TTIE N1 g RS %
CC600 2 5 £ 50 mL 5% NH, -H,0 1,50 °C F
140 r/minfE IR IR % 12 h, £ FK bk &= ik,
80 “CHLTJFic -k NH600
1.2 BERWEIHE L

SR FH V) - P Bk e 32 0 A4 0 o 1) 2R 1
RE VA G BE R VR B B e vER PRI — o = AR o T
250 mL R VUG LIREEHR N, A 50 mL #2HK, 53
41 0. 01 mol/L Y NaOH  HCI ¥y i 1% 1 3 3 7
TE A5 SRR M 328 T T B AE N, AU R T,
PIHBR= S CO, WA ZR pH BYSZIA , i sk W1 4G pH
(pHy) S B EL /B85 1 pH.,

VIAS S5 B H T e AR (T 1) 00 T
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Fig. 1  Schematic diagram of self-titrator

1.3 REHERF
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data = pd. read_excel('data. xlsx’, sheet_name = 'Sheetl’)

n =np. array(data[ " V" ]). shape[ 0]

V =np. array(datal "V" ] ). reshape(n,1,1)
pH = np. array(data[ "pH" ] ). reshape(n,1,1)
m =tf. constant(0. 05 ,dtype = tf. float32)

Ca_b = tf. constant(0.01,dtype = tf. float32)
pH_O =tf. constant(4.24 ,dtype = tf. float32)
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for i in range(1,10) .

pK_ai = tf. Variable (tf. random. truncated_normal ( shape = (1,i,1) ,mean =4. ,stddev =4. , dtype = tf.

dtypes. float32) )

C_i =tf. Variable( tf. random. truncated_normal ( shape = (1,i,1) ,mean =0. 001, stddev =1, dtype = tf.

dtypes. float32) )
variables = [ pK_ai,C_i]
num_epoch = 8000

optimizer = tf. keras. optimizers. SGD (learning_rate = 0.1)

for epoch in range ( num_epoch) .

with tf. GradientTape( ) as tape:

y_pred =tf. reduce_sum( (m * C_i/Ca_b) * ( (1/(tf. pow(10,(pK_ai —pH)) +1) — 1/ (tf. pow(10,pK_

ai—-pH_ 0) +1))),1)

mse = tf. keras. losses. MeanSquaredError( )
loss = mse(V,y_pred)
grads = tape. gradient( loss, variables)

optimizer. apply_gradients( grads_and_vars = zip ( grads , variables ) )

if epoch % 100 = =

print("i=" + str(i) +" "

print( pK_ai,C_i,loss)

"epoch =

+ str(epoch) +"loss = " +str(loss))

y_pred_raw = np. array(y_pred). reshape(n,1)

plt. figure ()
plt. scatter( V,pH,color = "red")

plt. scatter( y_pred_raw,pH,color = "black" )

plt. xlabel (" V")
plt. ylabel (" pH" )
plt. show ()

zeros = np. hstack ( (zeros,y_pred_raw) )

zeros = DataFrame ( zeros)

zeros. to_excel ( y_pred_raw. xlsx”)
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AR 7 158 48 Boehm 4 A2 25 HE 4T WE B B 16
WE, B AR ERAE A A R R B RREL 4 13 0.5 ~
1.0 gFEfhF 100 mL =AM, 25100 A 20. 0 mL
0.01 mol/L C,H,ONa NaOH NaHCO, ¥5 /%W 5
10.0 mL Na,CO, FR#fE# I ,30 CHEIRHRY 24 h )5,
AL EAY 0. 01 mol/L HCI #RifEVE K, 3 5 min

DA R i e o, , RA BRI, iy
871, FH 0. 01 mol/L NaOH #r i V& T ST € &
fher,

Boehm i & 15 1T 7 1%
TR WIHFER o ¥ Vo = Cenat X Vi = €xvaon X Vivaon)

(mmol/g) m

(1)

K e AR I A IR HETS WA B, mol/L; VA H]

BRI B AR HE IR AR FR mL; Vo A TH FERY NaOH
ﬁﬁﬂ,mL;m AR »8o

R = NaOC,H, IEHHFER  (2)

FILE = NaHCO, BRIHFER (3)
MBEFE R = Na, CO, WIRIHFER — NaHCO, A IRIHFER
(4)

By 23t = NaOH Y THFE R — Na, CO, IR RHFE R
(5)
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HH AV OTHFE MR/ B RBUAT, mL, % TR U
T N G, BRAS I N IE ¢, R R/ TR R B
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Fig.2 Titration fitting curve of CC400
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THTE BEMAT , T BE ZK e B A i BIMER O AR A R |

WIRSE, JREefs i (HICE D 3, ARSIt AL il AL
xR1 AEREEEEEFMEL CC400 HREE B Bl E M
BHIE
Tab.1 Titration fitting data of surface functional groups species
in CC400
T E BEE IR pK, b/ (mmol-g ") Eys
1 2.535 2.070 1.859 447
2.531 2.082
2 0.011 647
12.071 3.215
1.609 12.039
3 6.831 0. 066 0.001 507
12.290 2.977
1.525 5.808
1.525 5.808
4 0.002 251
6.813 0.072
12.257 2.534
1.339 4.758
1.439 5.400
5 1.446 8.228 0.001 473
6.813 0.067
12.275 2.727

2.2.2 MERERAERE

SRt A I T %3 ) A 0 e I e DX 4 S o
HHFREL 30 .40 .50 .60 .70 .80 .90 ,100 mg CC400 P17
S, E @ M[3,4) BB 10 000, HEATHLE
BHE WEERINE 2 R,

ST E AR K B (E 3) , CC400 1Y T H AE
PAT e it Bt R o o o (9% 398 i 22 e YR AR Ak PR AR o B
A 50 mg B INAS 0 B RE BT B AR B B 5, E s
29703°0.001 , AERR LR R . BEAE ARG Y 3,
IR L T i R IR VR B SR TG e, B PR A 5 P iR 2
Jor i B R R BE SR Je . AR 30,90 ,100 mg
BFLA B E, >0.01 53X 2N 30 mg & & &, i
90 mg DA b AAE & X F 50 mL AR R H
1o, 2R E BB M TCIE 2 S B/ A T TR IO . 25
G E\ 5 H e i B R R B UG Bl AT
I RE S R [40,80 ] mg I, AR 77 B 4L 4%
ER B S R T R 50 mg B B B dR/)s
HREM BT R R VR B e, PR, AT i RE A
Yy ok 50 mg,

®2 ARERE CC400 WRTEE BEFHEM S iR
Tab.2  Titration fitting data of different masses of CC400

surface functional groups

FE 5 TR/ mg pK, b/ (mmol-g 1) Eys
2.029 7.281
30 2.966 0.811 0.012 355
11.435 5.922
1.828 11.171
40 7.195 0.112 0.001 722
11.387 3.567
1.609 13.528
50 6.831 0.066 0.001 507
12.290 2.419
1.402 12.039
60 7.050 0.066 0.003 104
11.448 2.419
1.735 10.031
70 7.054 0.038 0.002 060
11.702 1.712
1.851 8.605
80 5.173 0.041 0.005 613
11.407 1.83
1.540 7.370
90 6.291 0.053 0.011 761
11.374 2.765
1.643 6.395
100 6.428 0.056 0.021 087
12.444 5.233
20
D8 =RE
s BAERE amEs
B
é 10
3
5 L
K L0 e s 0g 10

30 40 50 60 70 80 90 100
HEWIR IR B /mg
E3 AREEFHEEH CCIH0 XREEEFAREERKE

Fig.3 Mass molar concentration of surface functional groups in
CC400 at different masses by titration
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i H[3,4), B 5000 ~ 100 000, Y1243
B RIEILA 2SR, W 3 Fin  BR B BRI
) 8 m AR, 7E 20 000 WK A Ik R & A
( <0.001), ZJ5 E bl A0 0 388 i 7 &, 1
AR AL R 20 000 B 4004 435 SR B O3 L S
PRIt 00 5t B AT D AR R 5k 20 000 K 364, 76T )
BUS AR,

AR5 P B Y TR A 50 mg | R T fE A
FRISHON 3 AR ECH 20 000 B, A9 sk CC400
SR G 3 FRRETE BB, 4358 pK, =1.6 K

ﬂ\{f&r“jj 23.79 mmol/g MIREL, pK, =6.8 it

EEJRHEFE A 0. 07 mmol/g MY INTEFE, pK, =12.3,
}ﬁgg JEE /R U E R 3. 20 mmol/g FAE FESE
2.3 FRAEMERIE

Boehm i & 42 H AT i AR5 B 16} 2% 1D H B
V2 A 7 vk, 3 Boehm 1 2 WL B IEAS J7 14 Y

HERRE . (AR 75 Boehm ¥ & B4 AT T
CC400 ,CCO00 ,CC800 FY) A= ¥y 1% 2 It ‘B BE A1 i 12 JBE
/J\{ZQE,’D%D—LL%%“'O

R3I FEZRTET CC400 R E LR HE G LB

Tab. 3  Titration fitting data of surface functional groups in
CC400 at different iteration counts
- bORE)/  b(NBEEE)/  b(BREE)/ £,
(mmol-g™")  (mmol-g™") (mmol-g™")

5 000 9.074 0.057 2.871 0.010 528
10 000 13.528 0.066 2.419 0.001 507
20 000 23.791 0.070 3.203 0.000 837
30 000 29.788 0.070 3.203 0.009 228
40 000 33.045 0.071 3.085 0.023 185
50 000 41.616 0.071 2.636 0.030 159

100 000 59.650 0.072 2.372 0.038 467

®4 AFES Boehm BEZNEHNENRRAEREREBERRE

Tab.4 Mass molar concentration of biochar surface functional groups determined by this method and Boehm titration method

b/ (mmol-g~")

UIR7S EEL7/b
BRI T3 P 2 et SR
CC400 23.37 2.98 0.17 0.11 26.63
Boehm i & €C600 19. 88 3.03 0.14 0.10 23.15
CC800 13.46 3.65 0.09 0.11 17.31
€C400 23.79 3.20 0.07 — 27.06
ATk CC600 20.26 3.22 0.06 — 23.54
€800 13.67 3.94 0.06 — 17.67

W PR L RE A T, A2 ) R JEORL B B K
R BB AR R PR LSRR IR VR BE U D R
JRAERE IR R BESE N . PR 1500 % 1) AR ) 7 ) RE A
Jot i BE ARk AR A ST Sk — B, R 59T
T AT 5 Boehm Ji i 2 YRR 1R 22

®5 AFiES Boehm FHEENEEMEIHRE

Tab.5 Relative error between this method and Boehm titration

method
e JRIR R R e LR 22/ %
AL [{/ig8 8 PRI B
CC400 1.78 7.38 58.82 1.61
CC600 1.91 6.27 57.14 1.68
CC800 1.56 7.95 44.44 2.02

55 Boehm ¥ G B M | AR 79250 58 19 6 10 B E
A o B e AR IR E R 1. 6% ~2.0% . Hid %
e 5B FE LA DU (B W =5 T Boehm 1% 2 725, FHXT R

ZEHIN1.8% ~1.9% 5 6.3% ~7.9% , ZZ{H I 5h
BEORRRAE s NG SE I 2 (A%, i LA I s HL AR 512
S FH 0 A5 0 1 PN IR 3 5 R I i B R MR K
1% A G 3R THE R 0. 4% ~0.7%

¥ Boehm i %2 72 B4 FE & 1 5 K 50 12 #5040
1/10J5 M CC400 192 11 Al AT o B8 R Wk B2 ( 4
W 5 AT R R 50 me/ 0y (R &) A
CC400 FYFRFE | Ty ¥4 JE 5T 5 B JR Wk B 40 0l 241022
0.82 mmol/g, WNHEEEE i HAM | R E REHA S
4 11. 34 mmol/g, &/ T 500 mg x 4 Y & HY
Boehm ¥ 5E M H{E 5 50 mg x 2 YR & A )5 ¥
MEAE (e 4) . Wk, v LA i it Bl _E Boehm %
SEEBGTE , 76 mg P00 T AE 9 o 2 TR BE 1A 5
SRR I VAR DN T TR, A T VR I A

A=W e SRR AR ML 7 5540 (RS FF SR oe 35
) MOWE ) (BT H5TE A A5 ) AT BUE 5
YRR 565 ) A5, BLLR ARl A 9 5 0% 5



552 ]

PUGT, AF . flCRE AR W) BRI R M RE AT o B VR R B8 0 7 0 71 -

Yk E, BRTITEUE 79450, 4o Rk A 5 R Rk 3
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B BIARTR], A2 Rk D e A b 3 A= W ok 1Y) 2% 1HT
B REATAZE 5 JRURMH UL AH DG, IR BE R A5
FUERER N 32 R R ERE  BRAR: S5 A% A= 1 o 3R 1T
AE A1 R il 28 52 i R K, o I R JEE R W B B2 ) 4
PR

SRR AR Ty 1 0 A ) o 3 e A A T
55 Boehm {2 1543 SN it 1 W R T Ak AE 4 i PB600
R Yk NH600 1) 2% 1f0 B A A1 T 1 B8 JR vk
JE EER L 6, 5 Boehm Jif 2 B EL , X F koA
W77 0 BE SRV B < 0.2 mmol/g 4 P G Ik 0 3
AT ARE I 52 5L | 58 I 5 1 It s, (HL 35
5% fiAi . 75— 71, Boehm % % 35l 22 NH600 [
PO 2 B BE JR VR B A 49. 22 mmol/g (£ 6) |
CC600 1Y N A 2L It 1t & JR ¥k B2 4 0. 14 mmol/g
(F4) ,1H NH600 i CC600 24 /K12 15 s Je b ab B
FRB A R B P R R 1S 0 A S PR 8 T2

AR5 AT LA B BTG pK, =9. 6 W a3k,
FRIA5 22 J o7 1 B /R MR Ry 52. 67 mmol/g, Ut
AT LA R AR Ty 2 A D0 ol A 40 e O B K VR 8
22 W T AE AT Ak ELAT ik

R A 77 ¥ 5 Boehm % 5 ¥ Y B A I
(RVUE M, AT ENFER R T 95% ,5
XRD \BET \FT-IR %43 #7772k 094 &2 AH >, 5058 T
SRR . 5 Boehm §% 58 25 10 S AE
S0 N WU (DN (DAN  WER A ot P (Y 1< = A N TR
i HR 2 A E Shifae 0 s A BB IR/ Ak v
T pH U/ T AN DR 22 B 10 25 SR iR
It H KR4 T BAERHE SHE LR, 5 Boehm i
SEDAR L BA W AL, AJrkaete it R
REAIXT R Y pK, , 18 FH B A 9 o 25 10 B RE A1 3 [T
I7L e BT LIRS & AU E R AR B R N
P 3 e Fi 1At JE A1 a1 2 35k 45 B R AT 1) o 2 JBE UK
WRBE A (8 PR RV R 0 o A kR
T i 1A T e B R W B e A BT T i

%6 Z&7iE5 Boehm j#E & MlIZE R PB600 5 NH600 HIRTEE 8 Hl T2 E/RIKE
Tab.6 Mass molar concentration of surface functional groups in PB600 and NH600 determined by this method and Boehm titration method

N N b/ (mmol-g~")
Ik BEd £
AL T3 8 PR j2-3 £ P58y
PB600 38.88 10.59 — — — 49.47
Ik
NH600 19.72 6.41 — — 52.67 78.80
NN PB600 36.91 9.89 0.09 0.15 — 47.04
Boehm ¥ 52 1

NH600 19.53 6.27 49.22 0.09 — 75.11

*17 AFiES Boehm HEEN L (T EITZRAIBERLT)

Tab.7 Comparison between this method and Boehm titration method ( without parallel experiments)

25 FEREC i) Mk #ER/h e TV THEZ
Boehm ji#E12: 0.5gx4{p=2¢g ¥ 12~24 5 FARIEATR 4 PRI AR 7R HAL
ATrik: 0.05 gx2ffr=0.1g  pHil Hil 1~2 2 PR 2 TCARMER LR E pH XA 1 ~ 12

TEARTTENA —E R R, 55, A TTEGE H
T A W AR I E RE AT, R R H [ 40,
80 mg, AT I B 1 45 SRR HE AN i HOk A7
TR T JEE 7R e R AV ) PN R, AR S
JIT 0 A 0 5 ) PA) i - R T R VR R JBE o RE A
S <19  ATTEMELLAS VBRI ; B A5 1%
FURBZS 10 A= 9 ¢ ) 2 THI B RE M pK, A5 it JBE /R
VR BE i BN 53 1k — 25 A 18] SCHR I 285 45 155 00 2
f ] 5 25K pK, 5 E BEMT AR —— X R

3 % %

ASCHESL | —Rhipo A R R BE AT
IR SE RE LI TT % A0 T RE R R BRAE PR S

I B (], AR 8 LN 258

1) 38 R S8 NG EiY&E T AE W b
2 I B R AT 0T 6 JEE O Wk 3 R X N TR A
B, ERSAEY AR CCA00 LA I E & A 3 f
FIMEREH, 20 pK, = 1. 6 JFHH FE /R JE N
23.79 mmol/gf R I, pK, = 6. 8 JiT i BE /R UK FE N
0.07 mmol/g BN R IE, pK, = 12. 3 J5i 2 B /R Mk
1 3.20 mmol/g P FESE

2) 38 3 4B 2% 1 E e TR S R S T Lk
FRURBO AL ()50 B 78 T AR J7 VA AELE R
TN 50 me/ YK E (B8 E o <0.002) JERKECH
20 000 (#E%) E, o < 0. 001 ) B 45 5 v o i



<72 T S N AP NI %57 %

3) ATy I A 1 2% TR BE AR X Boehm
T E R AR 22T 2% DL, R AL 5 i IR L i i
IR W BEAH X 1% 22 N AE 2% 5 8% LI, 5
Boehm {472 15 A0 LL, A% J5 325 19 26 W) e FH o 4 0 T
95% 5 I [A] 45 45 10 h LA L | i%ﬁwﬁ%ﬁ%‘ﬂa
farfb B FE R )32 ik 8 T AR R 1 BE A
ST | PR A T R K

5% it

[1]TENENBAUM D J. Biochar; carbon mitigation from the ground up
[J]. Environmental Health Perspectives, 2009, 117 (2): A70.
DOI: 10.1289/¢ehp. 117 — a70
[2]MARRIS E. Putting the carbon back: black is the new green[ J].
Nature, 2006, 442(7103) ; 624. DOI; 10.1038/442624a
[3]IBI. Standardized product definition and product testing guidelines
for biochar that is used in soil[ R]. New York: Int Biochar Initiat,
2015
[4]MONISHA R S, MANI R L, SIVAPRAKASH B, et al. Green
remediation of pharmaceutical wastes using biochar: a review [ J].
Environmental Chemistry Letters, 2022, 20: 681. DOI. 10. 1007/
s10311 —021 -01348 -y
(5] sk, AH 3 — A=Wy F BRI 2 i X R i Al B (D]
B WK, 2021
WANG Lin. Influencing factors and potential estimation of the carbon
sequestration and emission reduction from farmland soil with biochar
amendment[ D ]. Hangzhou ; Zhejiang University, 2021. DOI; 10.
27461/d. enki. gzjdx. 2021. 000438
[6] GUPTA M, SAVLA N, PANDIT C, et al. Use of biomass-derived
biochar in wastewater treatment and power production: a promising
solution for a sustainable environment [ J]. Science of the Total
Environment, 2022, 825. 153892. DOI. 10. 1016/j. scitotenv.
2022. 153892
[7]LI Yinxue, SHANG Hongru, CAO Yongna, et al. High performance
removal of sulfamethoxazole using large specific area of biochar
derived from corncob xylose residue[ J]. Biochar, 2022, 4(1): 1
DOI: 10.1007/s42773 - 021 -00128 -9
[8]LI Yinxue, WANG Bin, SHANG Hongru, et al. Influence of
adsorption sites of biochar on its adsorption performance for
sulfamethoxazole [ J ]. Chemosphere, 2023, 326. 138408. DOI.
10. 1016/}. chemosphere. 2023. 138408
[9]LENG Lijian, XIONG Qin, YANG Lihong, et al. An overview on
engineering the surface area and porosity of biochar[ J]. Science of
the Total Environment, 2021, 763. 144204. DOI. 10. 1016/
j. scitotenv. 2020. 144204
[10]ZHANG C, ZHANG Z, ZHANG L, et al. Evolution of the
functionalities and structures of biochar in pyrolysis of poplar in a
wide temperature range[ J]. Bioresource Technology, 2020, 304 .
123002. DOI: 10.1016/j. biortech. 2020. 123002

[11]YUAN Jinhua, XU Renkou, ZHANG Hong. The forms of alkalis in
the biochar produced from crop residues at different temperatures
[J]. Bioresource Technology, 2011, 102 (3) . 3488. DOI; 10.
1016/j. biortech. 2010. 11. 018

[12]KAH M, SIGMUND G
ionic organic cnmpounds to biochar, activated carbon and other
carbonaceous materials [ J ]. Water Research, 2017, 124. 673.
DOI: 10.1016/j. watres. 2017. 07. 070

(13 WA 15 YR EA: 4 e (i ] 40 A b R o 4 S 15

, XIAO F, et al. Sorption of ionizable and

eyt

pk

[D]. MA/REE . M/RIE T K2, 2021
XING Jia. Research on preparation and optimization of sludge-based
biochar and its remediation of heavy metal contaminated soil[ D ].
Harbin: Harbin Institute of Technology, 2021. DOI. 10. 27061/
d. enki. ghgdu. 2021. 000152

[14]WANG Jianlong, WANG Shizong. Preparation, modification and
environmental application of biochar; a review [ J]. Journal of
Cleaner Production, 2019, 227, 1002

[15]CHEN Zaiming, XIAO Xiao, CHEN Baoliang, et al. Quantification
of chemical states, dissociation constants and contents of oxygen-
containing groups on the surface of biochars produced at different
temperatures| J . Environmental Science & Technology, 2015, 49,
309. DOI. 10.1021/es5043468

(16 T3 BN, I, ZR0rar, 4. AS[a) 08 B AR B 20 ARG i 2 F
FEAHOUTERRAE A B S R[], K R RFFHESE, 2022,
29(6): 121
ZHANG Mingyang, ZHU Zhaolong, LI Haohao, et al. Comparison
and application of different Fourier transform infrared spectroscopy
to soil spectral characteristics analysis [ J]. Research of Soil and
Water Conservation, 2022, 29(6) : 121. DOI. 10. 13869/j. cnki.
rswe. 20220414. 006

(17 ]9 5. PR i AE ] S RS rh A I [T ). SRR TR EEAR
K., 2007(4): 38
FENG Li. Brief introduction to the application of iodometric method
in the detection of carbon products[ J]. Heilongjiang Science and
Technology Information, 2007 (4) ; 38

[18]GOERTZEN S L, THERIAULT K D, OICKLE A M, et al.
Standardization of the Boehm titration. Part I. CO expulsion and
endpoint determination[ J]. Carbon, 2010, 48 (4) . 1252. DOI;
10.1016/j. carbon. 2009. 11. 050

[19]OICKLE A M, GOERTZEN S L, HOPPER K R, et al.
Standardization of the Boehm titration—Part 1I. Method of agitation,
effect of filtering and dilute titrant[ J]. Carbon, 2010, 48 (12) .
3313. DOI: 10.1016/j. carbon. 2010. 05. 004

[20]BOEHM H P. Some aspects of the surface chemistry of carbon
blacks and other carbons[ J]. Carbon, 1994, 32(5): 759. DOI.
10. 1016/0008 - 6223(94)90031 -0

[21] %4, B, £5°. XTI ERFRE S 2 E R A %VE’J
Boehm {H A HLAITE[)]. REHAR, 2011, 30(2) : 1
MAO Lei, TONG Shitang, WANG Yu. Discussion on the Boehm
titration method used in analysis of surface oxygen functional groups
on activated carbon[ J]. Carbon Techniques, 2011, 30(2): 17
DOI. 10.14078/j. cnki. 1001 —3741.2011.02. 009

[22]WANG Jianmin, HUANG C P, ALLEN H E, et al. Acid
characteristics of dissolved organic matter in wastewater[ J |. Water
Environment Research, 1998, 70 (3). 1041. DOI. 10. 2175/
106143098X123372

[23] WANG Jianmin, HUANG C P, ALLEN H E. Surface physical-
chemical characteristics of sludge particulates [ J ]. Water
Environment Research, 2000, 72 (5): 545. DOI. 10. 2175/
106143000X138120

[24] STREZOV V, VLADIMIR S, EVANS T, et al. Lignocellulosic
biomass pyrolysis: a review of product properties and effects of
pyrolysis parameters [ J ]. Renewable & Sustainable Energy
Reviews, 2016, 57 1126. DOI: 10.1016/j. rser. 2015.12. 185

[25]OLIVEIRA F R, PATEL A K, JAISI D P, et al. Environmental
application of biochar; current status and perspectives [ J ].
Bioresource Technology, 2017, 246. 110. DOI. 10. 1016/]. biortech.
2017.08. 122

(mE 1 #)



